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13.1 
Introduction

Although individual disease entities may not be fre-
quently encountered in the practice of general radi-
ology, the group of (known and yet unidentified or 
poorly defined) neurometabolic disorders accounts 
for a considerable percentage of central nervous 
system (CNS) pathologies seen, especially in the 
pediatric population. The prevalence of metabolic 
diseases is increasingly recognized as being actu-
ally higher than previously believed. Furthermore, 
since most of the metabolic diseases are genetically 
determined and show autosomal recessive inheri-
tance, in communities where consanguinity is high 
(i.e., Amish families in Pennsylvania, some Jewish 
communities, North-American Indian and Saudi 
tribes, etc.), certain otherwise rare or even excep-
tional inborn errors of metabolism may be quite 
common. Indeed, metabolic diseases often exhibit 
specific ethnic or geographical preponderance, but 
epidemiological studies indicate that many of them 
are pan-ethnic and may occur sporadically any-
where [1–9].

Increasing availability of sophisticated diagnostic 
methods (including advanced imaging techniques of 
the CNS and laboratory, histopathological, and molec-
ular genetic investigational tools) facilitates early and 
accurate diagnosis and helps to progressively eluci-
date the underlying pathological processes. Although 
inborn errors of metabolism are commonly perceived 
as therapy-resistant and relentlessly devastating dis-
eases, introduction of new, early diagnostic and ther-
apeutic options has already modified the prognosis 
of many of the diseases, and further progress in this 
domain is anticipated in the near future. Awareness 
of the different entities and their clinical and imaging 
manifestations is, therefore, mandatory for the radi-
ologist in order to raise or directly reach the diagno-
sis of these often underrecognized or misdiagnosed 
diseases.

13.2  
General Considerations

13.2.1 
Classification of Metabolic Disorders

Metabolic disorders are classically divided into 
inborn (or congenital) errors of metabolism and 
acquired metabolic diseases.
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Acquired metabolic diseases usually occur in 
specific or highly suggestive clinical settings, such 
as hypovitaminosis in malnutrition (Wernicke 
encephalopathy, subacute combined degeneration 
of the spinal cord), ketoacidosis in diabetes melli-
tus, or neonatal hypoglycemia in premature infants. 
Benign forms of hyperbilirubinemia are common in 
neonates and usually resolve without sequelae; how-
ever, delayed or inappropriate treatment of the more 
severe forms may lead to lesions within the deep gray 
matter structures (kernicterus). Toxic encephalopa-
thies (alcohol, lead, drug and chemotherapy induced) 
are special, exogenous forms of acquired metabolic 
diseases, most usually encountered in specific social 
or clinical contexts and many occurring almost 
exclusively in adults.

Inborn errors of metabolism represent a vast and 
complex group of genetically determined patholo-
gies. Many attempts have been made to set up clas-
sification schemes, none of which, however, is uni-
versally applicable, for reasons of failing to fulfill the 
distinctly specific practical criteria of use in clinical, 
pathological or radiological settings. Their knowledge 
is, however, useful, since each of them points to one of 
the many essential aspects of these pathologies.

13.2.1.1 
Classification According to Organ System 
Involvement

This is mainly a clinically oriented classification, 
which takes into account the pattern of organ system 
involvement. A few of the inborn errors of metabo-
lism exclusively, others preferentially or occasionally, 
and again others never, present with involvement of 
the CNS.

Diseases without Involvement of the CNS

The best known of the diseases in this group are 
the so-called glycogen storage disorders (von Gierke, 
Pompe disease, etc.). Their typical clinical manifes-
tations include hepatosplenomegaly, renal failure, 
(cardio)myopathy, and hypoglycemia (the latter, 
however, may have occasionally secondary adverse 
effects on the brain).

Diseases with Systemic and CNS Involvement

These diseases may present with visceral involvement 
(e.g., cardiac, musculoskeletal, and hepatic abnor-
malities in mucopolysaccharidoses) and/or systemic 
metabolic derangements (lactic acidosis), in conjunc-
tion with CNS involvement.

Diseases with Exclusive Involvement of the CNS

In this group, the metabolic abnormality manifests 
with signs and symptoms of CNS involvement only 
[10]. In the strict sense of the term, this group of 
pathologies is referred to as neurometabolic disorders 
(although, somewhat erroneously, such term is often 
used to encompass all of the metabolic disorders with 
CNS involvement as well). The best known of these 
pathologies are L-2-hydroxyglutaric aciduria, type 1 
glutaric aciduria, 4-hydroxybutyric aciduria, α-
ketoglutaric aciduria, phenylketonuria and N-acetyl 
aspartic aciduria (Canavan disease).

The Nondiseases

A peculiar group of inborn errors of metabolism is 
composed of genetically determined biochemical 
derangements which are actually nondiseases, with 
affected individuals remaining healthy and clinically 
asymptomatic. The best known examples are benign 
familial hyperlysinemia (2-aminoadipic semialde-
hyde synthetase deficiency), essential fructosuria 
(fructokinase deficiency), and, probably, also glutaric 
aciduria type 3 (glutaryl coenzyme A oxidase defi-
ciency), a presumably peroxisomal disorder [11–13].

13.2.1.2 
Classification According to Cellular Organelle 
Dysfunction

The cellular organelles have distinctly different meta-
bolic functions: mitochondria are mainly involved 
in energy metabolism, lysosomes in the degradation 
of macromolecules (lipids, lipoproteins, mucopoly-
saccharides), and peroxisomes in both anabolic and 
catabolic processes. The Golgi complex has a role in 
the terminal phase of glycosylation (synthesis of N-
glycans).

Mitochondrial Disorders

This term is somewhat confusing as many metabolic 
disorders are due to enzyme deficiencies within the 
mitochondria (some of the urea cycle defects and 
organic acidopathies, such as type 1 glutaric acid-
uria or propionic acidemia, etc.) and, therefore, could 
be referred to as mitochondrial disorders as well. 
However, in the strict sense of the term, true mito-
chondrial disorders comprise abnormalities of mito-
chondrial energy metabolism only, notably oxidative 
phosphorylation, fatty acid oxidation, ketogenesis, 
and ketolysis. Although mitochondrial dysfunction 
is often generalized, clinical manifestations are most 
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frequently related to involvement of muscle and brain 
tissue, probably because of their high energy require-
ments. For this reason, diseases in this group are also 
called mitochondrial encephalomyopathies.

The best known entities in this group are MELAS 
(mitochondrial myopathy, encephalopathy, lactic aci-
dosis and stroke-like episodes), MERRF (myoclonic 
epilepsy with ragged-red fibers), Kearns-Sayre syn-
drome (progressive external ophthalmoplegia, retini-
tis pigmentosa, and cardiac conduction block), Leigh 
disease (subacute necrotizing encephalomyelopathy), 
and Leber hereditary optic neuropathy (LHON).

Lysosomal Disorders

Lysosomes are cellular organelles which contain vari-
ous enzymes, notably proteases, nucleases, lipases 
and glycosidases. The primary role of these enzymes 
is the breaking down of macromolecules (proteins, 
nucleic acids, lipids, lipoproteins, and polysaccha-
rides) in normal (physiological cell constituent turn-
over) and abnormal (inflammation) conditions. The 
degradable intracellular macromolecules enter the 
lysosomes, where the actual hydrolytic process takes 
place. Deficiency of lysosomal enzymes (failure to 
catabolize macromolecules) leads to abnormal intra-
lysosomal accumulation of specific macromolecules. 
This progressively interferes with the normal func-
tion of lysosomes and subsequently of the entire cell, 
and a so-called lysosomal storage disease develops. 
Depending on the function of the deficient enzyme 
and abnormally accumulated macromolecules, sev-
eral types and subtypes of lysosomal storage diseases 
are known. Some of them present with central and/
or peripheral nervous system involvement (leuko-
dystrophy, polyneuropathy), while others have skel-
etal (dysostosis), visceral (e.g., hepatosplenomegaly, 
renal, cardiac and pulmonary disease), and cutane-
ous manifestations [14].

Mucopolysaccharidoses
These diseases are caused by the impaired degrada-
tion of acid mucopolysaccharides (also called glycos-
aminoglycans). Mucopolysaccharides are composed 
of polysaccharide chains bound to proteins, forming 
a complex macromolecular structure. Depending 
on the polysaccharide composition, several types of 
mucopolysaccharides exist. The breakdown of each 
of them requires a specific hydrolase enzyme, defi-
ciency of which leads to abnormal, progressive accu-
mulation of specific mucopolysaccharides in various 
tissues and organs and, hence, distinctly different 
disease entities develop.

Mucopolysaccharidoses include at least six sub-
groups; within some of these, further subdivisions 
exist depending on the enzyme deficiency and resul-
tant storage abnormality (Table 1).

The most common clinical and imaging features 
of mucopolysaccharidoses are skeletal (dysostosis 
multiplex) and visceral (hepatosplenomegaly) abnor-
malities. These are followed by manifestations of CNS 
involvement, related to excessive intraneuronal and 
perivascular storage of mucopolysaccharides.

Sphingolipidoses
Sphingolipids are essential constituents of mem-
branes. Sphingolipids include cerebrosides, sphin-
gomyelins, and gangliosides. Therefore, sphingolipi-
doses represent a heterogeneous group that includes 
cerebrosidoses, gangliosidoses, mixed, and a few 
other individual entities.

Cerebrosidoses

This group includes metachromatic leukodystro-
phy (sulfatide accumulation in oligodendrocytes 
and Schwann cells due to arylsulfatase A defi -
ciency) and globoid cell leukodystrophy, better 
known as Krabbe disease (cerebroside accumula-
tion in oligodendrocytes due to galactosyl cerami-
dase defi ciency).

Gangliosidoses

The defi cient enzyme is β-galactosidase in GM1 
gangliosidosis and β-hexosaminidase A (classical 
and juvenile Tay-Sachs disease) or β-hexosamini-
dase A and B (Sandhoff disease) in GM2 ganglio-
sidoses.
GM1 gangliosidosis typically presents with promi-
nent visceral involvement and variable neurologi-
cal manifestations. In GM2 gangliosidosis neuro-
logical signs dominate.

Other Mixed or Individual Entities

Multiple sulfatase defi ciency is due to defi ciency 
of several sulfatase enzymes which, individually, 
cause various cerebrosidoses or mucopolysac-
charidoses. Therefore, the resultant mixed storage 
disorder is characterized by accumulation of both 
mucopolysaccharides and sulfatides. The disease 
is often referred to as Austin disease.

Niemann-Pick disease (accumulation of sphingo-
myelin in neurons) is caused by deficiency of lyso-
somal sphingomyelinase, while Gaucher disease 
(accumulation of glucocerebroside) results from defi-
ciency of acidic β-glucosidase enzyme.
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Other rare individual entities include Fabry disease 
(glycosphingolipid accumulation due to α-galactosi-
dase deficiency) and Farber disease (acid ceramidase 
deficiency).

Oligosaccharidoses (Glycoproteinoses)
The membrane-associated proteins are almost 
invariably glycosylated, which means that different 
oligosaccharide chains are attached to protein back-
bones. Oligosaccharide chains may contain mannose, 
fucose, galactose, N-acetylgalactosamine, N-acetyl-
neuramic acids (sialic acids), and N-acetylglucos-
amine. Impairment of synthesis of oligosaccharides 
(defects of glycosylation) partly belongs to Golgi 
complex abnormalities. On the other hand, enzyme 
deficiencies involved in degradation of oligosaccha-
rides result in oligosaccharidoses (i.e., glycoprotein 
storage disorders).

This group consists of several neurovisceral stor-
age disorders, which are classified according to non- 
or partially-degraded oligosaccharide substances. 
These include α- and β-mannosidosis (α- and β-man-
nosidase deficiency), α-fucosidosis (fucose accumu-
lation in neurons due to acidic α-L-fucosidase defi-
ciency), type 1 and 2 sialidosis (α-neuraminidase 
deficiency), galactosialidosis (“protective protein” 
deficiency), and aspartylglycosaminuria (aspartylg-
lycosaminidase deficiency), which share many clini-
cal and imaging similarities with mucopolysacchari-
doses and other lysosomal storage disorders.

Mucolipidoses
Lysosomal enzymes contain oligosaccharide chains, 
and a terminal mannose-6-phosphate is used for 
their labeling and intracellular identification. The N-
acetylglucosamine-1-phosphotransferase is respon-
sible for binding the phosphate group onto oligosac-
charide units of the lyosomal enzymes. If this enzyme 
is deficient, several lysosomal enzymes–after being 
properly synthesized within the endoplasmatic retic-
ulum–are not recognized as such, hence are unable to 
enter the lysosomes. As a result, multiple lysosomal 
enzyme deficiencies may develop, which are referred 
to as mucolipidoses. Mucolipidoses, therefore, com-
prise diseases with multiple lysosomal enzyme defi-
ciencies (similarly to multiple sulfatase deficiency, 
see earlier), in contrast to the majority of lysosomal 
storage disorders which are related to a single enzyme 
deficiency.

Defects of intracellular targeting are increasingly 
recognized as a likely pathomechanism in several 
mitochondrial, lysosomal, and peroxisomal disor-
ders [15].

Miscellaneous
This group includes cystinosis and Wolman disease, 
which typically have no neurological manifestations, 
and Salla disease (infantile sialic acid storage dis-
ease), which usually presents with mental retardation 
and extrapyramidal movement disorder clinically 
and white matter disease by imaging.

Table 13.1. Classification of the mucopolysaccharidoses according to the underlying enzyme deficiency and the urinary secretion 
of abnormal glycosaminoglycans

MPS type Disease entity Enzyme deficiency Accumulated metabolites (glycosaminoglycans)

MPS-I Hurler α-L-Iduronidase Dermatan sulfate, heparan sulfate

Scheie

Hurler-Scheie

MPS-II Hunter Iduronate-2-sulfatase Dermatan sulfate, heparan sulfate

MPS-III Sanfilippo A Heparin sulfamidase Heparan sulfate

Sanfilippo B α-N-Acetylglucosaminidase

Sanfilippo C α-Glucosaminide-N-acetyltransferase

Sanfilippo D N-Acetylglucosamine 6-sulfatase

MPS-IV Morquio A N-Acetylgalactosamine-6-sulfatase, 
Galactose-6-sulfatase

Keratan sulfate, chondroitin-6-sulfate

Morquio B β-Galactosidase Keratan sulfate

MPS-VI Maroteaux-Lamy N-acetylgalactosamine 4-sulfatase Dermatan sulfate

MPS-VII Sly β-Glucuronidase Dermatan sulfate, heparan sulfate, chondroitin 
sulfate
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A special form of lysosomal disorder is Chédiak-
Higashi syndrome [16], which is related to a peculiar 
structural abnormality of lysosomes (fusion disor-
der of the primary lysosomes) and may present with 
white matter disease.

Peroxisomal Disorders

Peroxisomes are cellular organelles, which are pres-
ent in all human cells, except erythrocytes. These 
contain several dozen enzymes involved in differ-
ent metabolic pathways. Unlike lysosomes, peroxi-
somes have both anabolic and catabolic functions 
[17]. The term “peroxisome” refers to the presence 
of a catalase enzyme responsible for the conversion 
of hydrogen peroxide into oxygen and water. One 
of their primary anabolic roles is biosynthesis of 
phospholipids (plasminogens), which are essential 
components of myelin. On the other hand, very long 
chain fatty acids (peroxisomal β-oxidation of fatty 
acids is a functional duplicate of the mitochondrial 
system) and glutaric, phytanic, and pipecolic acids 
are also degraded within peroxisomes. Cholesterol 
is both synthesized and catabolized within peroxi-
somes.

Since peroxisomes are specifically involved in 
lipid metabolism, they are indispensable in normal 
myelination process. The number of peroxisomes 
and their enzymatic activity vary accordingly as 
a function of the specific and tissular metabolic 
requirements. For example, peroxisomes in oligo-
dendrocytes are significantly more abundant in 
neonates and infants during active myelination than 
later in life. Therefore, peroxisomal diseases typi-
cally present with involvement of CNS with predi-
lection of the white matter. Additional characteristic 
features of peroxisomal disorders are craniofacial 
abnormalities (dysmorphias), skeletal abnormali-
ties (rhizomelic shortening of the limbs, epiphyseal 

calcifications), ocular abnormalities (retinopathy, 
cataract, optic nerve dysplasia), and hepatobiliary 
dysfunctions (hepatomegaly, hyperbilirubinemia, 
cholestasis). Some of them may be compatible with 
life, while others are not.

Peroxisomal diseases are characterized by total or 
partial absence of peroxisomal activity and represent 
a real continuum of diseases, whose clinical mani-
festations are heavily dependent on the age of onset 
(Table 13.2).

Golgi Complex Disorders

These are rare disorders characterized by defect of 
glycosylation. The first two steps in the synthesis of 
N-glycans (oligosaccharides essential to the synthesis 
of N-linked glycoproteins) take place in the cytosol 
and endoplasmic reticulum; however, the final pro-
cessing is accomplished within the Golgi complex by 
N-acetylglucosaminyl transferase II. Patients with 
deficiency of this enzyme present with facial dys-
morphia, growth retardation, and encephalopathy 
(behavioral disorders, mental retardation and epi-
lepsy).

13.2.1.3 
Classification According to the Biochemical 
Abnormality

This classification provides some help for the radi-
ologist, since disease groups, such as the various 
organic acidurias or aminoacidemias, have common, 
sometimes suggestive clinical and imaging fea-
tures. However, there is also some overlap between 
these two groups of diseases. Abnormalities along 
the breakdown pathways of L-lysine and L-leucine 
(both are amino acids) often present with organic 
acidurias (type 1 glutaric aciduria, 3-methylgluta-
conic aciduria, propionic acidemia, methylmalonic 

Table 13.2. The typical age of onset of the most common peroxisomal diseases

Neonatal Early infantile Late infantile-juvenile Juvenile-adult

Zellweger syndrome Infantile Refsum disease X-linked adrenoleukodystrophy Adrenomyeloneuropathy

Neonatal adrenoleukodystrophy Pseudo-infantile Refsum 
disease

Classical Refsum disease

Pseudo-neonatal adrenoleukodystrophy

Rhizomelic chondrodysplasia punctata

Bifunctional enzyme deficiency

Pipecolic aciduria

Mevalonic aciduria

Trihydroxycholestanoic acidemia
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acidemia). Aminoacidurias may be associated with 
organic acidemias (e.g., the association of homocys-
tinuria with methylmalonic acidemia). Carbohydrate 
metabolism abnormalities represent another distinct 
but common group of metabolic diseases. Disorders 
of metal transport represent a peculiar group of 
pathologies, which is quite difficult to fit into any 
classification scheme.

Organic Acidopathies

The best known organic acidopathies are primary 
lactic acidosis, propionic, methylmalonic, and iso-
valeric acidemias, glutaric aciduria type 1, 3-meth-
ylglutaconic, 4-hydroxybutyric, and L-2-hydroxy-
glutaric acidurias, and HMG-coenzyme A lyase 
deficiency. Some organic acidurias, such as L-2-
hydroxyglutaric aciduria, glutaric aciduria type 1, 
4-hydroxybutyric aciduria, α-ketoglutaric aciduria, 
and N-acetylaspartic aciduria (Canavan disease) 
present with CNS involvement only. Others have 
systemic manifestations too (e.g., acidosis, ketosis, 
or ketoacidosis).

Aminoacidopathies

The best known diseases in this group are phe-
nylketonuria, nonketotic hyperglycinemia, maple 
syrup urine disease (branched-chain amino 
aciduria), hyperhomocystinemia, tyrosinemia, 
alkaptonuria, and a group of diseases (carba-
myl phosphatase synthetase deficiency, ornithine 
transcarbamylase deficiency, argininosuccinate 
synthetase deficiency, argininosuccinate lyase 
deficiency, and arginase deficiency) referred to as 
urea cycle defects.

Disorders of Carbohydrate Metabolism

Glycogen storage disorders, as mentioned earlier, do 
not have central or peripheral nervous system mani-
festations. Other entities in this group may present 
with CNS involvement. These include disorders of 
galactose (galactosemia) and fructose metabolism 
and persistent hyperinsulinemic hypoglycemia 
(nesidioblastosis).

Disorders of Metal Metabolism

The best known of these diseases are those related 
to copper transport (Menkes disease and Wilson 
disease). Other metals which may be involved in 
inherited metabolic diseases are iron, magnesium, 
selenium, zinc, manganese, and molybdenum.

13.2.1.4 
Classification According to Brain Substance 
Involvement

This classification takes into account the dominance 
of substance involvement (gray matter, white matter, 
or both) within the brain. Classification of inherited 
neurometabolic diseases–according to the primarily 
involved substance–into leukodystrophies, poliodys-
trophies, or pandystrophies is a helpful diagnostic 
imaging concept. This classification serves best the 
purposes of the radiologist but, as a trade-off, some-
times at the price of lack of specificity.

Leukodystrophies

Diseases presenting with white matter abnormalities 
are referred to as leukodystrophies. The underly-
ing metabolic abnormalities, however, span over a 
wide range, and include peroxisomal disorders (e.g., 
X-linked adrenoleukodystrophy) or lysosomal stor-
age disorders (e.g., metachromatic leukodystrophy, 
Krabbe disease). In many other so-called classical 
leukodystrophies, the underlying metabolic abnor-
mality is not known (Alexander disease, vanishing 
white matter disease, van der Knaap disease, Aicardi-
Goutières syndrome). Furthermore, there are others 
which are not classically referred to as leukodystro-
phies but, from an imaging perspective, present with 
predominantly white matter abnormalities (GM2 
gangliosidosis, L-2-hydroxyglutaric aciduria, many 
aminoacidopathies, and some forms of congenital 
muscular dystrophy) [18, 19].

In leukodystrophies or leukodystrophy-like con-
ditions, the underlying pathological process may be 
quite different, notably delayed myelination, dys-
myelination, or demyelination, or quite frequently 
a combination of them. The differentiation between 
these categories may be difficult or impossible by 
imaging; nevertheless, the concept is important [20].

Myelination is a very much an energy and nutri-
ent dependent process, and any systemic (cardiac, 
respiratory, etc.) or CNS disease (meningoencepha-
litis, neurometabolic disease, etc.) occurring during 
the most active period of myelination (from birth to 
the age of 18 months) may lead to delay in the normal 
myelination. In these cases, however, the myelin com-
position is normal.

In dysmyelinating processes, the histochemical 
structure of myelin is abnormal, leading to reduced 
and fragile myelin, which is then prone to breakdown 
resulting in partial or complete loss of the myelin. 
Absence of one of the essential constituents of myelin 
leads to dysmyelination. In Pelizaeus-Merzbacher 



 550 Z. Patay

disease, the so-called proteolipid protein is deficient, 
while in 18q- syndrome the myelin basic protein is 
absent. These conditions, therefore, represent exam-
ples of dysmyelination, with hypomyelination and 
secondary demyelination.

The term demyelination refers to loss of a primar-
ily normal or abnormal myelin. Possible causes of 
demyelination include a wide range of pathologies, 
notably inflammatory, toxic, metabolic, and many 
other diseases. Dysmyelination is also a possible 
cause of demyelination.

Poliodystrophies

This group comprises diseases which present with 
predominant gray matter abnormalities. Some degree 
of white matter involvement, however, is often pres-
ent. Classical disease categories are respiratory chain 
disorders (so-called mitochondrial diseases), some 
storage disorders, and organic acidopathies.

Pandystrophies

In fact, the majority of metabolic disorders fall into 
this category, since exclusive involvement of gray or 
white matter structures is quite rare. Even some of 
the classical leukodystrophies present with clinical 
or imaging evidence of gray matter involvement. 
Typical neuroimaging findings of Canavan disease 
and Krabbe disease are pallido-thalamic lesions and 
putaminal lesions, respectively. Conversely, polio-
dystrophies (e.g., neuronal ceroid lipofuscinosis, 
mitochondrial diseases) may also be associated with 
more or less extensive white matter disease and, in 
some instances, even mimic leukodystrophy. It is, 
however, difficult to determine whether white matter 
abnormalities in “poliodystrophies” are primary or 
secondary to neuronal degeneration and, conversely, 
whether signal changes within basal ganglia in clas-
sical “leukodystrophies” represent just myelin break-
down or genuine neuronal damage.

13.2.2 
The Concept of Selective Vulnerability

Some of the metabolic disorders present with rather 
unremarkable, “generic” features from an imaging 
standpoint, such as atrophy and hypo- or delayed 
myelination. Nevertheless, one of the most striking 
imaging and pathological characteristics of many 
metabolic disorders is the highly variable pattern 
of involvement of the CNS parenchyma. Depending 
on the disease entity, some brain structures may be 

severely damaged, whereas others appear to be com-
pletely normal. This is to a great extent explained by 
selective vulnerability of different structures to dif-
ferent noxae, especially in the developing brain [21]. 
The involved or spared structures define patterns 
(often referred to as “gestalt”) which, at times, may 
be consistent enough to be suggestive of or specific 
to certain disease entities.

There is, however, increasing evidence to suggest 
that the nature of the metabolic disorder, in particu-
lar the type and quantity of the specific lacking or 
excess metabolites, as determined by the underlying 
molecular genetic disorder (genotype) and degree of 
resultant enzymatic dysfunction (biochemical phe-
notype), age of onset (maturity of the brain), and dis-
tinct histo-biochemical properties of different ana-
tomical and functional systems, all have a potentially 
significant impact on the clinical manifestations 
(clinical phenotype) and may also be reflected by the 
magnitude and topographic distribution of imaging 
abnormalities (radiological phenotype).

The specific energy and nutrient requirements of 
certain structures (myelinating white matter, basal 
ganglia), as a function of age, have a definite influence 
on selective vulnerability. The cerebral white matter 
is particularly vulnerable before the 32nd week of ges-
tation, whereas basal ganglia are most prone to injury 
during the last three gestational months and during 
the first 3 years of life because of their particularly 
high metabolic rate. This may explain why hypoxic-
ischemic episodes lead to periventricular leukomala-
cia in preterm, and to basal ganglia disease in term 
infants [22]. Similarly, since organic acidurias with 
postnatal onset (propionic aciduria, 3-methylglu-
taconic aciduria, methylmalonic aciduria, primary 
lactic acidosis, α-ketoglutaric aciduria) are often 
characterized by disturbances of amino and fatty acid 
supply to the citric acid cycle and, hence, by impair-
ment of energy production, these preferentially pres-
ent with basal ganglia disease, although white matter 
disease (demyelination) may also develop, especially 
in advanced stages of the disease. In neonatal maple 
syrup urine disease, selective involvement of actively 
myelinating and already myelinated white matter 
structures (vacuolating myelinopathy) results in a 
strikingly characteristic and consistent pathologi-
cal-radiological lesion pattern. Conversely, in the late 
onset (or intermittent) form of maple syrup urine dis-
ease, pallidal and thalamic changes are usually more 
conspicuous.

In some metabolic disorders (glutaric aciduria 
type 1, L-2-hydroxyglutaric aciduria, propionic and 
methylmalonic acidemias, and certain mitochondrial 
diseases) CSF levels of abnormal metabolites exceed 
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those within the plasma, which may also have a role 
in development of specific brain lesion and related 
neurological symptomatology [23].

It is also noteworthy that isomers of the same 
abnormal metabolite (L-2-hydroxyglutaric aciduria 
and D-2-hydroxyglutaric aciduria) may result in dis-
tinctly different clinical and imaging phenotypes (see 
below).

While some aspects of the biochemical (direct or 
indirect toxic effects) and histopathological (dysmy-
elination) background of the phenomenon of selec-
tive vulnerability in neurometabolic disorders are 
progressively elucidated, others remain unclear or 
hypothetical.

13.2.2.1 
Direct Toxic Effect

In some diseases a direct toxic effect by a specific 
abnormal metabolite has been identified. For exam-
ple, in urea cycle defects hyperammonemia is the 
most likely cause of brain edema. Increased blood 
concentration of homocystine in homocystinuria is 
known to be destructive to fibrillin in connective 
tissues, a typical manifestation of which is lens sub-
luxation. Homocystine is also believed to be toxic 
to the vascular endothelium, hence predisposing to 
thrombus formation [24].

Excitotoxicity is a peculiar direct toxic mecha-
nism, which is particularly relevant to some of the 
metabolic diseases. Excitotoxicity refers to the det-
rimental effect of an otherwise normal neurotrans-
mitter on neural cells, if it is present in excessive 
quantities (due to increased production or decreased 
elimination) or in case of activation (sensitization) of 
the receptors by energy depletion. Glutamate, prob-
ably the best known of the potentially excitotoxic 
substances, can cause transient or permanent cellular 
damage or death through the mechanism of excito-
toxicity or “glutamate suicide” [25, 26].

13.2.2.2 
Indirect Toxic Effect

Other known indirect mechanisms include enzyme 
inhibition by an abnormal metabolite and activa-
tion of alternative metabolic pathways for an excess 
metabolite, resulting in synthesis of another toxic 
metabolite.

Enzyme Inhibition

Excess propionyl and methylmalonyl coenzyme A in 
propionic and methylmalonic acidurias is known to 

have an inhibitory effect on multiple metabolic pro-
cesses. Methylmalonyl coenzyme A reduces the activ-
ity of pyruvate carboxylase and methylmalonic acid 
inhibits succinate dehydrogenase, both of which are 
important enzymes in gluconeogenesis. The result is 
hypoglycemia and ketosis, which have well-known 
detrimental effects on brain parenchyma. Propionyl 
coenzyme A also inhibits pyruvate dehydrogenase. At 
the same time, hepatic glycine cleavage system may 
also be impaired, leading to hyperglycinemia. Fur-
thermore, the urea cycle is also affected through inhi-
bition of carbamyl phosphatase synthetase enzyme, 
and this leads to toxic hyperammonemia.

Inhibition of gluconeogenesis also occurs in HMG 
coenzyme A lyase deficiency.

In glutaric aciduria type 1, inhibition of glutamate 
decarboxylase by glutaric acid causes glutamate 
accumulation within glial cells, possibly leading to 
glutamate excitotoxicity [25].

Succinic semialdehyde in 4-hydroxybutyric acid-
uria may cause impairment of oxidative phosphory-
lation.

Activation of Alternative Metabolic Pathways

Hyperammonemia in urea cycle defects leads to 
increased synthesis of glutamate, which is believed 
to be an excitotoxic metabolite to brain parenchyma 
[26].

Excess tryptophan in glutaric aciduria type 1 may 
be degraded through an alternate catabolic pathway 
towards quinolinic acid, which is also believed to be 
toxic to basal ganglia, providing one of the possible 
explanations for basal ganglia damage in this dis-
ease.

13.2.2.3 
Dysmyelination

Some of the metabolic disorders (L-hydroxyglutaric 
aciduria, homocystinuria) present with a peculiar 
pattern of retrograde demyelination. It is hypothe-
sized that in metabolic diseases with postnatal onset, 
myelin produced after birth may be abnormal, hence 
fragile and prone to early degradation. Conversely, 
myelin and premyelin synthesized before the onset of 
the metabolic derangement is normal and, therefore, 
more resistant. This leads to a lesion pattern within 
the brain, somewhat reminiscent of neonatal or early 
postnatal myelination pattern, with the oldest myelin 
structures (brainstem, cerebellum, central cortical-
spinal tracts) being intact and other, younger white 
matter structures showing imaging evidence of 
demyelination.
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13.3 
Principles of Imaging of the CNS 
in Metabolic Disorders

13.3.1 
Foundations

Health care centers specializing in the management 
of neurometabolic diseases benefit from considerable 
expertise, and the specific diagnosis is often estab-
lished or at least strongly suggested based on clinical 
manifestations and results of sophisticated laboratory 
screening studies. The role of neuroimaging in such 
settings is often limited to initially providing a base-
line “inventory” of CNS lesions, and then, occasionally, 
to performing follow-up studies in order to monitor 
disease progress and possible response to therapy.

Somewhat paradoxically, the diagnostic burden is 
often heavier on radiologists working in general neuro-
imaging practices. These institutions are more likely to 
be involved in primary screening, and the referral diag-
noses may not be suggestive of neurometabolic diseases. 
A high index of suspicion, knowledge of basic imaging 
semiology of neurometabolic diseases, and a systematic 
approach to image analysis and interpretation is man-
datory under such circumstances. More importantly, it 
is indispensable to obtain an appropriately performed 
magnetic resonance imaging (MRI) study, taking full 
advantage of available technical options, in order to 
enhance sensitivity and specificity and identify defi-
nite, probable, and possible neurometabolic diseases 
and warrant further, targeted investigations.

Imaging strategies in inborn errors of metabolism 
rely heavily on the concepts of selective vulnerabil-
ity and pattern recognition. The imaging workup of 
patients with suspected metabolic disorders needs to 
be designed so as to obtain the best possible visualiza-
tion and characterization of lesions within the CNS. 
This is the most important prerequisite of application 
of the concept of pattern recognition in the process of 
image analysis. The individual lesions represent imag-
ing substrates of selective vulnerability, and the sum of 
the lesions with the resultant lesion patterns correspond 
to imaging phenotypes of various disease entities.

13.3.1.1 
Imaging Modalities

Conventional X-rays

Conventional X-ray studies have a very limited role 
in the diagnostic imaging workup of metabolic disor-
ders. These may be used to demonstrate involvement 
of the skeletal system in peroxisomal disorders, for 

example, in Zellweger disease, rhizomelic chondro-
dystrophia punctata, or Gaucher disease. X-rays of 
the head show deformities of the skull and sella or 
abnormalities of bony elements of the cranio-cervi-
cal junction, and spine X-rays are used to diagnose 
vertebral body changes in mucopolysaccharidoses.

Ultrasound (US)

Some of the neurometabolic diseases, especially 
those which are associated with morphological brain 
abnormalities, may have a highly characteristic or 
suggestive appearance on cranial US images; there-
fore, the diagnosis may be suggested even before 
appearance of clinical signs and symptoms.

Transcranial US has been found to be useful in 
demonstration of morphological changes, such as 
bilateral Sylvian fissure abnormalities in glutaric 
aciduria type 1 or germinolytic cysts in Zellweger 
syndrome [27, 28].

In infantile leukodystrophies presenting with 
macrocephaly, US may have an important role in 
ruling out hydrocephalus and orienting the diagnosis 
towards a possible neurometabolic disease. Further-
more, cranial US may allow differentiation between 
different leukodystrophies (Canavan vs. Alexander 
disease) by differences in echogenicity of affected 
white matter [29, 30].

Metabolic diseases, in particular lysosomal stor-
age disorders, presenting with hydrops fetalis (Gau-
cher disease, Niemann-Pick disease, mucopolysac-
charidoses IV and VII, GM1 gangliosidosis) may also 
be suspected by prenatal US examination [31].

Rhizomelic chondrodysplasia punctata was suc-
cessfully diagnosed by prenatal US at 19-week ges-
tational age, based on detection of classical skeletal 
abnormalities (punctate epiphyseal calcifications, 
shortening of femur) [32].

Computed Tomography (CT)

In clinically suspected neurometabolic diseases, the 
role of CT in the imaging workup is usually second-
ary, since its overall sensitivity and specificity is infe-
rior to MRI. In rare and specific situations, however, 
CT performed as a complementary study can enhance 
diagnostic specificity.

The demonstration of rather typical hyperdense 
basal ganglia (in Krabbe disease) and thalami (in 
GM2 gangliosidoses) by CT can be helpful to support 
the MRI suspicion [33;34].

CT is particularly useful in the demonstration of 
calcifications. This is important because calcifications 
are not always conspicuous on MR images, and their 
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appearance may be inconsistent. Theoretically, cal-
cifications present with hyposignal on both T1- and 
T2-weighted images; however, due to variations of the 
crystalline structure, they may occasionally be hyper-
intense on T1-weighted images. The demonstration of 
basal ganglia calcifications by CT also has diagnostic 
implications in Cockayne syndrome, Aicardi-Gout-
ières syndrome, and some mitochondrial encepha-
lopathies [35, 36]. In malignant biopterin-dependent 
form of phenylketonuria or carbonic anhydrase II 
deficiency, CT presentation with extensive subcortical 
calcifications may be highly suggestive.

In acute metabolic crisis and stroke or stroke-like 
presentations, CT may also be used as an emergency 
imaging modality to rule out vascular etiologies, i.e., 
ischemia or intracerebral bleeding. Some metabolic 
disorders, and in particular organic acidemias (pro-
pionic, methylmalonic, isovaleric acidemias), may 
be associated with thrombocytopenia, causing hem-
orrhagic diathesis with possible subarachnoid and 
intraparenchymal, mainly cerebellar, bleedings [37, 
38]. Frequent subdural hematomas in Menkes dis-
ease or in glutaric aciduria type 1 may also be readily 
diagnosed and followed up by CT.

Positron Emission Tomography (PET)

PET is a powerful functional imaging modality, 
which may be used in metabolic disorders as a com-
plementary tool to assess functional abnormalities. 
The most robust and frequently used technique is 
18Fluoro-2-deoxyglucose (18FDG-PET), which is very 
sensitive in demonstrating metabolic changes in gray 
matter, notably within cerebral or cerebellar cortex, 
basal ganglia, and thalami. Hypometabolism within 
these structures–presenting with decreased uptake 
of the radiopharmaceutical–may be a more sensitive 
indicator of an ongoing disease process than MRI in 
some cases, especially during the early stage of the 
disease (Fig. 13.1).

Magnetic Resonance Imaging (MRI)

MRI has inherently high sensitivity in demonstrat-
ing normal or abnormal myelination, differentiat-
ing white and gray matter structures, and detecting 
structural and signal changes within brain. The usual 
criticism about MRI is its “low specificity,” since 
most abnormalities present with prolonged T1 and 
T2 relaxation (i.e., hyposignal on the T1- and hyper-
signal on the T2-weighted images). This undeniable 
shortcoming of MRI may be, however, significantly 
compensated by a systematic application of the con-
cept of pattern recognition, through which sugges-

tive, or occasionally even disease-specific, patterns 
may be identified. Nowadays, MRI is the technique 
of choice in the imaging evaluation of inborn errors 
of metabolism.

13.3.1.2 
Imaging Strategies

The actual brain MRI protocol in patients with sus-
pected or known metabolic disorders should always 
be adapted to the specific needs of the imaging evalu-
ation of various, potentially relevant brain structures 
and underlying pathological phenomena. The most 
important prerequisites for lesion detection are selec-
tion of the optimal imaging planes and high spatial 
and contrast resolution.

Optimal Imaging Plane

Accurate assessment of different anatomical struc-
tures of brain requires appropriate imaging plane 
selection. For example, the cerebellar white matter 
and dentate and subthalamic nuclei are best visual-
ized in the coronal plane (Fig. 13.2). The basal gan-
glia, in general, are well appreciated in the axial plane; 
nevertheless, involvement of the body of the caudate 
nucleus may also require coronal cuts. The cerebel-
lar vermis and corpus callosum are most adequately 
outlined in sagittal images.

Optimal Spatial Resolution

Some brain structures are fairly well visualized in 
low spatial resolution (256 matrix) images, because 
of their considerable volume (basal ganglia, thalami, 
centrum semiovale). Other structures, however, such 
as cerebral and cerebellar cortex, claustra, brainstem 
structures, subcortical U-fibers, etc., are smaller; 
therefore, use of high resolution (512 matrix) tech-
niques is indispensable for their accurate evalua-
tion.

Optimal Sequence Selection and Contrast 
Resolution

T1-Weighted Imaging
T1-weighted imaging is essential in evaluation of 
normal or abnormal myelination and in assessment 
of the pattern of a demyelinating process.

The T1 contrast can be enhanced by use of real 
inversion recovery (rIR) techniques. Since this tech-
nique prominently highlights the myelinated struc-
tures with respect to nonmyelinated areas, it is 
particularly useful in the assessment of the myelina-
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tion process and is recommended in children under 
12 months of age (by which myelination appears to 
be grossly accomplished on T1-weighted images). 
Furthermore, inversion recovery sequences provide 
T1-weighted images with exquisite contrast resolu-
tion between white and gray matter structures. In the 
mature brain, this allows relatively easy identification 
of cortical dysplasias or gray matter heterotopias.

T1-weighted, and in particular, rIR imaging may 
also be a sensitive indicator of demyelination and 
allows accurate assessment of involvement or spar-
ing of specific white matter structures of the brain. 

Subcortical U-fibers may be involved in some leu-
kodystrophies (Canavan disease, Alexander disease, 
Krabbe disease) or spared in others (X-linked adre-
noleukodystrophy, metachromatic leukodystrophy) 
(Fig. 13.3). Sparing of perivascular white matter may 
be observed in metachromatic leukodystrophy or in 
Pelizaeus-Merzbacher disease.

In some instances, however, conventional T1-
weighted spin-echo images yield better results. Nota-
bly, abnormal hyperintensity of basal ganglia in cases 
of hepatic encephalopathy, Krabbe disease, or GM2 
gangliosidosis may be more conspicuous on conven-

Fig. 13.1a–f. MRI and 18FDG-PET correlations in glutaric aciduria type 1. Axial T2-weighted fast spin-echo and PET images at 
the level of the deep gray matter structures. a, b Images of a 3-month-old male patient diagnosed with glutaric aciduria type 1 
at birth and successfully treated afterwards. Normal MRI appearance and metabolic activity of basal ganglia and thalami. Note 
the relatively decreased (age-related) cortical uptake of the radiopharmaceutical within both cerebral hemispheres. c, d Images 
of an 11-year-old female patient with the naturally mild form of the disease. On the MR image, moderate signal changes are seen 
within the posterior parts of the putamina with ambiguous signal alterations within the head of the left caudate nucleus. The PET 
image shows total loss of the metabolic activity within both putaminal and the left caudate lesion, confi rming the MRI fi ndings. 
The cortical and thalamic metabolic activity is preserved. e, f Images of a 7-year-old male patient (brother of patient shown in 
Fig. 13.1a, b) with the ribofl avin dependent form of the disease, in whom diagnosis and treatment were delayed. Severe, necrotic 
changes within the basal ganglia bilaterally, with corresponding total lack of metabolic activity on the PET image, are shown. There 
is decreased metabolic activity within the thalami and the right subinsular cortex

a

b

c

d

e

f
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Fig. 13.2a, b. Optimal visualization of subthalamic and dentate nucleus lesions in the coronal plane in metabolic disorders. a Coronal 
T2-weighted fast spin-echo image in an 18-month-old male patient with history of prolonged postnatal hyperbilirubinemia, leading 
to kernicterus. The abnormal hyperintensity within the subthalamic nuclei (thin arrows), as well as the globi pallidi (open arrows) 
and the substantia nigra (arrowheads) is clearly demonstrated. b Coronal T2-weighted fast spin-echo image in a 9-year-old male 
patient with propionic acidemia after acute metabolic crisis. The abnormal hyperintense appearance of the dentate nuclei (open 
arrows) and of the cerebellar cortex is best appreciated in the coronal plane

a b

Fig. 13.3a,b. MR imaging visualization of
sparing or involvement of subcortical 
U-fi bers in leukodystrophies. a Axial T1-
weighted inversion recovery image in a 
2.5-year-old female patient with meta-
chromatic leukodystrophy. The subcorti-
cal U-fi bers are preserved. b Axial T1-
weighted inversion recovery image in an 
11-month-old female patient with globoid 
cell leukodystrophy (Krabbe disease). The 
subcortical U-fi bers are involved in the 
demyelinating processa b

tional T1-weighted spin-echo than on IR images. Fur-
thermore, signal enhancement after intravenous con-
trast injection is easier to interpret on T1-weighted 
spin-echo than on IR images.

T2-Weighted Imaging
Differences in histochemical properties (water and 
lipid content) between immature (newborns and 
infants) and mature (children and adults) brain 
requires appropriate adjustment of some param-
eters of conventional spin-echo or fast spin-echo 
sequences. To compensate for longer T2 relaxation 

time (due to high water and lower myelin/lipid con-
tent) of brain parenchyma in the newborn and infant, 
longer repetition (TR) and echo (TE) times are used 
in T2-weighted imaging.

T2-weighted imaging is useful in assessment of 
both gray and white matter at any age in normal or 
pathological conditions. T2-weighted imaging is 
considered to be the gold standard for depiction of 
parenchymal lesions characterized by T2 prolonga-
tion. Conventional spin-echo technique is perhaps 
more sensitive than fast spin-echo, but the trade-off 
is a definite time penalty.
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T2-weighted imaging is also essential in assess-
ment of myelination pattern, especially in the 12 to 
18 months age range, where T1-weighted (and IR) 
images are already more or less insensitive. Further-
more, in the neonate and young infant T2-weighted 
images often allow better assessment of the cortex 
and more accurate depiction of cortical abnormali-
ties than T1-weighted images (Fig. 13.4).

The modular inversion recovery (mIR) technique 
allows accurate delineation of small lesions within the 
brainstem and deep gray matter nuclei. Using a high 
resolution matrix, accurate topographical localization 
of lesions within deep gray matter structures or the 
brainstem is further enhanced, providing necessary 
information for disease-specific pattern recognition.

Fluid-attenuated inversion recovery (FLAIR) tech-
nique may be helpful in demonstrating cystic lesions 
within a markedly abnormal white matter, for instance 
in van der Knaap or Alexander diseases. FLAIR imag-
ing, however, is less frequently used in children than 
in adults. Especially in brainstem lesions, its sensi-

tivity is inferior to that of conventional T2-weighted 
imaging (Fig. 13.5).

13.3.1.3 
Evaluation of MR Images

The evaluation of MR images in metabolic disorders 
is based on the application of the concept of pattern 
recognition [19, 39]. Pattern recognition means rec-
ognition of imaging manifestations of selective tissue 
or structure vulnerability within the CNS. Detection 
and identification of lesions within specific anatomi-
cal structures is a key element in pattern recognition. 
Some abnormalities are easily recognized; others 
may be more subtle and require sophisticated imag-
ing techniques and meticulous evaluation. In order to 
obtain the most complete data set for pattern recogni-
tion, a systematic and extensive evaluation of brain 
structures is mandatory [40]. The most relevant white 
or gray matter structures of the brain to be analyzed 
are listed in Table 13.3.

Fig. 13.4a,b. Cortical gyral abnormalities 
(polymicrogyria) in a 5-month-old female 
patient with Zellweger disease. a Axial T1-
weighted fast inversion recovery image. 
The bilateral polymicrogyria-like cortical 
abnormalities around the Sylvian fi ssures 
are hardly visible. b Axial T2-weighted 
fast spin-echo image. The cortical abnor-
malities are easier to detect on this image 
because of the better gray-white matter 
contrast resolution on the T2-weighted 
images at this agea b

Fig. 13.5a,b. Brainstem abnormalities in 
a 6-year-old female patient with glutaric 
aciduria type 1. a The axial modular inver-
sion recovery image shows bilateral, sym-
metrical signal abnormalities within the 
central tegmental tracts. Ill-defi ned faint 
hyperintensities are also demonstrated 
within the ventral part of the pons, which 
clearly outline the unaffected pyramidal 
tracts, presenting normal hyposignal. b 
The axial FLAIR image at the same level 
fails to provide the above informationa b
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of involvement in different lobes, antero-posterior 
or postero-anterior gradients of the disease process 
may be identified. Similarly, central and peripheral 
white matter structures may show different degrees of 
damage; therefore, centripetal or centrifugal progres-
sion patterns may also be found (Fig. 13.6).

Special attention should be paid to subcortical U-
fibers, whose sparing or involvement may be char-
acteristic of specific disease entities (metachromatic 
leukodystrophy vs. Canavan disease).

The deep white matter layers are also important 
to analyze. The internal capsule may be entirely or 
partially affected; therefore, anterior limb, genu, and 
posterior limb have to be evaluated separately. The 
external and extreme capsules may also be normal 
or abnormal. The medial and lateral medullary lami-
nae separate the pars medialis of the globus pallidus 
(medial pallidal segment) from the pars lateralis (lat-
eral pallidal segment), and the pars lateralis of the 
globus pallidus from the putamen, respectively, and 
may (e.g., L-2-hydroxyglutaric aciduria, fucosido-
sis) or may not be involved in white matter diseases 
(Fig. 13.7).

Table 13.3. The most important white and gray matter struc-
tures of the brain to be analyzed in metabolic disorders

White matter structures Gray matter structures

Cerebral (lobar) white matter Cerebral cortex
Subcortical U-fibers Claustrum
Extreme capsule Caudate nucleus
External capsule Putamen
Internal capsule Globus pallidus
Medullary laminae Thalamus
Corpus callosum Subthalamic nucleus
Anterior commissure Red nucleus
Mammillary bodies Substantia nigra
Central tegmental brainstem tract Dentate nucleus
Cortical-spinal tract Cerebellar cortex
Cerebellar white matter

Fig. 13.6a–d. Various progression patterns 
in leukodystrophies on axial T1-weighted 
inversion recovery images. a Antero-pos-
terior gradient of the white matter disease 
in van der Knaap disease. b Postero-ante-
rior gradient of the white matter disease in 
Krabbe disease. c Centripetal progression 
pattern in L-2-hydroxyglutaric aciduria. 
The subcortical structures are completely 
demyelinated; the central white matter is 
preserved. d Centrifugal progression pat-
tern in X-linked adrenoleukodystrophy. In 
this case, an additional postero-anterior 
gradient is also conspicuous

a

c

b

d

White Matter Structures

The cerebral white matter is assessed in different 
lobes (frontal, parietal, occipital, and temporal) sepa-
rately. Their involvement may be different or similar 
in various diseases. Depending on the magnitude 
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The mammillary bodies are also prone to damage; 
the best-known example is Wernicke encephalopathy.

The corpus callosum usually reflects the magnitude 
and the possible progression gradient of the involve-
ment of hemispheric white matter. The corpus callo-
sum should be assessed for signal abnormalities and 
volume changes (swelling or atrophy) (Fig. 13.8).

To date, no data are available about possible 
involvement of the anterior commissure in demyelin-
ating processes (Fig. 13.8), but it is probably because 
little or no attention has been paid to this potentially 
important structure so far.

The central tegmental structures of the pons are 
frequent lesion sites in metabolic and neurodegenera-
tive processes. These are totally nonspecific, but still 
useful in raising the possibility of a metabolic disor-
der (Fig. 13.5).

The corticospinal tracts should be carefully ana-
lyzed from the precentral gyrus all the way down to 
the decussation at the level of the medulla oblongata, 
including their course through the posterior limbs of 
the internal capsules and cerebral peduncles.

The cerebellar hemispheric white matter is per-
haps less frequently involved than the cerebral white 
matter in metabolic diseases, but presence of signal 
abnormalities and their distribution can be useful in 
pattern recognition (Fig. 13.9).

Gray Matter Structures

The cerebral cortex is quite difficult to assess for atro-
phic changes; nevertheless, in some diseases (GM2 
gangliosidosis, van der Knaap disease, Canavan dis-
ease) thinning of the cortex may be obvious on MRI. 
Occasionally, cortical dysplasia may be associated 
with inborn errors of metabolism (Zellweger disease, 
fumaric aciduria).

Deep gray matter structures should be assessed 
for morphological changes (swelling, atrophy) and 
signal abnormalities. In the acute phase of organic 
acidopathies, swelling of the basal ganglia is a typi-
cal finding, whereas in the chronic stage atrophy is 
characteristic. These changes are associated with 
abnormal, increased signal intensity on T2-weighted 
images (Fig. 13.10).

Hypointense appearance on long TR images (espe-
cially on T2-weighted gradient echo images) is sugges-
tive of calcifications or premature iron depositions, 
which are more characteristic of neurodegenerative 
diseases, but are quite typical also of Wilson disease. 
In metabolic diseases presenting with basal ganglia 
lesions, the claustra may be spared (L-2-hydroxyglu-
taric aciduria) or involved (Wilson disease). The thal-
ami are less frequently abnormal in inherited meta-
bolic disorders. The subthalamic nuclei are abnormal 
in kernicterus and in Leigh disease. The red nuclei 
are often spared in metabolic disorders, but involve-
ment of the surrounding white matter structures 
and of the substantia nigra with hypersignal on T2-
weighted images results in the so-called giant panda 
face appearance, which may be seen in Wilson dis-
ease or glutaric aciduria type 1 (Fig. 13.11).

The dentate nuclei may be involved in all kinds of 
metabolic diseases, especially in organic acidopathies, 
probably more frequently than previously thought. 
In the acute phase, when swelling is associated with 
hypersignal on the T2-weighted images, depiction of 
abnormalities is easy; however, in the atrophic stage, 
when volume loss is present with less prominent signal 
changes, identification of the lesions may be quite chal-
lenging. Lesions of the dentate nuclei are frequent and 
characteristic in cerebrotendinous xanthomatosis.

The cerebellum as a whole, but the cerebellar 
cortex in particular, often shows atrophic changes in 

Fig. 13.7a,b. Involvement or sparing of 
deep white matter structures. Axial mod-
ular inversion recovery images in a 21-
year-old female patient with L-2-hydrox-
yglutaric aciduria. a On this image, the 
abnormal hyperintense appearance of the 
external and extreme capsule well delin-
eates the claustra. The anterior limbs of 
the internal capsules are partially demye-
linated; this is obvious, when compared to 
the spared posterior limbs and knees. The 
poor delineation of the interface between 
the putamina and the lateral pallidal seg-
ment indicates involvement of the lateral 
medullary laminae. b Sparing of the ante-
rior commissure and of the medial medul-
lary laminaea b
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Fig. 13.8a–d. Patterns of involvement of the corpus callosum in various leukodystrophies. a Sagittal T1-weighted spin-echo image 
in a 2-year-old female patient with metachromatic leukodystrophy. At this stage of the disease the anterior parts of the corpus 
callosum exhibit some swelling, whereas posteriorly atrophy and ill-defi ned hypointensities (arrow) are seen. This is consistent 
with the known postero-anterior progression gradient of the demyelinating process. b Sagittal T1-weighted spin echo in the same 
patient at 4 years of age. By this time, the entire corpus callosum shows atrophy and signal changes, which are, however, more 
prominent posteriorly. c Sagittal T2-weighted gradient echo image in a 19-month-old female patient with van der Knaap disease. 
The most prominent signal changes are seen at the level of the inferior aspect of the body of the corpus callosum; the upper margin 
as well as the knee and the splenium show partial sparing. Note the sparing of the anterior commissure (arrowhead). d Sagittal 
T2-weighted fast spin-echo image in a 12-year-old male patient with X-linked adrenoleukodystrophy. At this stage of the disease, 
the signal changes involve the splenium and the posterior part of the body only (arrow). Note the signal abnormalities within the 
anterior commissure (arrowhead)

a

c

b

d

metabolic diseases. The vermis may be more severely 
involved than the rest of the cerebellum (Fig. 13.12). 
Rarely, signal abnormalities are present along the 
cortical-subcortical interface.

Spinal Cord Involvement

To date, the spinal cord has not been systemati-
cally assessed in congenital or acquired metabolic 
diseases; therefore, published data on the imaging 

findings of spinal cord and cauda equina lesions are 
sparse [41, 42]. This may be partially explained by 
technical reasons, as the small size of anatomical 
structures renders accurate evaluation of the spinal 
cord for possible gray or white matter abnormali-
ties difficult, although not necessarily impossible, 
by currently available MRI techniques. For example, 
a peculiar white matter tract involvement has been 
described in a newly discovered leukodystrophy pre-
senting with brainstem and spinal cord involvement 
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Fig. 13.9a–f. Patterns of involvement of cerebellar white matter on coronal T2-weighted fast spin-echo images in various leukodys-
trophies. a 10-month-old male patient with Canavan disease. The central and the peripheral white matter structures are equally 
involved in the cerebellum. No cerebellar atrophy is seen. b 11-month-old male patient with globoid cell leukodystrophy (Krabbe 
disease). Diffuse involvement of the cerebellar white matter, somewhat less prominent than in Canavan disease and associated 
with atrophy. c 7-year-old female patient with van der Knaap disease. Moderate signal abnormalities within the deep cerebellar 
white matter structures, including the hili of the dentate nuclei. The subcortical white matter is spared. No cerebellar atrophy 
is seen. d 10-year-old male patient in the advanced stage of metachromatic leukodystrophy. The pattern of the cerebellar white 
matter involvement is quite similar to that seen in van der Knaap disease, except for the associated atrophy, which is clearly shown 
in this case. e 2-year-old male patient with metachromatic leukodystrophy (saposin B defi cient). In this stage of the disease, only 
very subtle central white matter signal changes are suggested (sometimes better appreciated on FLAIR images, not shown here). 
Mild atrophy is, however, already conspicuous. f 12-year-old male patient with X-linked adrenoleukodystrophy (same patient as 
Fig. 13.8d). No signal abnormality or atrophy is seen at the level of the cerebellum

a b c

d e f

Fig. 13.10a,b. Bilateral basal ganglia 
lesions in acute, subacute, and chronic 
stages of 3-methylglutaconic aciduria 
on axial T2-weighted fast spin-echo 
images. a 1-year-old female patient with 
3-methylglutaconic aciduria during acute 
metabolic decompensation. Signal abnor-
malities are seen within the globi pallidi, 
heads of the caudate nuclei and within 
the anterior parts of the putamina. The 
putaminal lesions are associated with 
swelling. b 10-year-old male patient after 
several metabolic crises. The putamina 
exhibit prominent atrophy and marked 
hypersignal, consistent with necrosis. The 
caudate nuclei and globi pallidi are also 
abnormal, but signal and volume changes 
are less marked on this imagea b
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Fig. 13.11a, b. The “giant panda face” appearance of the upper mesencephalon on T2-weighted fast spin-echo images in metabolic 
diseases. a 1-year-old male patient with glutaric aciduria type 1. The cerebral peduncles, the red nuclei and the tectum are normal 
(hypointense), whereas the substantia nigra and the periaqueductal white matter exhibit increased signal. b 16-year-old male 
patient with Wilson disease. Similar fi ndings as on Figure 13.11a

Fig. 13.12a–c. Progressive atrophy of the cerebellar vermis on sagittal T1-
weighted spin-echo images in a male patient with 3-methylglutaconic 
aciduria. a The examination at the age of 1 year shows a normal cerebel-
lum. b At the age of 18 months, the follow-up study reveals defi nite atrophy 
of the cerebellar vermis. c The follow-up study at the age of 2 years shows 
further progression of cerebellar atrophy

a

b c

a b
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and high lactate [43]. It is reasonable to presume that 
the spinal cord may also be involved in more dis-
ease entities than reported so far. Histopathological 
data suggest that both white matter tracts and gray 
matter structures are prone to damage in a series 
of diseases, including Canavan disease, Cockayne 
disease, Krabbe disease, GM2 gangliosidosis, nonke-
totic hyperglycinemia, cerebrotendinous xanthoma-
tosis, carbohydrate-deficient glycoprotein syndrome, 
glutaric aciduria type 2, and cobalamin and methyl-
tetrahydrofolate deficiency (hyperhomocystinemia). 
Based on these data, variable patterns of involvement 
within different spinal cord structures and, in par-
ticular, in white matter tracts may be anticipated in 
these diseases. Lesions within the spinal cord, iden-
tical to those seen in brain, have been demonstrated 
by diffusion-weighted imaging in maple syrup urine 
disease (personal observation). The spinal cord may, 
however, be spared in cases of apparent involvement 
of the brain, for example, in L-2-hydroxyglutaric 
aciduria [44].

Other Imaging Abnormalities

Identification of additional gross morphological 
abnormalities may also be useful in the process of 
pattern recognition. Macrocephaly, for example, 
in some leukodystrophies (van der Knaap disease, 
Canavan disease, Alexander disease), type 1 glutaric 
aciduria, GM2 gangliosidosis, and L-2-hydroxyglu-
taric aciduria, is an important pattern element. Other 
metabolic disorders present with microcephaly (Zell-
weger disease, Aicardi-Goutières syndrome, Cock-
ayne disease, Pelizaeus-Merzbacher disease). Bony 
abnormalities in the spine are typical and very char-
acteristic in some forms of mucopolysaccharidoses.

13.3.1.4 
Common MR Imaging Features 
of Metabolic Disorders

Metabolic disorders have many common, although 
individually nonspecific, features, whose awareness 
and recognition is important for raising the pos-
sibility of such a disease in as yet unknown CNS 
pathologies.

Atrophy

Atrophy of different brain structures is common in 
metabolic diseases. Atrophy may be diffuse or focal, 
and affect specific structures (basal ganglia, cerebel-
lar vermis, corpus callosum). Cerebellar atrophy is 
consistently associated with some specific metabolic 

disease entities (neuronal ceroid lipofuscinosis, 3-
methylglutaconic aciduria, carbohydrate-deficient 
glycoprotein syndrome, many lysosomal storage dis-
orders, Menkes disease, mitochondrial diseases) [39]. 
However, the association of prominent brainstem 
and cerebellar atrophy is perhaps more suggestive of 
neurodegenerative disease (e.g., olivopontocerebellar 
degeneration).

Atrophy is often progressive and may be the 
sole indicator of an insidious metabolic disorder 
(Fig. 13.13). It is, nevertheless, important to note 
that during an acute metabolic crisis, or active ongo-
ing demyelination, swelling of gray or white matter 
structures is also typical.

Symmetry

In metabolic disorders, symmetry of the lesions is a 
characteristic, although not consistent, feature. Gray 
matter structures (basal ganglia, dentate nuclei) are 
almost always symmetrically involved. Very rarely, 
asymmetrical involvement of the basal ganglia may 
be present in metabolic diseases, especially during 
the early stages of the disease [45] (Fig. 13.1). The 
white matter lesions in metabolic diseases may be 
patchy, but in extensive diseases, and in particular 
in leukodystrophies, lobar white matter involvement 
typically shows a fairly symmetrical pattern. Sym-
metry is, however, not unusual in some inflammatory 
(acute disseminated encephalomyelitis) or infectious 
diseases (subacute sclerosing panencephalitis) either. 
Symmetry is also common in neurodegenerative dis-
eases and in toxic and hypoxic-ischemic encepha-
lopathies.

Myelination Abnormalities

In infants, during the most active period of myelina-
tion, delay or hypomyelination is frequently asso-
ciated with metabolic disorders. These are, again, 
nonspecific but important abnormalities. In some 
diseases (Zellweger disease, nonketotic hypergly-
cinemia) it can be very severe; in others, such as 
Pelizaeus-Merzbacher disease, the imaging findings 
suggest an arrest of the myelination process.

13.3.1.5 
Uncommon MRI Features of Metabolic Disorders

Contrast Enhancement

Intravenous contrast injection is usually not indicated 
in inborn errors of metabolism, since pathological con-
trast uptake is quite exceptional and rarely increases 
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specificity. Exceptions exist, however. In X-linked adre-
noleukodystrophy, if present, contrast enhancement 
in the actively demyelinating, inflammatory zone is 
practically pathognomonic. Contrast enhancement in 
the brain is a hallmark diagnostic feature in Alexander 
disease [46]. In Krabbe disease, patchy enhancement 
may occasionally be present within the periventricular 
white matter (Fig. 13.14). Enhancement of cauda equina 
roots has also been described in Krabbe disease [41].

Malformations

Dysmorphic features (especially in the craniofacial 
area) are frequent manifestations of inherited meta-

bolic disorders, especially in lysosomal storage dis-
orders and peroxisomal diseases [47]. Conversely, the 
incidence of true brain malformations is surprisingly 
low in metabolic diseases. This may be explained by 
the typically postnatal onset of most diseases.

Conversely, intrauterine onset of the metabolic dis-
order (especially if energy metabolism is affected, as 
in peroxisomal, fatty acid oxidation, and respiratory 
chain defects) may lead to malformations or disturbed 
development of the CNS (and of other organs), as dem-
onstrated by the characteristic bilateral perisylvian 
polymicrogyria in Zellweger disease. Diffuse polymi-
crogyria and open opercula have also been described 
in fumaric aciduria [48]. Pachygyria has been observed 

Fig. 13.13a–c. Progressive cerebral atrophy in a male patient with biotinidase defi ciency. Axial T2-weighted fast spin echo images. a 
The initial MR imaging study at the age of 1 year shows mild, predominantly frontal brain atrophy. b First follow-up examination 
at the age of 2 years. Interval progression of the atrophy. c Second follow-up study at the age of 4 years. Very prominent cortical-
subcortical brain atrophy

a b c

Fig. 13.14a–c. Enhancement patterns on postcontrast images in leukodystrophies. a Gd-enhanced axial T1-weighted spin-echo 
image in a 1-year-old male patient with Krabbe disease. Patchy enhancement is seen in the deep, periventricular white matter. 
b Gd-enhanced axial T1-weighted spin-echo image in a 12-year-old boy with X-linked adrenoleukodystrophy. The image shows 
typical peripheral enhancement around the demyelinated central, burned-out zone. c Gd-enhanced coronal T1-weighted spin-echo 
image in a 3-year-old female patient with Alexander disease. Enhancement is seen in the frontal periventricular white matter and 
at the level of the basal ganglia (courtesy of Dr. K. Chong, London, United Kingdom)

a b c
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in glutaric aciduria type 2 and in nonketotic hypergly-
cinemia [49, 50]. Cerebellar dysgenesis was reported 
in one case of type 4 3-methylglutaconic aciduria [51]. 
Callosal abnormalities (hypo- or dysplasia) are always 
seen in nonketotic hyperglycinemia, and callosal dys-
genesis or hypoplasia may be seen in glutaric aciduria 
type 2, 3-phosphoglycerate dehydrogenase deficiency, 
pseudoneonatal adrenoleukodystrophy, Salla disease, 
and mucolipidosis type IV [49, 52–54]. In glutaric 
aciduria type 1, the almost invariably present bilateral 
open Sylvian fissures (disturbed opercularization) also 
suggest a prenatal disease onset. In siblings with ethyl-
malonic aciduria, Chiari I malformation and tethered 
cord have been described [55]. More subtle changes, 
probably not detectable by MRI, suggestive of incom-
plete development of the brain, have also been demon-
strated by histopathological evaluation in methylma-
lonic aciduria [56].

Some of the maternal metabolic disturbances or 
intoxications during pregnancy may lead to fetal mal-
formations. The best known etiological factors are 
phenylketonuria, diabetes, alcohol and drug abuse, 
folate and riboflavin deficiency [57, 58].

13.3.1.6 
Misleading Imaging Findings

Some imaging findings may be misleading. Promi-
nent bilateral subdural hematomas, for example, 
are frequently seen in glutaric aciduria type 1 and 
Menkes disease, and may be misinterpreted as a sign 
of child abuse [59]. Awareness of this possible com-
plication and recognition of other imaging or clinical 
hallmarks of the respective diseases help to avoid a 
misdiagnosis.

As mentioned earlier, symmetrical involvement of 
different cerebellar, brainstem, and cerebral struc-
tures is often an important element and diagnostic 
clue in the imaging presentation of neurometabolic 
diseases. Asymmetrical or scattered lesions, however, 
by no means rule out the possibility of inborn errors 
of metabolism, especially in early stages of the dis-
eases.

13.3.1.7 
Differential Diagnostic Problems

Differentiation of lesions related to inborn errors of 
metabolism from nonmetabolic ones is important 
but sometimes difficult [60]. Differential diagnostic 
considerations in neurometabolic disorders essen-
tially presenting with a white matter disease include 
periventricular leukomalacia, vasculitis, progressive 
multifocal leukoencephalitis, demyelinating dis-

eases, human immunodeficiency virus encephalitis, 
brucellosis, toxic and postirradiation encephalopa-
thy. Basal ganglia involvement in inherited meta-
bolic diseases may be challenging to differentiate 
from other nonmetabolic causes, such as subacute 
sclerosing panencephalitis, extrapontine myelinoly-
sis, carbon monoxide intoxication, and sequelae of 
prolonged hypoxemia or anoxia [36].

13.3.2 
Imaging Patterns in Metabolic Disorders

Individual lesions in metabolic diseases, by them-
selves, are usually nonspecific. However, compiling 
positive and negative structure-specific findings 
during the process of image analysis may result in 
lesion patterns. Unfortunately, many of them are non-
specific too; nevertheless, these are still important 
since they may be useful in raising the possibility of a 
metabolic disorder along with other differential diag-
nostic alternatives. In some instances, however, the 
lesion pattern may be suggestive of a specific disease 
entity or group of diseases, whereas occasionally the 
imaging pattern is actually pathognomonic.

13.3.2.1 
Pathognomonic MRI Patterns

This category includes L-2-hydroxyglutaric aciduria, 
glutaric aciduria type 1, neonatal maple syrup urine 
disease, Zellweger disease, X-linked adrenoleukodys-
trophy, Canavan disease, Alexander disease, van der 
Knaap disease, leukodystrophy with brainstem and 
spinal cord involvement and high lactate, and some 
mucopolysaccharidoses presenting with perivascular 
depositions.

13.3.2.2 
Suggestive MRI Patterns

The best known of these metabolic diseases are 
methylmalonic aciduria (mut0, mut-, CblA and CblB 
forms), 3-methylglutaconic aciduria (type 1 and 4), 
β-ketothiolase deficiency, late onset forms of maple 
syrup urine disease, homocystinuria, biotin-respon-
sive basal ganglia disease, nonketotic hyperglycin-
emia, Krabbe disease, metachromatic leukodystro-
phy, GM2 gangliosidosis, fucosidosis, mucolipidosis 
type IV, Pelizaeus-Merzbacher disease, vanishing 
white matter disease, many of the “mitochondrial 
diseases” (Leigh disease, MELAS, Kearns-Sayre dis-
ease), cerebrotendinous xanthomatosis, Menkes dis-
ease, and Wilson disease.
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13.3.2.3 
Nonspecific MRI Patterns

All other metabolic disorders fall into this group. It is, 
nevertheless, worthwhile to mention that it comprises 
many relatively frequent disorders, notably propionic 
acidemia, ethylmalonic acidemia, HMG-coenzyme A 
lyase deficiency, biotinidase deficiency, phenylketon-
uria, homocystinuria, and the so-called urea cycle 
defects.

13.3.3 
The Concept of Dynamic Imaging Patterns

Follow-up studies in inborn errors of metabolism 
suggest that imaging patterns are dynamic rather 
than stable during the disease evolution. This is quite 
conceivable, since clinically they also often present as 
progressive diseases. During the early (“subclinical”) 
and late (“burned out”) stages of a given disease, the 
imaging patterns may be nonspecific or atypical. The 
“full-blown” imaging features of a metabolic disease, 
describing occasionally a suggestive or pathogno-
monic pattern, may be detected only within a shorter 
or longer period of time. This means that imaging 
patterns during the course of a given metabolic dis-
ease may shift from nonspecific to suggestive or even 
pathognomonic and then back to nonspecific again.

Clinical signs often precede imaging manifesta-
tions; therefore, at the onset of the disease imaging 
findings may be unremarkable and, hence, noncon-
tributory [61]. In the early stage of the disease the 
imaging study can be even normal, which makes early 
diagnosis and more effective treatment difficult or 
impossible. This is particularly true in early infancy, 
when detection of lesions within nonmyelinated white 
matter may represent a real challenge, especially for 
the less experienced reader. Longitudinal follow-up 
studies may, therefore, increase both sensitivity and 
specificity. Appropriately timed follow-up examina-
tions are, therefore, used to demonstrate evolution of 
the imaging phenotype. The most frequently detected 
interval changes on follow-up imaging studies of met-
abolic diseases are progressive atrophy and emerging 
or vanishing structural lesions, as well as myelina-
tion abnormalities.

13.3.3.1 
Progressive Atrophy

The interval enlargement of extra- or intracerebral 
CSF spaces on follow-up studies, which is a frequent 
finding in metabolic disorders, characterizes pro-

gressive diffuse brain atrophy. In most cases simple 
visual image analysis without volumetric studies is 
sufficient (Fig. 13.13). Progressive trophic changes 
may affect certain brain structures more selectively, 
such as the cerebellar vermis, optic nerves, or basal 
ganglia, which may be important elements in pattern 
recognition.

13.3.3.2 
Evolving Structure-Specific Lesions

Structure-specific lesions in given metabolic disor-
ders may appear in a multiphasic, sequential fashion. 
It means that certain structures may be affected early 
during the disease course, while others become abnor-
mal later. In biotin-responsive basal ganglia disease, 
the dentate nuclei may be affected first, followed by 
the putamina several months later. In 3-methylglu-
taconic aciduria, the involvement of the globi pallidi 
precedes that of the caudate nuclei and putamina. 
In metachromatic leukodystrophy, the subcortical U 
fibers are initially spared, while later they undergo 
demyelination as well. This phenomenon may be 
responsible for substantial pattern changes in time.

Rarely, structural lesion may improve or com-
pletely disappear on follow-up studies in patients 
under treatment (Fig. 13.15).

13.3.3.3 
Myelination Abnormalities

Myelination abnormalities include delayed and/or 
hypomyelination or progressive demyelination.

Interestingly enough, in patients with delayed or 
hypomyelination, the process of brain myelination 
may progress, although often at a very low pace, even 
in poorly controlled or relentlessly progressive meta-
bolic disorders. Nevertheless, it typically remains 
delayed or unaccomplished (Fig. 13.16).

The process of demyelination appears to be rather 
rapid in some diseases (Canavan disease, Krabbe dis-
ease), whereas in others it is very slow (Fig. 13.17).

13.3.4 
Advanced MR Techniques in the Diagnostic 
Work-Up of Metabolic Diseases

13.3.4.1 
Diffusion-Weighted MRI

Diffusion-weighted imaging (DWI) is a truly func-
tional imaging technique at the cellular level (see 
Chap. 24). The phenomenon of diffusion (according 
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Fig. 13.15a,b. Total resolution of basal 
ganglia lesions on the follow-up study. 
Axial T2-weighted spin-echo images in 
a female patient with propionic acide-
mia. a Prominent basal ganglia signal 
abnormalities at the age of 3 years, 
immediately after a metabolic crisis. b 
The follow-up study 1 year later shows 
practically total disappearance of the 
basal ganglia changesa b

Fig. 13.16a,b. Follow-up MR studies in 
nonketotic hyperglycinemia. a Axial 
T1-weighted inversion recovery image 
in a 10 month-old male patient. Dif-
fuse paucity of the myelin, with severe 
delay, especially peripherally. b Axial T1-
weighted inversion recovery image at the 
age of 3 years. Some progression of the 
myelination is well appreciated (com-
pare the signal intensity within the optic 
radiations, or within the frontal lobes), 
but overall the myelination remains 
unaccomplished and severely delayeda b

Fig. 13.17a,b. Follow-up MR studies in a 
male patient with L-2-hydroxyglutaric 
aciduria. a Axial T1-weighted inversion 
recovery image at the age of 12 years, 
showing the typical centripetal demy-
elination pattern of the disease. b Axial 
T1-weighted inversion recovery image 
2 years later, showing an unchanged, 
stable appearance of the demyelinating 
processa b



 567Metabolic Disorders

to Fick’s law) is the net movement of molecules due 
to a concentration gradient. In biological specimens, 
however, diffusion is more complex: it is actually 
referred to as apparent diffusion, since besides con-
centration gradients, pressure and thermal gradients 
as well as ionic interactions also intervene. Available 
volume fractions and space tortuosity probably play 
some role as well.

DWI of biological specimens relies on detection of 
differences in water diffusion properties of various 
tissues. The signal on diffusion-weighted images is the 
product of a T2-weighted echo-planar “background” 
image, modified (typically attenuated) by the rate 
of apparent diffusion in the direction of the applied 
diffusion gradient. This means that decreased water 
diffusion presents with hypersignal and, conversely, 
increased water diffusion with hyposignal on diffu-
sion-weighted images. Because of the rather heav-
ily T2-weighted echo-planar “background” image, 
diffusion-weighted images always contain some T2 
information. For this reason, tissues or lesions with 
very long T2-relaxation time may “contaminate” dif-
fusion data, and “shine through” the images, giving 
the false impression of a water diffusion abnormality. 
This potential problem can be reduced or eliminated 
by the use of strong b values and correlation with the 
so-called apparent diffusion coefficient (ADC) map 
images which, by definition, contain exclusively dif-
fusion information and, hence, are free of any T2 con-
tamination effect.

DWI has been available since the beginning of the 
1990s. However, clinically it has become widely avail-
able since the introduction of echo-planar imaging, 
which radically shortened acquisition times (com-
pared to earlier spin-echo techniques) and made 
examinations feasible even in poorly cooperative and 
critically-ill patients. To date, DWI has been mainly 
used in diagnostic imaging evaluation of normal 
and abnormal conditions of the CNS, in particular of 
the brain. Indeed, diffusion-weighted MRI was ini-
tially used in early diagnosis of cerebral ischemia. 
More recently, it has proved useful in evaluation of 
the brain maturation process, normal and abnormal 
functional neuroanatomy, as well as other patholo-
gies of the CNS, including metabolic disorders.

In the mature brain under normal conditions, 
water diffusion is grossly isotropic in gray matter and 
markedly anisotropic within white matter. The latter 
is called physiological anisotropy and it is mainly 
determined by axonal directions (water diffusion is 
relatively free along and restricted across the axons). 
In addition to axonal direction, however, axolem-
mal flow, extracellular bulk fluid flow, intracellular 
streaming and even capillary blood flow may also 

contribute to the apparent anisotropy of water diffu-
sion in white matter.

Anisotropy of cerebral white matter is the result of 
the brain maturation process, particularly myelina-
tion during infancy. In the neonatal brain, water dif-
fusion is mainly isotropic within the cerebral white 
matter except for those structures which show some 
degree of myelination in the newborn already (e.g., 
internal capsules, posterior brainstem tracts, etc.). 
As myelination progresses, water diffusion becomes 
increasingly anisotropic within the white matter. 
Animal studies suggest that measurable diffusion 
anisotropy develops somewhat earlier than the begin-
ning of the actual myelination process; therefore, 
nonstructural (sodium-channel activity) changes 
may have a role in the development of premyelination 
anisotropy [62].

Abnormal water diffusion in the brain may present 
in essentially two ways. In both situations there is loss 
of physiological anisotropy; therefore, isotropic water 
diffusion within the white matter in the mature brain 
is always abnormal. On the one hand, water diffusion 
may increase isotropically; on the other hand it may 
be restricted, again isotropically. These changes are 
easily demonstrated by diffusion-weighted images 
and constitute the basis for differentiation of various 
types of brain edema, which has great clinical signifi-
cance.

Edema is a nonspecific reaction of brain paren-
chyma to different noxae. Depending on the under-
lying pathophysiological mechanisms in various 
pathological processes, different types of edema may 
develop. Neuropathologically, four edema types are 
known. They are vasogenic, interstitial, cytotoxic, 
and the so-called myelin edemas. The first two are 
characterized by isotropically increased water dif-
fusion and conversely, the latter two by isotropically 
restricted water diffusion.

The development of edema is typically related to 
loss of structural or functional integrity of specific 
anatomical barriers.

Cytotoxic Edema

Cytotoxic edema is usually associated with cerebral 
ischemia. In a wider sense, it is due to an energetic 
failure within the cells (secondary to hypoxia or 
other endo- or exotoxic mechanisms resulting in 
impairment of oxidative phosphorylation). Initially 
the functional (Na/K pump) and later the structural 
integrity of the cellular membrane is lost, leading 
to an abnormal shift of extracellular fluid into the 
intracellular space and, eventually, disintegration of 
the entire cell. In such situations, the apparent iso-
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tropic restriction of water diffusion within the lesion 
is related to either shrinkage or increased viscosity 
within the extracellular space, or to restricted dif-
fusion of excess water within cells; the latter may 
be due to limited space availability and intracellular 
obstacles or, most probably, to both processes. The 
restriction of water diffusion within extra- and intra-
cellular spaces results in hypersignal on diffusion-
weighted images, and hyposignal on ADC maps.

Myelin Edema

Myelin edema typically develops in white matter 
diseases (“myelin breakdown”), presenting histo-
pathologically in some conditions as a vacuolating 
(or spongiform) myelinopathy. In vacuolating myeli-
nopathy, small fluid-containing vacuoles develop 
within or under myelin layers due to loss of integrity 
of the myelin sheet itself. It is suggested that, within 
the vacuoles, water diffusion is restricted; hence, on 
diffusion-weighted images it presents with hypersig-
nal and on ADC maps with hyposignal, similar to 
cytotoxic edema, despite the substantial difference 
between the underlying pathological phenomena. 
However, vacuolating myelinopathy may not be the 
only cause of what may be referred to as “myelin 
edema” on diffusion-weighted images, and other his-
topathological mechanisms may also be considered.

Vasogenic Edema

Vasogenic edema is encountered in perilesional 
edemas (around tumors, abscesses), and in some 
forms of toxic encephalopathies. It involves essen-
tially the cerebral white matter. Vasogenic edema is 
related to loss of integrity of the blood-brain bar-
rier; hence, abnormal migration of water from the 
intravascular into the extracellular space occurs. The 
excess water within the expanded extracellular space 
diffuses relatively freely and randomly (leading to 
isotropically increased water diffusion) and on dif-
fusion-weighted images presents with hyposignal, on 
ADC maps with hypersignal.

Interstitial Edema

Interstitial edema is found in acute hydrocephalus, 
mainly in the periventricular white matter of the 
cerebral hemispheres, and is related to transepen-
dymal permeation of cerebrospinal fluid (CSF). Loss 
of the integrity of the ependyma is the underlying 
pathological phenomenon in such cases. The excess 
water (actually CSF), similar to what happens in vaso-
genic edema, diffuses freely and randomly within the 

interstitial space and presents with hyposignal on 
diffusion-weighted images and hypersignal on ADC 
maps.

In the DWI evaluation of metabolic diseases, dif-
ferentiation between vasogenic versus cytotoxic 
and vasogenic versus myelin edema has the great-
est importance. In metabolic disorders, cytotoxic 
edema is encountered in acute gray matter disease, 
whereas active demyelination is usually associated 
with myelin edema. Therefore, these disease pro-
cesses may be detected easily with DWI by their 
hypersignal. Acute vasogenic edema may also occur 
in some metabolic disorders, especially during meta-
bolic crises. On conventional MR images, this may be 
impossible to differentiate from cytotoxic or myelin 
edema; nevertheless, with DWI this is usually quite 
straightforward. Therefore, compared to conven-
tional MRI techniques, notably with long TR imaging, 
DWI enhances specificity rather than sensitivity. To 
date, it is not yet known whether DWI abnormalities 
precede or follow T2 relaxation time changes (such as 
in acute ischemia) in cytotoxic or myelin edema of 
metabolic origin.

As mentioned above, acute involvement of deep 
gray matter structures (e.g., the basal ganglia, dentate 
nuclei, and brainstem nuclei), which is typically asso-
ciated with organic acidopathies and some of the so-
called mitochondrial diseases, is easily depicted on 
diffusion-weighted images by their prominent hyper-
signal. Follow-up studies may show propagation of 
the disease to involve other structures, while the old 
lesion progressively become iso- and later hypoin-
tense, consistent with isotropically increased water 
diffusion, related to tissue necrosis (Fig. 13.18).

In leukodystrophies or other metabolic disorders 
presenting predominantly with white matter involve-
ment (e.g., amino acidopathies, some lysosomal stor-
age disorders), diffusion-weighted images may show 
increased signal intensity (isotropically restricted 
water diffusion) within actively demyelinating areas 
(“myelin edema”). After demyelination is accom-
plished, physiological anisotropy of the parenchyma 
is lost and diffusion-weighted images show iso- or 
hyposignal (Fig. 13.19). DWI is, therefore, valuable in 
detection of disease activity and monitoring of dis-
ease progression in leukodystrophies.

In conclusion, since both acute (cytotoxic and 
myelin edema) and chronic histopathological changes 
(necrosis and myelin loss) present with hypersignal on 
conventional T1- and T2-weighted images, but are dis-
tinctly different on diffusion-weighted images (cyto-
toxic and myelin edema are hyperintense, whereas 
necrosis and fully accomplished demyelination pres-
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ent with hyposignal), DWI is useful in the differentia-
tion between the active and the burned-out stage of the 
disease in both polio- and leukodystrophies.

13.3.4.2 
MR Spectroscopy

Magnetic resonance spectroscopy (MRS) is a tech-
nique which allows in vitro or in vivo detection of 

various normal and abnormal metabolites in tissue 
specimens (see Chap. 23). For this reason, it has a 
role in the diagnostic work-up of many pathologies 
of the CNS, including metabolic diseases [63, 64]. 
Recent feasibility studies indicate that proton MRS 
may be applicable in the prenatal diagnosis of meta-
bolic alterations in the fetal brain [65, 66].

The technique takes advantage of the presence of 
small but detectable differences in resonance frequen-

Fig. 13.18a, b. The timely evolution of diffusion-weighted imaging changes in basal ganglia disease in 3-methylglutaconic aciduria 
(same patients and studies as in Fig. 13.10). a Axial echo-planar diffusion-weighted image (b = 1000s) during the acute phase of 
the basal ganglia disease. The hypersignal indicates isotropically restricted water diffusion within the involved deep gray matter 
structures (globi pallidi, heads of the caudate nuclei, and anterior parts of the putamina). b Axial echo-planar diffusion-weighted 
image (b = 1000s) showing the burned-out stage of the basal ganglia disease (necrosis). The deep gray matter structures are 
isointense, except the left putamen, which exhibits a faint linear hyposignal, consistent with isotropically increased water diffusion 
suggesting tissue necrosis

a b

Fig. 13.19a, b. The timely evolution of diffusion-weighted imaging changes in presumed (not laboratory confi rmed) globoid cell 
leukodystrophy (Krabbe disease). a Axial echo-planar diffusion-weighted image (b = 1000s) in an 11-month-old patient. In the 
periphery of the demyelinating process (centrifugal pattern) the prominent hyperintensities suggest myelin edema due to acute 
myelin breakdown (vacuolating myelinopathy?). The deep, already demyelinated white matter exhibits hyposignal, consistent with 
isotropically increased water diffusion in the areas of myelin loss. b Axial echo-planar diffusion-weighted image (b = 1000s) in the 
same patient at the age of 20 months. Only faint patchy residual hyperintensities are seen, indicating an almost fully accomplished 
demyelinating process in the cerebral white matter

a b
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cies of normal and abnormal molecules within brain 
tissue which, therefore, can be identified individu-
ally and their relative amounts displayed graphically 
on the so-called spectra. On the spectra, deviations 
from the baseline (negative or positive “peaks”) rep-
resent different substances characterized by slightly 
different Larmor frequencies (chemical shifts), which 
reflect differences in the molecular environment 
within which protons are found.

Depending on the employed resonance frequency 
range, MRS experiments may be based on signals 
generated by nonwater H (proton), 13C (carbon) or 
31P (phosphorus) atoms.

Proton MRS

In routine clinical settings, proton (1H) MRS is the 
most widely employed technique, since it can be 
performed on any commercially available high field 
(1.5 T or higher) MRI unit without specific hardware 
requirements. Because of the abundance of protons in 
the brain tissue, the signal-to-noise ratio is satisfac-
tory. The most important drawback of the technique 
is the narrow chemical shift range, which unfavorably 
influences identification and quantitative analysis of 
metabolites. Hence, only a limited number of com-
pounds are detectable by 1H MRS.

The most commonly used forms of 1H MRS are 
single voxel and multivoxel, chemical-shift imaging 
(CSI) techniques. Single-voxel 1H MRS is a robust 
technique capable of producing high quality spec-
tra of a selected area (volume) of brain within a rea-
sonably short acquisition time (in the range of 4 to 
6 min). Multivoxel CSI produces metabolic maps of 
the brain in selected slice levels.

Different brain metabolites have different T2 relax-
ation properties. Their detectability may depend on, 
and their orientation (phase) with respect to the base-
line may be modified by, the applied echo time. Long 
echo-time (135 and 270 millisecond) techniques, such 
as point-resolved spectroscopy (PRESS), show fewer 
metabolites but a less noisy background, allowing 
for more accurate peak analysis. Short echo-time 
(20–30 ms) acquisition techniques, such as the most 
frequently employed stimulated echo acquisition 
method (STEAM), demonstrate more metabolites but 
the background is noisier. Peak locations of the most 
relevant metabolites on proton MR spectra are shown 
in Table 13.4 [67].

Normal Metabolites in the Brain
Three prominent positive metabolic peaks are invari-
ably detected in normal brain: N-acetyl aspartate 
(NAA, a neuronal marker), creatine (Cr, an energy 

metabolism marker), and choline (Cho, a myelin 
marker). Using short echo-time techniques, myo-
inositol (mI, of undetermined significance) is typi-
cally seen also. Absolute and relative concentrations 
of metabolites show age-dependent variations, which 
have to be taken into account when interpreting MR 
spectra in very young infants [68, 69]. NAA in the 
neonate is a rather small peak, whereas Cho is the 
most prominent. After birth, the NAA peak increases 
and, by the age of 4 months, becomes the most 
prominent peak. On the other hand, Cho progres-
sively decreases and becomes the smallest of the three 
major metabolic peaks on spectra using PRESS tech-
nique at 135 ms echo time. By the age of 6 months, the 
spectrum reaches its mature, grossly “adult” appear-
ance. Less marked changes still continue to occur 
even beyond the age of 16 years [68]. The time evolu-
tion of relative metabolite concentrations is believed 
to reflect the maturation process and, in particular, 
progress of myelination within the developing brain 
(Fig. 13.20).

Table 13.4. Peak locations of the most relevant metabolites in 
inborn errors of metabolism on proton MR spectra of the brain

Metabolite Peak location (ppm)

Acetate 1.92
Acetoacetate 2.29, 3.45
Acetone 2.24
Acetylcarnitine 2.15, 2.61, 3.2, 3.67, 3.9
Alanine 1.48
Arabitol 3.75
Choline (trimethyl) 3.21
Creatine (methyl, trimethyl) 3.04, 3.93
Creatinine 3.05, 4.08
Galacticol 3.67–3.74
Glutamate 2.11–2.35, 3.76
Glutamine 2.14–2.46, 3.78
Glutarate 1.80, 2.21
Glycine 3.55
Isoleucine 0.92, 1.01, 1.33, 1.70, 3.68
Isovalerylglycine 0.94, 2.04, 2.19, 3.77
Lactate 1.33, 4.12
Leucine 0.96, 1.67, 2.13, 3.70
Methylmalonate 1.27, 3.20
Myo-inositol 3.54
N-Acetyl aspartate (methyl) 2.02
Propionylcarnitine 1.11, 2.46, 2.62, 3.20, 3.63
Propionylglycine 1.13, 2.33, 3.76
Pyruvate 2.4
Ribitol 3.75
Tiglylglycine 1.80, 1.87, 4.04, 6.57
Valine 0.99, 1.04, 2.29, 3.62
2-oxoglutarate 2.48, 3.02
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Abnormal Brain Metabolites
Some of these metabolites are present also in normal 
brain, but in small quantities and under normal 
conditions they are undetectable by in vivo 1H MRS. 
Their appearance and identification on the spectra 
may be an indicator of a pathological process. Some of 
these “abnormal” metabolites are nonspecific (such 
as lactate and glutamine-glutamate complexes), but 
in certain settings they may be suggestive or even 
pathognomonic of metabolic disorders or other 
pathologies.

Lactate

Lactate is an important metabolite, easily 
detected by 1H MRS. As a general rule (except 
for premature infants and during the fi rst couple 
of weeks of life, when a small amount of lactate 
may be found even in term neonates), the pres-
ence of lactate should be considered abnormal. It 
is a nonspecifi c, but potentially useful and sen-
sitive, indicator of impaired (anaerobic) tissue 
glucose metabolism and subsequent cerebral 
lactic acidosis.

In primary lactic acidosis, high brain lactate is 
typically associated with high plasma and CSF 
lactate. At times, blood and CSF lactate levels 
do not refl ect accurately brain lactate level, and 
1H MRS is the most reliable method to monitor 
brain lactate [70]. Studies using combined 1H MRS 
and 18FDG-PET to assess two aspects of glycolysis 
(glucose uptake and lactate deposition) demon-
strated that defects in oxidative phosphorylation 
cause an increase in glycolysis to cover energy 
requirements, with subsequent accumulation of 
lactate in brain tissue [71]. Lactate, as measured 
by 1H MRS, represents both intra- and extra-
cellular and perhaps even intravascular lactate 
pools to some extent; therefore, increased lactate 
may be related to various pathological processes 
(systemic lactic acidosis, hypoperfusion, infl am-
mation) besides specifi c intracellular metabolic 
disorders.
The greatest value of the demonstration of lac-
tate within brain parenchyma is found in cases 
of clinically suspected mitochondrial diseases 
(Kearns-Sayre disease, Leigh disease, MELAS, 

Fig. 13.20a–d. Age-related relative meta-
bolic changes in the brain in early infancy 
demonstrated by single-voxel proton 
MR spectroscopy (PRESS technique, TE: 
135 ms, sampling voxel size: 2x2x2 or 
2x2x3 cm, placed on the basal ganglia on the 
right side in all cases) in presumed normal 
patients. a This spectrum is obtained in a 
14-day-old male patient. The most promi-
nent peak is choline (3.21 ppm), followed 
by creatine (3.04 ppm) and N-acetylaspar-
tate (2.02 ppm). A small myo-inositol peak 
(3.55 ppm) is also present. b In a different 
patient, the spectrum obtained at the age 
of 35 days shows relative increase of NAA 
and decrease of Cho; the creatine peak 
is stable. The myo-inositol peak is still 
detectable, but is very small and remains 
so on the subsequent spectra. c In another 
patient, at the age of 4.5 months, NAA is 
already the most prominent peak. Cho-
line continues to decrease. d At the age of 
15 months, the “adult” pattern of the spec-
trum is demonstrated

a

c

b

d
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MERRF, LHON). 1H MRS has been used effec-
tively to monitor therapy in Leigh disease and 
appears to be a better measure of response than 
CSF or plasma lactate [72].
Regional variation in the concentration of cerebral 
lactate has also been demonstrated in a host of 
metabolic disorders, including mitochondrial dis-
eases, leukodystrophies, etc. [73–75]. Occasionally, 
lactate has been detected in areas of brain thought 
to be “normal” on conventional MRI [70].
In secondary lactic acidosis (e.g., propionic aci-
demia, HMG coenzyme A lyase defi ciency, mul-
tiple carboxylase defi ciency, maple syrup urine 
disease, nonketotic hyperglycinemia, urea cycle 
defects, Zellweger disease, etc.) lactate is also 
frequently demonstrated within the brain paren-
chyma by 1H MRS.

Glutamine-Glutamate Complexes

Abnormal quantities of glutamine and gluta-
mate substances are frequently seen in urea cycle 
defects and in other neurometabolic diseases, 
such as propionic acidemia, hepatic encephalopa-
thy or even after hypoxic-ischemic brain damage 
[76, 77] (Fig. 13.21). Their demonstration has 
great clinical value, since it suggests increased 
neuroexcitatory activity, which is known to have a 
deleterious effect on neurons, often referred to as 
glutamate “excitotoxicity” or “suicide” [26, 78].

Miscellaneous

Other metabolites appear only in specifi c disease 
entities (e.g., phenylalanine in phenylketonuria, 
branched-chain amino acids in maple syrup 

urine disease, glycine in nonketotic hyperglycin-
emia); therefore, in appropriate clinical settings 
their detection may be practically pathognomonic 
(Fig. 13.21). In a recently identifi ed inborn error of 
metabolism affecting the metabolism of polyols, 
abnormal D-arabinitol and ribitol were identifi ed 
in brain and body fl uids by 1H MRS [79].

Quantitative Abnormalities
Quantification of normal or abnormal metabolites 
in brain is possible but usually not feasible in rou-
tine clinical settings. Nevertheless, relative changes 
of concentrations may also have diagnostic value; 
therefore, ratios between the most common brain 
metabolites (NAA/Cho, NAA/Cr, Cho/Cr, etc) are fre-
quently used instead of absolute quantitative analy-
sis. In some instances, however, quantitative changes 
are so prominent that their pathological character is 
easily ascertained.

Two rare but specific disease entities constitute a 
special subset in this group, notably the pathological 
increase of NAA in Canavan disease (Fig. 13.22) and 
the absence of creatine in guanidinoacetate methyl-
transferase deficiency.

Many metabolic disorders present with abnor-
mal MR spectra, but findings are nonspecific. This 
“nonspecific pattern” is characterized by a decrease 
of the NAA peak (loss of neuro-axonal integrity) 
and increase or decrease of Cho peak (increased 
myelin turn-over, indicating demyelination). The 
Cr peak may be normal or decreased. Occasionally, 
the mI peak may increase (unknown significance) 
(Fig. 13.22) and various amounts of lactate (impaired 
energy metabolism) may also be present (Fig. 13.23).

Fig. 13.21a,b. Demonstration of abnor-
mal brain metabolites by single-voxel 
proton MR spectroscopy. a Proton MR 
spectrum in a 12-day-old male patient 
with urea cycle defect (PRESS technique, 
TE: 135 ms, sampling voxel size: 2x2x2 
or 2x2x3 cm, placed on the basal ganglia 
on the right side). All of the “normal” 
metabolite peaks are reduced, NAA most 
markedly. At approximately the 2.35 and 
3.76 ppm levels, rather prominent “abnor-
mal” peaks are present, which correspond 
to glutamate. b Proton MR spectrum in a 
1-month-old female patient newly diag-
nosed to have maple syrup urine disease 
(STEAM technique, TE: 20 ms, sampling 
voxel: 2x2x2 cm, placed on the basal gan-
glia on the right side). At the 0.8–1.1 ppm 
level the prominent peak is believed to 
represent “abnormal” branched-chain 
amino acids (leucine, isoleucine, valine)

a b
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Technical Considerations in 1H MRS

Appropriate selection of the acquisition technique 
(short or long echo-time) and positioning and size of 
the sampling voxel are important technical aspects in 
clinical 1H MRS of brain.

Acquisition Technique

The fi ndings by conventional MRI and clinical 
data infl uence the strategy of 1H MRS.
To demonstrate mI, glutamine-glutamate com-
plexes, and branched-chain amino acids, short 
echo-time (20–30 ms) MRS is the technique of 
choice, despite the fact that this technique pro-
vides a noisier baseline, rendering identifi cation 
of small peaks diffi cult.
NAA, Cho, and Cr are well assessed on both 135 
and 270 ms echo-time spectra. This technique 

provides a fairly fl at baseline, but only a smaller 
number of metabolites may be detected.
Glycine is best identifi ed on the 135 ms spectrum, 
since on the spectra with short echo-time it over-
laps with mI at the 3.55 ppm level (Fig. 13.24).
Lactate has a peculiar presentation on long echo-
time 1H MRS. At 135 ms echo-time it presents as 
a negative peak doublet, whereas at 270 ms echo-
time as a positive peak doublet. This is called the 
J-coupling phenomenon (Fig. 13.25).

Voxel Positioning and Size

In some metabolic disorders (organic acidopa-
thies, aminoacidopathies), theoretically the sam-
pling voxel may be placed anywhere in the brain, 
since abnormal metabolites are presumably pres-
ent diffusely everywhere within the brain paren-
chyma. Focal lesion areas, if present, should 

Fig. 13.22a,b. Proton MR spectroscopic 
fi ndings in a 1-year-old male patient with 
Canavan disease. a On the MR spectrum 
(PRESS technique, TE: 135 ms, sampling 
voxel 2x2x3 cm, positioned on the cen-
trum semiovale in the right fronto-pari-
etal region) the choline and creatine peaks 
are decreased; conversely, the NAA peak is 
markedly increased. b On this spectrum 
(STEAM technique, TE: 20 ms, sampling 
voxel size and positioning as before) the 
fi ndings are similar, except that a promi-
nent myo-inositol peak is shown at the 
3.54 ppm level

a b

Fig. 13.23a,b. Nonspecifi c proton MR spec-
troscopic fi ndings in metabolic diseases. 
a Proton MR spectrum in a 3-year-old 
female patient with metachromatic leuko-
dystrophy (PRESS technique, TE: 135 ms, 
sampling voxel 2x2x3 cm, positioned on 
the centrum semiovale in the right frontal 
region). All peaks are decreased, the cho-
line peak somewhat less markedly than the 
others. A small amount of lactate (negative 
peak doublet) is also demonstrated at the 
1.3 ppm level. b Proton MR spectrum in 
a 30-year-old male patient with adreno-
myeloneuropathy (PRESS technique, TE: 
135 ms, sampling voxel 2x2x2 cm, posi-
tioned on the right cerebellar hemisphere). 
The choline and creatine peaks are quite 
unremarkable here; the NAA peak is mark-
edly decreased. A small amount of lactate is 
also suggested in this case

a b
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2x2x2 cm or larger voxel provides adequate qual-
ity spectra.
Occasionally, more than one MRS study is per-
formed using the same technique, but with voxels 
positioned on different brain areas in order to 
demonstrate regional differences in the distribu-
tion of metabolites. This is more effi ciently done 
by CSI, if available, which provides a true meta-
bolic map of the brain.

Phosphorus MRS

31P MRS is technically also feasible on 1.5 T MRI 
units. Spectral resolution is much wider than that of 
1H MRS and assignment of detected metabolites is 
more straightforward but, because of specific hard-
ware (dedicated coils) and software requirements, 

Fig. 13.25a, b. The J-coupling phenome-
non on single-voxel proton MR spectros-
copy (PRESS technique, sampling voxel: 
2x2x2 cm, positioned on the basal ganglia 
on the right side) of the brain in a 5-
month-old female patient with respiratory 
chain defect (Leigh disease). a The spec-
trum at 135 ms echo-time shows a promi-
nent negative peak doublet at the 1.3 ppm 
level. b The spectrum at 270 ms echo-time 
shows inversion of the peak. This is the J-
coupling phenomenon, a characteristic 
MR spectroscopic feature of lactate. The 
creatine and NAA peaks are decreased on 
both spectra

a b

Fig. 13.24a, b. Identifi cation of glycine 
on proton MR spectra in a 9-month-old 
female patient with nonketotic hypergly-
cinemia. a On the short echo-time spec-
trum (STEAM technique, TE: 20 ms, sam-
pling voxel: 2x2x2 cm, positioned on the 
basal ganglia on the right side) the NAA 
and choline peaks are markedly decreased. 
At the 3.55 ppm level a rather prominent 
peak is seen. This could correspond to 
either myo-inositol or glycine, since both 
substances exhibit same chemical shifts 
(see also Fig. 13.22b). b On the long echo-
time spectrum (PRESS technique, TE: 
135 ms, sampling voxel: 2x2x2 cm, posi-
tioned on the basal ganglia on the right 
side) the peak at 3.55 ppm remains visible, 
indicating that it is actually glycine (myo-
inositol usually disappears on the spectra 
with longer echo times). The NAA and 
choline peaks are also decreased on this 
spectrum

a b

preferably be avoided whenever possible, since 
severely damaged (e.g., necrotic) tissue samples 
are no longer representative of the metabolic 
status of the rest of the brain. Furthermore, in 
visible lesion areas, smaller or larger amounts of 
lactate are almost always present, due to impaired 
energy metabolism. This should not be misinter-
preted as an indicator of “mitochondrial disease” 
(Fig. 13.26).
Calcifi ed, hemorrhagic or cystic-necrotic lesion 
areas should be avoided whenever possible, since 
these cause signifi cant magnetic fi eld inhomoge-
neity, which results in excessively noisy or unin-
terpretable spectra.
If the voxel size is too small, the baseline of the 
spectrum may be rather noisy as well; hence, 
small peaks may not be identifi ed. Usually a 
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this technique is not widely used in routine clini-
cal practice. Nevertheless, this is a potentially useful 
diagnostic tool, since it allows noninvasive in vivo 
assessment of brain energy metabolism. This has 
been found particularly relevant in mitochondrial 
diseases. Studies carried out on clinically symp-
tomatic and nonsymptomatic patients with various 
mitochondrial cytopathies demonstrated derange-
ments of oxidative phosphorylation in both groups 
[80]. Demonstration of decreased levels of brain 
phosphocreatine detected by 31P MRS in patients with 
mitochondrial diseases confirmed that mitochondria 
are affected not only in muscle but in brain tissue as 
well [81]. Since direct in vivo tissue pH determina-
tions are also possible with 31P MRS, the technique 
has great potential in organic acidurias, especially 
during metabolic decompensations and in monitor-
ing of response to therapy.

Carbon MRS

Carbon MRS typically requires high magnetic field 
strength because of the low natural abundance of 
the 13C isotope (about 1%) in the brain. Nevertheless, 
a technique referred to as proton observed carbon-
edited spectroscopy may be implemented on com-
mercially available 1.5 T systems. Its use is currently 
limited to specialized experimental centers. The 
unique potential of carbon MRS lies in the possibil-
ity of administering 13C-labeled metabolites (glucose, 
amino acids, choline, creatine, etc.), whose regional 
distribution and metabolism can, thereafter, be mon-
itored in vivo. This may help, for example, to better 
understand the function of such basic biochemical 
pathways as the citric acid cycle in human brain 
under different abnormal metabolic conditions.

13.3.5 
Clinical Aspects of Inborn Errors of Metabolism

Systematic application of the concept of pattern rec-
ognition in diagnostic imaging evaluation of neuro-
metabolic diseases has resulted in a more accurate 
description of various distinct lesion patterns in 
many known neurometabolic disorders [19]. Nowa-
days, the concept of pattern recognition in diag-
nostic imaging is further expanded to involve data 
from other imaging modalities, such as DWI and 
PET. In a wider sense, 1H MRS may also be inte-
grated into the process of “pattern recognition,” 
and this approach has helped to identify or further 
characterize new diseases, such as vanishing white 
matter disease, guanidinoacetate methyltransfer-
ase deficiency, leukodystrophy with brainstem and 
spinal cord involvement and high lactate, and polyol 
metabolism abnormality.

The concept of pattern recognition is not exclu-
sive to neuroimaging. Integration of imaging and 
clinical data has led to identification of several new 
clinical-radiological entities during the past one or 
two decades, such as L-2-hydroxyglutaric aciduria, 
biotin-responsive basal ganglia disease, infantile 
onset encephalopathy with swelling and discrepantly 
mild clinical course (van der Knaap disease), famil-
ial leukodystrophy with adult onset dementia and 
abnormal glycolipid storage [82], hypomyelination 
with atrophy of the basal ganglia and cerebellum (H-
ABC) [83], and leukodystrophy with ovarian dysgen-
esis [84]. The emergence of further entities may also 
be anticipated.

Clinical diagnosis in neurometabolic diseases is 
based on recognition of specific clinical signs and 
symptoms characterizing more or less distinct clini-

Fig. 13.26a,b. Proton MR spectra (both 
with the PRESS technique, TE: 135 ms, 
sampling voxel: 2x2x2 cm) from two dif-
ferent regions of the brain in a 1-year-old 
male patient with globoid cell leukodys-
trophy (Krabbe disease). a This spectrum 
was obtained with the sampling voxel 
positioned on the abnormal, severely 
demyelinated centrum semiovale in the 
posterior frontal region. It shows mark-
edly decreased NAA, creatine and choline 
peaks and a prominent negative peak dou-
blet at the 1.3 ppm level, corresponding 
to lactate. b When the sampling voxel is 
positioned on the normal-appearing basal 
ganglia within the same hemisphere, the 
obtained spectrum is normal

a b
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cal patterns (clinical phenotypes). The integration of 
clinical data (gender, age of onset and type of clini-
cal manifestations, clinical evolution, physical or 
ophthalmological stigmata), imaging abnormalities 
(lesion types and patterns) and MRS findings defines 
the concept of clinical-radiological pattern recogni-
tion. This further enhances specificity of the entire 
diagnostic workup.

13.3.4.1 
Age of Onset

The age of onset of metabolic diseases is a very useful 
clinical pattern element. Depending on age of onset of 
the clinical disease, the following categories may be 
used: neonatal (from birth to 1 month), early and late 
infantile (1–6 months and 6 months to 3 years), early 
and late childhood-juvenile (3–6 and 6–16 years), and 
adult (16 and over). However, the onset of the clinical 
signs and symptoms does not necessarily correspond 
to the onset of the metabolic derangement.

As a clear manifestation of their considerable 
phenotypic variations, almost all neurometabolic 
diseases have several clinical forms depending on 
the age of onset. Within the same disease category, 
earlier onsets usually suggest a more profound meta-
bolic derangement, whereas later onset forms often 
represent clinically milder but not necessarily benign 
variants. The differences in the age of onset among 
various peroxisomal disease entities–as a function of 
the severity and complexity of the underlying meta-
bolic abnormality–well illustrate this concept.

Lysosomal storage disorders are rarely apparent 
at birth. Most of them typically present in early (Tay-
Sachs, Sandhoff disease, Hunter) or late (fucosidosis, 
Hurler, Maroteaux-Lamy syndromes) infancy. Many 
lysosomal storage diseases (Gaucher disease, meta-
chromatic leukodystrophy, multiple sulfatase defi-
ciency, Krabbe disease, GM1 and GM2 gangliosidoses, 
neuronal ceroid lipofuscinoses) have various (neona-
tal, infantile, juvenile and adult) forms. Hurler-Scheie 
and Scheie syndromes have late infantile or juvenile 
forms. Fabry disease is of juvenile or adult onset.

Most organic acidemias present either during the 
first few days of life (primary lactic acidosis, urea 
cycle defects, propionic acidemia, methylmalonic 
aciduria, isovaleric acidemia) or infancy (glutaric 
aciduria type 1, biotinidase deficiency), or may have 
more than one clinical phenotype.

In mitochondrial diseases, the age of onset shows 
significant variations also. MELAS may appear from 
early infancy to adulthood, LHON is of late juvenile 
or adult onset and Kearns-Sayre syndrome is typi-
cally seen in the juvenile age group.

Significant, sometimes extreme deviations from 
the above outlined forms, presenting especially with 
unusual late onset, are increasingly identified. How-
ever, the term “late onset” is relative. It may be appro-
priately assigned to propionic aciduria developing in 
a 5-year-old child, as well as to MELAS in a 60-year-
old or neuronal ceroid lipofuscinosis in a 64-year-old 
patient [85–87].

Metabolic disorders of neonatal onset deserve spe-
cial attention, since most of them fall into the category 
of so-called devastating metabolic diseases of the 
newborn. This is a special category of inborn errors 
of metabolism, and awareness of this group of dis-
eases and their clinical aspects is important because of 
potentially deleterious consequences, if not diagnosed 
and treated early. The underlying metabolic derange-
ments typically result in global brain toxicity (enceph-
alopathy), leading to diffuse brain edema and neuro-
logical manifestations reflecting varying patterns and 
degrees of white or gray matter involvement. 

The term “devastating metabolic disorders” refers 
to a fairly well-defined clinical syndrome. The new-
born is typically normal at birth. The prodrome, a 
few days later, is characterized by refusal to feed and 
vomiting. This may be occasionally misinterpreted 
as pyloric stenosis. This is followed by lethargy and 
coma, which may mimic CNS infection, notably men-
ingitis. Seizures and changes in muscle tone (hypo- 
or hypertonia) are often present. If the disease is not 
diagnosed and treated promptly, it then further pro-
gresses and leads to irreversible neurological deficit 
or death [88]. Most devastating metabolic diseases 
of the newborn are organic or amino acidopathies 
(Table 13.5).

13.3.4.2 
Systemic Manifestations of Metabolic Disorders

One of the most common features of inborn errors of 
metabolism of early onset is what is often referred to 
under the rather generic term of “failure to thrive.” 
The most frequent groups of metabolic diseases which 
present with failure to thrive among other neuro-
logical or nonneurological manifestations during the 
first 6 months of life are organic acidurias, urea cycle 
defects, respiratory chain defects, and carbohydrate-
deficient glycoprotein syndrome.

As discussed earlier, many metabolic disorders 
presenting with CNS involvement also have systemic 
manifestations. These typically include dysmorphic 
features, organomegaly, or skeletal abnormalities. 
Cardiomegaly is often associated with “mitochon-
drial diseases”, and hepatosplenomegaly with storage 
disorders or peroxisomal diseases. Skeletal abnor-
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malities are common in mucopolysaccharidoses and 
peroxisomal diseases.

Systemic complications in metabolic disorders are 
frequent. Patients with metabolic diseases are par-
ticularly prone to intercurrent infections, including 
infections of the CNS, notably meningitis or menin-
goencephalitis [89]. Since devastating metabolic 
diseases of the newborn may present with meningi-
tis-like signs on the one hand, and an intercurrent 
infectious disease often triggers clinical deteriora-
tion and episodes of metabolic crisis on the other, 
complex association between metabolic diseases and 
infections may cause challenging clinical situations 
and differential diagnostic problems.

Hematological abnormalities are quite charac-
teristic of certain metabolic diseases. Neutropenia 
and thrombocytopenia are typically seen in organic 
acidopathies (propionic acidemia, methylmalonic 
acidemia, isovaleric acidemia). In Gaucher disease, 
anemia and thrombocytopenia are common. Hemo-
lytic anemia is a characteristic complication of 5-oxo-
prolinuria.

Acute pancreatitis is a relatively underrecognized 
complication in some organic- and aminoacidopa-
thies, such as propionic acidemia, methylmalonic aci-
demia, isovaleric acidemia, HMG coenzyme A lyase 
deficiency, homocystinuria, maple syrup urine dis-
ease, and cytochrome c oxidase deficiency [90–94]. 
It usually occurs during an acute ketoacidotic crisis. 
Acute pancreatitis is otherwise rare in children, and 
in a few cases occurs before the diagnosis of an under-
lying metabolic disease is established. Inborn errors 
of metabolism and, in particular, branched-chain 
organic acidemia, should be considered in children 
with pancreatitis of unknown origin.

Clinical phenotypes (age of onset, clinical presen-
tation) are sometimes atypical. Misleading or non-
specific clinical pictures suggestive of encephalitis, 
sequelae of perinatal hypoxemia, acute occlusive 
arterial or dural venous sinus disease, or even intra-
cranial space-occupying lesions, are also well known 
[87, 95]. Environmental factors such as minor head 

injury have been suggested as possible initial trig-
gering factors in some leukodystrophies, such as 
X-linked adrenoleukodystrophy and the vanishing 
white matter disease [95–98].

13.3.4.3 
Neurological Abnormalities

Neurometabolic diseases may present as an acute or 
chronic encephalopathy.

Metabolic disorders with lactic acidosis (pyruvate 
carboxylase, pyruvate dehydrogenase deficiency), 
ketosis (isovaleric acidemia, propionic acidemia, 
methylmalonic acidemia, 3-methylglutaconic acid-
uria) or ketoacidosis (multiple carboxylase deficiency, 
ethylmalonic aciduria) are most likely to present with 
acute metabolic decompensation and neurological 
manifestations (coma, hypotonia, seizures, metabolic 
stroke with rapid onset of extrapyramidal movement 
disorders) [10, 99]. Amino acidemias (neonatal maple 
syrup urine disease, nonketotic hyperglycinemia) 
and urea cycle defects are also frequently associated 
with deleterious acute metabolic crises.

Reye syndrome (initially described as a childhood 
devastating clinical condition of unknown etiology 
and pathomechanism, characterized by a prodromal 
viral illness, acute encephalopathy, profuse vomiting 
and fatty degeneration of the viscera) (see Chap. 12) 
is still a vaguely outlined clinical entity. In a high per-
centage of cases, Reye syndrome is due to an underly-
ing inborn error of metabolism, most frequently fatty 
acid oxidation disorders, respiratory chain defects, 
urea cycle defects, and organic acidopathies [100].

Other organic- and aminoacidopathies (glutaric 
aciduria type 1, 4-hydroxybutyric aciduria, hyper-
homocystinemia, classical phenylketonuria, α-keto-
glutaric aciduria), lysosomal storage diseases, late 
onset peroxisomal diseases, biotinidase deficiency, 
and some mitochondrial diseases exhibit a more 
insidious course and result in a chronic progressive 
encephalopathy with more or less severe neurological 
crippling.

Table 13.5. Devastating metabolic diseases in the newborn

Organic acidopathies Amino acidopathies Others

Propionic acidemia Urea cycle defects Zellweger disease
Methylmalonic aciduria Maple syrup urine disease Neonatal adrenoleukodystrophy
Isovaleric acidemia Nonketotic hyperglycinemia Menkes disease
HMG-CoA lyase deficiency Nesidioblastosis
Multiple carboxylase deficiency
3-Methylglutaconic aciduria
Glutaric aciduria type 2
Primary lactic acidosis
Pyroglutamic aciduria
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Mixed forms characterized by progressive enceph-
alopathy and occasional metabolic deteriorations are 
also known.

Pyramidal signs usually predominate in leukodys-
trophies, whereas in basal ganglia diseases extrapy-
ramidal movement disorders (dyskinesis, choreoath-
etosis, tremor) are prominent [18, 60, 101]. Irritability, 
lethargy, and behavioral changes may be seen in both.

Seizures

Seizures are frequent but nonspecific complications 
of metabolic disorders. Inborn errors of metabolism 
cause first-time seizures in 16% of infants under the 
age of 6 months [102]. Seizures reflect structural or 
functional involvement of the cerebral cortex in the 
pathological process.

Epileptic seizures are difficult to recognize in the 
neonate and young infant, because these often have 
subtle or atypical manifestations (eye deviation, 
staring and involuntary jerky movement). Seizures 
are often myoclonic in neonates, in particular with 
urea cycle defects, nonketotic hyperglycinemia, and 
organic acidopathies. Tonic-clonic seizures are rare 
in early infancy and usually occur after 6 months of 
age. In some metabolic diseases, especially in early 
infancy (e.g., fatty acid oxidation disorders, nesidio-
blastosis), epileptic seizures are typically related to 
hypoglycemia.

Pyramidal Signs

Pyramidal signs are usually seen in metabolic dis-
eases associated with predominant white matter 
involvement, and are often progressive. The extent 
and magnitude of white matter changes may not 
always correlate well with the severity of neurologi-
cal abnormalities [103–105].

Some inherited metabolic disorders may present 
with pyramidal signs in a more acute form. These 
often misleading clinical events may be related to 
true strokes (ischemic or hemorrhagic) or stroke-like 
episodes. Stroke-like episodes probably represent 
episodes of regional metabolic decompensation with 
subsequent functional disturbances within brain 
parenchyma [106–108] and corresponding neuro-
logical deficit. There is a probable overlap in the 
pathomechanisms leading to true strokes or stroke-
like events, since metabolic decompensation within 
the brain parenchyma may involve the vascular endo-
thelium as well, which then predisposes to occlusive 
arterial or venous disease.

Some organic acidopathies, notably propionic, 
isovaleric and methylmalonic acidemias, have 

been reported to cause hemorrhagic stroke, espe-
cially during metabolic crises [37, 38, 92, 109]. It is 
unclear if this is due to direct vessel-wall lesions or 
coagulation abnormalities (e.g., thrombocytopenia, 
a frequent hematological complication of organic 
acidopathies). Systemic hemorrhagic complications 
have been characteristically found in ethylmalonic 
aciduria [110].

Ischemic complications (i.e., true infarctions) are 
common in some aminoacidopathies, such as homo-
cystinuria, ornithine transcarbamylase deficiency, 
L-carnitine and carbamyl phosphatase synthetase 
deficiency [107, 111–114]. Organic acidopathies, such 
as HMG-coenzyme A lyase deficiency and 3-meth-
ylcrotonyl-coenzyme A carboxylase deficiency, are 
rare but possible causes of ischemic stroke [115–117]. 
Stroke due to a true ischemic complication has been 
described in lysosomal storage disorders, notably in 
Fabry disease and cystinosis. Both ischemic and hem-
orrhagic complications may occur in Fabry disease, 
since endothelial damage (glycosphingolipid deposit 
within the endothelium) leads initially to occlusive 
arterial disease with possible infarctions, followed 
later by bleeding from overloaded collaterals, as seen 
in moyamoya syndrome. Additional rare causes of 
ischemic stroke are Menkes disease, sulfite oxidase 
deficiency (molybdenum cofactor deficiency), and 
carbohydrate-deficient glycoprotein syndrome [106, 
118, 119].

Stroke-like episodes are characteristic in “mito-
chondrial disorders” such as MELAS, but may also 
occur in MERRF and Kearns-Sayre disease. Familial 
hemiplegic migraine and alternating hemiplegia in 
children are also believed to represent peculiar clini-
cal manifestations of a mitochondrial disorder.

Extrapyramidal Signs

Extrapyramidal signs are characteristic in basal 
ganglia diseases. Patients with basal ganglia lesions 
usually present with dystonia, choreoathetosis, or 
tremor [101]. Onset of these neurological abnor-
malities may be insidious or sudden and the latter, 
again, may mimic stroke. Metabolic “stroke” with 
acute onset of an extrapyramidal syndrome usually 
occurs in organic acidurias, such as glutaric aciduria 
type 1 and methylmalonic academia, and are found 
to be associated with severe basal ganglia disease, 
in many cases probably necrosis [120]. Acute basal 
ganglia necrosis may occur without acute metabolic 
decompensation [85, 93].

As a general guideline, involvement of basal gan-
glia (globi pallidi, caudate nuclei and putamina) 
without thalamic involvement is typical of meta-
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bolic diseases. Conversely, the thalami and posterior 
parts of putamina are usually affected in perinatal 
hypoxic-ischemic brain damage. Clinically, how-
ever, both present with extrapyramidal “cerebral 
palsy.”

Visual Abnormalities

Leukodystrophies (X-linked adrenoleukodystrophy) 
involving the optic radiations present with pro-
gressive visual disturbances. Degeneration of other 
components of the optic pathways (retinal degenera-
tion, optic nerve atrophy) may be seen in some lyso-
somal storage disorders (Krabbe disease, metachro-
matic leukodystrophy) and mitochondrial diseases 
(LHON).

Tone Abnormalities

Hypotonia is characteristically seen in primary 
lactic acidosis, respiratory chain defects, multiple 
carboxylase deficiency, propionic acidemia (ketotic 
hyperglycinemia), 3-methylglutaconic aciduria, 
combined methylmalonic acidemia and homo-
cystinuria, nonketotic hyperglycinemia, neonatal 
peroxisomal disorders (e.g., Zellweger syndrome), 
Menkes disease, sulfite oxidase deficiency, and 
urea cycle defects [57]. In propionic acidemia and 
nonketotic hyperglycinemia, this is probably due 
to increased blood glycine levels, since glycine is 
known to have an inhibitory effect on ventral motor 
neurons in spinal cord. Patients with Canavan dis-
ease are usually hypotonic. In fatty acid oxidation 
disorders, affected children are hypotonic because 
of associated myopathy.

Hypertonia is a typical feature of methylmalonic 
and isovaleric acidemia. The exact pathomechanism 
of this is not known. Hypertonia (contractures) is 
also characteristic in rhizomelic chondrodystrophia 
punctata. In Krabbe disease, hypertonia is usually 
found on neurological examination; this is a useful 
clue in differentiation from Canavan disease, both for 
the radiologist and the clinician.

Alternating hypo- and hypertonia (presenting 
with opisthotonus) is characteristic of maple syrup 
urine disease.

Peripheral Neuropathy

Besides involvement of the CNS, peripheral neuropa-
thy is characteristic of lysosomal storage disorders 
(Krabbe disease, metachromatic leukodystrophy, 
Farber disease), but also occurs in peroxisomal dis-
eases (adrenomyeloneuropathy) and galactosemia.

13.3.4.4 
Psychiatric Manifestations

Many metabolic disorders have neuropsychiatric 
manifestations, especially during acute metabolic 
crisis situations or end-stage of the disease.

Psychiatric symptoms as initial clinical manifesta-
tions may masquerade the underlying disorder, lead-
ing to delay in correct diagnosis and treatment. This 
is particularly relevant in late (adult) onset forms of 
metabolic disorders, such as acute intermittent por-
phyria, Wilson disease, and metachromatic leuko-
dystrophy [121, 122].

13.3.4.5 
Additional Useful Clinical Features

Odor

Some metabolic disorders present with a characteris-
tic odor (e.g., “smelly cheese” or “sweaty feet” in iso-
valeric acidemia and glutaric aciduria type 2, “sweet 
syrup” in maple syrup urine disease, “cat urine” in 
multiple carboxylase deficiency, “rotten cabbage” 
in tyrosinemia). The urine of patients on carnitine 
treatment usually has a smell of “rotten fish” due 
to therapy-induced excessive trimethylamine forma-
tion and urinary excretion.

Facial, Eye, and Cutaneous Stigmata

Patients with organic acidopathies (e.g., propionic 
acidemia, methylmalonic aciduria, isovaleric acide-
mia, 3-methylglutaric aciduria) often have a typical 
“organic acidemia face.” This includes depressed 
nasal bridge, epicanthic folds, and short or long phil-
trum. Facial dysmorphia is often present in peroxi-
somal disorders and characteristic facial changes are 
also seen in mucopolysaccharidoses.

Alopecia has been described in D-2-hydroxyglu-
taric aciduria. Alopecia associated with skin rashes is 
often seen in biotinidase deficiency. Erosive, desqua-
mative dermatitis and hair loss have been reported 
in methylmalonic acidemia (cblC). Skin pigmenta-
tion and scleroderma may be present in phenylke-
tonuria. Patients with Cockayne disease have skin 
hypopigmentation associated with photosensitivity. 
Some lysosomal storage disorders are associated 
with generalized angiokeratomas, notably Fabry dis-
ease (angiokeratoma corporis diffusum universale), 
fucosidosis, and sialidosis. Congenital ichthyosis is a 
cardinal clinical sign of Sjögren-Larsson syndrome. 
Dietary restrictions in treated metabolic diseases 
may also predispose to cutaneous infections [123].



 580 Z. Patay

Nipple abnormalities (inverted, hypoplastic, 
supernumerary) may be found in propionic acidemia 
patients.

Ophthalmological abnormalities are not infre-
quent in metabolic disease and may provide useful 
additional clues to the diagnosis [124].
1. Corneal clouding is found in many lysosomal stor-

age disorders, notably in most mucopolysacchari-
doses (except MPS II and III), multiple sulfatase 
defi ciency, Fabry disease, Farber disease, in some 
oligosaccharidoses (α-mannosidosis, aspartylglu-
cosaminuria, galactosialidosis, mucolipidoses), 
and cystinosis.

2. Lens opacities or cataracts are characteristic in 
galactosemia but may occur in other metabolic 
disorders, such as isovaleric acidemia, 4-hydroxy-
butyric aciduria, cerebrotendinous xanthomato-
sis, rhizomelic chondrodystrophia punctata, and 
Cockayne disease.

3. The Kayser-Fleischer ring in Wilson disease is 
another highly characteristic ophthalmological 
fi nding.

4. Lens dislocations are typical of homocystinuria 
and sulfi te oxidase defi ciency [125].

5. Cherry-red spots (lipid depositions within ganglion 
cells around the fovea) on funduscopic examina-
tion are typical in GM gangliosidoses, Niemann-
Pick disease, Farber disease, some mucolipidoses, 
and in metachromatic leukodystrophy.

6. Retinitis pigmentosa (retinal degeneration) is 
found in many peroxisomal and mitochondrial 
disorders, as well as in neuronal ceroid lipofusci-
nosis and abetalipoproteinemia.

7. Electroretinographic abnormalities are common in 
poliodystrophies (primary neuronal diseases with 
involvement of sensory retinal epithelium) and 
exceptionally rare in primary leukodystrophies. 
This is, therefore, a helpful differential diagnostic 
tool.

Head Circumference

Head circumference abnormalities (macro- and 
microcephaly) are frequent in metabolic disorders.

Macrocephalic metabolic diseases include some 
organic acidopathies (type 1 glutaric aciduria), 
amino acidopathies (L-2-hydroxyglutaric aciduria), 
leukodystrophies (Canavan disease, van der Knaap 
disease, vanishing white matter disease, Alexan-
der disease), and lysosomal storage disorders (GM2 
gangliosidosis, mucopolysaccharidoses). The patho-
genesis of macrocephaly, however, differs in these 
diseases. Early (neonatal or infantile) onset of brain 
swelling, as in infantile leukodystrophies or storage 

disorders, is a common etiological factor. On the 
other hand, hydrocephalus (mucopolysaccharidoses) 
or intracranial arachnoid cysts (glutaric aciduria 
type 1) associated with metabolic disease may also 
account for development of macrocephaly.

Microcephaly indicates an abnormal development 
of the brain. It may be present from birth or “develop” 
progressively (arrested head growth) during the disease 
course. Examples of the latter are the “microcephalic” 
leukodystrophies (Cockayne disease, Aicardi-Gout-
ières disease, Pelizaeus-Merzbacher disease). In Zell-
weger disease, head circumference is usually normal 
at birth, but the percentile curve shows progressive 
downward deviation from the normal afterwards.

13.3.5 
Laboratory and Histopathological Diagnosis in 
Metabolic Diseases

The positive and specific diagnosis of inborn errors of 
metabolism may be established or confirmed by labo-
ratory and/or histological examinations. Therefore, 
laboratory analysis of body fluids (blood, urine, CSF) 
is an essential part of the diagnostic workup of meta-
bolic diseases. Routine biochemical findings are often 
nonspecific but may be suggestive or characteristic of 
certain disease groups or even diseases entities.

Analysis of blood pH, glucose, ammonia, lactic 
acid, urine ketone bodies, and hepatic profile provide 
useful baseline information and orient further diag-
nostic workup.

13.3.5.1 
Routine Laboratory Findings

Hyperammonemia

One the most important laboratory tests in new-
borns with a suspected metabolic disorder is blood 
ammonia level determination. It is usually normal 
or borderline elevated in maple syrup urine disease. 
Markedly elevated levels are found in both urea cycle 
defects and organic acidemias. These two groups can 
be differentiated from each other by determining the 
blood pH, which will reveal respiratory alkalosis in 
the former and metabolic acidosis in the latter.

Metabolic Acidosis

Metabolic acidosis can further be characterized by 
the presence or absence of lactic acidosis and ketosis. 
Blood sugar level assessment completes the routine 
laboratory workup.
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Lactic Acidosis
Lactic acidosis with hypoglycemia is typically seen in 
HMG CoA lyase deficiency [126], in some subtypes 
of 3-methylglutaconic acidemia, in glutaric aciduria 
type 2, and in medium- and long-chain fatty acid 
oxidation disorders.

Lactic acidosis with normoglycemia may be pres-
ent in oxidative phosphorylation diseases (primary 
lactic acidosis). Determination of the pyruvate-lac-
tate ratio may be helpful in identifying different 
forms, such as pyruvate dehydrogenase deficiency, 
pyruvate carboxylase deficiency, and cytochrome c 
oxidase deficiency.

Acidosis without Lactic Acidosis or Ketosis
Severe metabolic acidosis without lactic acidosis and 
ketosis is seen periodically in 5-oxoprolinuria.

Hypoglycemia

Hypoglycemia is a severe complication of many met-
abolic disorders, especially during metabolic crisis 
situations. It is always present in fatty acid oxidation 
disorders, holocarboxylase synthetase deficiency, 
and neonatal onset 3-methylglutaconic aciduria, and 
is frequent in HMG coenzyme A lyase deficiency. It 
may also be encountered in pyruvate carboxylase 
deficiency and in propionic, methylmalonic, ethyl-
malonic, and isovaleric acidemias. It is never pres-
ent in β-ketothiolase deficiency, 4-hydroxybutyric 
aciduria, later onset 3-methylglutaconic aciduria, 
biotinidase deficiency, glutaric aciduria type 1, and 
late onset forms of maple syrup urine disease [127].

The most important differential diagnostic ele-
ment in hypoglycemia is determination of ketones 
in blood and urine. In general, ketotic hypoglycemia 
is usually less severe and causes less adverse effects 
than nonketotic hypoglycemia.

Hypoglycemia with hypoketosis (nonketotic hypo-
glycemia) is characteristic of fatty acid oxidation 
defects and also occurs in HMG coenzyme A lyase defi-
ciency. It can also be a sign of hyperinsulinemic state 
in patients with persistent hyperinsulinemic hypogly-
cemia (nesidioblastosis), in newborns from diabetic 
mothers, or in patients on insulin treatment.

Hypoglycemia with ketosis is discussed under 
ketosis below.

Ketosis

Ketosis with hypoglycemia (ketotic hypoglycemia) 
can be encountered in defects of gluconeogenesis, gly-
cogenolysis, organic acidemias (isovaleric, propionic 
and methylmalonic acidemia, and in β-ketothiolase 

deficiency), galactosemia, and fructosemia. It may 
also be found in other systemic diseases, such as 
sepsis, adrenal insufficiency, dehydration, and acute 
gastrointestinal problems (vomiting, diarrhea).

Ketosis with hyperglycemia is found in diabetic 
ketoacidosis.

Hepatic Dysfunction

Hepatic function is frequently altered in inborn errors 
of metabolism. Clinical and laboratory evidence of 
liver disease is typically present in fatty acid oxidation 
and oxidative phosphorylation disorders. High plasma 
levels of phytanic, pipecolic, and very long-chain fatty 
acids (VLCFA), as well as bile acid intermediates, are 
common findings in peroxisomal diseases.

13.3.5.2 
Advanced Laboratory Methods

More sophisticated biochemical techniques, in par-
ticular gas chromatography/mass spectrometry (GC/
MS) of the urine, high pressure liquid chromatogra-
phy (HPLC), and tandem mass spectrometry (tandem 
MS) of the blood, may also be required in order to 
reach a specific diagnosis [128, 129].

Specific enzyme activity studies of fibroblast or 
peripheral blood cell cultures or biopsy specimen 
(e.g., glutathione reductase assay of red blood cells in 
5-oxoprolinuria, propionyl CoA carboxylase or HMG 
CoA lyase assay of white blood cells in propionic aci-
demia and HMG CoA lyase deficiency, and pyruvate 
carboxylase or cytochrome c oxidase assay in liver or 
muscle biopsy specimens in oxidative phosphoryla-
tion disorders) may also be performed.

13.3.5.3 
Histological Diagnosis

Histological diagnosis may be obtained from periph-
eral nerve (metachromatic leukodystrophy, Krabbe 
disease), muscle (mitochondrial disease), skin, 
mucosa, or liver biopsy (storage diseases, Wilson 
disease) in some diseases. In others, brain biopsy or 
autopsy may confirm the correct diagnosis (Alexan-
der disease).

13.3.6 
Molecular Genetic Aspects of Inborn Errors 
of Metabolism

The clinical phenotypes of inherited neurometabolic 
diseases span over a wide spectrum. These features 
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include age of onset, clinical manifestations, disease 
course, therapeutic response, and final outcome. Het-
erogeneity of imaging findings in inborn errors of 
metabolism is also well documented. There is grow-
ing evidence that the explanation of the remarkable 
heterogeneity of clinical and imaging phenotypes 
within biochemically identical or similar entities 
most probably lies in the underlying molecular 
genetic abnormalities.

The molecular genetic basis of inborn errors of 
metabolism is increasingly elucidated. Most metabolic 
diseases are autosomal recessive; a few are autosomal 
dominant (adult-form of Pelizaeus-Merzbacher dis-
ease, pigmentary orthochromatic leukodystrophy) or 
X-linked recessive (X-linked adrenoleukodystrophy, 
ornithine transcarbamylase deficiency, Hunter dis-
ease, Fabry disease, Pelizaeus-Merzbacher disease, 
Löwe syndrome, type 2 3-methylglutaconic aciduria, 
Menkes disease, pyruvate dehydrogenase E1α defi-
ciency). Some of the so-called mitochondrial disor-
ders have a peculiar inheritance pattern. The genetic 
abnormality is encoded in mitochondrial DNA, and 
since spermatocytes do not contain mitochondria, 
the diseases show a maternal transmission.

The underlying mutations have been identified in 
many disease entities. These data provide evidence 
of genotypic heterogeneity in metabolic disorders. 
In methylmalonic aciduria about 30, and in glutaric 
aciduria type 1 at least 20 different mutations have 
been identified, all presenting with similar biochemi-
cal features [130, 131].

The genetic heterogeneity may be reflected in 
phenotypic variations within the same disease enti-
ties. In the Saudi population, for example, four fairly 
well-defined clinical phenotypes of glutaric aciduria 
type 1 (naturally mild, riboflavin dependent, leaky, 
and therapy-resistant) have been identified. Within 
each of these, different mutations (on exons 9, 6, and 
10) were found. Mutations influence the molecular 
structure and, hence, the function of glutaryl coen-
zyme A dehydrogenase enzyme in different ways, 
explaining the heterogeneity of clinical phenotypes. 
Mutations affecting the association of enzyme sub-
units or cofactor binding site are typically associated 
with relatively mild clinical presentations, whereas 
changes at the catalytic site of subunits result in 
severe disease.

Occasionally, even biochemical and clinical phe-
notypes may differ from each other. For example, 
undetectable glutaryl CoA dehydrogenase activity 
was found in fibroblasts (homogeneity of biochemi-
cal phenotypes) of both clinically symptomatic and 
asymptomatic patients (heterogeneity of clinical phe-
notypes) with glutaric aciduria type 1 [132]. In a case 

of methylmalonic acidemia (mut-), significant dis-
crepancy between severe biochemical phenotype and 
mild clinical course was reported [133]. These obser-
vations indicate the highly multifactorial nature of 
clinical disease manifestations and the possible com-
pensatory role of alternative metabolic subsystems in 
inherited neurometabolic disorders.

Important clinical phenotypic variations have 
been reported in several other inherited neurometa-
bolic diseases, including 3-methylglutaconic acid-
uria, HMG-coenzyme A lyase deficiency, and in the 
vanishing white matter disease related to different 
mutations [134–138]. On the other hand, the same 
clinical entity, such as Leigh disease, may have sev-
eral causes (e.g., cytochrome-c oxidase deficiency, 
pyruvate dehydrogenase deficiency and various 
mitochondrial DNA mutations) and conversely, the 
same enzymatic abnormality (cytochrome-c oxidase 
deficiency) may present with fundamentally different 
imaging phenotypes, i.e., with basal ganglia disease 
in the classical form of Leigh disease or with leuko-
dystrophy [139].

The clinical heterogeneity of metabolic disorders is 
often reflected in the age of onset of the disease. This 
is well illustrated, for example, in metachromatic leu-
kodystrophy, which has neonatal, infantile, juvenile, 
and adult onset forms. The disease is usually caused 
by insufficiency of arylsulfatase A enzyme, but sev-
eral different mutations are known which may encode 
totally inactive enzymes, active but unstable (result-
ing in decreased half-life) enzymes, or so-called 
pseudodeficient enzymes (see later, under metachro-
matic leukodystrophy). Homozygotes or heterozy-
gotes for the pseudodeficient enzyme are clinically 
normal, and this is explained by the fact that homo- 
or heterozygotes for the pseudodeficient enzyme have 
sufficient (more than 10% and up to 50%) residual 
enzyme activity and the disease usually manifests 
only in patients with less than 10% residual enzyme 
activity [140, 141]. Within the clinically symptomatic 
group, patients with 2%–5% residual enzyme activ-
ity have juvenile- or adult-onset disease, and patients 
with less than 2% present with infantile onset.

The importance of residual enzyme activity in 
explaining significant differences of the onset and 
clinical course of the disease has been demonstrated 
in other neurometabolic diseases, such as propionic 
aciduria, Canavan disease, and mitochondrial dis-
eases [85, 142–144]. Similar to observations in meta-
chromatic leukodystrophy, higher residual enzyme 
activities are typically associated with later onset, 
milder clinical course or clinically asymptomatic 
“biochemical disease.” However, catabolic stress 
situations (infection, excessive protein intake) may 
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potentially lead to acute decompensation in previ-
ously asymptomatic neurometabolic diseases. This 
is probably explained by mutations leading to bor-
derline residual enzyme activities. Other, yet poorly 
understood factors may also intervene, since vari-
ability in clinical and radiological phenotypes is not 
always correlated with biochemical abnormalities (as 
demonstrated by blood, urine or CSF tests), as shown 
in siblings with L-2-hydroxyglutaric aciduria pre-
senting with clinical heterogeneity despite a remark-
able biochemical homogeneity [145]. Furthermore, 
patients with definite biochemical abnormalities, 
and even with brain lesions, may rarely be clinically 
asymptomatic [146].

To understand the molecular genetic background, 
inheritance pattern, and other possible factors deter-
mining the clinical phenotypes constitutes the foun-
dation of genetic counseling (including identification 
and protection of carriers at risk), which is a key ele-
ment in the complex clinical management of inher-
ited neurometabolic diseases [147]. Other factors may 
play additional roles in determining the clinical phe-
notype and explaining the remarkable individual dif-
ferences among patients affected by the same disease. 
These include environmental, nutritional, alternative 
metabolic, and other as yet unknown factors.

13.3.7 
Management of Metabolic Disorders

The social and economic burden of neurometabolic 
diseases is considerable. Their complex management 
extends over pre-, peri-, and postnatal periods, and 
requires a multidisciplinary approach with close col-
laboration from obstetricians, pediatricians, geneti-
cists, biochemists, and radiologists. Regular follow-
ups, usually during the entire life of affected patients, 
are also necessary.

13.3.7.1 
Prenatal Management

Genetic counseling is the first step in prenatal man-
agement of metabolic diseases in affected families, 
since the statistical recurrence rate is 25% in diseases 
with autosomal recessive (Mendelian) inheritance.

Prenatal diagnosis is possible in many neuro-
metabolic disorders, including propionic acidemia, 
Menkes disease, peroxisomal diseases, urea cycle 
defects, and disorders of oxidative phosphorylation, 
through demonstration of deficient enzyme activity 
in cultured amniocytes and chorionic villous samples 
and/or of abnormal metabolites in amniotic fluid.

Emerging new techniques, allowing preimplanta-
tion diagnosis by direct identification of gene and 
chromosome abnormalities or sex determination 
(in families with high risk for X-linked genetic dis-
orders), represent new promising options in prenatal 
management of inborn errors of metabolism.

Besides anecdotal reports, imaging techniques have 
not been used systematically in the prenatal diagno-
sis of inborn errors of metabolism. Occasionally, in 
utero US studies of the fetus have been reported to be 
suggestive or diagnostic in a few hereditary metabolic 
disorders of prenatal onset (see earlier under “ultra-
sound”) [31, 32]. With the increasing use of intrauter-
ine MRI this may change, and diseases presenting 
with malformations or other prominent morphologi-
cal abnormalities of the brain (Zellweger syndrome, 
glutaric aciduria type 1, nonketotic hyperglycinemia) 
may be depicted prenatally. Fetal 1H MRS may pro-
vide additional biochemical information.

13.3.7.2 
Perinatal Management

Postnatal Screening

In high-risk communities (e.g., high consanguin-
ity), systematic screening of neonates for metabolic 
diseases is recommended. Tandem mass spectrom-
etry of urine and blood samples, a cost-effective 
and reliable laboratory screening method, allows 
for immediate diagnosis of a wide range of inborn 
errors of metabolism with neonatal onset and early, 
preclinical diagnosis (hence possible prevention) of 
metabolic diseases with later onset, such as glutaric 
aciduria type 1, classical phenylketonuria, homo-
cystinuria, both types of tyrosinemia, and histi-
dinemia [148].

Immediate Postnatal Care

Optimally, high-risk pregnant women (with previ-
ous family history of metabolic diseases) should be 
encouraged to deliver in hospitals that have experi-
ence with and are prepared to manage inborn errors 
of metabolism. This allows for immediate postnatal 
diagnostic workup and, in positive cases, appropriate 
therapeutic measures without delay.

The imaging workup is an integral part of the post-
natal management process. In this respect, US and 
CT have a definite role, especially in ruling out other 
nonmetabolic pathologies, such as hydrocephalus in 
neonates with progressive increase of head size and 
intracerebral bleeding in neonates with lethargy or 
coma.
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13.3.7.3 
Follow-Up

Many neonatal metabolic disorders present with 
nonspecific MRI findings during the early postnatal 
period. Characteristic imaging findings (basal gan-
glia disease, dys- or delayed myelination, white matter 
disease) often develop only at a later stage. Therefore, 
in cases of nonconclusive initial workup, follow-up 
MR examinations may be advised in order to moni-
tor possible evolution of imaging abnormalities (from 
nonspecific to suggestive or pathognomonic).

On the other hand, noninvasive monitoring of 
the effects of therapeutic measures by conventional 
MRI (e.g., progress of myelination) or 1H MRS (e.g., 
decrease of brain concentration of abnormal sub-
stances) is another important indication for follow-
up studies (Fig. 13.27) [76, 149, 150].

13.3.8 
Treatment and Prognosis of Metabolic Diseases

Prognosis of metabolic disorders is highly variable, 
sometimes unpredictable. Genotypic heterogeneity 
in conjunction with multiple other known or poorly 
understood intrinsic and extrinsic factors account for 
remarkable clinical and imaging phenotypic varia-
tions within sometimes even biochemically similar 
disease entities.

Many inborn errors of metabolism are untreatable 
and relentlessly progressive, leading to major neu-
rological crippling and eventually to death through 
a shorter or longer course. Neonatal peroxisomal 
disorders, severe phenotypes of propionic acidemia 
and maple syrup urine disease, pyruvate dehydro-
genase, and cytochrome c oxidase deficiencies are 
incompatible with life and invariably lead to early 

death. Neonatal variants of 3-methylglutaconic acid-
uria, nonketotic hyperglycinemia, pyruvate carbox-
ylase deficiency, glutaric aciduria type 2, and holo-
carboxylase synthetase deficiency are also usually 
fatal, although exceptionally treatable cases may be 
encountered.

In other diseases, current, often experimental ther-
apeutic efforts are limited to symptomatic treatment 
(dietary control, medical treatment of movement dis-
orders and epilepsy, etc.). Occasionally, disease pro-
gression may be arrested or slowed down. However, if 
damage to the CNS has already occurred, it can rarely 
be reverted.

Increasing clinical experience suggests, however, 
that, if diagnosed early, appropriate and aggressive 
therapy may favorably influence the disease course 
and even prevent development of clinical manifesta-
tions of the disease. Indeed, some metabolic diseases 
respond well to treatment (Wilson disease, naturally 
mild and riboflavin-dependent forms of glutaric 
aciduria type 1, phenylketonuria, 3-phosphoglyc-
erate dehydrogenase deficiency, guanidinoacetate 
methyltransferase deficiency, etc.), although subtle 
neurological or imaging abnormalities may be seen 
even in clinically stable patients [151]. Mild pheno-
types of propionic acidemia, most cases with methyl-
malonic and isovaleric acidemia, HMG coenzyme A 
deficiency, urea cycle defects, and both classical and 
intermittent forms of maple syrup urine disease may 
have good prognosis: in some cases outcome is excel-
lent, allowing normal development and lifestyle. MRI 
and MRS have a definite role in monitoring therapeu-
tic trials and identifying clinically useful or ineffec-
tive treatment protocols [76, 150, 152, 153].

A more causal management of inborn errors of 
metabolism may be achieved by bone marrow trans-
plantation or other forms of enzyme substitution. 
New therapeutic options may be anticipated from 

Fig. 13.27a, b. Nonquantitative proton MR 
spectroscopic monitoring of metabolic 
changes in a female patient with maple 
syrup urine disease before and during 
treatment (both spectra obtained with 
the STEAM technique, TE: 20 ms, sam-
pling voxel: 2x2x2 cm, positioned on the 
centrum semiovale on the right side). a At 
the age of 2 months the spectrum shows 
a prominent peak at the 0.7–1.1 ppm 
range, corresponding to branched-chain 
amino acids (see also Fig. 13.21b). b After 
3 months of treatment, follow-up MR 
spectroscopic study shows the peak is still 
present, but signifi cantly decreased

a b
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other emerging technologies, including somatic gene 
therapy and fetal neuronal transplants [154].

Bone marrow transplantation in lysosomal stor-
age diseases (metachromatic leukodystrophy, Krabbe 
disease, some mucopolysaccharidoses) is increas-
ingly used in humans [155–157]. The rationale of this 
therapy is based on peculiarities of synthesis and 
transport of lysosomal enzymes. In order to be recog-
nized and transported into lysosomes, “lysosomal” 
enzymes are labeled within the Golgi apparatus. Most 
(but not all) enzymes enter the lysosomes within the 
same cell; however, about 30% may be “excreted” 
and taken up and used by other cells elsewhere in 
the organism. By repopulating the bone marrow of 
the patient with healthy pluripotential donor cells, 
normal lysosomal enzymes in sufficient amounts 
may be transferred into enzyme-deficient peripheral 
cells (fibroblasts, macrophages, monocytes), and per-
haps even into glial cells. These cells may eventually 
be replaced by donor-derived cells exhibiting normal 
enzyme activity, provided that these can migrate 

through the blood-brain barrier [158]. Since approxi-
mately 10% of normal enzyme activity is sufficient 
(e.g., in metachromatic leukodystrophy) to prevent 
clinically manifest disease, this may lead to stabili-
zation of the disease or, in some cases, to improve-
ment in clinically symptomatic patients [159, 160]. In 
metachromatic leukodystrophy, therapeutic results 
are significantly better in younger recipients and if 
the disease is diagnosed and treated before appear-
ance of the clinical symptoms, when damage to brain 
parenchyma is minimal or absent. In Krabbe disease, 
hemopoietic stem-cell transplantation resulted in 
reversal of clinical and MRI abnormalities even in 
the late juvenile form, and development of clinically 
symptomatic disease could be prevented in a patient 
with the infantile form [161]. MRI and MRS have, 
therefore, a significant role in screening affected 
families and in identifying prospective candidates 
for bone marrow transplantation, as well as in post-
procedural follow-up to monitor response to therapy 
(Fig. 13.28).

Fig. 13.28a–d. Monitoring response to 
therapy (bone marrow transplantation) in 
a male patient with X-linked adrenoleu-
kodystrophy by conventional MR imag-
ing. a Initial MR examination at the age 
of 4 years shows ill-defi ned hyperintensi-
ties on T2-weighted fast spin-echo image 
within the splenium of the corpus callo-
sum and the deep occipital white matter 
(arrowheads). b Gadolinium-enhanced 
T1-weighted spin-echo image shows faint 
signal enhancement within the splenium 
(arrowheads). c One-year follow-up exam-
ination shows shrinkage of lesion area on 
T2-weighted fast spin-echo image. d At 
the same time, contrast-enhanced T1-
weighted spin-echo image fails to show 
signal enhancement

a b

c d
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Organ transplantation (renal and liver or both) 
may be necessary to manage late systemic complica-
tions of some of metabolic disorders (e.g., in Wilson 
disease or in methylmalonic acidemia).

13.4  
Disease Entities and Imaging 
Findings in Metabolic Diseases

13.4.1 
Organic Acidopathies

Many organic acidopathies fall into the group of 
devastating metabolic diseases of the newborn, 
while others have a later and often insidious onset 
(Table 13.6).

From a clinical standpoint, organic acidopa-
thies typically present with either acute or chronic 
encephalopathy, or both. Episodes of acute metabolic 
decompensation are characteristic of ethylmalonic 
aciduria, HMG coenzyme A lyase deficiency, pyroglu-
tamic aciduria, isovaleric acidemia, holocarboxylase 
synthetase deficiency, β-ketothiolase deficiency, and 
malonic aciduria [162]. Chronic progressive enceph-
alopathy (with pyramidal or extrapyramidal signs) 
is typically seen in L-2-hydroxyglutaric aciduria, 
N-acetylaspartic aciduria (Canavan disease), and 4-
hydroxybutyric aciduria [163]. Acute metabolic crises 
with interval progressive encephalopathy occur in 
propionic academia, methylmalonic academia, and 
glutaric aciduria type 1.

In organic acidopathies, gray matter abnormali-
ties, in particular basal ganglia disease, typically 
dominate the imaging findings. This is usually 
associated with extrapyramidal signs (rigidity, dys-

tonia, choreoathetosis) [101]. White matter involve-
ment may also be present, although it is usually less 
prominent. Occasionally, organic acidopathies have 
a leukodystrophy-like presentation on MRI (e.g., L-
2-hydroxyglutaric aciduria), but even in such cases, 
gray matter lesions are always conspicuous.

13.4.1.1 
Propionic Acidemia

This is a complex metabolic disorder with autosomal 
recessive inheritance. It is a “mitochondrial” disease, 
since the deficient enzyme–propionyl coenzyme A 
carboxylase–is located within the mitochondria. The 
enzyme is composed of α- and β-subunits. Encoding 
genes have been found on both chromosome 3q21-q22 
(β-subunit) and 13q32 (α-subunit).

Propionyl coenzyme A carboxylase is a biotin-
dependent enzyme; biotin is bound to the α-subunits. 
It catalyzes conversion of propionyl coenzyme A into 
methylmalonyl coenzyme A. This is before the last 
step on the catabolic pathway of isoleucine and valine. 
Since propionyl coenzyme A inhibits pyruvate dehy-
drogenase (energy production and gluconeogenesis), 
N-acetyl-glutamate synthetase (urea cycle), and the 
glycine cleavage system, the disease typically presents 
with acidosis (metabolic and lactic), hypoglycemia, 
hyperammonemia, and ketosis in conjunction with 
increased glycine levels (similar to methylmalonic aci-
demia, see later in methylmalonic acidemia). The latter 
explains why propionic acidemia is also referred to as 
ketotic hyperglycinemia. Increased ammonia levels 
may erroneously suggest a urea cycle defect, especially 
in the neonate. Because the cofactor of the enzyme 
is biotin, other enzyme defects related to biotin defi-
ciency (impairment of the holocarboxylase synthetase 
or biotinidase, see in multiple carboxylase deficiency) 
may cause differential diagnostic problems.

As is common in branched-chain organic acid-
urias (methylmalonic and isovaleric acidurias), pro-
pionic acidemia has severe neonatal (60%) and milder 
infantile (40%) onset clinical variants. In the severe 
neonatal form, skin rashes, hypotonia, lethargy, 
dehydration, seizures, and irregular breathing are 
seen in the newborn before severe acidosis develops, 
potentially leading to coma and death. Prognosis in 
the late onset form is much better. The patients pres-
ent with recurrent episodes of ketoacidotic metabolic 
decompensations. Neurologically, these lead to devel-
opment of spasticity and extrapyramidal movement 
disorders (dystonia, choreoathetosis), related to basal 
ganglia disease. If the metabolic crises (often trig-
gered by infection, fasting, constipation, or high pro-
tein intake) are successfully managed or prevented, 

Table 13.6. Typical age of onset in the most common organic 
acidopathies

Disease entity Neonatal Infantile Juvenile

Propionic acidemia ++ +
Methylmalonic acidemia ++ +
Ethylmalonic acidemia + ++
3-methylglutaconic aciduria + ++ +
HMG-coenzyme A lyase deficiency ++ ++
Glutaric aciduria type 1 +
L-2-hydroxyglutaric aciduria +
D-2-hydroxyglutaric aciduria ++ +
Pyroglutamic aciduria +
Isovaleric acidemia ++ +
Multiple carboxylase deficiency + +
β-ketothiolase deficiency +
α-ketoglutaric aciduria +
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affected patients may live to adult age; the cognitive 
and, particularly, motor performances of the patients 
remain below normal [164]. Intercurrent infections 
are frequent complications in propionic aciduria, 
affecting up to 80% of patients during the course of 
the disease [89].

Rarely, the disease may have unusual clinical 
phenotypes. Acute hemiplegia without underlying 
structural cortical or deep gray matter lesion was the 
initial clinical presentation of propionic acidemia in 
a 10-month old infant during metabolic crisis [165]. 
Bilateral, symmetrical basal ganglia necrosis may 
develop without acute ketoacidotic crisis, character-
izing a so-called neurologic, nonmetabolic clinical 
phenotype of the disease [93, 166]. The onset of the 
disease may also be unusually late. Fatal basal gan-
glia necrosis without metabolic acidosis or hyperam-
monemia has been described in a 6-year-old child 
[85]. Exceptionally, propionic acidemia may have an 
adult onset and present as a chronic progressive dis-
ease with dementia and chorea [167].

Neuropathologic examination of the brain usually 
shows spongiform changes in the white matter, which 
is already present in patients dying before the age of 
1 year. Later, basal ganglia (globus pallidus, caudate 
nucleus, and putamen) lesions become common and 
consist of neuronal loss, gliosis and occasionally min-
eralizations. The cerebral cortex and neurons within 
the cerebellum also show abnormalities indicating 
particular vulnerability of gray matter structures in 
the disease [92].

Imaging Findings

Patients with propionic acidemia are mainly encoun-
tered in two characteristic situations, notably during 
acute metabolic crisis and afterwards, in the chronic 
stage of the disease, with an extrapyramidal syn-
drome. The most typical imaging finding in propi-
onic acidemia is bilateral basal ganglia disease with 
or without dentate nucleus involvement.

In the neonate with propionic acidemia, diffuse 
brain edema without focal lesions is the most typi-
cal finding. Later in life, in well-controlled and meta-
bolically stable patients, basal ganglia changes may 
be absent. Some degree of brain atrophy and delayed 
myelination are, however, almost always present.

Diffuse brain swelling is seen during metabolic 
crises. Basal ganglia and dentate nuclei show abnor-
mal hypersignal on T2-weighted images [92, 168]. 
Subtle signal changes may be present within the 
pulvinar of the thalami. The cerebral and cerebel-
lar cortex is also affected. The involved gray matter 
structures are markedly swollen at this stage. White 
matter lesions may also be present, mainly subcor-
tically, including subinsular areas (external and 
extreme capsules). The corpus callosum, internal 
capsule, and corticospinal tracts appear to be spared 
(Fig. 13.29).

Differential diagnostic possibilities in the acute 
stage of propionic acidemia are hypoxic-ischemic 
brain damage, primary lactic acidosis, Leigh disease, 
or other organic acidopathies (ethylmalonic aciduria, 

Fig. 13.29a–c. MR imaging fi ndings in propionic acidemia in acute metabolic crisis. Axial T2-weighted fast spin-echo images in a 
6-year-old female patient, immediately after the fi rst metabolic decompensation of her life. a Prominent, abnormal hyperintensi-
ties within the dentate nuclei, but ill-defi ned signal changes are also seen within the pons. b Symmetrical signal abnormalities 
are present within the heads of the caudate nuclei, putamina and the pulvinar of the thalami. c Dominantly subcortical white 
matter changes within the cerebral hemispheres (note similar changes on other images as well). The cerebral cortex appears to 
be abnormally hyperintense too

a b c
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3-methylmalonic aciduria). In hypoxic-ischemic 
brain damage, findings can be quite similar to propi-
onic acidemia, and only the clinical setting and labo-
ratory findings may allow differentiation between the 
two. Lesions in primary lactic acidosis and ethylma-
lonic aciduria may be indistinguishable from those 
in propionic acidemia from an imaging standpoint. 
In Leigh disease, upper brainstem abnormalities are 
common; these are absent in propionic acidemia. In 
3-methylglutaric aciduria, the cerebellar vermis is 
almost always markedly atrophic; this is either absent 
or less conspicuous in propionic acidemia.

Occasionally, if medical treatment has been early 
and adequate, an almost total normalization of both 
gray and white matter changes with mild residual 
atrophy only may be found [92].

After multiple metabolic decompensations, dif-
fuse brain atrophy develops. The basal ganglia and 
dentate nuclei may show permanent signal changes, 
sometimes conspicuous even on the T1-weighted 
images, usually but not always associated with atro-
phy. Abnormalities, similar to acute-stage findings, 

are typically symmetrical. Basal ganglia abnormali-
ties constitute the imaging substrate of the extrapy-
ramidal syndrome (choreoathetosis, dystonia), which 
is the typical neurological manifestation of the dis-
ease at this stage. Occasionally, patchy white matter 
lesions are present within the cerebral hemispheres 
on T2-weighted or FLAIR images (Fig. 13.30).

DWI studies during acute metabolic decompensa-
tion usually show moderate signal increase within 
involved gray matter structures and subcortical white 
matter. In the chronic stage, basal ganglia lesions may 
be somewhat hypointense on the diffusion-weighted 
images. These findings suggest tissue damage, prob-
ably necrosis.

1H MRS demonstrates lactate within lesions during 
the episode of metabolic decompensation, consistent 
with impairment of energy metabolism resulting in 
anaerobic glycolysis. Nevertheless, small amounts of 
lactate may be demonstrated within the brain paren-
chyma also in treated, metabolically compensated 
patients. This is believed to represent a permanent, 
“low-grade” alteration of mitochondrial functions in 

Fig. 13.30a–d. MR imaging fi ndings in 
patients with propionic acidemia in 
the chronic stage of disease. a Axial T2-
weighted fast spin-echo image in a 6-year-
old female patient. Marked enlargement of 
the extra- and intracerebral CSF spaces, 
consistent with diffuse brain atrophy. 
Within the basal ganglia only very subtle 
signal changes are suggested without atro-
phy. b Axial T1-weighted inversion recovery 
image in the same patient as  Figure 13.30a. 
Paucity of the myelin within the cerebral 
hemispheres, especially peripherally with 
signifi cant global volume loss of white 
matter. c Axial T2-weighted fast spin-
echo images in a 9-year-old male patient. 
The heads of the caudate nuclei and the 
putamina are atrophic and exhibit abnor-
mal hypersignal. Mild enlargement of the 
frontal horns of lateral ventricles. d Axial 
T1-weighted inversion recovery image in 
the same patient as Figure 13.30c. Subtle 
signal changes within the anterior parts 
of the putamina are also conspicuous on 
this image. There is a slight volume loss 
of cerebral white matter with some diffuse 
paucity of myelin

a b

c d
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between metabolic crises [169]. In chronic patients 
with brain atrophy, decreased NAA/Cho ratios were 
found with long-echo time (TE: 270 ms) 1H MRS 
[169]. Decrease of NAA and mI and increase of glu-
tamate/glutamine were also found with short echo-
time (TE: 20 ms) 1H MRS (STEAM), but no disease-
specific metabolites have been identified [77].

13.4.1.2 
Methylmalonic Acidemia

Methylmalonic acidemia is a complex autosomal reces-
sive metabolic disorder. In fact, methylmalonic acid-
uria is a biochemically and clinically heterogeneous 
group of diseases [170]. It has cobalamin unresponsive 
and cobalamin responsive clinical phenotypes.

Methylmalonyl Coenzyme A Mutase Deficiency

Most cobalamin unresponsive variants are related to 
primary deficiency of methylmalonyl coenzyme A 
mutase. The encoding gene of mutase enzyme is located 
on chromosome 6p21. Two mutations of methylmalonyl 
coenzyme A mutase (mut0 and mut-) are known; mut0 
leads to total, and mut- to partial, enzyme deficiency.

In both forms, conversion of methylmalonyl coen-
zyme A into succinyl coenzyme A (the last step of the 
L-leucine breakdown pathway) is impaired. As a result, 
methylmalonyl coenzyme A is found in excessive quan-
tities in plasma and urine. This causes secondary inhi-
bition of propionyl coenzyme A carboxylase and, there-
fore, propionic acid and its metabolites accumulate. 
Methylmalonyl coenzyme A inhibits pyruvate carbox-
ylase, and methylmalonic acid itself inhibits succinate 
dehydrogenase complex; both are important enzymes 
in gluconeogenesis. Impaired succinate dehydrogenase 
activity is believed to be one of the major causes of basal 
ganglia disease in methylmalonic acidemia [171]. Pro-
pionyl coenzyme A inhibits multiple other systems that 
are also involved in gluconeogenesis (pyruvate dehy-
drogenase), urea cycle (N-acetylglutamate synthetase), 
fatty acid oxidation, and glycine cleavage system in liver 
(but not in brain, unlike nonketotic hyperglycinemia). 
For these reasons, the mutase deficient form of methyl-
malonic acidemia shares many similarities with propi-
onic acidemia (see also in propionic acidemia) from the 
biochemical point of view, and it typically presents also 
with hypoglycemia, ketoacidosis, hyperammonemia 
and hyperglycinemia.

The disease presents during the first few days of 
life or in early infancy. From the clinical point of 
view, presentation can also be confusing, with the 
exception of tone differences: in propionic acidemia 
hypotonia, while in methylmalonic aciduria usually 

hypertonia, is found. As a severe neurological com-
plication during acute metabolic crisis, cerebellar 
hemorrhage may also occur [37].

Systemic complications in methylmalonic aciduria 
include pancytopenia, renal complications, pancreati-
tis, and cardiomyopathy [172, 173]. Progressive kidney 
failure may require renal transplantation [174, 175].

Intracellular Cobalamin Utilization Disorders

Cobalamin responsive and some cobalamin unre-
sponsive forms of methylmalonic acidemia are related 
to intracellular utilization disorders of cobalamin 
(NB: cobalamin absorption and extracellular trans-
port defects cause different disease entities, such as 
pernicious anemia).

Cobalamin, in the form of adenosylcobalamin 
and methylcobalamin, is a cofactor of methylmalo-
nyl coenzyme A mutase and of methionine synthe-
tase, respectively; therefore, combined adenosyl- and 
methylcobalamin deficiency leads to a “dual” disease 
characterized by both methylmalonic acidemia and 
homocystinuria. These conditions are referred to as 
cblC, cblD, and cblF. The most common form is cblC, 
which has two clinical phenotypes.

Most patients present during the immediate post-
natal period or early infancy with microcephaly, poor 
feeding, failure to thrive, seizures, and hypotonia [176–
178]. Hemolytic-uremic syndrome may also occur. 
Cutaneous lesions (erosive, desquamative dermatitis, 
hair loss) may also occur [179,180]. Later, choreoath-
etosis and multiorgan abnormalities (pancytopenia, 
renal and hepatic failure, and cardiomyopathy) may 
also develop [180]. Hydrocephalus, presumably nonre-
sorptive, has been described in several instances, the 
exact pathomechanism of which is poorly understood 
[176–178,181]. Ophthalmological changes, including 
progressive pigmentary retinopathy, and atrophic mac-
ulopathy are also quite characteristic of cblC. Prognosis 
for the early-onset form is poor and survivors of acute 
metabolic crises usually have significant neurological 
disturbances. Rarely, the disease may manifest in ado-
lescence or adulthood with confusion, dementia, and 
spastic quadriplegia related to myelopathy [181, 182].

Isolated adenosylcobalamin (cblA and cblB) or 
methylcobalamin (cblE and cblG) deficiencies also 
exist.

Defects, leading to impairment of the functional 
integrity of adenosylcobalamin only, lead to second-
ary mutase enzyme deficiency; therefore, cblA and 
cblB are clinically reminiscent of mutase deficiency 
and present with acidosis, ketosis, hyperglycinemia, 
and hyperammonemia during the neonatal or early 
infantile period of life. CblA is believed to be related 
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to a reductase deficiency and cblB to a mitochondrial 
adenosyltransferase defect. Both of these forms are 
cobalamin responsive; prognosis is, however, much 
better in cblA than in cblB.

Isolated functional methylcobalamin deficiencies 
(cblE and cblG) are related to methionine synthetase 
reductase and methionine synthetase defects. Clini-
cally, these present with megaloblastic anemia.

Imaging Findings

In the mut0, mut-, CblA, and CblB forms of methylma-
lonic aciduria, the most characteristic MRI finding is 
bilateral globus pallidus lesions [120, 183–186].

In the neonate, the disease presents with rather 
unremarkable or nonspecific MRI findings. Mild 
swelling of the brain may be seen, in conjunction 
with T2 prolongation within nonmyelinated white 
matter structures, most probably related to vasogenic 
edema. Myelinated white matter structures (in brain-

stem, posterior limbs of the internal capsules, etc.) 
are spared. No basal ganglia or cortical abnormali-
ties are seen in the newborn. In one case, hypoplasia 
of the cerebellar vermis was observed.

During acute metabolic crises, the most typical and 
often sole abnormality is symmetrical density (CT) or 
signal (MRI) changes within the globi pallidi, which 
are associated with swelling [120, 187]. Contrast uptake 
within lesion areas has also been reported [120, 188]. 
The putamina and the thalami are spared (Fig. 13.31).

In the chronic stage of the disease, globus pallidus 
lesions undergo necrotic changes; these are mark-
edly atrophic but continue to exhibit hypodensity 
on CT and hypersignal on T2-weighted MR images 
[120, 183, 188] (Fig. 13.32). Extra- and intracerebral 
CSF spaces show mild to moderate enlargement. 
Sometimes, mild cerebellar atrophy may be present 
and subtle signal changes within dentate nuclei sug-
gest some damage also. In early onset cases delayed 
myelination is frequently seen.

Fig. 13.31a–d. Imaging fi ndings in a 3-
year-old female patient with methylmalo-
nic acidemia (during the fi rst acute meta-
bolic decompensation). a Axial CT image 
of the brain, showing bilateral hypodensi-
ties within the globi pallidi (arrowheads). 
b Axial T2-weighted fast spin-echo image 
2 days after the CT examination. Within 
the posterolateral parts of the globi pal-
lidi bilateral symmetrical hyperintensi-
ties are seen (arrowheads). The rest of the 
basal ganglia are spared. c Axial diffusion-
weighted echo planar image (b=1000s). 
The lesions within the globi pallidi are 
markedly hyperintense (arrowheads), sug-
gesting cytotoxic edema. d Axial apparent 
diffusion coeffi cient (ADC) map image. 
The lesions are hypointense (arrowheads), 
confi rming decreased water diffusion

a b

c d
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DWI shows hypersignal within the globi pallidi 
during the acute phase [189] (Fig. 13.31). In one patient, 
shortly after kidney transplantation but without 
metabolic decompensation, stroke-like lesions were 
found within the brainstem, whose acute nature was 
suggested by diffusion-weighted images [175]. In the 
chronic stage of the disease, lesions are hypointense, 
consistent with tissue necrosis [175] (Fig. 13.32).

1H MRS may show decreased NAA and abnormal 
lactate within the lesions. No disease-specific metab-
olites are demonstrated [189].

Clinically, the presence of globus pallidus lesions is 
almost invariably associated with abnormal extrapy-
ramidal manifestations. However, in one patient with 
neonatal onset of methylmalonic acidemia, bilateral, 
but asymmetrical globus pallidus lesions were dem-
onstrated after several episodes of metabolic decom-
pensation but without corresponding neurological 
abnormalities [146].

In patients with clinically and neurologically mild 
phenotypes or successfully treated preventively, MRI 
findings can be normal [185].

Differential diagnoses in bilateral globus pallidus 
disease without involvement of other basal ganglia 
components include kernicterus and carbon mon-
oxide intoxication. In kernicterus, lesions of the sub-
thalamic nuclei are associated with globus pallidus 
lesions [190]. Carbon monoxide intoxication is usu-
ally encountered in suggestive clinical settings.

In severe, early-onset combined form of methylma-
lonic aciduria (cblC), imaging abnormalities consist 

of a combination of the findings in classical homo-
cystinurias and the mutase deficient methylmalonic 
acidemia [177, 178, 180–182]. In the neonate or young 
infant, diffuse brain swelling is present. The initial 
periventricular but later diffuse cerebral hemispheric 
white matter signal changes probably represent 
delayed myelination with hypo- or dysmyelination 
and with subsequent demyelination. This is believed 
to be secondary to impairment of the methylation 
potential within the CNS, resulting in defective syn-
thesis of myelin basic protein or other essential lipid 
constituents of the myelin sheath (see later in hyper-
homocystinemia). Progressive loss of the volume of 
cerebral white matter and occasionally subtle signal 
changes within globi pallidi also develop throughout 
the course of the disease.

13.4.1.3 
Ethylmalonic Aciduria

Ethylmalonic aciduria is a rare organic acidopathy of 
autosomal recessive inheritance. Mass spectrometry 
of the urine reveals increased levels of ethylmalonic 
and methylsuccinic acids. However, increased ethyl-
malonic acid excretion in the urine has been described 
in patients with various metabolic disorders, notably 
in short-chain acyl-coenzyme A dehydrogenase defi-
ciency, glutaric aciduria type 2, and cytochrome c oxi-
dase deficiency, but the underlying biochemical cause 
of the disease is poorly understood. It may be related to 
a defect in mitochondrial fatty acid oxidation, respira-
tory chain, or isoleucine metabolism [191–196].

Fig. 13.32a–c. MR imaging fi ndings in the chronic stage of methylmalonic acidemia in a 4-year-old female patient, who had an 
episode of acute metabolic decompensation in early infancy. a Axial T2-weighted modular inversion recovery image. The globi 
pallidi exhibit a slit-like appearance and are markedly hyperintense (arrowheads) (identical to CSF). b Axial diffusion-weighted 
echo-planar image. The lesions (lateral to the posterior limbs of the internal capsules) are hypointense (arrowheads), consistent 
with isotropically increased water diffusion, suggesting tissue necrosis. c Apparent diffusion coeffi cient (ADC) map image. The 
lesions are hyperintense (arrowheads), consistent with isotropically increased water diffusion

a b c
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Patients have a more or less typical organic acide-
mia facies (broad, depressed nasal bridge, epicanthal 
folds). Possible clinical presentations include neo-
natal onset with acute metabolic crisis and early or 
late infantile onset with slowly progressive encepha-
lopathy, with or without metabolic decompensations. 
During metabolic crises, lactic acidosis and mild 
hypoglycemia are found without ketosis [110, 195]. 
Hypotonia and seizures, occasionally presenting 
with status epilepticus, are common. Patients with 
the slowly progressive phenotype present with neu-
romotor delay, pyramidal and extrapyramidal signs, 
ataxia, and dysarthria.

The most prominent systemic manifestation of 
the disease is vasculopathy (tortuous retinal veins, 
usually appearing after a few months of life), wide-
spread recurrent cutaneous petechiae and ecchymo-
ses, orthostatic acrocyanosis, as well as persistent 
microhematuria and chronic diarrhea [110]. The dis-
ease leads to death by early childhood in most cases, 
although milder forms with probably better progno-
sis may exist as well. The major cause of death is com-
plications related to vasculopathy.

Imaging Findings

On MRI, ethylmalonic aciduria typically presents 
with basal ganglia disease, but patchy white matter 
lesions may also be present within the cerebral and 
cerebellar hemispheres [55, 195, 197]. Signal changes 
within the caudate nuclei and the putamina are some-
what patchy and heterogeneous; this peculiar pattern 
may help to raise the possibility of the disease and 
differentiate it from other organic acidopathies. The 
globi pallidi and the dentate nuclei may be involved, 
but lesions in these locations are sometimes absent 

(Fig. 13.33). CNS malformations have been described 
in two patients with ethylmalonic aciduria: one 
patient had a Chiari I malformation, and another a 
lipomatous filum terminale [55].

On diffusion-weighted images the basal ganglia 
lesions appear to be quite unremarkable (iso- or 
faintly hypointense).

1H MRS shows a nonspecific pattern with decreased 
NAA, somewhat increased Cho, and rather markedly 
increased lactate.

13.4.1.4 
3-Methylglutaconic Aciduria

This is a heterogeneous group of four biochemically 
and clinically distinct entities [134, 198, 199]. The 
inheritance pattern in type 1 is autosomal recessive, 
in type 2 is X-linked, and in types 3 and 4 is also 
probably autosomal recessive.

In type 1 3-methylglutaconic aciduria, the under-
lying abnormality is 3-methylglutaconyl coenzyme 
A hydratase deficiency, resulting in impairment of 
conversion of 3-methylglutaconyl coenzyme A into 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA), 
which is the fifth step on the L-leucine breakdown 
pathway. The resultant disease usually presents in 
infancy or childhood with mild mental retardation, 
macrocephaly, and speech disturbance [200]. A more 
severe clinical phenotype, presenting with failure to 
thrive, spastic quadriplegia and dystonic movement 
disorder, hypotonia, and seizures has been described 
[201, 202].

In the other forms (type 2, 3 and 4) the enzyme 
deficiency is yet to be identified, hence the source of 
excreted 3-methylglutaconic acid is unknown. Since 
in 3-methylglutaconic aciduria the most severely 

Fig. 13.33a,b. MR imaging fi ndings in 
ethylmalonic aciduria in a 10-month-old 
male patient. a Axial T2-weighted fast 
spin-echo image. Inhomogeneous, patchy 
hyperintensities are demonstrated within 
the basal ganglia bilaterally. b Axial T1-
weighted inversion recovery image. Basal 
ganglia abnormalities are well appreci-
ated on this image. Diffuse paucity of 
the myelin within cerebral hemispheres 
(delayed and hypomyelination)a b
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affected organs are typically the brain and heart, and 
sometimes the liver and skeletal muscles, it is pos-
sible that the primary defect is in the mitochondrial 
respiratory chain. The increased excretion of 3-meth-
ylglutaconic acid may be an epiphenomenon or a bio-
chemical marker for a group of unspecified energy 
metabolism disorders [51, 203].

Type 2 of 3-methylglutaconic aciduria (Barth syn-
drome) is an X-linked variety of the disease, whose 
gene is mapped to Xq28 [204, 205]. The clinical syn-
drome is defined as an X-linked cardiac and skeletal 
myopathy with short stature and neutropenia [206, 
207]. Since no enzyme deficiency is identified on the 
L-leucine pathway in this disease, but patients excrete 
increased levels of 3-methylglutaconic acid and other 
branched-chain amino acid products, it may actually 
be due to an overload of this pathway or to an unspec-
ified mitochondrial disorder. The disease does not 
have neurological manifestations, but it may still be 
fatal in infancy, as a result of cardiac failure.

Type 3 of the disease (Behr and/or Costeff syn-
drome), presenting with optic, pyramidal, and 
extrapyramidal signs (optic atrophy, ataxia, nys-
tagmus, extrapyramidal signs, spasticity, urinary 
incontinence, mental retardation) of juvenile or 
adult onset, has been described in Iraqi Jews [208, 
209]. The disease may be misdiagnosed as cerebral 
palsy [210].

The so-called unspecified, type 4 of the disease 
comprises several different clinical-biochemical phe-
notypes, whose only common feature is that they do 
not fit into the three other categories. One of them 
presents in the neonate with severe acidosis and 
hypoglycemia. In this subtype, mitochondrial ATP 
synthetase deficiency and multiple respiratory chain 
abnormalities have been identified as possible causes 
[211, 212]. Another phenotype is characterized by 
insidiously developing neurological signs (mainly 
extrapyramidal), without overt acidosis or hypogly-
cemia (“silent” or “neurologic” organic acidemia) 
[51, 199, 213]. In this phenotype, hepatic dysfunction, 
cardiomyopathy, and dysmorphic features may also 
be present. Increased excretion of 3-methylglutaconic 
acid has also been found as a rather consistent marker 
of Pearson syndrome, a respiratory chain defect 
caused by mitochondrial genome deletions [214]. 
This disease usually has an infantile onset, presents 
with aplastic anemia, neutropenia, thrombocytope-
nia, and sometimes with additional episodes of severe 
lactic acidosis and hypoglycemia.

Another biochemical phenotype of 3-methylglu-
taconic aciduria associated with hypermethionin-
emia but without hepatic failure has been described 
recently [215].

Imaging Findings

In type 2 (Barth syndrome) and type 3 (Costeff and/or 
Behr syndrome) 3-methylglutaconic aciduria, brain 
MRI studies are usually unremarkable, although 
occasionally atrophy may be found. However, in a 
patient whose clinical presentation was highly sug-
gestive of Behr syndrome, MRI examination at the 
age of 2 years showed ventricular dilatation and bilat-
eral putaminal signal changes, in conjunction with 
extensive cystic lesions within the subcortical white 
matter [216]. Cystic lesions were demonstrated by 
cranial US already at the age of 6 months.

In both type 1 and type 4 3-methylglutaconic acid-
uria (and in the uncategorized phenotype with hyper-
methioninemia), the most characteristic imaging 
presentation is symmetrical bilateral basal ganglia 
disease with cerebellar atrophy [199, 213, 217, 218].

No reports are available on the MRI findings in the 
neonatal age group in 3-methylglutaconic aciduria. In 
patients in whom the disease presents in infancy, ini-
tially the basal ganglia are usually swollen and exhibit 
high signal on diffusion-weighted images, suggestive 
of cytotoxic edema. In this stage, the globi pallidi, 
caudate nuclei, and sometimes the anterior parts of 
putamina, are involved. This pattern may coincide 
with a metabolic crisis with lactic acidosis, but it may 
also be observed in silent forms. During the metabolic 
crisis, the cerebellar cortex and dentate nuclei may also 
show swelling and signal abnormalities. With pro-
gression of the disease, putaminal abnormalities may 
become complete. Rarely, when gray matter disease is 
initially limited to the globi pallidi, differential diag-
nostic problems with methylmalonic acidemia may 
arise from an imaging standpoint. In some cases, ill-
defined diffuse cerebral white matter signal changes 
are also present. Cerebellar atrophy is a characteristic 
imaging finding, with the vermis being usually more 
affected than the cerebellar hemispheres. This may be 
present already during the first metabolic crisis, but 
sometimes develops later as brain damage progresses. 
Conversely, occasionally it may be present without 
imaging evidence of basal ganglia damage. The asso-
ciation of prominent cerebellar atrophy and basal gan-
glia disease–if present–is a suggestive imaging pattern 
of 3-methylglutaconic aciduria (Fig. 13.34).

In the chronic phase of the disease, the basal 
ganglia are atrophic and hypointense on diffusion-
weighted images. Cerebellar atrophy also progresses 
and can become very prominent. Diffuse cerebral 
atrophy also ensues [201] (Fig. 13.35).

On 1H MRS the findings are nonspecific. Lactate is 
present within the lesion areas in the acute phase, but 
no disease-specific metabolites are identified.
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Fig. 13.34a–d. MR imaging studies in a male patient with 3-methylglutaconic aciduria (with hypermethioninemia). a Sagittal 
T1-weighted spin echo image at the age of 1 year, showing marked cerebellar atrophy. b Axial T2-weighted fast spin-echo image 
at the same age. Bilateral basal ganglia disease. The globi pallidi and the heads of the caudate nuclei show moderate hypersignal 
and atrophy already (burned-out disease). The anterior parts of the putamina are swollen (the small punctuate signal voids are 
most probably enlarged vessels) and markedly hyperintense, whereas the posterior parts of the putamina appear to be normal. 
c Sagittal T1-weighted spin-echo image at the age of 2 years. Subtle, but clear interval progression of cerebellar atrophy. d Axial 
T2-weighted fast spin-echo image at the same age. The basal ganglia changes also show progression. The anterior parts of the 
putamina are less swollen, but the posterior parts are abnormal and the intermediate zone is still apparently normal. Mild diffuse 
brain atrophy and delayed myelination

Fig. 13.35a,b. Coronal T2-weighted fast 
spin-echo MR images in a 7-year-old female 
patient with 3-methylglutaconic aciduria in 
the chronic phase of the disease. a The basal 
ganglia are atrophic and markedly hyper-
intense. Very marked enlargement of the 
extra and in particular of the intracerebral 
CSF spaces, characterizing diffuse brain 
atrophy. b Very prominent atrophy of the 
cerebellum

a b

c d
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In type 4 3-methylglutaconic aciduria without neo-
natal acidosis, cerebellar dysgenesis was described 
in one case [51]. In another patient presenting with 
a very slowly progressive encephalopathy (misdiag-
nosed initially as “cerebral palsy”) only scattered 
white matter lesions were seen within the cerebral 
hemispheric white matter, without basal ganglia 
abnormality [219]. In a patient with presumed type 4 
disease (mitochondrial DNA depletion with partial 
complex II and IV deficiencies and 3-methylgluta-
conic aciduria), brain atrophy and extensive white 
matter disease were found [220].

13.4.1.5 
3-Hydroxy-3-Methylglutaryl (HMG)-Coenzyme A 
Lyase Deficiency

3-Hydroxy-3-methylglutaryl coenzyme A (HMG 
coenzyme A) is a mitochondrial and peroxisomal 
enzyme. In mitochondria, it is involved in the catabo-
lism of HMG coenzyme A into acetoacetate and acetyl 
coenzyme, the final step of the L-leucine breakdown 
pathway. Deficiency at this level leads to a specific 
disease entity referred to as HMG coenzyme A lyase 
deficiency. Its role in peroxisomes is unknown.

The disease has an autosomal recessive inheri-
tance. The gene is mapped to 1pter-p33, and several 
mutations have been identified [221].

HMG coenzyme A lyase deficiency has other 
adverse biochemical consequences. Most impor-
tantly, it causes impairment of ketone body synthesis 
from HMG coenzyme A, an intermediate metabo-
lite on the fatty acid oxidation pathway. Acetoacetyl 
coenzyme A (see fatty acid oxidation defects) is first 
converted into HMG coenzyme A by HMG coenzyme 
A synthetase. HMG coenzyme A–similarly to the L-
leucine breakdown pathway–is further metabolized 
into acetyl coenzyme A (which can already be used 
for energy production through the tricarboxylic 
cycle) and acetoacetate (a ketone body used in the 
mitochondria of extrahepatic tissues for energy pro-
duction). Therefore, if the catabolic pathway of HMG 
coenzyme A is interrupted, patients are unable to per-
form adequate ketogenesis due to a lack of the neces-
sary precursors. Additionally, excess HMG coenzyme 
A inhibits normal intrinsic gluconeogenesis, which 
further aggravates global metabolic fuel depletion.

Patients with HMG coenzyme A lyase deficiency 
accumulate 3-hydroxyisovaleric, 3-methylgluta-
conic, 3-methylglutaric, and 3-hydroxy-3-methyl-
glutaric (HMG) acids in tissues and blood, which are 
subsequently excreted in the urine. The disease is 
diagnosed by the detection of increased concentra-
tions of carnitine esters of these compounds in blood 

tandem MS or by their identification in urine. HMG 
coenzyme A lyase can be also assayed in leukocytes 
and fibroblasts [137].

Ketone bodies are important sources of energy for 
the brain and myocardium, and their synthesis takes 
place in the liver. In patients with HMG coenzyme A 
lyase deficiency, unavailability of endogenously syn-
thesized ketone bodies and glucose may potentially 
lead to a life-threatening acute encephalopathy in 
cases of insufficient extrinsic alimentary supply (e.g., 
fasting, vomiting) or high utilization of glucose (e.g., 
intercurrent illness). The disease therefore presents 
with acute metabolic crises with hypoglycemia and 
acidosis but without ketosis. The Saudi phenotype 
of the disease typically (70%) presents in neonates, 
but elsewhere the disease is characterized by infan-
tile onset [126, 136, 137, 222]. The child experiences 
peripheral shock with coma and expires within hours 
if no appropriate treatment is initiated. If treated 
promptly, the patient will recover rapidly. Such meta-
bolic decompensations occur mainly during the first 
5 years of life and are rare later, although these may 
be still lethal. Despite dramatic episodes of decom-
pensation, most patients under treatment will grow 
to be normal children.

In one patient, the association of HMG coenzyme 
A lyase deficiency with VATER syndrome (verte-
bral defects, anal atresia, tracheo-esophageal fistula 
with atresia, radial upper limb hypoplasia and renal 
defects) has been described [223].

Imaging Findings

MRI usually reveals clear, but nonspecific gray and 
white matter abnormalities. Since the disease usu-
ally starts in the early postnatal period or in early 
infancy, gray matter abnormalities are initially easier 
to depict, because white matter is not myelinated yet. 
Later, as brain myelination progresses, white matter 
changes (which most probably correspond to dys- and 
demyelination) become increasingly obvious. Due to 
considerable individual and age-related phenotypic 
variations on MRI, lesion patterns in HMG-CoA lyase 
deficiency are nonspecific.

In a 14-day-old neonate with confirmed HMG coen-
zyme A lyase deficiency, no definite abnormality was 
detected by conventional MRI. In patients undergo-
ing MRI examination during infancy or childhood, 
mild frontal atrophy and ventricular enlargement, as 
well as bilateral basal ganglia and dentate nucleus and 
multiple patchy or confluent white matter lesions, are 
seen [222]. Deep gray matter abnormalities are rather 
subtle in most cases and, if the disease is appropriately 
treated, may actually disappear on follow-up studies. 
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In the Saudi phenotype, white matter lesions appear 
to be predominantly periventricular and subcorti-
cal U-fibers are typically spared (Fig. 13.36). In cases 
reported from elsewhere, white matter lesions were 
found in both periventricular and subcortical, or in 
exclusively subcortical, locations, with or without 
involvement of the arcuate fibers [135, 136, 222, 224].

DWI shows faint hypersignal within the involved 
gray or white matter structures.

1H MRS of the brain demonstrates disease-spe-
cific changes invariably and throughout the disease 
course, in all ages, with two abnormal positive peaks 
at the 1.3 and the 2.4 ppm levels [222, 224]. These 
peaks probably correspond to HMG itself. The MRS 
data, therefore, upgrade the nonspecific conventional 
MRI pattern into an overall pathognomonic MRI/
MRS presentation (Fig. 13.37).

13.4.1.6 
Glutaric Aciduria Type 1

Glutaric aciduria type 1 is an autosomal recessive dis-
order of degradation of lysine, hydroxylysine, and 
tryptophan. It is caused by deficiency of glutaryl-

coenzyme-A dehydrogenase, which is a “mitochon-
drial” enzyme [225]. Glutaryl-coenzyme A dehydro-
genase enzyme is a flavoprotein and its cofactor is 
flavin adenine dinucleotide (FAD). Glutaryl-coen-
zyme A dehydrogenase oxidizes glutaryl-coenzyme 
A (a catabolite of L-lysine, L-hydroxylysine, and L-
tryptophan) through a FAD-linked reaction to glu-
taconyl-coenzyme A and, subsequently, to crotonyl-
coenzyme A. From the biochemical point of view, the 
disease is characterized by increased levels of glutaric 
acid and its breakdown products, 3-hydroxyglutaric 
acid and glutaconic acids in body fluids.

The gene of glutaryl-coenzyme A is located on 
chromosome 19p13.2 and contains 11 exons. The cat-
alytic site of the enzyme is at glutamate414 at exon 10.

Many different mutations exist in glutaric acid-
uria type 1 [131]. Comparative analysis of genetic and 
clinical data suggests that mutations at exon 10 typi-
cally present with a severe disease course, which is 
probably due to proximity of the mutation sites to 
the active catalytic center of the enzyme. Mutations 
at other exons (in more remote locations from the 
catalytic site, such as at exons 6 and 9 in Saudi, and 
at exon 7 and 11 in non-Saudi mutants) present with 

Fig. 13.36a–d. MR imaging manifestations 
in HMG coenzyme A lyase defi ciency. a 
Axial T2-weighted fast spin-echo image in 
3-year-old female patient after an episode 
of metabolic decompensation (parental 
neglect of dietary restrictions). Both gray 
and white matter lesions are present. The 
heads of the caudate nuclei and the ante-
rior parts of the putamina are slightly 
swollen and exhibit ill-defi ned hyperin-
tensities. Ill-defi ned white matter signal 
abnormalities are also present in the left 
occipital region; the subcortical U-fi bers 
appear to be spared. b Axial T2-weighted 
fast spin-echo image in the same patient. 
On this image, white matter abnormali-
ties are more extensive and prominent. c 
Axial T2-weighted fast spin-echo image 
in another, 4-year-old female patient. In 
this case, the basal ganglia are normal, 
except for very subtle signal changes sug-
gested within the globi pallidi. d Axial 
T2-weighted fast spin-echo image in the 
same patient. White matter signal changes 
are more extensive, and the subcortical U 
fi bers appear to be involved as well

a b

c d
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variable, but usually less severe clinical phenotypes 
(naturally mild, “leaky” and treatable forms).

The pathogenesis of CNS lesions in glutaric acid-
uria type 1 is poorly understood. According to one 
hypothesis, excess glutaric acid inhibits glutamic 
acid decarboxylase activity, which is involved in syn-
thesis of γ-aminobutyric acid (GABA, an inhibitory 
neurotransmitter) and leads to GABA deprivation in 
basal ganglia. Decreased neuronal inhibition by GABA 
leaves the exciter glutamate activity unbalanced, 
which causes neuronal damage. This pathomecha-
nism is often referred to as glutamate excitotoxicity 
or “glutamate suicide” [26, 78, 226]. Animal studies, 
however, suggest that it is 3-hydroxyglutaric acid 
(rather than glutaric acid), which indirectly (through 
energy deprivation) activates NMDA receptors (a 
subtype of ionotropic glutamate receptors, that inter-
act with N-methyl-D-aspartate), which causes neuro-
degeneration [227]. Another hypothesis is based on 
the observation that in glutaric aciduria type 1 initial 
neurological manifestations often appear after viral 
infection and/or the disease may be aggravated by 
intercurrent infectious diseases. Viral infections are 
known to stimulate production of interferon, which 
induces monoamine 2,3 dioxygenase, leading to for-
mation of quinolinic acid from tryptophan (in glu-
taric aciduria type 1 the breakdown of tryptophan 
is impaired, as discussed above, therefore it is avail-
able in excessive amounts) through the alternative 3-
hydroxy-anthranilic acid pathway. Quinolinic acid is 
also known to be a highly neurotoxic substance.

Glutaric aciduria type 1 is a disease of prenatal 
onset; however, infants usually remain asymptomatic 
during the first 3–12 months of life or present with mild 
psychomotor retardation only. Acute encephalopathy 
typically develops following a viral infection or an 
acute catabolic state (fasting, vomiting in gastrointes-
tinal problems). The episode of acute metabolic crisis 

is commonly associated with seizures. Rigidity and 
dystonia ensue a few days later, leading eventually to 
severe choreoathetosis and dementia [228–230]. Extra-
pyramidal signs often appear abruptly in the form of a 
stroke-like presentation, but dystonia-dyskinesia may 
develop insidiously [231]. Pyramidal tract signs (pro-
gressive quadriparesis) are also present occasionally. 
In some patients, subdural hematoma can be the pre-
senting sign of the disease [59, 232].

Early, preferably immediate, postnatal diagnosis 
of glutaric aciduria type 1 is important, since if the 
disease is treated before onset of metabolic decom-
pensation, neurological crippling may be prevented 
in 90% of cases (depending probably on genetically 
determined clinical phenotype) [233]. Conversely, if 
the patient undergoes neurometabolic crisis, usually 
irreversible lesions of the basal ganglia occur. If treat-
ment is started after that, only arrest or slowing of 
progression of the disease may be achieved. In cases 
of therapy-resistant clinical phenotypes, progression 
is always unrelenting despite appropriate treatment.

Routine blood, urine, and CSF laboratory tests are 
not always diagnostic and may even be misleading in 
glutaric aciduria type 1 [234]; hence, imaging inves-
tigations have an important role in the initial diag-
nostic workup.

Imaging Findings

Since residual activity of glutaryl-CoA dehydroge-
nase is closely linked to the site and type of muta-
tion, it is not surprising that the magnitude of basal 
ganglia and cerebral white matter abnormalities, as 
demonstrated by MRI, shows a wide spectrum but 
tends to correlate with genetically determined clini-
cal phenotypes.

The primary target organ in glutaric aciduria 
type 1 is the brain (a true neurometabolic disorder); 

Fig. 13.37a,b. Single voxel proton MR 
spectroscopic fi ndings in HMG coenzyme 
A lyase defi ciency. a MR spectrum of a 6-
month-old male patient (PRESS technique, 
TE: 135 ms, sampling voxel: 2x2x2 cm, 
positioned on basal ganglia on the right 
side). The NAA peak is slightly smaller 
than usual for the age of the patient, and 
the choline peak is increased. Two abnor-
mal positive peaks are present at the 1.3 
and 2.4 ppm levels. b MR spectrum of 
an 11-year-old female patient (PRESS 
technique, TE: 270 ms, sampling voxel: 
2x2x2 cm, positioned on centrum semi-
ovale on the right side). Two abnormal, 
pathognomonic peaks are again clearly 
identifi ed

a b
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therefore, in clinically symptomatic cases the most 
severe acquired lesions are seen at the level of basal 
ganglia [235].

In clinically severe disease phenotypes (therapy 
resistant, some of the leaky and the nontreated ribofla-
vin dependent forms) imaging examinations show bilat-
eral basal ganglia disease (globi pallidi, caudate nuclei, 
putamina) but sparing of thalami. The affected deep 
gray matter structures appear to be atrophic-necrotic. 
Abnormalities are often seen within the upper brain-
stem, and the pattern of signal changes are reminiscent 
of the so-called giant panda face. It is characterized 
by hyposignal of red nuclei and tectum and increased 
signal within the substantia nigra and tegmentum on 
T2-weighted images. The dentate nuclei may also be 
abnormal, and show hypersignal on T2-weighted and 
FLAIR images. White matter signal abnormalities 
are also frequent. These are typically seen within the 
cerebral hemispheres in subcortical locations. These 
changes are usually patchy and scattered. The central 

tegmental tracts along the floor of the fourth ventri-
cle often show bilateral symmetrical hypersignal too. 
Infants with glutaric aciduria type 1 often develop pro-
gressive fronto-temporal atrophy (Fig. 13.38).

In clinically mild phenotypes (naturally mild, 
treated riboflavin-dependent forms) similar but less 
prominent, or no parenchymal lesions may be seen.

Patients with type 1 glutaric aciduria are usually 
macrocephalic at birth [236]. Both CT and MRI typi-
cally show enlargement of CSF spaces of the temporal 
fossa and, in particular, of the Sylvian fissures [237–
241]. These are usually bilateral, but not necessarily 
symmetrical. The abnormality is rarely unilateral. 
These may correspond to arachnoid cysts or dis-
turbed and incomplete opercularization, or perhaps 
to both. These changes may be detected prenatally or 
in the early postnatal period by US [27]. Macrocephaly 
and Sylvian fissure abnormalities are present in both 
clinically benign and malignant phenotypes, and are 
not affected by medical treatment (Fig. 13.39).

Fig. 13.38a–d. MR imaging fi ndings in a 3-
year-old female patient with glutaric acid-
uria type 1, who had an episode of acute 
encephalopathy and subsequent extrapy-
ramidal movement disorder at the age of 
7 months. Axial modular inversion recov-
ery images of brain. a Subtle signal changes 
are seen within dentate nuclei, pons, and 
especially within central tegmental tracts. 
b At the level of mesencephalon the “giant 
panda face” lesion pattern is shown. c 
Subtle signal changes are suggested within 
the thalami. The basal ganglia are clearly 
abnormal; signal changes within the globi 
pallidi and the heads of the caudate nuclei 
are moderate, while they are more promi-
nent at the level of putamina. d Incomplete 
bilateral opercularization and atrophy of 
the posterior parts of the putamina

a b

c d
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Prominent brain atrophy may also develop during 
the course of the disease, especially in patients with 
more severe clinical phenotypes. Similar to Menkes 
disease, chronic subdural hematomas are relatively 
frequent in type 1 glutaric aciduria without any 
evidence of significant head trauma in the patient’s 
clinical history [59].These should not be mistaken for 
imaging evidence of child abuse (Fig. 13.40).

Although none of the imaging findings is specific 
for glutaric aciduria type 1, the presence of open Syl-
vian fissures and temporo-polar arachnoidal cysts 
in conjunction with bilateral basal ganglia lesions 
in a macrocephalic child presenting with dystonia is 
highly suggestive, if not pathognomonic of the dis-
ease, both by CT and MRI [236, 238, 240, 242–244]. 
However, the aforementioned abnormalities without 
basal ganglia lesions in an infant should also raise the 
possibility of the disease, and should prompt further 
laboratory workup in order to prevent the devastat-
ing consequences of a possible metabolic crisis and 
the resultant damage to the basal ganglia [121, 236, 
245].

1H MRS may show lactate within basal ganglia 
during the acute stage of the disease. Although the 
possible role of glutamine-glutamate complexes in the 
pathogenesis of basal ganglia disease has been raised 
(glutamine excitotoxicity), increased glutamine-glu-
tamate levels could not be demonstrated within basal 
ganglia by in vivo 1H MRS.

The functional status of the basal ganglia–as in 
other organic acidopathies–is, however, best evalu-
ated and monitored by 18FDG-PET (Fig. 13.1).

13.4.1.7 
L-2-Hydroxyglutaric Aciduria

L-2-hydroxyglutaric aciduria is an organic aciduria 
of unknown etiology. Inheritance of the disease is 
autosomal recessive.

The underlying biochemical abnormality is 
believed to be related to a deficiency of glutaryl-
coenzyme A dehydrogenase, which is found on the 
catabolic pathway of lysine and tryptophan. The 
diagnosis of the disease is based on laboratory find-
ings, which are dominated by enormous excretion of 
2-hydroxyglutaric acid in urine, but lysine is always 
elevated in blood and CSF [246, 247]. Sophisticated 
laboratory procedures need to be used in order to 
identify the stereoisomer of the 2-hydroxyglutaric 
acid [248–250]. This is important, since distinct dis-
ease entities related to either or both optical isomers 
(L-2-hydroxyglutaric aciduria, D-2-hydroxyglutaric 
aciduria, and a combined form) are known [251]. It 
is also noteworthy that 2-hydroxyglutaric acid may 
be excreted in urine in glutaric aciduria type 2 as 
well.

L-2-hydroxyglutaric aciduria is a slowly progres-
sive metabolic disorder. The disease usually starts in 

Fig. 13.39a, b. MR imaging fi ndings in patients with glutaric aciduria type 1 (ribofl avin dependent clinical phenotype). a Axial 
T2-weighted fast spin-echo image in a 7-year-old male patient diagnosed with glutaric aciduria type 1 only in childhood, when he 
already had severe extrapyramidal movement disorder. The image shows severe bilateral, basal ganglia lesions as well as patchy 
white matter lesion. The open operculum sign is present only on the right side. b Axial T2-weighted fast spin-echo image in the 
cousin of the previous patient at the age of 5 years. He was diagnosed to have the disease by neonatal screening and received 
appropriate care immediately. Although his psychomotor development was normal, he was macrocephalic and the image shows 
typical bilateral open opercula

a b
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late infancy or early childhood but is typically diag-
nosed in late childhood or early adolescence. Very 
rarely it might manifest after birth or, conversely, 
in adulthood [252, 253]. The reason for the relative 
delay in diagnosis is the rather unremarkable initial 
clinical presentation. Patients present with delayed 
development of motor milestones and speech, as well 
as learning difficulties [254]. Cerebellar signs (gait 
disturbance, extremity and truncal ataxia, dysar-
thria, dysmetria, intentional tremor) and seizures 
complete the clinical picture [246, 255]. Absolute or 
relative macrocephaly is common. The disease course 
is relatively benign and protracted; affected patients 
usually survive into adulthood.

There may be an increased occurrence of brain 
tumors in patients with L-2-hydroxyglutaric aciduria 
[247, 255, 256].

Imaging Findings

Since clinical presentation is typically mild and non-
specific, MRI examination of brain often precedes the 
metabolic workup. It reveals rather prominent brain 
abnormalities, the overall pattern of which is practi-
cally pathognomonic of the disease [257–260].

At first glance, L-2-hydroxyglutaric aciduria 
presents with a leukodystrophy-like appearance on 
MRI. White matter abnormalities exhibit a typical 
centripetal and slightly antero-posterior gradient; 
the subcortical U-fibers are most severely affected. 
Conversely, the periventricular white matter, and in 

particular the central corticospinal tracts and corpus 
callosum, are spared for quite a long time during 
the course of the disease. The extreme and external 
capsules, as well as the anterior limb and genu of the 
internal capsules, are abnormal. The cerebellar white 
matter is usually spared. White matter abnormalities 
within the brain correspond to a spongiform enceph-
alopathy (Fig. 13.41).

The gray matter structures are also involved. 
The basal ganglia are always abnormal, but this is 
less prominent than in other organic acidopathies. 
The thalami are normal. The dentate nuclei are also 
always abnormal. Interestingly, the involved gray 
matter structures are somewhat swollen (Fig. 13.42).

With progression of the disease, atrophic changes 
develop, but much more slowly than in most meta-
bolic disorders and, in particular, in organic acidopa-
thies. The atrophic changes involve both the cerebral 
hemispheres and cerebellum.

Diffusion-weighted images are usually rather unre-
markable in L-2-hydroxyglutaric aciduria. The most 
markedly abnormal peripheral hemispheric white 
matter structures are hypointense. No definite hyper-
signal is seen elsewhere in white matter to suggest 
myelin edema. This is consistent with a very slowly 
progressive demyelinating disease, which histologi-
cally corresponds to a spongiform encephalopathy.

1H MRS shows decreased NAA and Cho peaks. 
Increased mI has been described, but its significance 
is poorly understood [261]. Typically, no lactate is 
demonstrated within the brain parenchyma.

Fig. 13.40a, b. Chronic subdural hematomas in patients with glutaric aciduria type 1. Axial T2-weighted fast spin-echo images. a 
3-year-old macrocephalic female patient. Left-sided fronto-temporal subacute subdural hematoma without history of head trauma. 
Bilateral basal ganglia disease and open Sylvian fi ssure on the right side. b 2-year-old male patient. Multicompartmented chronic 
subdural fl uid collections bilaterally. The patient had several surgical interventions in the past for subdural hematomas. Bilateral 
basal ganglia signal abnormalities. Extensive white matter hyperintensities in conjunction with diffuse brain atrophy

a b
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As a possible related skeletal abnormality, spinal 
canal stenosis has also been described in two cases of 
L-2-hydroxyglutaric aciduria [262].

13.4.1.8 
D-2-Hydroxyglutaric Aciduria

This disease appears to be of autosomal recessive 
inheritance. The underlying biochemical abnormality 
has not been elucidated yet. Since increased γ-amino-
butyric acid (GABA) levels are found in CSF, the dis-
ease may be related to a defect of D-2-hydroxyglutaric 

acid transhydrogenase. This enzyme catalyzes the 
breakdown of D-2-hydroxyglutaric acid into 2-oxo-
glutarate and, at the same time, converts 4-hydroxy-
butyric acid into succinic semialdehyde. Succinic 
semialdehyde is also a catabolic product of GABA; 
therefore, the enzyme defect may lead to accumulation 
of both D-2-hydroxyglutaric acid and GABA (through 
a block by accumulation of succinic semialdehyde). 
GABA is a well-known potent neurotransmitter in the 
CNS. Another possible defective metabolic pathway 
potentially leading to D-2-hydroxyglutaric aciduria 
is found at the level of D-2-hydroxyglutaric acid–2-

Fig. 13.41a–c. a, b Coronal FLAIR images in 21-year-old female patient with L-2-hydroxyglutaric aciduria. a The subcortical U-fi bers 
exhibit a markedly hypointense appearance, almost identical to CSF signal intensity. This suggests complete demyelination. b The 
centripetal gradient of the demyelinating process is well demonstrated. Below the hypointense subcortical U fi bers, a hyperin-
tense zone is seen, which probably corresponds to partial demyelination. The deep white matter and diencephalic and brainstem 
structures are normal. c Coronal T2-weighted image in a 4-year-old girl with L-2-hydroxyglutaric aciduria (courtesy of Dr. P. 
Tortori-Donati, Genoa, Italy). White matter changes involve the subcortical white matter and spare the central white matter and 
corticospinal tracts. The globi pallidi and external capsules are also involved

a b c

Fig. 13.42a–c. Axial modular inversion recovery images in a 7-year-old male patient with L-2-hydroxyglutaric aciduria. a Both 
dentate nuclei are swollen and exhibit a prominent hypersignal. b The basal ganglia are abnormal, but the thalami are spared. The 
most marked signal abnormalities are seen at the level of the pars lateralis of the globi pallidi in this case. Extensive, leukodystro-
phy-like white matter changes, exhibiting a centripetal character. The subinsular white matter (extreme and external capsules) and 
the anterior limbs of internal capsules are involved. c The centripetal gradient of white matter changes is again well appreciated, 
but the central corticospinal tracts are spared, even peripherally (retrograde demyelination pattern)

a b c
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oxoglutarate conversion. This may be catalyzed by 
another enzyme, notably mitochondrial enzyme D-
2-hydroxyglutaric acid dehydrogenase. Since 2-oxo-
glutarate is an intermediate metabolite of glutamate, 
altered levels of this neuroexcitatory compound may 
occur in dehydrogenase deficiency [263].

The disease seems to have two different clinical 
phenotypes [105, 264]. In the severe form, disease 
onset is early postnatal. Seizures start during the first 
hours or weeks of life and are initially myoclonic, 
but very soon become generalized tonic-clonic. The 
infant may also present with severe vomiting, mis-
diagnosed as pyloric stenosis and treated surgically 
[263]. Other characteristic clinical findings are facial 
dysmorphia, lethargy, hypotonia, involuntary move-
ments, loss of vision, and severe developmental delay 
[265, 266]. Progressive microcephaly and cardiomy-
opathy are inconsistent but frequent features. Skeletal 
myopathy has also been described [267, 268].

The milder clinical phenotype is characterized by 
normo- or macrocephaly, less severe mental retarda-
tion, and hypotonia. Epilepsy, if it occurs at all, is of 
later, usually early infantile onset.

An unusual form of D-2-hydroxyglutaric aciduria 
has also been reported [269]. Clinically, its presentation 
was quite similar to the severe phenotype; the imaging 
findings, however, were very different (see below).

Imaging Findings

Despite more severe presentation and earlier onset 
of the disease in comparison with L-2-hydroxyglu-
taric aciduria, imaging findings may be quite unre-
markable in early infancy [265]. MRI usually shows 
atrophy with ventriculomegaly, due to loss of white 
matter volume. Myelination may be initially normal 
but becomes increasingly delayed for the age of the 
patient and, eventually, may be totally arrested [263, 
265, 267]. Delayed gyration and incomplete opercular-
ization are common findings, but cortical dysplasia 
in the occipital regions has also been described [264]. 
In patients examined before the age of 6 months, 
subependymal (germinolytic) cysts were invariably 
found around the frontal horns of the lateral ven-
tricles; they may later disappear. Gliotic changes in 
occipital white matter, scattered patchy cerebral white 
matter changes, and contrast enhancement on both 
CT and MRI of unknown significance, have been also 
described. Subdural effusions may also be present. 
The overall imaging pattern is somewhat reminiscent 
of that seen in glutaric aciduria type 1. Additionally, 
cerebrovascular abnormalities (aneurysms, occlusive 
cerebral arterial disease) have also been described 
[105, 268].

In an unusual form of the early onset, severe form 
of the disease, peculiar MRI findings were described. 
The findings, with periaqueductal, bilateral substan-
tia nigra, thalamic, hypothalamic, caudate nucleus, 
putamen and globus pallidus lesions, were different 
from the above described pattern, but fairly reminis-
cent of the MRI manifestations of some of the mito-
chondriopathies [269].

Interestingly, the difference between imaging 
manifestations of the severe and mild clinical pheno-
types is quite indistinct [105]: the latter have essen-
tially similar but less prominent abnormalities.

L- and D-2-hydroxyglutaric acidurias represent a 
unique example of how substantially different bio-
chemical, clinical, and imaging phenotypes can be 
found in metabolic disorders presenting with optical 
isomers of the same substance.

13.4.1.9 
Pyroglutamic Aciduria (5-Oxoprolinuria)

In the classical form, the underlying enzyme abnor-
mality is glutathione synthetase deficiency. It is an 
autosomal recessive disease; the encoding gene is 
located on chromosome 20q11.2.

Glutathione synthetase deficiency leads to accu-
mulation of 5-oxoproline (precursor of glutathione) 
and, subsequently, acidosis without ketosis or lactic 
acidosis. Unavailability of glutathione causes mem-
brane fragility of the erythrocytes, predisposing to 
hemolytic anemia. The resultant hemolytic-acidotic 
crises may be seen in both neonates and infants. 
Besides hemolytic anemia, the disease may also 
manifest with a slowly progressive encephalopathy, 
mental retardation, and seizures later in childhood. 
However, red blood cell glutathione deficiency by 
itself (with or without glutathione synthetase defect) 
does not necessarily cause 5-oxoprolinuria [270].

A rare form of the disease is related to 5-oxoprolin-
ase deficiency. Affected patients present with anemia, 
microcephaly, failure to thrive, and mental retardation.

Transient or constant 5-oxoprolinuria is a nonspe-
cific laboratory finding that can occur without defect 
in the γ-glutamyl cycle (e.g., in GM2 gangliosidosis, 
homocystinuria, urea cycle defects, tyrosinemia 
type 1, methylmalonic and propionic acidemias) [271, 
272].

Imaging Findings

Imaging findings in 5-oxoprolinuria have not been 
reported yet. In a personal observation of 5-oxopro-
linuria in a 13-year-old boy, both conventional MRI 
and 1H MRS were normal.
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13.4.1.10 
Isovaleric Acidemia

This is one of the metabolic diseases related to abnor-
malities of the L-leucine breakdown pathway. The third 
step of L-leucine catabolism is conversion of isovaleryl 
coenzyme A into 2-methylcrotonyl coenzyme A by the 
mitochondrial enzyme isovaleryl coenzyme A dehy-
drogenase. Deficiency at this level results in isovaleric 
acidemia. The disease is autosomal recessive and the 
gene is located on chromosome 15q14-q15.

Isovaleryl coenzyme A dehydrogenase deficiency 
results in accumulation of L-leucine catabolism 
byproducts, and subsequently leads to excessive 
urinary excretion of N-isovalerylglycine, isovaleric, 
3-hydroxyisovaleric, 4-hydroxyisovaleric, methyl-
succinic, mesaconic, 3-hydroxyisoheptanoic, and 
N-isovalerylglutamic acids, as well as of N-isovalery-
lalanine and N-isovalerylsarcosine. Toxic amounts of 
isovaleric and 3-hydroxyisovaleric acid and the sec-
ondary carnitine deficiency (endogenous carnitine 
reserves are rapidly depleted due to increased utiliza-
tion for detoxification of the aforementioned abnor-
mal metabolites) are probably the main causes of 
the clinical symptomatology in isovaleric acidemia. 
Hence, therapeutic attempts are aimed at offering 
alternative metabolic pathways for isovaleryl coen-
zyme A by administration of glycine (converting iso-
valeryl coenzyme A into nontoxic isovalerylglycine) 
on the one hand, and reloading carnitine stores (facil-
itating conversion of isovaleryl coenzyme A into non-
toxic isovaleryl carnitine) on the other [273, 274].

The disease has two phenotypes. The more 
common, severe form of the disease presents in the 
neonate or in early infancy and is characterized by 
severe ketosis, lactic acidosis, and hypoglycemia (due 
to lack of gluconeogenesis), rapidly leading to coma. 
Affected patients have a peculiar “sweaty feet” odor. 
Thrombocytopenia, as part of frequent pancytopenia, 
may present clinically with disseminated intravas-
cular coagulopathy. Patients with the other, chronic 
intermittent form are asymptomatic but may present 
with episodes of acute decompensation in the context 
of intercurrent infection, catabolic states (intensive 
physical exercise), or high protein intake, occasion-
ally in adulthood for the first time [275]. Laboratory 
workup usually reveals hyperglycemia, hyperammo-
nemia, neutropenia, and thrombocytopenia.

Imaging Findings

In a case of a 20-day-old newborn with isovaleric aci-
demia, brain atrophy with fronto-temporal predomi-
nance was already present. Delayed myelination was 

also suggested. On T2-weighted images, symmetrical 
signal abnormalities were seen within the posterior 
parts of putamina (Fig. 13.43).

Follow-up examinations may show delayed myelin-
ation with a possible element of demyelination. In 
others patients, no abnormalities may be found at all 
(Fig. 13.44).

Although metabolic abnormalities were clearly 
demonstrated in urine samples of a patient with iso-
valeric aciduria, no abnormality was demonstrated 
by 1H MRS using 135 and 270 ms echo times in a 
5-month-old patient with isovaleric acidemia and 
normal MRI findings [67,276].

13.4.1.11 
Multiple Carboxylase Deficiency

Multiple carboxylase deficiency is a multifactorial, 
complex metabolic disease group. Four enzymes are 
involved in multiple carboxylase deficiency:
(i)  3-methylcrotonyl coenzyme A carboxylase, respon-

sible for the conversion of 2-methylcrotonyl coen-
zyme A into 3-methylglutaconyl coenzyme A, the 
fourth step on the L-leucine breakdown pathway;

(ii) pyruvate carboxylase, responsible for the conver-
sion of pyruvate into oxaloacetate (see in oxida-
tive phosphorylation);

(iii) propionyl coenzyme A carboxylase, responsible 
for the conversion of propionyl coenzyme A into 
methylmalonyl coenzyme A (see in propionic aci-
demia);

(iv) acetyl coenzyme A carboxylase, responsible for 
the conversion of acetyl coenzyme A into malo-
nyl coenzyme A (see in fatty acid synthesis).

For all of these enzymes, biotin (a water soluble 
vitamin) is an essential cofactor.

Multiple carboxylase deficiency develops in condi-
tions characterized by unavailability of biotin, whose 
main cause is biotinidase or holocarboxylase synthe-
tase deficiency. Acquired biotin deficiency (hypovita-
minosis due to malabsorption, long-term anticonvul-
sant therapy and hemodialysis) also exists and leads to 
multiple carboxylase deficiency, but is very rare.

Biotinidase has a twofold enzymatic function. It is 
responsible for recycling biotin after it is released from 
various carboxylase enzymes through a proteolytic 
breakdown and bound to lysine and biotinyl peptides. 
Additionally, it catalyzes detachment of biotin from 
proteins through which exogenous (alimentary) biotin 
enters the body. Holocarboxylase synthetase, on the 
other hand, is a biotin carrier responsible for binding 
of biotin onto inactive apocarboxylases, which con-
verts them into active holocarboxylase enzymes.
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Holocarboxylase Synthetase Deficiency

Holocarboxylase synthetase deficiency is an autoso-
mal recessive disorder; the encoding gene is located 
on chromosome 21q22.1. Several mutations are known, 
some affecting the biotin binding center of the enzyme, 
and others causing decreased activity without chang-
ing the affinity of the enzyme to biotin [277]. These 
mutation differences and their consequences on the 
functional integrity of the holocarboxylase synthetase 
enzyme may explain the phenotypic variations of the 
disease (the principle is somewhat similar to that seen 
in glutaric aciduria type 1, see above) [278].

The disease usually presents in neonates or in infancy, 
rarely in childhood. The neonatal onset form is part of 
the devastating metabolic conditions of the newborn 
(see above), presenting with hypotonia, lethargy, vomit-
ing, seizures, and respiratory abnormalities (tachypnea, 

Fig. 13.43a–d. MR imaging fi ndings in a 
15-day-old (term) male patient with isova-
leric aciduria. a, b. Axial T2-weighted fast 
spin-echo images. Subtle and ill-defi ned 
hyperintensities are seen within the pos-
terior parts of putamina (arrowheads). 
The brain appears to be underdeveloped; 
note the immature cortical gyral pattern 
in the frontal and temporal regions. The 
white matter in the frontal lobes exhibits 
an increased signal intensity. Only traces 
of myelin are seen within the ventrolat-
eral thalamic nuclei and tectum on these 
images. c, d Axial T1-weighted inversion 
recovery images. These images confi rm 
the very poor overall myelination of brain. 
Practically no myelin is seen within the 
posterior limbs of the internal capsules, 
which indicates delayed myelination

a b

c d

dyspnea, hyperventilation) [279]; later onset forms may 
also present with acute metabolic crisis [280–283]. Lab-
oratory workup reveals metabolic acidosis with lactic 
acidosis and ketosis, hyperammonemia, and organic 
aciduria (3-hydroxypropionic acid, 3-hydroxyisovale-
ric acid, methylcitric acid, 3-methylcrotonylglycine). 
If undiagnosed and not treated promptly, the disease 
rapidly leads to coma and death. On the other hand, 
response to adequate treatment is usually favorable [279, 
280]. For this reason, screening for the disease in preg-
nancies at risk and preventive treatment of the mother 
with biotin is advocated [284, 285].

Imaging Findings

Reports of imaging studies in holocarboxylase syn-
thetase deficiency are sparse. In an infant with holo-
carboxylase synthetase deficiency, subependymal 
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cysts were identified on cranial US and MRI. On the 
6-month follow-up after biotin treatment, MRI of the 
brain showed complete resolution of the cysts, and 
the patient was neurologically normal [286].

Biotinidase Deficiency

Biotinidase deficiency also shows an autosomal 
recessive inheritance; the gene is located on chromo-
some 3p25. Again, several mutations are known, some 
causing severe, others partial enzyme deficiency.

Biotinidase deficiency usually has a later onset than 
holocarboxylase synthetase deficiency, typically in 
infancy or rarely in childhood or even during adoles-
cence [287, 288]. It manifests with a more insidiously 
developing progressive encephalopathy (spastic para-
paresis, limb muscle weakness, visual disturbances), 
although early infantile onset of the disease with 
severe, acute clinical presentation (lethargy, hypoto-
nia, seizures, lactic acidosis) is also known [289–291]. 
The laboratory findings are less relevant, since meta-
bolic acidosis and organic aciduria may be minimal or 
absent during the early stage of the disease.

a b

c d

Fig. 13.44a–d. MR imaging fi ndings in a 
14-month-old male patient with treated 
isovaleric aciduria. a, b Axial T2-weighted 
fast spin-echo images at the level of the 
deep gray matter structures. No basal 
ganglia abnormality is seen (a). Diffuse 
paucity of the myelin within the cerebral 
hemispheres, mainly peripherally (note 
the dense myelin within the corpus cal-
losum). Subtle signal inhomogeneities are 
seen within the centrum semiovale (b). c, 
d T1-weighted inversion recovery images. 
These images suggest some sparing of 
the subcortical U fi bers, which suggests a 
demyelinating element in the white matter 
disease, in addition to hypo- and delayed 
myelination

Because of possible multiple enzyme involvement 
in biotinidase deficiency (and in holocarboxylase 
synthetase deficiency as well), and since different 
enzymes in different organs (brain, liver, kidney) 
may be affected to different extents, various clini-
cal phenotypes may develop, but usually neuro-
logical complications dominate the clinical picture. 
Typically, the disease presents with developmental 
delay, hypotonia, seizures, ataxia, hearing loss (usu-
ally irreversible), optic atrophy, alopecia, and skin 
rashes; the latter are important clues to the diag-
nosis [292, 293]. CNS abnormalities and resultant 
neurological signs and symptoms are attributed to 
cerebral accumulation of lactate [294]. In extremis, 
if pyruvate carboxylase is the most severely affected 
enzyme, the disease may even present clinically and 
histopathologically as subacute necrotizing enceph-
alomyelopathy (Leigh disease) [295]. Response 
to biotin administration is usually prompt and 
dramatic. Seizures, skin changes, and metabolic 
changes rapidly resolve; other abnormalities (even 
hearing loss) may also prove to be reversible [289, 
290].
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Imaging Findings

MRI studies in early infancy show mild diffuse brain 
atrophy and delayed myelination [290, 296, 297]. 
Subtle basal ganglia abnormalities may also be found 
(Fig. 13.45).

On biotin treatment atrophic changes were found 
to be reversible and myelination also normalized 
[290, 296, 297]. Without treatment the atrophy pro-
gresses and becomes prominent (Fig. 13.13).

In one patient, basal ganglia calcifications without 
associated neurological deficit were described by CT 
at the age of 29 months [298]. In a patient with asso-
ciated severe combined immune deficiency and bone 
marrow transplantation, brain atrophy (parallel to 
neurological deterioration) was progressive, despite 
adequate biotin supplementation [296]. In an 8-year-
old child with biotinidase deficiency and multiple 
episodes of metabolic decompensation, both CT and 
MRI studies were normal [299].

1H MRS showed decreased NAA/Cr ratio and 
abnormal lactate within the brain parenchyma before 
treatment with biotin [290]. On follow-up study 
six weeks after treatment, both abnormalities disap-
peared (interestingly, CSF 3-hydroxyvaleric acid and 
lactate levels returned to normal) [290].

13.4.1.12 
3-Methylcrotonyl-Coenzyme A Carboxylase Deficiency

An isolated (biotin nonresponsive) 3-methylcrotonyl-
coenzyme A carboxylase deficiency also exists [2]. 

Clinically, the disease exhibits a broad phenotypic 
spectrum, with patients developing severe metabolic 
decompensation (hypotonia, vomiting, lactic and 
metabolic acidosis, hyperammonemia, and hypogly-
cemia) in infancy on one end of the spectrum, and 
totally asymptomatic adults on the other, although 
the biochemical phenotype of the disease is quite con-
sistent (increased urinary excretion of 3-hydroxy-
isovaleric acid and 3-methylcrotonylglycine) [2, 117, 
300, 301]. In a 16-month-old patient, metabolic stroke 
causing permanent hemiparesis was reported [117].

Imaging Findings

In mild cases, imaging studies of the brain may be 
normal [302]. Occasionally, delayed myelination 
and mild brain atrophy may be detected (Fig. 13.46). 
Reports of imaging findings in clinically severe cases 
are not available.

13.4.1.13 
β-Ketothiolase Deficiency

β-ketothiolase deficiency is a defect of mitochondrial 
2-methylacetoacetyl-coenzyme A thiolase. This is an 
autosomal recessive disorder and the defective gene 
is located on chromosome 11q22.3-q23.1.

Ketone bodies (acetoacetate and 3-hydroxybutyrate) 
are important secondary metabolic fuels and are syn-
thesized in liver mainly from fatty acids, but also from 
amino acids such as leucine (see also fatty acid oxida-
tion defects and HMG coenzyme A lyase deficiency).

Fig. 13.45a–c. MR imaging fi ndings in biotinidase defi ciency. a Axial T1-weighted inversion recovery image in a 9-month-old female 
patient. The myelination is delayed for the age of the patient. Even in the occipital regions, the peripheral myelination is very poor. 
b Axial T2-weighted fast spin-echo image in a 17-month-old male patient. The myelination is far from being accomplished, the 
peripheral white matter is very poorly myelinated in all areas, but the anterior limbs of the internal capsules are hypomyelinated 
too. c Axial T2-weighted fast spin-echo image in a 3-year-old male patient. Diffuse paucity of the myelin within the cerebral hemi-
spheres. Subtle signal abnormalities within the lateral parts of the putamina bilaterally in conjunction with slight atrophy

a b c
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In the mitochondria of end-user extrahepatic tis-
sues (brain and muscle), acetoacetate is converted into 
acetoacetyl coenzyme A. Acetoacyl coenzyme A is con-
verted into acetyl coenzyme A; the latter is then used 
for ATP production in the tricarboxylic cycle. This last 
reaction on the ketolytic pathway is catalyzed by mito-
chondrial 2-methylacetoacyl coenzyme A thiolase.

In liver, this enzyme has other metabolic functions. 
It is involved in ketogenesis (conversion of acetyl coen-
zyme A into acetoacyl coenzyme A) and degradation of 
isoleucine (conversion of 2-methylacetoacetyl coenzyme 
A into propionyl coenzyme A and acetyl coenzyme A). 
In β-ketothiolase deficiency the metabolic derangement 
is, therefore, quite complex, and is the sum of the vari-
ous functions and organ expressions of the enzyme. The 
typical laboratory presentation of β-ketothiolase defi-
ciency during metabolic decompensation is metabolic 
acidosis with ketosis, which indicates that ketolytic 
function is more dominant than ketogenetic. Excreted 
organic acids in urine are 2-methyl-acetoacetate, 2-
methyl-3-hydroxybutyrate, and tiglyl-glycine.

The disease may have a neonatal onset form, but 
the infantile form is more common [303–305]. Vomit-
ing and signs of encephalopathy (seizures, decreased 

level of consciousness) characterize the acute ketoac-
idotic metabolic crisis. Otherwise, the disease pres-
ents with developmental delay, hypotonia, ataxia, 
and pyramidal signs, sometimes even before the first 
metabolic decompensation. No extrapyramidal signs 
have been described in the disease so far. Some of 
the neurological abnormalities appear only during 
metabolic crisis and are reversible; others deteriorate 
through repeated episodes of decompensation [306].

Imaging Findings

The most characteristic imaging findings in β-
ketothiolase deficiency are bilateral lesions of the 
putamina. The lesions involve the posterior part of 
the putamina and, by the time of the imaging workup, 
usually exhibit an atrophic character. These lesions 
often present with hyposignal on both T1- and dif-
fusion-weighted images and indicate necrosis. Addi-
tionally, dentate nucleus abnormalities are also quite 
common. In some cases, the dentate nuclei exhibit 
swelling, in others these are hardly detectable, which 
may correspond to atrophy and necrosis (Fig. 13.47). 
Usually, no white matter involvement is noted, 

Fig. 13.46a–d. MR imaging fi ndings in 3-
methylcrotonyl-coenzyme A carboxylase 
defi ciency. a, b Axial T1-weighted inversion 
recovery images in a 3-month-old female 
patient. Only traces of myelin are seen 
within the optic radiations and splenium 
of corpus callosum, indicating delayed 
myelination. c, d Axial T2-weighted fast 
spin-echo images in a 15-month-old 
female patient. Mild fronto-temporal brain 
atrophy with some paucity of myelin (note 
the slight atrophy and faint hypersignal of 
splenium of corpus callosum)

a b

c d
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although rather extensive hemispheric white matter 
abnormalities have also been reported [306]. Over-
all, the combination of dentate nucleus and poste-
rior putaminal lesions constitute a rather suggestive 
imaging pattern, although other diseases, in particu-
lar biotin-responsive basal ganglia disease (see later) 
may present with similar features.

On diffusion-weighted images the swollen dentate 
nuclei are isointense, while the putaminal lesions are 
either iso- or hypointense.

1H MRS may show lactate within the lesion areas, 
occasionally with increase of the Cho peak.

13.4.1.14 
α -Ketoglutaric Aciduria

α-ketoglutaric aciduria is a rare disorder of the tricar-
boxylic cycle. The underlying metabolic abnormality is 
partial or complete deficiency of α-ketoglutarate dehy-
drogenase. The disease has two clinical phenotypes, one 

associated with partial, and another with total enzyme 
deficiency. The disease related to the partial enzyme 
deficiency presents with slowly progressive neurological 
manifestations in infancy or early childhood but without 
systemic metabolic disturbances. The clinical picture is 
dominated by extrapyramidal signs, notably tremor and 
choreoathetosis [307, 308]. Seizures, swallowing diffi-
culties, and hypotonia have also been described. Total 
absence of enzyme activity was associated with severe 
systemic lactic acidosis, the overall clinical picture being 
quite similar to pyruvate dehydrogenase deficiency 
[309]. This form may lead to death in late infancy.

Imaging Findings

MRI reveals bilateral basal ganglia disease, but ill-
defined signal changes may be present within the 
thalami as well (Fig. 13.48). In milder forms, only the 
putamina may be affected. In severe cases, the heads 
of the caudate nuclei are atrophic too. The latter leads 

Fig. 13.47a–c. MR imaging fi ndings in β-ketothiolase defi ciency. a Axial T2-
weighted fast spin-echo image in a 14-month-old male patient. Ill-defi ned 
and rather faint but clear signal abnormalities within the posterior parts 
of putamina bilaterally (arrows), at this stage without atrophy. Suggestion 
of delayed and hypomyelination. b Axial T2-weighted fast spin-echo image 
in a 7-year-old female patient. Similar fi ndings as in the previous patient 
(arrows), but the lesions exhibit an atrophic character. c Coronal T2-weighted 
image in the same patient as on image b. Somewhat atrophic and abnormal 
hyperintense appearance of the dentate nuclei (arrowheads)
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to enlargement of the frontal horns of the lateral ven-
tricles. There is also mild diffuse brain atrophy [307].

13.4.1.15 
Primary Lactic Acidosis

Primary lactic acidosis represents a complex group 
of pathologies, some belonging to respiratory chain 
defects and others to disorders of pyruvate metabo-
lism. Lactic acid is a product of anaerobic metabo-
lism of glucose. Lactic acidosis is frequently found in 
inborn errors of metabolism (primary or secondary 
lactic acidosis), but may be acquired as well.

Primary lactic acidosis is caused by impairment of 
lactate and pyruvate oxidation and disorders of the 
Krebs cycle or of the respiratory chain. Secondary 
lactic acidosis is present in several other metabolic 
diseases, notably in organic acidemias, urea cycle and 
fatty acid oxidation defects.

Acquired causes of lactic acidosis include cardio-
pulmonary disease, severe anemia, malignancy, dia-
betes mellitus, hepatic failure, and postconvulsion 
status; lactic acidosis can also be drug-related.

Mitochondrial enzyme defects that cause primary 
lactic acidosis include pyruvate transcarboxylase, pyru-
vate dehydrogenase, and cytochrome c oxidase defi-
ciencies. These are discussed in greater detail among 
disorders of mitochondrial energy metabolism.

13.4.2 
Amino Acidopathies

Amino acidopathies usually present preferentially 
with white matter disease; however, clinical (sei-

zures) and electrophysiological (EEG) signs also sug-
gest gray matter involvement.

13.4.2.1 
Urea Cycle Defects

This group includes carbamylphosphatase syn-
thetase, ornithine transcarbamylase, argininase 
(hyperargininemia), argininosuccinic acid lyase 
(argininosuccinic aciduria), and argininosuc-
cinic acid synthetase (citrullinemia) deficiencies. 
Carbamyl phosphatase synthetase and ornithine 
transcarbamylase are “mitochondrial” enzymes, 
whereas argininosuccinate synthetase, arginino-
succinate lyase and argininase are found within the 
cytosol. Ornithine transcarbamylase deficiency 
has an X-linked recessive inheritance; the other 
diseases are autosomal recessive. The mutant genes 
are located on chromosome 2q35 in carbamylphos-
phatase synthetase, on 9q34 in argininosuccinic 
acid synthetase, on 7cen-p21 in argininosuccinic 
acid lyase, and on Xp21.1 in ornithine transcarba-
mylase deficiency.

The urea cycle is a complex metabolic process. It is 
involved in the synthesis of arginine and in the elimi-
nation of excess nitrogen, through conversion of toxic 
ammonia into nontoxic urea. Impairment of the urea 
cycle has significant consequences:

1. Arginine becomes an essential amino acid (except 
in hyperargininemia).

2. Severe hyperammonemia develops. Besides its 
direct toxic effect, it leads to disequilibrium 
between excitatory (glutamate) and inhibitory 
(GABA) neurotransmitters through stimula-

Fig. 13.48a–c. MR imaging fi ndings in an 11-year-old male patient with α-ketoglutaric aciduria. a–c Axial T2-weighted fast spin-
echo images. In this patient, only partial putaminal lesions are present, while the caudate nuclei and the thalami are spared. Signal 
abnormalities and atrophic changes involve the lateral and the posterior parts of the putamina

a b c
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tion of glutamate synthesis from glutamine and 
ammonia at the presynaptic level. Although the 
exact mechanism of resultant damage to neu-
rons (“glutamate suicide”) is still poorly under-
stood, this is felt to be one of the major factors 
behind development of the devastating effects on 
brain parenchyma in urea cycle defects (and in 
some organic acidurias such as glutaric aciduria 
type 1, see earlier). Alternatively, deleterious con-
sequences of increased infl ux of tryptophan into 
the brain (in exchange for overproduced gluta-
mate due to hyperammonemia) have also been 
advocated [310].

The most common metabolic derangements in all 
of the disease entities referred to as urea cycle defects 
are hyperammonemia and impaired metabolism of 
various amino acids (alanine, glutamine, citrulline, 
and arginine).

Some urea cycle defects typically present in neo-
nates as devastating metabolic diseases. Ornithine 
transcarbamylase deficiency, carbamylphosphatase 
deficiency, and citrullinemia usually occur very 
shortly after birth; argininosuccinic aciduria usually 
has onset a few days later.

In urea cycle defects, hyperammonemia leads to 
diffuse brain edema, responsible for signs of raised 
intracranial pressure on physical and neurological 
examination (lethargy, hypotonia, vomiting, hypo-
thermia, seizures, bulging fontanel, and rapidly 
increasing head circumference). Hyperventilation 
results in characteristic respiratory alkalosis [311]. 
Immediate postnatal diagnosis and treatment of urea 
cycle defects is of utmost importance, since delay in 
appropriate management leads to death or severe and 
irreversible neurological deficit [310].

If the disease is of later onset (infantile, juvenile, 
or adult forms), it may manifest with neurological 
signs and symptoms of acute or chronic encephalop-
athy (ataxia, abnormal behavior). In hyperarginin-
emia, the typical presentation is a slowly progressive 
encephalopathy.

Imaging Findings

CT and MRI findings in neonates with urea cycle 
defects are dominated by prominent brain swelling 
and white matter signal changes related to vasogenic 
edema [312, 313]. The myelinated white matter is less 
severely affected than nonmyelinated structures. This 
is in sharp contrast to maple syrup urine disease and is, 
therefore, a useful differential diagnostic clue in MRI. 
Gray matter structures (basal ganglia, cortex) may also 
be involved in the most severe cases (Fig. 13.49).

MRI studies during metabolic crises in the later 
(infantile, adult) onset forms of some of the urea 
cycle defects (ornithine transcarbamylase deficiency, 
citrullinemia) often show multiple abnormal signal 
intensity lesions within the cerebral hemispheres asso-
ciated with swelling. The lesions, which involve both 
cortical and subcortical structures, exhibit a stroke-
like appearance, but these are of metabolic, rather 
than ischemic origin, somewhat similar to lesions 
in MELAS [76, 107, 112, 314]. Stroke-like lesions are 
quite extensive in infants and sometimes involve the 
entire hemisphere; in adults they are more limited. 
Occasionally, subtle lesions may be present within the 
deep gray matter structures as well. In chronic stage 
of the disease, ill-defined white matter changes and 
diffuse brain atrophy are found (Fig. 13.50).

Diffusion-weighted images in neonates with urea 
cycle defect show signal heterogeneities with some 
prominence of hypointensities within the lesion 
areas, consistent with vasogenic edema.

1H MRS in urea cycle defects usually shows 
decreased mI but, more importantly, increased gluta-
mine-glutamate peak complexes in the brain paren-
chyma, the latter indicative of hyperammonemia [76, 
313, 315]. Glutamine is usually easier to demonstrate 
with short echo time (20 ms), but high concentrations 
may also be detectable at longer echo times (135 ms) 
(Fig. 13.21). Lactate is frequently shown in ornithine 
transcarbamylase deficiency. Additional 1H MRS 
abnormalities include decreased NAA, Cho, and Cr. 
Similar changes may occur in hepatic encephalopa-
thy; therefore, these are nonspecific, but highly sug-
gestive findings in appropriate clinical settings.

13.4.2.2 
Maple Syrup Urine Disease

Maple syrup urine disease (MSUD) is an autoso-
mal recessive disorder. It is related to deficiency of 
branched-chain α-keto acid dehydrogenase enzyme, 
converting 2-oxoisocaproic, 2-oxo-3-methyl-N-valeric 
and 2-oxoisovaleric acids into isovaleryl coenzyme A, 2-
methylbutyryl coenzyme A, and isobutyryl coenzyme A 
(the second step on the L-leucine, isoleucine, and valine 
breakdown pathway). The encoding genes of the three 
enzyme subunits are located on chromosomes 19q13.1 
and 6p21-p22 (E1 α- and β-subunits), 1p31 (E2-subunit) 
and 7q31-q32 (E3-subunit). The E3-subunits of pyru-
vate dehydrogenase (see later in pyruvate dehydroge-
nase deficiency), α-keto acid dehydrogenase (defective 
in α-ketoglutaric aciduria, a metabolic disease with late 
infantile or childhood onset), and branched-chain α-
keto acid dehydrogenase (in MSUD) are identical and 
encoded by the same gene in prokaryotic cells [316].



 611Metabolic Disorders

a b c

d

e f

g h

Fig. 13.49a–h. MR imaging fi ndings in metabolic crisis in urea cycle defect (carbamylphosphatase synthetase defi ciency) in a 
15-day-old male neonate. a–d Axial T2-weighted fast spin-echo images. Diffuse brain edema with extensive white matter signal 
changes, with relative sparing of myelinated structures (e.g., posterior brainstem structures). Abnormal hyperintensities are sug-
gested within the thalami and the anterior part of the putamen on the right side. e–h Axial T1-weighted inversion recovery images. 
The relative sparing of the myelinated structures in the brainstem is better appreciated on these images. In some areas the cerebral 
cortex appears to be involved
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Fig. 13.50a–h. MR imaging fi ndings in the chronic stage of urea cycle defects. a–d Axial T2-weighted fast spin-echo (a, b) and T1-
weighted inversion recovery (c, d) images in a 1-year-old female patient with argininosuccinic aciduria. Subtle signal abnormalities 
are seen within the globi pallidi and heads of the caudate nuclei. Diffuse hypomyelination with an element of delayed myelination 
affecting mainly peripheral white matter structures. e–h Axial T2-weighted fast spin-echo images in a 5-year-old male patient with 
citrullinemia. Extensive, predominantly subcortical white matter lesions associated with atrophy. In the subinsular and occipital 
regions, cortical structures appear to be involved. Subtle signal changes are suggested within the heads of the caudate nuclei, per-
haps even within the globus pallidus on the right side. Note severe atrophy of the splenium of the corpus callosum (f, g)
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Due to the underlying enzyme defect, the metab-
olism of the aforementioned intermediate metabo-
lites in the breakdown of L-leucine, L-isoleucine, 
and L-valine is interrupted in MSUD. As a result, 
increased concentrations of branched-chain amino 
acids (leucine, valine, and isoleucine) and their 
keto-acid and 2-hydroxy derivatives appear in 
blood, urine, and CSF. The biochemical effects of 
marked elevation of branched chain keto acids and 
amino acids in body f luids include impairment of 
the metabolism of neurotransmitters and of other 
compounds, which are important in energy metab-
olism (pyruvate and glucose) and in the synthesis 
of proteins and myelin.

Four clinical phenotypes of MSUD are distin-
guished: classical, intermediate, intermittent, and 
thiamine responsive forms.

The most severe form is classical MSUD, charac-
terized by early postnatal onset and rapidly progres-
sive neurological deterioration. The disease typi-
cally presents between the fourth and seventh day 
after birth with poor feeding, vomiting, ketoacido-
sis, hypoglycemia, lethargy, seizures, f luctuating 
ophthalmoplegia, alternating muscle tone changes, 
coma, and a characteristic odor of maple syrup. If 
untreated, the disease leads to death. The main cause 
of death during acute metabolic decompensation is 
brain edema, whose exact pathomechanism is not 
fully understood [317]. Notably, it is unclear whether 
the deleterious effect of the disease on the develop-
ing brain is due to direct toxic effects of abnormal 
metabolites or secondary mechanisms (sequelae of 
hypoxia, hypoglycemia, and/or acidosis) intervene 
as well. The accumulation of the abnormal inter-
mediate metabolites may impair the blood-brain 
barrier; this may be the cause of severe vasogenic 
edema. Toxic amounts of leucine may interfere with 
normal myelin metabolism. As suggested by elec-
trophysiological data, it is probably the abnormal 
myelin build-up, rather than demyelination, that is 
responsible for the neurological sequelae in MSUD. 
Early diagnosis and an appropriate dietary regimen 
improve long term outcome in MSUD patients, but 
intercurrent decompensation is always a possible 
life-threatening complication even later in life. If 
treatment was early (preferably preventive) and effi-
cient, affected children may develop normally, but 
residual neurological deficit (spasticity, psychomo-
tor delay) is quite common.

The intermediate and intermittent forms of MSUD 
have a more insidious clinical pattern. The first meta-
bolic crisis may appear in late infancy or early child-
hood. The thiamine responsive form is encountered 
in all age groups.

Imaging Findings

Both CT and conventional MRI show diffuse swell-
ing of the brain [318]. This is partially due to exten-
sive vasogenic edema which involves nonmyelinated 
white matter structures. On the other hand, promi-
nent signal changes and swelling are also pres-
ent within myelinated brain areas (schematically, 
posterior brainstem tracts, central cerebellar white 
matter, posterior limbs of the internal capsules, and 
central corticospinal tracts within the cerebral hemi-
spheres), representing “myelin” edema, believed to 
be secondary to vacuolating myelinopathy [319–321] 
(Fig. 13.51).

In neonates and young infants, germinolytic cysts 
in periventricular location are frequently found within 
cerebral hemispheric white matter (Fig. 13.52).

Identification and differentiation of the two 
coexisting pathological processes and the resultant 
distinctly different edema types is straightforward 
with DWI. Myelin edema presents with isotropi-
cally restricted water diffusion, hence appears to be 
hyperintense on all directional anisotropy images. 
On the contrary, vasogenic edema is characterized by 
isotropically increased water diffusion which causes 
hyposignal on diffusion-weighted images. On ADC 
map images, areas of myelin edema are hypointense 
[322, 323]. The sharp contrast between the signal 
properties of these two edema types and peculiar 
distribution of the pathological hypersignal (strictly 
limited to myelinated white matter structures) result 
in a practically pathognomonic imaging pattern on 
diffusion-weighted images (Fig. 13.53).

1H MRS may also have a role in the diagnostic 
work-up. The protons of methyl groups of branched-
chain amino acids resonate at 0.9–1.0 ppm, whereas 
in healthy subjects no detectable peak is found. How-
ever, in patients with MSUD, and especially during 
the acute metabolic decompensation when plasma, 
CSF, and cerebral levels of branched chain amino 
acids and keto acids are elevated, a more or less prom-
inent peak appears at 0.9–1.0 ppm on both short- and 
long echo-time spectra [323, 324] (Fig. 13.21). This 
provides further support to the diagnosis and may 
warrant specific laboratory tests and adequate treat-
ment. Frequently, an elevated lactate peak is found 
at 1.3 ppm, which reflects the impairment in energy 
metabolism and utilization of pyruvate in the citric 
acid cycle. The NAA peak may also be low during 
acute decompensation.

The imaging findings in the intermittent and inter-
mediate forms of MSUD are somewhat less character-
istic. Typically, brain atrophy, delayed myelination, 
and pathological signal changes within upper brain-
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Fig. 13.51a–d. Axial T1-weighted spin-
echo images in an 8-day-old female patient 
immediately after the onset of maple 
syrup urine disease. a–d Both myelinated 
and nonmyelinated white matter struc-
tures exhibit an abnormal, hypointense 
appearance. In this case the brain edema 
is rather mild

a b

c d

Fig. 13.52a–c. Germinolytic cysts in an 8-day-old female patient with maple syrup urine disease (same patient as in Fig. 13.51). a 
On the axial T2-weighted fast spin-echo image, periventricular cysts are not conspicuous. Increased signal within the pyramidal 
tracts is suggested, consistent with myelin edema. b On the T1-weighted spin-echo image, the cysts are faintly visualized. c FLAIR 
image enables easy identifi cation, due to sharp contrast between fl uid-fi lled cavities and adjacent brain parenchyma. The extensive 
vasogenic edema within the nonmyelinated white matter is well appreciated on all image types

a b c
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stem structures, thalami, globi pallidi, and centrum 
semiovale are observed [321]. Diffusion-weighted 
images show hyperintense signal abnormalities in 
the aforementioned areas, but they are usually rather 
subtle. From an imaging standpoint, the intermittent 
form of MSUD may, therefore, be somewhat reminis-
cent of Canavan disease in early stage, but the clinical 
context and the laboratory findings allow easy differ-
entiation between them (Fig. 13.54).

In treated MSUD cases, CT findings suggested 
reversibility of the abnormalities [318]. However, on 
conventional MRI and DWI, findings almost never 
return to completely normal [320, 323]. Usually, more 
or less prominent residual abnormalities, including 
diffuse brain atrophy, delayed myelination, and deep 
gray matter structural lesions, are noted. The pat-
tern of the structural lesions is very similar to those 
observed in the intermittent form of MSUD; occa-
sionally, additional abnormalities are also present, 
notably in hypothalamic structures, dentate nuclei, 
and cerebellar or cerebral hemispheric white matter 
(Fig. 13.55).

Subtle DWI abnormalities may be present in 
treated and well-compensated patients.

In therapy responsive cases, 1H MRS also shows 
improvement [324, 325], but total normalization of 
the branched-chain amino-acid peak complex may 
not be achieved, since branched-chain amino acids 
are essential (not synthesized in the human body) 
and, therefore, total dietary withdrawal is not pos-
sible (Fig. 13.27).

13.4.2.3 
Phenylketonuria

Phenylalanine is an essential amino acid. Impair-
ment of the phenylalanine hydroxylating system (i.e., 
block in the conversion of phenylalanine into tyro-
sine) results in insufficient breakdown and decreased 
blood concentration of tyrosine and increased blood 
concentration of phenylalanine (hyperphenylalanin-
emia), which leads–through an alternate metabolic 
pathway–to increased excretion of phenylketones and 
phenylamines in urine, i.e., phenylketonuria (PKU).

Two forms of PKU are known. The more fre-
quent “classical” PKU (98%) is caused by deficiency 
of hepatic phenylalanine hydroxylase enzyme. 
Depending on residual enzyme activity, three clini-
cal phenotypic subgroups are identified. Type 1 is 
the classical PKU with infantile onset and the lowest 
residual enzyme activity (less than 1%), type 2 is the 
milder variant of the same (1%–5% residual enzyme 
activity), and type 3 is called persistent hyperphe-
nylalaninemia (more than 5% with serum phe-

nylalanine levels inferior to 600 μM/l). The other, 
more “malignant” and rare form of the disease is 
related to deficiency of tetrahydrobiopterin (BH4), 
which is a cofactor of the hydroxylase enzyme and 
as such, is also indispensable in the breakdown of 
phenylalanine into tyrosine. In the malignant form, 
either synthesis or recycling of tetrahydrobiopterin 
is impaired through a number of possible enzyme 
(guanosine-triphosphate-cyclohydrolase, 6-pyru-
voyltetrahydropterin-syntethase, dihydropteridine 
reductase, tetrahydropterin carbinolamine dehy-
dratase) deficiencies. Blood phenylalanine levels in 
this form are usually above 1200 μM/l.

PKU is a common metabolic disorder character-
ized by an autosomal recessive inheritance pattern. 
The defective genes are located on chromosome 
12q24.1 in the classical type, and on chromosome 
4p15.31 in the malignant type.

The complex pathomechanisms through which 
clinical, histopathological, and imaging abnormali-
ties develop in PKU are progressively revealed [326]. 
Hyperphenylalaninemia is associated with increased 
brain phenylalanine concentrations. Parallel to this, 
tyrosine and tryptophan content of brain decreases. 
This is believed to be due to a competition for a satu-
rable common transporter of large neutral amino 
acids through the blood-brain barrier, to which phe-
nylalanine seems to have a greater affinity than the 
others. Increasing evidence suggests that it is intra-
cerebral depletion of tyrosine and tryptophan which 
causes the secondary CNS abnormalities, rather than 
increased cerebral concentration of phenylalanine. 
Intracerebral unavailability of the aforementioned 
amino acids causes impairment of protein, and hence, 
myelin synthesis. The reduced amount of synthesized 
myelin is probably also abnormal (dysmyelination), 
presumably due to reduction of the sulfatide con-
tent. This causes fragility of myelin basic protein in 
particular, with subsequent increased myelin break-
down (demyelination). Phenylalanine itself may also 
have a direct toxic effect on some oligodendrocytes 
(so-called phenylalanine-sensitive oligodendro-
cytes residing in areas which myelinate after birth, 
as opposed to phenylalanine-insensitive oligoden-
drocytes, which are found in areas which myelinate 
prenatally), leading to decreased myelin producing 
activity (hypomyelination) [327]. Another possible 
pathomechanism in the development of neurological 
complications in PKU is impairment of biosynthesis 
of neurotransmitters (dopamine, noradrenaline, and 
serotonin) due to the unavailability of their precur-
sors, tyrosine and tryptophan.

The resultant neuropathological changes in 
untreated PKU patients are in keeping with the above 
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Fig. 13.53a–l. Conventional and diffusion-weighted imaging of the different edema types in maple syrup urine disease. a–d Axial 
T2-weighted fast spin-echo images. Both types of edema (vasogenic and myelin) present with hypersignal on these images. The 
myelin edema however, which involves the myelinated white matter structures appears to be somewhat more prominently hyperin-
tense (note the increased signal within the pyramidal tracts (e.g., within the posterior limbs of the internal capsules) with respect 
to the rest of the centrum semiovale (c, d). e–h Axial diffusion-weighted echo-planar images (b = 1000s). On these images, the 
myelin edema presents with marked hypersignal, whereas vasogenic edema is hypointense. The hyperintensities provide an accu-
rate myelination map of the brain (posterior brainstem tracts, central cerebellar white matter, optic radiations, pyramidal tracts). 
i–l Apparent diffusion coeffi cient (ADC) map images. These images confi rm the restriction of water diffusion within the areas of 
vacuolating myelinopathy (hyposignal) and the increased water diffusion in the areas of vasogenic edema (hypersignal)

Fig. 13.54a–h. Conventional and diffusion-
weighted MR imaging fi ndings in a 2-year-
old male patient with intermittent maple 
syrup urine disease. a–d Axial T2-weighted 
fast spin-echo images. Mild fronto-tem-
poral brain atrophy in conjunction with 
rather extensive gray and white matter 
signal abnormalities. The most markedly 
involved structures are the upper brain-
stem, diencephalon (including thalami), 
globi pallidi, optic radiations, and central 
centrum semiovale (note sparing of subcor-
tical U fi bers). e–h Axial diffusion-weighted 
echo-planar images (b = 1000s). The signal 
abnormalities are less prominent than in 
the neonatal onset form, but correlate well 
with T2-weighted imaging fi ndings
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Fig. 13.55a–h. Follow-up MR imaging fi ndings in patients with treated maple syrup urine disease. a–d Axial T2-weighted fast 
spin-echo (a, b) and diffusion-weighted echo-planar (c, d) images in a 2.5-year-old female patient. Rather unremarkable residual 
abnormalities are seen, notably faint hypersignal within the tegmentum of the pons, at the level of the globi pallidi, and within 
subinsular white matter structures. On diffusion-weighted images, very subtle hypersignal is suggested within the globi pallidi. e–h 
Axial T2-weighted fast spin-echo (e, f) and diffusion-weighted echo-planar (g, h) images in a 14-month-old female patient who 
had late diagnosis and delayed treatment. Prominent residual signal changes are seen on both conventional and diffusion-weighted 
images within the brainstem, thalami, and globi pallidi. Very severely delayed overall myelination
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[328]. These show evidence of defective myelination 
(hypomyelination) and myelin maintenance (demy-
elination). The most severely affected areas are those 
which myelinate postnatally. In addition to white 
matter abnormalities, histopathological studies sug-
gest impairment of postnatal development of cerebral 
cortex as well. These observations provide explana-
tion for some of the most common neurological man-
ifestations of PKU, notably mental retardation and 
seizures, which cannot be explained exclusively by 
white matter disease.

PKU is a “pure” neurometabolic disease. Clinical 
and imaging manifestations of classical and malig-
nant forms of PKU are, however, different.

Classical PKU

In classical, type 1 form, the disease usually starts 
in early infancy. Microcephaly, hypopigmentation, 
delayed development, and infantile spasms are 
common early clinical features of the disease. Later, 
pyramidal and extrapyramidal signs, generalized 
tonic-clonic seizures, behavioral changes, and mental 
retardation develop. After childhood, further pro-
gression is usually very slow but, occasionally, rapid 
deterioration may also occur in young adulthood.

In early-treated patients with type 1 disease, ulti-
mate neuropsychological and neurological outcome 
is not completely normal. Affected patients have a 
lower IQ than age-matched controls and subtle pyra-
midal (fine motor skills) and extrapyramidal (tremor) 
abnormalities are detectable on careful neurological 
assessment [151].

In the type 3 form of the classical disease, affected 
patients are totally asymptomatic and, therefore, do 
not require dietary restrictions [329].

Imaging Findings

In the mild form (type 3) of classical PKU, MR exami-
nations may be totally normal, even on repeated 
follow-up studies [330].

In early treated patients with type 1 and type 2 
PKU, MR images often show mild to moderate 
supratentorial white matter signal abnormalities. 
Typically, these changes appear in parieto-occipital 
periventricular regions lateral to optic radiations, as 
ill-defined hyperintensities on T2-weighted images 
[151, 330, 331]. The subcortical U fibers are often, but 
not always, spared (Fig. 13.56).

In noncompliant or untreated patients, patchy or 
confluent white matter changes are present, initially in 
the occipital periventricular region, and later extend-
ing anteriorly to the frontal and temporal regions 

of the brain [330]. The subcortical U-fibers and the 
corpus callosum may also be involved [332, 333]. The 
internal capsules, brainstem, and cerebellar structures 
are typically, but not always, spared. If brainstem or 
cerebellar abnormalities are present, these are usually 
associated with more severe supratentorial imaging 
manifestations [334]. The severity and extent of the 
white matter lesions, according to several reports, tend 
to correlate with the efficacy of dietary control (in par-
ticular blood phenylalanine level), including patient 
compliance [330, 333–336]. On the other hand, no con-
sistent correlation exists between the magnitude of the 
white matter changes and the presence and degree of 
mental retardation [334, 337]. On appropriate treat-
ment, white matter changes may show improvement; 
after cessation of dietary control, these may deterio-
rate again [330, 338]. No macroscopic structural imag-
ing abnormalities are found within the cortex and deep 
gray matter structures, despite compelling pathologi-
cal evidence of structural cortical changes. Occasion-
ally, cortical atrophy may be present [332].

DWI data in classical PKU suggest that two dif-
ferent types of histopathological changes may occur 
within the cerebral white matter, probably represent-
ing different stages of white matter injury [339, 340]. 
Cerebral periventricular white matter lesions were 
found to exhibit either high signal intensity on dif-
fusion-weighted images associated with decreased 
ADC value (dysmyelination), or an iso- or hypoin-
tense appearance and increased ADC value (demy-
elination) (Fig. 13.56).

Conventional 1H MRS in treated patients may be 
normal as far as the usual metabolites and their rela-
tive ratios are concerned (in the upfield portion of the 
spectrum, from 0–4 ppm) [330, 334, 341]. However, in 
the downfield portion of the spectrum (4–10 ppm), 
which is usually not assessed in routine spectroscopic 
studies, the presence of intracerebral phenylalanine 
and its dynamics with respect to plasma phenylala-
nine level changes may be directly demonstrated, even 
at 1.5 T field strength [341, 342]. The phenylalanine 
peak appears at the 7.37 ppm level. Quantitative analy-
sis showed that brain concentration of phenylalanine 
is always lower than serum levels, but show a linear 
correlation at lower plasma concentration levels. If 
plasma concentration is higher than 1300 μM/l, brain 
concentrations do not increase further, supporting the 
hypothesis of the saturable blood-brain barrier trans-
port mechanism as discussed earlier [343].

Malignant PKU

In the malignant form, microcephaly and delayed 
development are also typical but the disease–if not 
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Fig. 13.56a–h. MR imaging fi ndings in 
treated classical phenylketonuria in a 
10-year-old male patient. a–d Axial T2-
weighted fast spin-echo images. Extensive, 
mild hyperintensities within the cerebral 
hemispheric white matter (compare with 
the spared, hypointense subcortical U 
fi bers in the frontal regions). More promi-
nent signal changes are seen in frontal and 
parieto-occipital periventricular areas. 
Posteriorly, the volume of the white matter 
is reduced. e–h Axial diffusion-weighted 
echo-planar images (b = 1000s). The peri-
ventricular lesion areas are hyperintense
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treated–often leads to death in early childhood. 
Neurologically, the patients present with prominent 
early-onset extrapyramidal signs (infantile Parkin-
sonism, choreoathetosis) as well as myoclonic and 
grand mal seizures. Additionally, truncal hypotonia 
with increased tone within the limbs and progressive 
pyramidal and bulbar signs develop in conjunction 
with severe cognitive deterioration [344].

Imaging Findings

In the biopterin-dependent form of PKU, the most 
characteristic, albeit not constant, CT imaging abnor-
malities consist of calcifications at the level of the 
putamina and/or globi pallidi as well as along the cor-
tical-subcortical junction area in the frontal regions 
[345, 346] (Fig. 13.57). It is somewhat similar to what 
may be seen in carbonic anhydrase II deficiency (see 
later). Otherwise, progressive atrophy and white 
matter changes are noted; the latter are occasionally 
discrepantly mild with respect to the clinical presen-
tation [344].

MRI studies show signal changes within the cal-
cified areas, appearing hyperintense on T1- and 
hypointense on T2-weighted images [345]. Addi-
tionally, white matter lesions are also demonstrated; 
sometimes they are diffuse and prominent, in other 
cases focal, with cystic degeneration in the parietal-
occipital regions [344, 345]. In this form, the poste-
rior limbs of the internal capsules are often affected. 
Gyral hyperintensities along the cortical ribbon on 
T1-weighted images have also been reported; it is, 
however, unclear whether these represented mineral-

ization or hypoxic-ischemic changes (cortical lami-
nar necrosis) [346].

Improvement of the changes on follow-up imag-
ing studies has been documented even in this form 
of PKU, underlying the importance of early diagnosis 
and treatment [344].

13.4.2.4 
Hyperhomocystinemias

Hyperhomocystinemias develop in several different 
conditions due to the complexity of the homocysteine 
metabolism. Disorders in this group include cysta-
thionine β-synthetase enzyme deficiency (homo-
cystinuria), methionine synthetase (also called 5-
methylhydrofolate:homocysteine methyltransferase) 
deficiency, folate deficiency, defect of folate metab-
olism (5,10-methylene-tetrahydrofolate reductase 
deficiency), cobalamin (vitamin B12) deficiency, and 
defects of cobalamin metabolism (methionine syn-
thetase deficiency in isolated methylcobalamin and 
combined methyl- and adenosylcobalamin deficien-
cies (see earlier in methylmalonic acidemia).

The three key enzymes in the pathogenesis of 
hyperhomocystinemia are cystathionine β-synthe-
tase, methionine synthetase, and 5,10-methylene-tet-
rahydrofolate reductase (MTHFR), but at the cofactor 
level other substances, notably folate, as well as B12 
(cobalamin) and B6 (pyridoxine) vitamins, also play 
an important role.

The metabolism of homocysteine is closely linked to 
that of methionine [347]. In fact, metabolism of methi-
onine into homocysteine is a particularly important 

Fig. 13.57a–c. CT abnormalities in “malignant” biopterin dependent form of phenylketonuria in an 11-year-old male patient. a–c 
Unenhanced axial CT images of brain show prominent calcifi cations at the level of basal ganglia and subcortical white matter 
structures. Faint hyperdensities are also seen within the cerebellum

a b c
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biochemical process, often referred to as the methyl-
transfer pathway. Through this multi-step metabolic 
process, important methyl groups are transferred to 
other essential acceptor molecules (DNA, neurotrans-
mitters, proteins, phospholipids, polysaccharides). 
The end product of the methyl-transfer pathway is 
homocysteine. The latter may be further metabolized 
through two different pathways. On the one hand, it 
may be remethylated and hence “recycled” into methi-
onine (remethylation pathway) or, alternatively, it may 
be catabolized into cystathionine, cysteine, and even-
tually sulfate (transsulfuration pathway).

1. Defect of the Transsulfuration Pathway

Cystathionine β-synthetase (converting homocyste-
ine into cystathionine) is involved in the transsul-
furation process. Cystathionine β-synthetase defi -
ciency is the most frequent cause of homocystinuria. 
Patients with cystathionine β-synthetase defi ciency 
present with hyperhomocystinemia and, because of 
the secondary impairment of the transmethylation 
pathway, with hypermethioninemia as well.

2. Defects of the Remethylation Pathway

The so-called remethylation pathway may be 
impaired by defi ciency of methionine synthetase 
or of 5,10-MTHFR enzyme, or also by unavailabil-
ity of methylcobalamin or folate.
Methionine synthetase (together with betaine-
homocysteine methyltransferase) is responsible for 
remethylation of homocysteine, or in other words, 
recycling of homocysteine into methionine. Resyn-
thetized methionine will, therefore, be again avail-
able on the aforementioned methyl-transfer pathway 
as a potent methyl group donor. Methylcobalamin 
is an essential cofactor of methionine synthetase.
The conversion of homocysteine into methionine 
through transfer of a methyl group by the methi-
onine synthetase enzyme requires 5-methyltet-
rahydrofolate as a cosubstrate (it is the actual 
methyl group donor). 5-methyltetrahydrofolate 
is an intermediate product of folate cycle, whose 
synthesis is catalyzed by the 5,10-MTHFR enzyme 
from 5,10-methylene-tetrahydrofolate. Folate is an 
indispensable precursor in the folate cycle.
Patients with methylcobalamin (and cobalamin) 
or the rare isolated methionine synthetase enzyme 
deficiency, as well as with 5,10-MTHFR (and folate) 
deficiency, present with hyperhomocystinemia 
without hypermethioninemia.
Methylcobalamin and adenosylcobalamin are syn-
thesized from cobalamin; the latter is exclusively 
of dietary origin. It is noteworthy that adenosylco-
balamin is a cofactor of methylmalonyl-coenzyme 

A mutase, patients with cobalamin and combined 
methyl- and adenosylcobalamin deficiency present 
with a “dual” metabolic disorder, notably hyper-
homocystinemia and methylmalonic aciduria (see 
more in detail in methylmalonic aciduria) [178].

The major clinical manifestations of hyperho-
mocystinemias are ophthalmological, vascular, and 
neurological.

The ophthalmological complications consists of 
dislocation of the lens. It is believed to be secondary 
to the destructive effect of homocysteine on fibrillin 
in connective tissues.

Vascular complications consist of occlusive vas-
cular disease affecting both arteries and veins. The 
pathomechanism of atherosclerosis and thrombosis is 
not fully understood; nevertheless, direct toxic injury 
by homocysteine to the endothelium through oxida-
tion, as well as other factors (reactive proliferation of 
smooth muscle cells, enhancement of certain coagu-
lation factors and platelet aggregation, oxidation of 
low-density lipoproteins) predisposing to subsequent 
thrombosis particularly in areas of endothelial damage, 
are the most likely contributing factors [24,348].

Neurological complications in hyperhomocys-
tinemias are mainly related to myelination abnormali-
ties within the brain and spinal cord. The pathogenesis 
of hypo-, dys-, and demyelination in hyperhomocys-
tinemias and in combined methylmalonic acidemia 
and homocystinuria is being progressively elucidated. 
Clinical and biochemical evidence suggests that impair-
ment of the methyl-transfer pathway causes abnormal-
ities of CNS, manifesting through myelination abnor-
malities. Appropriate function of the methyl-transfer 
pathway and in particular, availability of S-adenosyl-
methionine (which is an intermediate metabolite on 
the methyl-transfer pathway and as such, the universal 
methyl-group donor in mammalians) is indispensable 
for the myelination process, since phospholipids are 
among the acceptor molecules of transferred methyl 
groups [349, 350]. Decreased levels of S-adenosylme-
thionine in CSF was found to be associated with demy-
elination, and restoration of the normal concentration 
by betaine administration (betaine is an alternative 
methyl group donor for remethylation of homocyste-
ine) resulted in apparent remyelination [351].

Clinically, folate and cobalamin deficiencies, as 
well as defects of the cobalamin metabolism, are also 
associated with hematological disorders, notably 
megaloblastic anemia.

Maternal folate and 5,10 methylene-tetrahydro-
folate reductase deficiencies are also known to be 
associated with increased occurrence of neural tube 
defects in neonates.
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Homocystinuria

Homocystinuria is the most common form of hyper-
homocystinemias and is related to a defect of cysta-
thionine β-synthetase enzyme. The disease shows an 
autosomal recessive inheritance and at least 92 muta-
tions have been identified [352, 353].

The onset is typically infantile. The appearance of 
the patients resembles Marfan syndrome. Especially, 
B6 vitamin-responsive patients are often mentally 
retarded. Lens luxation and thromboembolic events 
are frequent, while osteoporosis and seizures are less 
common complications of the disease [111].

In nontreated patients, occurrence of both lens dis-
location and thromboembolic events is age-dependent 
[354]. Lens dislocations first manifest after the age of 
2 years and, by the age of 10, have developed in about 
50% of patients. Similarly, although somewhat delayed, 
age dependency was demonstrated with regard to the 
less frequent vascular complications. The chances of 
a vascular event are 25% by the age of 16 years and 
50% by the age of 29 years. The most frequent vascu-
lar complications are occlusive peripheral venous and 
arterial disease (51% and 11%, respectively), followed 
by cerebrovascular events in 32% of patients. Myocar-
dial infarction occurs in 4%. Venous complications, 
especially intracranial dural sinus thrombosis or pul-
monary embolism, may be fatal [355, 356].

Recently, it has also been shown that occlusive 
arterial or venous complications may occur in cysta-
thionine β-synthetase deficiency without other clini-
cal symptoms of homocystinuria [357].

Rarely, neurological dysfunctions may also occur 
in cystathionine β-synthetase deficiency. Dystonia 
and other extrapyramidal abnormalities without 
imaging or autopsy evidence of basal ganglia involve-
ment were described in several patients [358, 359].

Imaging Findings

MRI in cystathionine β-reductase deficiency can be 
very characteristic and, hence, suggestive.

Dislocation of the lens, if present, is a highly sug-
gestive imaging feature of the disease and is usu-
ally easily detected on T2-weighted MR images 
(Fig. 13.58).

On the other hand, brain atrophy and multiple cor-
tical-subcortical and lacunar infarctions both within 
the cerebral and cerebellar hemispheres may be 
detected [111]. In case of dural sinus thrombosis, MRI 
may show areas of venous infarction [360]. The disease 
may also present with nonspecific, diffuse white matter 
involvement, whose pattern is occasionally sugges-
tive of a “retrograde” demyelination [351] (Fig. 13.59). 

On adequate treatment, white matter changes may be 
reversible, indicating effective remyelination.

Tetraventricular hydrocephalus internus in asso-
ciation with early neurological abnormalities were 
described as the presenting symptom in two patients 
with 5,10-MTHFR deficiency.

MR angiography is useful in demonstrating occlu-
sive arterial or venous disease, affecting large cere-
bral arteries or intracranial dural sinuses [111, 360].

5,10-MTHFR Deficiency

5,10-methylene-tetrahydrofolate reductase (MTHFR) 
deficiency is the best known of the defects of folate 
metabolism, through which it affects the remethyl-
ation process of homocysteine [361]. The disease has 
an autosomal recessive inheritance. Severe and mild 
enzyme deficiencies are known. In the severe form 
nine different mutations, while in the mild form only 
one mutation, have been identified.

The onset of the severe form of the disease is vari-
able; infantile onset is the more frequent, but a juvenile 
onset form is also known. A good genotype-phenotype 
correlation was demonstrated with regard to severity of 
the enzyme deficiency and age of onset of the disease. 
Homozygous patients with 0%–3% residual enzyme 
activity present with early onset during the first year 
of life, with microcephaly and severe clinical manifes-
tations usually leading to death during the first year of 
life, if untreated [362]. Patients (usually compound het-
erozygotes) with 6%–20% residual enzyme activity have 
a later onset of the disease, usually during the second 
decade of life, with milder clinical abnormalities.

Neurologically, developmental delay, mental retar-
dation, motor and in particular, gait disturbances, 
hypotonia, and seizures are the most frequent manifes-
tations in conjunction with signs of spinal cord (com-
bined degeneration of the cord) and peripheral nerve 
involvement. In the case of a 2-year-old female patient, 
besides funicular myelosis, extrapyramidal symptoms 
(in the form of Parkinsonism) also appeared, without 
detectable lesions of basal ganglia at autopsy [363].

Vascular complications also occur in 5,10-MTHFR 
deficiency, affecting both arterial and venous sides of 
the cerebral circulation [356].

The mild form is probably due to a mutation caus-
ing thermolability of the enzyme, whose possible role 
in early atherosclerosis-related occlusive arterial dis-
ease has been implicated [24, 361].

Imaging Findings

MRI in the severe, early onset form of 5,10-MTHFR 
deficiency may show rather prominent abnormalities 
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Fig. 13.58a,b. Lens dislocation in homocystinuria (cystathionine β-synthetase defi ciency). a, b Axial T2-weighted fast spin-echo 
images in a 19-year-old female patient with homocystinuria. Posterior dislocation of the lens bilaterally

a b

Fig. 13.59a–d. MR imaging fi ndings in 
homocystinuria (cystathionine β-synthe-
tase defi ciency) in a female patient. Initial 
MR imaging study at the age of 8 years was 
essentially normal (not shown); after that 
examination, the patient dropped out from 
the metabolic clinic. a–d Follow-up study 
4 years later, when the patient showed 
up again in a severely crippled status. 
Axial T2-weighted fast spin-echo images. 
Extensive demyelination is seen within 
the cerebral hemispheres (brainstem and 
cerebellum are normal, not shown here). 
The most severely involved structures 
are the subcortical U-fi bers. Conversely, 
corpus callosum, internal capsules, pyra-
midal tracts, and optic radiations are rela-
tively spared. Subtle signal abnormalities 
are also seen within the caudate nuclei, 
putamina, and even thalami, although the 
ventrolateral nuclei are spared. Overall, 
the pattern of residual myelinated struc-
tures is reminiscent of the early postnatal 
myelination status, characterizing a retro-
grade demyelination process

a b
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in brain. Regional or diffuse atrophy may be present. 
The cerebral white matter is diffusely abnormal; lesions 
involve the corpus callosum, external and extreme cap-
sules, medullary laminae, and anterior limbs of the 
internal capsules, with sparing of the posterior limbs. 
The cortico-spinal tracts within the centrum semi-
ovale, the subcortical U fibers in the occipital regions, 
and the optic radiations are also spared. The basal 
ganglia and thalami are normal, but the globi pallidi 
show increased signal intensity on T2-weighted images. 
Subtle signal changes may be present within the mes-
encephalon (hypersignal within the substantia nigra 
and the periaqueductal regions) and central tegmental 
tracts of the pons. The cerebellar white matter is not 
involved. The findings may cause differential diagnos-
tic problems with leukodystrophies (Fig. 13.60).

In some other cases, MRI abnormalities are milder 
and present with delayed-, hypo-, or demyelination 
[153]. On therapy, white matter lesions and atrophic 
changes show improvement.

In later onset forms, both diffuse white matter 
changes and “vascular” lesions may be demonstrated 

by CT or MRI [356, 364]. Vascular lesions consist of 
areas of recent or old infarctions as well as diffuse 
leukoaraiosis.

Diffusion-weighted images in the early onset form 
show hypersignal within the white matter lesions, 
suggestive of vacuolating myelinopathy. Diffusion-
weighted abnormalities (similar to conventional MRI 
findings) may remain visible on follow-up studies 
even after several years.

1H MRS of brain in a 10-month-old girl showed 
decreased NAA/Cho ratio, consistent with immatu-
rity. Prominent peaks were found in the macromolec-
ular range, which were interpreted as lipids, indica-
tive of demyelination [153].

13.4.2.5 
Nonketotic Hyperglycinemia

Nonketotic hyperglycinemia is an autosomal reces-
sive disease caused by a defect of the glycine cleav-
age system. The glycine cleavage system is composed 
of four proteins; P protein (pyridoxal phosphate-

Fig. 13.60a–d. Conventional and diffu-
sion-weighted MR imaging fi ndings in a 
5-year-old male patient with 5,10-meth-
ylene-tetrahydrofolate reductase defi -
ciency. a,b Axial T2-weighted fast spin-
echo images. White matter abnormalities 
show a fairly similar pattern to that seen 
in cystathionine β-synthetase defi ciency 
(see Fig. 13.59). Perhaps the globus palli-
dus lesions are more prominent. c,d Axial 
diffusion-weighted echo-planar images. 
White matter lesion areas are hyperin-
tense, suggestive of active demyelination 
with myelin edema

a b
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dependent glycine decarboxylase), H protein (lipid 
acid-containing protein), T protein (tetrahydrofolate-
requiring enzyme), and L protein (lipoamide dehy-
drogenase). In the majority (87%) of cases the disease 
is related to deficiency of P protein, in the remainder 
to a defect of T protein. The glycine cleavage system 
is expressed in liver, kidney, and CNS, and its defect 
leads to an accumulation of glycine in body fluids 
without ketoacidosis (in contrast to ketotic hypergly-
cinemia, notably propionic acidemia). The presence 
of the defect in the CNS and the resulting accumula-
tion of glycine are thought to be critical in neurotox-
icity. There appear to be two neurotransmitter roles 
for glycine in the CNS, one inhibitory and the other 
excitatory. The classic glycine receptor is inhibitory 
and located in spinal cord and brainstem. The second 
glycine receptor site is associated with the NMDA-
receptor channel complex. Glycine acting at this site 
is excitatory and probably potentiates the action of 
glutamate, leading to glutamate-induced excitotoxic 
neuronal death [365].

Nonketotic hyperglycinemia has four known 
clinical phenotypes: neonatal, infantile, late onset, 
and transient. In the neonatal form, enzyme activity 
is undetectable or extremely low; in the later onset 
forms, some residual activity still exists, and these 
data provide a fairly consistent genotypic-pheno-
typic correlation. The neonatal form (often referred 
to as classical, the others as atypical) is by far the 
most common. It presents within the first 2 days 
of life as a devastating metabolic disorder, with 
encephalopathy, lethargy, breathing difficulties 
leading to respiratory failure, multifocal myoclonic 
seizures (showing burst-suppression pattern on the 
EEG) and, characteristically, hiccups [366]. The pro-
nounced hypotonia may be related to the inhibitory 
effect of glycine on the anterior horn cells within the 
spinal cord. On the other hand, the excitatory effect 
of glycine seems to be responsible for the devastat-
ing effect of the metabolic disorder in the newborn 
(and most probably in the fetus as well). Laboratory 
diagnosis is made with the ratio of the concentration 
of glycine in CSF to that in the plasma, that ranges 
from 0.1 to 0.3 (control values approximately 0.02). 
Prenatal diagnosis is also possible from the chori-
onic villi by both genetic and enzymatic studies. The 
disease is usually resistant to treatment. Most chil-
dren die in the first year of life, while others display 
severe neurodevelopmental delay but may survive 
for many years. The late onset forms, in which some 
residual glycine cleavage system activity is present, 
have a milder and rather nonspecific clinical pre-
sentation. Exceptionally, survival into adulthood 
may also occur [367].

Imaging Findings

The imaging hallmarks of nonketotic hypergly-
cinemia are callosal abnormalities and delayed or 
arrested myelination [368, 369]. Assessment of the 
corpus callosum may be challenging in the neonate 
(due to its small size and lack of myelin). The spec-
trum of morphological changes of the corpus callo-
sum ranges from rare true callosal dysgenesis to fre-
quent callosal hypogenesis or hypoplasia, but some 
degree of abnormality is always present (Fig. 13.61).

The delay in myelination is increasingly evident 
with the age of the infant and is probably associated 
with hypo- or dysmyelination (resulting from inap-
propriate synthesis of myelin precursors). It seems 
that initially the myelination process progresses fairly 
normally, approximately until the age of 4 months; 
thereafter it slows down and, eventually, may become 
totally arrested [368]. The myelination abnormali-
ties are, therefore, more prominent supratentorially 
(Fig. 13.16).

Diffuse white matter volume loss of is another 
characteristic imaging finding in nonketotic hyper-
glycinemia. This develops earlier supratentorially; 
the posterior fossa structures may be initially spared, 
but in older infants brainstem and, in particular, 
cerebellar atrophy are frequent [368]. In the chronic 
stage of the disease severe global atrophy of the brain 
develops.

Cortical gyral abnormalities and cerebellar hypo-
plasia have also been described in nonketotic hyper-
glycinemia [370]. Acute hydrocephalus may contrib-
ute to the severe clinical picture [371]. In two cases 
of neonatal onset nonketotic hyperglycinemia, intra-
cranial hemorrhagic complications (intraventricular 
bleeding and subdural hematoma) were reported 
[366]. In another case of the neonatal onset form, 
true pyloric stenosis requiring surgery occurred in a 
3-week-old boy [372].

DWI data in nonketotic hyperglycinemia were 
found to be suggestive of myelin vacuolation within 
the pyramidal tracts, middle cerebellar peduncles, 
and dentate nuclei [373].

1H MRS is a useful adjunct to the MR work-up of 
patients with suspected nonketotic hyperglycinemia, 
since the concentration of glycine is particularly ele-
vated in the brain and 1H MRS allows noninvasive, 
direct demonstration of glycine. However, at a short 
echo time (e.g., 20 ms), the peak generated by protons 
of glycine overlaps with the normal mI signal, since 
both glycine and mI resonate approximately at the 
same ppm level (3.56 ppm). In normal subjects, gly-
cine accounts for less than 20% of the 3.56 ppm signal. 
However, since mI has a much shorter T2 relaxation 
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time than glycine, its signal significantly decays or dis-
appears at longer echo times (e.g., 135 ms), whereas in 
patients with nonketotic hyperglycinemia, an abnor-
mal peak at 3.56 ppm remains conspicuous, allowing 
reliable differentiation between the two metabolites 
(Fig. 13.24).

Cerebral concentrations of glycine correspond 
more reliably to the clinical findings than CSF and 
plasma levels [150]. Serial 1H MRS studies are useful 
in following the therapeutic response to drugs aimed 
at reducing glycine in the CNS (e.g., sodium benzo-
ate and dextromethorphan, which have been shown 
to have beneficial effects in some infants with nonke-
totic hyperglycinemia) [150, 374].

13.4.2.6 
3-Phosphoglycerate Dehydrogenase Deficiency

This is a recently described inherited metabolic dis-
order [375]. Two peculiar aspects of the disease make 
it rather remarkable. On the one hand, this is the only 
known aminoacidopathy which affects the anabolism 
rather than the catabolism of amino acids. On the 
other hand, the disease appears to be at least partially 
treatable.

Deficiency of 3-phosphoglycerate dehydrogenase 
leads to impairment of serine biosynthesis. Serine is 
necessary for synthesis of membrane lipids, some of 
which (glycosphingolipids and sphingomyelin) are 
particularly important for normal myelin build-up. 
Besides low serum and CSF concentrations of serine, 
laboratory workup of body fluids reveals decreased 
amounts of glycine and 5-methyltetrahydrofolate 
as well; the latter is also known to adversely affect 
normal myelin maintenance.

The disease is usually diagnosed in childhood, 
except in one patient in whom the disease was iden-
tified at the age of 10 months. Clinically, the disease 
is characterized by congenital microcephaly, mental 
retardation, and intractable seizures, usually in con-
junction with megaloblastic anemia. Nystagmus is a 
frequently associated neurological sign.

Treatment consists of supplementation of the 
absent amino acids, L-serine and glycine. Treatment 
usually results in significant reduction or total dis-
appearance of seizure activity [376]. If treatment is 
started during infancy the head circumference may 
normalize. Psychomotor functions also improve.

Imaging Findings

MRI findings consist of white matter abnormalities, 
suggestive of a combination of delayed and hypomy-
elination [377]. The delay in myelination can be very 

Fig. 13.61a–c. Callosal abnormalities in nonketotic hypergly-
cinemia on sagittal T1-weighted spin-echo images. a Callosal 
agenesis in a 6-month-old male patient. b Callosal hypoplasia 
in a 9-month-old female patient. c Callosal hypotrophy in a 4-
month-old male patient

a

c

b
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significant. There is also a diffuse volume loss of 
cerebral white matter, leading to prominent and pre-
dominantly supratentorial brain atrophy. As may be 
anticipated, appearance of the white matter changes 
is reminiscent of those observed in patients with 
disorders of folate metabolism. The corpus callosum 
is thin and short; this, together with the myelina-
tion abnormalities, may cause differential diagnostic 
problems with nonketotic hyperglycinemia on MRI 
in infancy, but both laboratory and 1H MRS allow for 
easy differentiation.

After treatment, imaging findings show improve-
ment. The volume of cerebral white matter increases, 
as shown by reduction of the size of the ventricles 
and decrease of the enlargement of the subarach-
noid spaces. The corpus callosum becomes thicker. 
Myelination shows more or less progression too. 
Probably the best indicator of therapy-induced 
enhanced myelin synthesis is increase of the relative 
Cho concentrations in brain on 1H MRS, as indicated 
by increase of the Cho/Cr index.

13.4.3 
Disorders of Carbohydrate Metabolism

13.4.3.1 
Galactosemia

Galactose is derived from lactose through a hydro-
lytic process. Lactose is the major sugar constituent 
of breast milk. The hydrolysis takes place within the 
intestinal wall. The absorbed galactose then under-
goes further metabolic steps to be eventually con-
verted into either glycogen or glucose. The most fre-
quent causes of galactosemia are galactokinase and 
galactose-1-phosphate uridyltransferase deficiency.

Galactokinase deficiency is an insidiously devel-
oping metabolic disease related to the inability to 
convert absorbed galactose into galactose-1-phos-
phate through phosphorylation. Ingested galactose 
is, therefore, excreted unchanged or converted into 
galacticol. This substance is responsible for one of the 
earliest and most constant clinical manifestations of 
the disease, notably cataracts. Rarely, this may be fur-
ther complicated by vitreous hemorrhages [378]. The 
disease does not have systemic or neurological mani-
festations, but pseudotumor cerebri-like episodes in 
affected patients may occur occasionally [379, 380].

In galactose-1-phosphate uridyltransferase defi-
ciency, the second step of galactose metabolism after 
intestinal absorption is impaired. Galactose-1-phos-
phate is not further metabolized into uridine diphos-
phogalactose; therefore, due to the metabolic block, 

galactose-1-phosphate, galactose, and its alternate 
catabolite, galacticol, accumulate. The disease has 
two clinical phenotypes. The classical form is related 
to complete enzyme deficiency. Affected neonates are 
normal at birth but a few days after breast feeding 
present refusal to feed, abdominal distension, vomit-
ing, diarrhea, jaundice, and hypoglycemia. In fulmi-
nant cases, the disease may lead to death from liver or 
kidney failure or sepsis. As in galactokinase deficiency, 
cataracts may develop within a few weeks if the disease 
is not diagnosed and a lactose-free diet is not instituted 
promptly. Neurological complications include episodes 
of raised intracranial pressure (pseudotumor cerebri) 
and later, during the course of the disease, mental dis-
ability with ataxia, tremor, and dysarthria, occasion-
ally even in patients under strict galactose-free diet 
[381, 382]. In the partial enzyme deficiency, affected 
patients are typically asymptomatic.

The neurotoxicity in galactosemia and the devel-
opment of cataracts (occasionally even in utero) 
are believed to be secondary to the adverse osmo-
lar effects (increased osmotic pressure within the 
affected tissues, leading to water accumulation and 
swelling) of galacticol [383]. The synthesis of galacto-
cerebrosides may also be impaired; this is believed to 
cause myelination abnormalities (dysmyelination), 
probably accounting for some of the late cognitive 
and neurological abnormalities [384].

Imaging Findings

In classical galactosemia in the acute postnatal 
stage, MRI shows diffuse vasogenic brain edema 
[383]. Later, signs of delayed and/or hypomyelin-
ation become conspicuous. Additionally, focal patchy 
white matter lesions have been described within the 
cerebral hemispheric white matter, predominantly 
in periventricular locations (Fig. 13.62). During the 
course of the disease, enlargement of the lateral ven-
tricles and diffuse cerebral and cerebellar atrophy 
may also develop [381, 382, 385, 386].

1H MRS of a 6-day-old infant with galactose-1-
phosphate uridyltransferase deficiency demonstrated 
increased galacticol concentration within the brain 
parenchyma [383].

13.4.3.2 
Fructose Metabolism Abnormalities

Abnormalities of fructose metabolism include essen-
tial fructosuria, hereditary fructose intolerance, and 
fructose-1,6-biphosphatase deficiency.

Essential fructosuria (fructokinase deficiency) 
is a nondisease, meaning that affected patients are 
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healthy and symptom-free, despite the detectable 
biochemical abnormality.

In hereditary fructose intolerance, in contrast to 
galactosemia, the first clinical signs and symptoms 
appear upon introduction of nonbreast milk-based 
nutrition formulas containing fructose or sucrose. 
Acute exposure to fructose leads to sudden clinical 
deterioration, including gastrointestinal tract dys-
function, hypoglycemia with convulsions, hepatic 
failure, coma and, if untreated, death. Under a fruc-
tose-free diet, clinical symptoms show rapid regres-
sion and patients develop normally. Although neu-
rotoxic metabolites are not present in the disease, 
occasional episodes of hypoglycemia may have del-
eterious effect on the CNS.

Fructose-1,6-biphosphatase is an enzyme of key 
importance in gluconeogenesis from lactate and 
amino acids in liver. Deficiency of this enzyme causes 
episodes of hypoglycemia and acidosis under condi-
tions of increased glucose utilization or depletion of 
glucose and glycogen stores.

Imaging Findings

No abnormal imaging findings in the various forms 
of fructosuria have been reported. Theoretically, 
however, the CNS may be affected during the episodes 
of hypoglycemia; therefore, lesion patterns similar 
to those described in fatty acid oxidation disorders 
and persistent hyperinsulinemic hypoglycemia may 
be anticipated.

13.4.4 
Disorders of Metal Metabolism

13.4.4.1 
Copper Metabolism

Copper is a trace metal that is essential for the 
appropriate functioning of several enzyme com-
plexes (cytochrome c oxidase, superoxide dismutase, 
lysyl oxidase, dopa-β-mono-oxygenase). Copper is 

Fig. 13.62a–d. MR imaging fi ndings in 
galactosemia in twin sisters (both images 
at the age of 13 years). Axial T2-weighted 
fast spin-echo images. a, b Patchy white 
matter lesions in the peritrigonal areas 
and within the centrum semiovale. c, d 
Identical fi ndings as in her sister

a b

c d
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absorbed from the intestines and then transported 
by plasma albumins to specific organs, notably to 
liver, brain, kidney, and eye. Two specific diseases 
related to impairment of copper transport are known: 
Menkes disease and Wilson disease.

Menkes Disease

Menkes disease (kinky/steely hair disease, trichopo-
liodystrophy) is an X-linked metal metabolism dis-
order. The gene is located in Xq13.3. The disease is 
related to a defect of the transmembrane copper trans-
port mechanism. One consequences is an impairment 
of normal intestinal absorption of copper, resulting 
in severe copper deficiency in blood (ceruloplasmin 
level is also low) and copper accumulation within 
the intestine (in fact, within the organelle-free cyto-
sol of epithelial cells). In brain, which is one of the 
most severely affected organs in Menkes disease 
(besides liver), copper appears to be trapped within 
endothelial cells of the vessel walls and astrocytes, 
while neurons are in a state of copper deficiency [387]. 
The transport of copper is impaired at the cellular 
level too; therefore, copper cannot be delivered to 
copper-requiring enzymes, located within the cellu-
lar organelles, such as the mitochondria. The paradox 
of the disease is that, while a relatively high amount of 
copper is accumulated within the cytosol, intramito-
chondrial copper concentration is severely depleted. 
This also explains why oral or intravenous copper 
supplementation is ineffective.

The most important enzymes which require 
copper as a cofactor are dopamine-β-hydroxylase 
(involved in catecholamine synthesis), cytochrome c 
oxidase (involved in oxidative phosphorylation), and 
lysyl oxidase (involved in elastin-collagen formation) 
[388]. Impairment of catecholamine (neurotransmit-
ter) synthesis and oxidative phosphorylation explain 
the neurological manifestations (hypotonia, seizures) 
of the disease and progressive degeneration of the 
CNS. The elastin-collagen formation disorder possi-
bly causes connective tissue abnormalities, including 
intimal fragility and the characteristically tortuous 
and elongated appearance of cerebral arteries.

The onset of the disease is usually neonatal, but 
patients are typically normal during the first 2 or 
3 months of life, after which neurological deterio-
ration occurs, with loss of milestones, convulsions, 
hypotonia followed by spasticity and, eventually, 
lethargy. Most affected children die during the 
first years of life. Menkes disease is often referred 
to as “kinky hair” disease because of the peculiar 
appearance of the hair (pili torti); nevertheless, this 
may not be apparent in the newborn. Nonvascular 

connective tissue abnormalities include bladder 
diverticula, inguinal hernia, loose skin, and hyper-
flexible joints.

Imaging Findings

At birth, the brain appears to be normal on MRI. Occa-
sionally, subtle signal abnormalities within the cerebral 
cortex may be seen, whose pathological significance is 
unclear [389, 390]. During the course of the disease, 
however, rapidly developing cerebral and cerebellar 
atrophy and prominent white matter disease (delay of 
myelination, perhaps with a component of demyelin-
ation) become obvious [391, 392]. The youngest patient 
in whom MRI already showed evidence of neurode-
generation (cerebellar atrophy and hypomyelination) 
was 5 weeks old [393]. Shrinkage of the brain can be 
so marked that spontaneous subdural fluid collections 
(hygroma, subdural hematoma) frequently develop 
[389, 394, 395] (Fig. 13.63). On T1-weighted images, 
the basal ganglia exhibit hypersignal similar to what 
is seen in chronic hepatic encephalopathies, including 
Wilson disease. The cerebral vessels are usually tortu-
ous and elongated; this can be seen on conventional 
images but is better appreciated on MR angiography 
[390, 393, 395]. In a patient treated with copper his-
tidinate from age 4 weeks, cerebral atrophy or white 
matter abnormalities did not develop; tortuosity of the 
cerebral arteries was, however, still conspicuous [396]. 
Ischemic stroke has also been reported as a complica-
tion of Menkes disease [106].

Wilson Disease

Wilson disease is of autosomal recessive inheritance. 
Multiple point mutations, all leading to the same dis-
ease, are known. The mutations are on chromosome 
13. In contrast to Menkes disease (which is essentially 
an intracellular-transmembrane copper transport 
deficiency), Wilson disease develops due to an extra-
cellular copper transport problem. A deficient trans-
port protein prevents excretion of copper from the 
cells (in particular from hepatocytes) and incorpora-
tion of copper into ceruloplasmin. As a result, copper 
cannot be excreted into the bile either; hence, large 
amounts of copper are accumulated within liver and 
subsequently in other organs (brain, kidney, cornea), 
leading to degeneration of the involved tissues.

This peculiar distribution explains the clinical mani-
festations of the disease, whose hallmarks are progres-
sive hepatic insufficiency and behavioral, neurological, 
and ophthalmological abnormalities. Clinically, the 
disease usually manifests between 8 and 20 years of 
age, but earlier and later onset forms are also known. 
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Patients may have signs of either hepatic or CNS involve-
ment or both at the time of initial clinical presentation. 
According to the dominant neurological abnormalities, 
several clinical forms of CNS disease may be identified. 
The classical form is characterized by extrapyramidal 
signs, notably dystonia and Parkinson-like features 
(pseudoparkinsonism). However, in other patients, cer-
ebellar signs, such as ataxia and tremor (so-called wing-
beating tremor) or bulbar signs (mainly swallowing dif-
ficulties and dysarthria) are present and may dominate 
the neurological picture. These functional abnormali-
ties are related to involvement of basal ganglia, cerebel-
lum, and brainstem. In patients presenting with CNS 
involvement, the so-called Kaiser-Fleischer ring in the 
cornea is almost invariably noted and greatly facilitates 
the clinical diagnosis. The diagnosis of Wilson dis-
ease is confirmed by laboratory studies, which reveal 
decreased serum ceruloplasmin and copper levels and 
high urinary excretion of copper. Without treatment, 
the disease relentlessly progresses and leads to death, 
usually due to liver failure or bleeding from esophageal 
varices.

Treatment consists of penicillamine (binds free 
copper and facilitates excretion) and zinc (prevents 
intestinal absorption). In advanced stages of the dis-
ease, hepatic failure may require liver transplantation, 
after which the disease usually ceases to progress, but 
the already present damage to the CNS remains irre-
versible.

Imaging Findings

CT is less sensitive in the detection of brain abnor-
malities than MRI. In advanced cases of Wilson 

disease it may show hypodensities within the basal 
ganglia.

MRI in clinically symptomatic Wilson disease is 
usually, but not always, abnormal. In up to 33% of 
the cases, asymptomatic patients may have subtle 
brain abnormalities (within putamina, claustra, 
frontal, temporal and parietal white matter, dorsal 
mesencephalon, cerebral and superior cerebellar 
peduncles), and conversely, normal MRI may be 
found in a small portion (27%) of patients with mild 
neurological manifestations [397]. The most signifi-
cant changes are seen at the level of deep gray matter 
structures (putamina, globi pallidi, thalami, claus-
tra), brainstem (mesencephalon and pons), cerebel-
lum, and cerebral hemispheric white matter. None of 
the individual abnormalities is specific to the disease, 
but their combination usually constitutes a sugges-
tive imaging pattern.

At the level of deep cerebral gray matter structures, 
T2-weighted images may show ill-defined, bilateral 
symmetrical hyperintensities within the caudate 
nuclei, putamina, globi pallidi, thalami (lateral and 
intralaminar nuclei) and, sometimes, even within 
the claustra. The latter is an inconsistent (13%), but 
if present, a highly suggestive imaging finding and 
an important differential diagnostic clue in Wilson 
disease (Fig. 13.64).

Hyperintense signal abnormalities within the stria-
tum on T2-weighted images were found to show a good 
correlation with the presence of pseudoparkinsonian 
symptoms neurologically, whereas high signal on T2-
weighted images within the putamina alone is char-
acteristically associated with dystonia [397]. Involve-
ment of the claustra and thalami seems to mainly 

Fig. 13.63a–c. MR imaging fi ndings in Menkes disease (courtesy of Dr. T. Huisman, Zurich, Switzerland). a Axial T2-weighted images 
at the age of 20 days. Essentially normal study. b, c Axial T1- and T2-weighted images of the follow-up examination at the age of 
13 months. Prominent delay of myelination in conjunction with severe brain atrophy. Bilateral spontaneous subdural hematomas 
with fl uid-fl uid levels

a b c
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Fig. 13.64a–h. The full spectrum of gray 
matter lesions in Wilson disease on 
modular inversion recovery images in a 
16-year-old male patient with Wilson dis-
ease. a–h Ill-defi ned hyperintensities are 
seen within the brainstem at the level of 
central tegmental tracts of pons and mes-
encephalon, pars compacta of substantia 
nigra, and thalami. More prominent signal 
changes are noted within the basal gan-
glia and claustra bilaterally. The caudate 
nuclei, putamina and globi pallidi are 
atrophic-necrotic too

a b c
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predispose to cerebellar signs. T2-weighted gradient 
echo images sometimes show prominent hyposignal 
within putamina, globi pallidi, substantia nigra, and 
red nuclei (Fig. 13.65). The exact nature of the mag-
netically susceptible substance in these structures is 
unclear, but may correspond to iron and/or copper 
[398]. In one case, the hyposignal on T2-weighted 
images progressed even under D-penicillamine ther-
apy, suggesting that further iron deposition may occur 
in affected areas despite clinical improvement and 
effective copper removal from the plasma [399]. Con-
versely, T2 hyperintense basal ganglia lesions may be 
reversible after liver transplantation [400].

As in other hepatic encephalopathies, T1-weighted 
images may show faint and ill-defined hyperintensi-
ties within basal ganglia (mainly within the globi pal-
lidi) and thalami, even in clinically well-controlled 
patients who do not have detectable abnormalities on 

T2-weighted images. This is believed to be secondary 
to abnormal accumulation of manganese (Fig. 13.66).

In patients with Wilson disease, prominent 
enlargement of perivascular CSF spaces at the level of 
the basal ganglia was five times more frequent than 
in control individuals. Smaller or larger white matter 
lesions within cerebral hemispheres may also occur 
and are usually asymmetrical. As the disease pro-
gresses, atrophic diffuse brain atrophy develops.

In the brainstem, ill-defined hyperintensities are 
often found at the level of the pons and the center of the 
mesencephalon; nevertheless, the most characteristic 
(although not pathognomonic) finding is the so-called 
giant panda face appearance of the upper mesenceph-
alon. This consists of hypersignal within substantia 
nigra (mainly in the pars compacta) and tegmentum 
of the mesencephalon, in contrast with the hypoin-
tense appearance of red nuclei, cerebral peduncles, and 

Fig. 13.65a–d. MR imaging dem-
onstration of magnetically sus-
ceptible substances within globi 
pallidi and substantia nigra in 
Wilson disease. a,b Axial T2-
weighted gradient-echo images. 
Prominent hypointensities are 
seen at the level of globi pallidi 
and pars reticulata of substan-
tia nigra (arrowheads). c,d Axial 
diffusion-weighted echo-planar 
images (B = 1000s). Magnetic 
susceptibility artifacts (arrow-
heads) are further enhanced on 
these images

a b

c d
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Fig. 13.66. Signal abnormalities within the deep gray matter 
structures on the T1-weighted spin-echo images in Wilson dis-
ease. Ill-defi ned hyperintensities are seen within the globi pal-
lidi bilaterally (arrowheads). Similar fi ndings are not exclusive 
to Wilson disease and may also be seen in hepatic encephalopa-
thies of other origin

tectum (Fig. 13.64). However, signal abnormalities may 
be present within the corticospinal tracts at the level of 
the cerebral peduncles (and posterior limbs of the inter-
nal capsule) in up to 24% of the patients. In the cerebel-
lum, the dentate nuclei may or may not be involved and 
patchy lesions also are sometimes found in the cerebel-
lar hemispheric white matter (Fig. 13.67).

Lesions within the red nuclei, dorsal mesence-
phalic and pontine structures (dentatorubrotha-
lamic and pontocerebellar tracts), and superior cer-
ebellar peduncles are most frequently associated 
with cerebellar signs on neurological examination 
[397, 401] (Fig. 13.68). Rarely, lesions within the 
central and ventral parts of the pons may be found 
in patients with Wilson disease, and these are quite 
reminiscent of findings in central pontine myelin-
olysis [402].

Diffusion-weighted images may occasionally 
show hypersignal within some of the lesions, nota-
bly the mesencephalon and thalami. The paramag-
netic substances within the deep gray matter struc-
tures (with or without hyposignal on T2-weighted, 
in particular gradient echo images) cause promi-
nent hyposignal on diffusion-weighted images 
(Fig. 13.65).

1H MRS in Wilson disease showed marginally 
decreased Cr, significantly decreased Cho, and 
normal NAA [69]. In another study, 1H MRS showed 
decreased NAA/Cr and Cho/Cr ratios within the 

deep cerebral gray matter structures. In the same 
study, MRS was found to be helpful in differentiating 
between portal-systemic encephalopathy and genu-
ine neuronal damage in patients with Wilson disease. 
In patients with Wilson disease and portosystemic 
shunting, a significant decrease of the mI/Cr ratio 
was demonstrated with respect to patients without 
portosystemic shunting [403].

13.4.4.2 
Other Metals

Several rare inherited diseases related to metal metab-
olism other than copper have been described. These 
include magnesium (primary hypomagnesemia, 
magnesium-loosing kidney), zinc (acrodermatitis 
enteropathica, hyperzincemia), manganese (prolidase 
deficiency), and molybdenum (combined or isolated 
deficiency of sulfite oxidase and xanthine oxidase).

13.4.5 
Disorders of Mitochondrial Energy Metabolism

13.4.5.1 
Disorders of Pyruvate Metabolism

Pyruvate can be formed from glucose, lactate, or 
alanine. Within the mitochondria, pyruvate is one 
of the primary sources of acetyl coenzyme A (alter-
natively, it may also be produced through fatty acid 
oxidation); the enzyme carrying out the process is 
the pyruvate dehydrogenase complex. Acetyl coen-
zyme A enters the tricarboxylic acid cycle, where 
through the synthesis of reduced nicotinamide and 
flavin adenine dinucleotides (NAD and FAD), it con-
tributes to energy production (in the form of ATP) 
in the respiratory (electron transport) chain. Both 
pyruvate and acetyl coenzyme A may also be used in 
anabolic processes. Pyruvate is a potential source of 
gluconeogenesis, whose initial step is the conversion 
of pyruvate into oxaloacetate by the enzyme pyru-
vate carboxylase. At the same time, however, oxalo-
acetates may either enter the tricarboxylic acid cycle 
and contribute to energy production or are converted 
into aspartate, which is an essential substrate for the 
urea cycle. Acetyl coenzyme A may also be used for 
lipogenesis.

Since pyruvate metabolism is a pivotal element in 
energy production and gluconeogenesis, it is obvious 
that all organs with high energy requirements, par-
ticularly the CNS, are vulnerable to any disorder in 
the process. The two most common abnormalities 
of pyruvate metabolism are deficiency of pyruvate 
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Fig. 13.67a, b. Cerebellar white matter lesions and diffuse brain atrophy in Wilson disease on coronal T2-weighted fast spin-echo 
images. a Enlargement of both extra- and intracerebral CSF spaces. Symmetrical, ill-defi ned hyperintensities within upper mesen-
cephalic and diencephalic structures. Note the hypointense appearance of the red nuclei (arrows). b Ill-defi ned central cerebellar 
white matter lesions in conjunction with cerebellar atrophy

a b

Fig. 13.68a–d. MR imaging fi ndings in a 
patient with Wilson disease presenting 
mainly with cerebellar manifestations. a–d 
Axial T2-weighted fast spin-echo images. 
Hypointensities are seen within the globi 
pallidi, red nuclei, and pars reticulata 
of the substantia nigra, but otherwise 
deep gray matter structures appear to be 
normal. Faint hypersignal is noted within 
the posterior limbs of internal capsules. 
The pars compacta of substantia nigra, the 
tegmental upper brainstem structures and 
more caudally, almost the entire cross-sec-
tional area of brainstem (including pons, 
not shown here) exhibit abnormal hyper-
signal. Prominent cerebellar atrophy

a b

c d
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dehydrogenase complex and pyruvate carboxylase. 
Other enzyme defects in the tricarboxylic acid cycle 
are also known.

Pyruvate Dehydrogenase Complex Deficiency

Pyruvate dehydrogenase is the most common cause 
of primary lactic acidosis. The enzyme has three 
subunits (E1, E2, and E3), all prone to mutations. 
Depending on the chromosomal location of the gene 
encoding the defective subunit, the inheritance may 
be autosomal (E1-β, E2, E3) or X-linked (E1-α sub-
unit). Since the gene of the E1-α subunit on the X 
chromosome is by far the most frequent site of muta-
tion, most cases of pyruvate dehydrogenase complex 
deficiency show an X-linked inheritance pattern.

In case of deficiency of the pyruvate dehydrogenase 
enzyme, pyruvate is converted into lactate, which 
produces significantly less energy than complete oxi-
dation. The disease is characterized by organ-specific 
and systemic abnormalities related to energy failure 
and lactic acidosis. The expression of the enzyme in 
different tissues is variable. In brain, the baseline 
activity of the enzyme is much higher than in liver 
or heart; therefore, the brain is particularly vulner-
able and prone to damage, even in relatively minor 
enzyme deficiencies.

The clinical presentations may be severe neona-
tal lactic acidosis (E1-α subunit deficiency, X-linked 
inheritance), milder forms of infantile or childhood 
lactic acidosis (E1-β, E2, or E3 subunit deficiency, 
autosomal recessive inheritance), as well as Leigh 
syndrome (autosomal recessive inheritance) or sub-
acute-chronic progressive encephalopathy.

Some degree of involvement of the CNS is always 
present in all forms. Affected infants with the neo-
natal form present with low birth weight, low Apgar 
scores, microcephaly and other dysmorphic features, 
poor feeding, hypotonia, and apnea, occasionally 
leading to sudden infant death. It is interesting that 
lactic acidosis appears to be more frequent in males 
in the neonatal form, whereas neurological manifes-
tations are more common in females [404]. In the 
milder forms, episodic lactic acidosis, delayed devel-
opment, hypotonia, seizures, and ataxia are typical 
clinical manifestations.

In some cases the disease may resemble subacute 
necrotizing encephalopathy (Leigh disease), but only 
a small fraction of true Leigh disease cases are caused 
by pyruvate dehydrogenase complex deficiency.

Neuropathological examination of the brain of an 
affected infant may show evidence of periventricular 
gray matter heterotopia, polymicrogyria, or agenesis 
of the corpus callosum [404, 405].

Imaging Findings

Dysgenesis of the corpus callosum has been docu-
mented by imaging studies [405, 406]. MRI evidence 
of cortical dysplasia or gray matter heterotopia has not 
been reported to date. Ventriculomegaly (colpoceph-
aly) and diffuse brain atrophy are common. Atrophy of 
cerebellum can be particularly prominent. Deep gray 
matter structures (basal ganglia, thalami, upper brain-
stem) often show abnormalities, somewhat similar to 
the pattern seen in Leigh disease, although MRI find-
ings may be also quite unremarkable in this respect. 
Documented white matter abnormalities include 
delayed myelination or more profound and extensive 
leukodystrophy-like changes, with relative sparing of 
subcortical U-fibers [407] (Fig. 13.69).

In a 3.5-month-old infant, MRI showed obvi-
ous bilateral lentiform nucleus and subtle thalamic 
lesions with slight delay of myelination [408]. In an 
8-month-old infant, only bilateral globus pallidus 
lesions and delayed myelination were described [21]. 
In another 11-month-old patient, delayed myelina-
tion and brain atrophy were found without evidence 
of deep gray matter abnormalities [409]. These obser-
vations well illustrate the spectrum of possible imag-
ing phenotypic manifestations of the disease.

1H MRS was found to be helpful in demonstrating 
abnormal lactate and monitoring therapeutic effi-
cacy by showing progressive decrease and eventual 
normalization of lactate [406, 407, 409] (Fig. 13.70).

Pyruvate Carboxylase Deficiency

The inheritance of pyruvate carboxylase deficiency is 
autosomal recessive. The gene is located on chromo-
some 11q. The disease has three clinical phenotypes: 
neonatal, infantile, and a so-called benign form.

The neonatal form of the disease is always very severe 
and leads to death during the first couple of months of 
life [410]. It presents with hepatic dysfunction, lactic aci-
dosis, hypoglycemia, seizures, spasticity, and in contrast 
to pyruvate dehydrogenase, usually macrocephaly. The 
infantile form is also severely disabling and has a poor 
prognosis with a fatal outcome. The clinical presentation 
of patients with the benign form of the disease is quite 
variable; typically, recurrent episodes of lactic acidosis 
are encountered with a wide range of associated systemic 
or CNS derangements. Patients with the mild form may 
live into adulthood without major disability [411].

Imaging Findings

Ventricular enlargement and cystic periventricular 
leukomalacia are common postnatal US findings in 
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Fig. 13.69a–d. Conventional MR imaging fi ndings in a 3-year-old male 
patient with pyruvate dehydrogenase defi ciency. a Sagittal T1-weighted 
spin-echo image shows atrophy of cerebellar vermis and an inciden-
tal mega cisterna magna. b–d Axial T2-weighted fast spin-echo images. 
Prominent enlargement of the ventricular system. Subtle, patchy hyperin-
tensities within the right putamen. Abnormal hyperintense appearance of 
the cerebral white matter, indicating demyelination and/or transependy-
mal CSF permeation. Note partial sparing of subcortical U-fi bers in the 
frontal regions

a

b c d

Fig. 13.70a, b. Proton MR spectroscopy of 
the brain in pyruvate dehydrogenase defi -
ciency (same patient as in Fig. 13.69). a 
Single voxel proton MR spectrum (PRESS 
technique, TE: 135 ms, sample voxel 
2x2x2 cm, positioned on basal ganglia on 
the right side). Prominent negative peak 
doublet at the 1.3 ppm level. b Single voxel 
proton MR spectrum (PRESS technique, 
TE: 270 ms, sample voxel 2x2x2 cm, posi-
tioned on basal ganglia on the right side). 
Prominent positive peak doublet at the 
1.3 ppm level (J-coupling phenomenon), 
corresponding to lactate

a b

the neonatal form of pyruvate carboxylase deficiency. 
In one report, this was demonstrated already in utero 
at 29 weeks of gestation [412].

CT examination of the brain in a 7-week-old infant 
with pyruvate carboxylase deficiency showed severe 
diffuse hypodensity of cerebral white matter (a pre-

vious CT examination, immediately after birth, was 
found to be normal) [410].

Published MRI data of confirmed cases are not 
available. In my personal experience with presumed 
pyruvate carboxylase deficiency, in the severe neo-
natal form MRI findings are rather unremarkable; 
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sometimes, they show morphological signs of imma-
turity of the brain. MRS, however, is useful, since it 
shows abnormal amounts of lactate within the brain 
parenchyma (Fig. 13.71).

13.4.5.2 
Defects of the Respiratory Chain

The so-called respiratory chain is a complex multi-
unit system within the inner membrane of mitochon-
dria. It is responsible for electron transport during 
the end stage of oxidative phosphorylation. The 
respiratory chain consists of five different complexes 
(complex I-V), each with a specific role in the process 
of oxidative phosphorylation. Cytochrome c oxidase 
(COX), or complex IV, is the best known of the five 
enzyme complexes (Fig. 13.72).

The respiratory chain enzymes are genetically 
encoded by both nuclear and mitochondrial DNA 
(except complex II, which is entirely encoded by 
mitochondrial DNA); this gives rise to an often com-
plex inheritance pattern (Mendelian and maternal). 
Mitochondrial DNA mutations are particularly fre-

quent and include point mutations, deletions, inser-
tions, and rearrangements [413].

Besides peculiarities of the inheritance of the 
defects of the respiratory chain, clinical manifesta-
tions of the disease in a given individual are further 
modulated by two peculiar additional phenomena, 
notably heteroplasmy and segregation. Hetero-
plasmy refers to the frequent presence of normal 
and mutant mitochondrial DNA within the same 
cell. During cellular proliferation, the normal and 
abnormal mitochondria segregate randomly; there-
fore, the concentration of mutant mitochondrial 
DNA changes from cell to cell and, since the same 
concept is also applicable to the early undifferen-
tiated cells during embryogenesis, from organ to 
organ in the same individual as well. A critical per-
centage of abnormal mitochondria is required for 
abnormal energy metabolism within a given cell, 
and a critical number of abnormal cells is necessary 
for organ failure and the corresponding clinical dis-
ease manifestations.

This explains the remarkable clinical heterogene-
ity of the disease entities in this group of pathologies. 

Fig. 13.71a–d. Conventional MR imaging 
and MR spectroscopic fi ndings in a 7-
day-old male patient with primary lactic 
acidosis (presumed pyruvate carboxylase 
defi ciency). a, b Axial T2-weighted fast 
spin-echo images. The cortical gyral pat-
tern is somewhat rudimentary, and the 
extra and intracerebral CSF spaces are 
enlarged, but otherwise no defi nite struc-
tural abnormality is seen. c, d Single voxel 
proton MR spectra of the brain (PRESS 
technique, TE: 135 ms and 270 ms, sam-
pling voxel: 2x2x2 cm, positioned on the 
basal ganglia on the right side), showing 
prominent peak doublets at the 1.3 ppm 
level, exhibiting the J-coupling phenom-
enon, consistent with abnormal lactate

a b

c d
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In respiratory chain deficiencies, practically any 
organ or tissue in any combination may be involved, 
although the most frequently affected organs are the 
CNS and the muscles (both skeletal and visceral). 
This is why respiratory chain defects are also referred 
to as mitochondrial encephalomyopathies.

The spectrum of clinical manifestations of the 
mitochondrial respiratory chain defects is particularly 
broad [414]. Clinical signs and symptoms and labora-
tory data may indicate involvement of liver (hepa-
tomegaly, hepatic failure), heart (cardiomyopathy), 
kidney (proximal tubulopathy), pancreas (exocrine 
pancreas dysfunction), intestines (diarrhea), skeletal 
muscle (myopathic features), bone marrow (pancyto-
penia), skin (pigmentation abnormalities), and CNS 
(hypotonia, various mitochondrial disease entities, 
such as Leigh disease, MELAS, MERRF, LHON, and 
more rare and less well-defined syndromes, such as 
lethal pontocerebellar hypoplasia) [415]. Since mul-
tisystem involvement is almost the rule in diseases 
related to defects of the respiratory chain, this can be 
an important clinical diagnostic clue. Additionally, sys-
temic metabolic abnormalities, in particular episodes 
of ketoacidotic decompensation, are also common.

There is some overlap between different disease 
entities with regards to both clinical and imag-
ing manifestations. Similar mutations may present 
with different clinical phenotypes. Patients with 
the A3243G mitochondrial DNA mutation, which is 
typical for MELAS, may present with Leigh disease 
or MERRF-like clinical and imaging manifestations 
[416]. Furthermore, in patients with typical LHON 
mutations (3460 and 14484), Leigh disease-like clini-
cal and imaging manifestations were described [417]. 
Sometimes, clinical features of two entities (MELAS 
and MERRF) may be present in the same patient [418]. 
Visual problems and optic atrophy are common in 

MELAS and MERRF, although some of the associ-
ated abnormalities typical for LHON may be absent 
[419]. Conversely, myoclonus, which is the hallmark 
neurological abnormality in MERRF, may be found 
in patients with LHON or even in the other respira-
tory chain defect entities [420].

Histopathological findings in various mitochon-
drial encephalomyopathies may also show strik-
ing similarities (e.g., Leigh disease-like brainstem 
changes in MERRF) [421]. On histological examina-
tion of skeletal muscle biopsy specimens, ragged-red 
fibers may be found not only in MERRF, but also 
in most other mitochondrial encephalomyopathies 
(e.g., Leigh disease, Kearns-Sayre disease, MELAS) 
[419, 422, 423].

Leigh Disease

This disease is often referred to as subacute necrotiz-
ing encephalomyopathy. The inheritance can be auto-
somal (in some of the respiratory chain complex I and 
COX deficiencies), X-linked (pyruvate dehydrogenase 
E1-α deficiency), and maternal (mitochondrial point 
mutations) [424, 425].

In the majority of cases, Leigh disease is caused 
by enzyme (respiratory chain complex I, III, and IV, 
or pyruvate dehydrogenase) deficiencies, followed by 
mitochondrial DNA mutations [424, 426, 427]. The 
most frequent mitochondrial point mutations associ-
ated with Leigh syndrome are T8993G, T8933C, and 
A8344G. Recently, mitochondrial DNA depletion 
syndrome was found to be associated with Leigh syn-
drome clinically as well [428]. However, several other 
hereditary metabolic diseases, such as biotinidase 
and sulfite oxidase deficiency or Wernicke encepha-
lopathy, have been reported to mimic, either clini-
cally or histopathologically, Leigh disease [295, 429].

Fig. 13.72. The mitochondrial respiratory chain. There are fi ve enzyme complexes, of which cytochrome c oxidase (COX) is the 
fourth. Both nuclear and mitochondrial DNA encode subunits to the various complexes in the chain
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Delayed and hypomyelination in Leigh disease are 
common findings on MRI. Additionally, white matter 
lesions within the cerebral hemispheres may also be 
present, which are usually patchy and predominantly 
subcortical, less frequently periventricular. White 
matter lesions are sometimes quite extensive and may 
also involve the cerebellar white matter [423, 437]. 
Sometimes these are remarkably symmetrical, mim-
icking leukodystrophy. Occasionally, lesions exhibit a 
stroke-like appearance, similar to what may be seen 
in MELAS [427, 436]. Rarely, cerebral hemispheric 
white matter lesions are the sole imaging manifesta-
tions of Leigh disease, reported in a case related to 
COX deficiency [438]. The central tegmental tracts 
are often abnormal on T2-weighted images and ill-
defined, faint hyperintensities may be present within 
the center of the pons (Fig. 13.75).

Depending on the structure involvement and the 
progression pattern of the lesions, three subgroups 
have been identified in patients with Leigh disease 
[427]. In some patients, basal ganglia changes seem to 
precede brainstem abnormalities by several months or 
years. In another group, brainstem lesions appeared 
without basal ganglia or white matter involvement. 
In a third group, white matter lesions were found 
initially and were followed by brainstem lesions, but 
basal ganglia abnormalities never developed during 
the follow-up period. Fatal outcome of the disease 
due to respiratory failure was always associated with 
involvement of the medulla oblongata.

As an uncommon imaging feature of Leigh dis-
ease, signal enhancement after intravenous gadolin-
ium injection has also been described within some of 
the affected brain areas, including the periventricu-
lar white matter, periaqueductal and hypothalamic 
structures, and mammillary bodies [438, 439].

Overall, conventional MRI findings, especially 
when thalamic, tectal, and lower brainstem lesions 
are present, characterize a highly suggestive imag-
ing pattern. The most important differential diagno-
ses are organic acidopathies or Wilson disease but, 
again, presence of the peculiar, structure-selective 
brainstem lesions in Leigh disease usually allows 
confident differentiation.

Diffusion-weighted images may show hypersig-
nal during acute metabolic attacks within the lesions 
in brainstem, basal ganglia, and dentate nuclei 
(Fig. 13.76).

1H MRS is helpful by showing the presence of lac-
tate in brain [69, 73], but obviously this is a nonspe-
cific finding. The quantity of lactate appears to be 
remarkably high on the spectra if the sampling voxel 
is placed on the damaged basal ganglia, but abnor-
mal lactate may also be demonstrated within appar-

Male patients are more frequently affected, and 
this preponderance is not explained by the existence 
of an X-linked variant among known genotypes. The 
disease typically appears during early infancy; the 
average is 6 months, but significant deviations exist, 
with much earlier (1 month) and later (10 years) 
onset. The disease presents with failure to thrive and 
progressive neurological deterioration, including 
developmental delay or loss of milestones, hypotonia, 
weakness, ataxia, dystonia, and seizures [426]. Respi-
ratory problems and ocular abnormalities related 
to brainstem dysfunction (external ophthalmople-
gia, nystagmus, and strabismus) are also frequently 
encountered [424, 427]. Laboratory tests reveal lactic 
acidosis and increased pyruvate concentrations both 
in blood and CSF.

On histopathological examination, lesions 
(spongy degeneration) are found at the level of the 
deep gray matter structures, mammillary bodies, 
periaqueductal gray matter, oculomotor nuclei, sub-
stantia nigra, tegmentum and tectum of the mesen-
cephalon, tegmentum of the pons, dorsomedial part 
of the medulla oblongata, subcortical white matter 
of the cerebral hemispheres, and deep cerebellar 
white matter.

Imaging Findings

MRI findings in Leigh disease include abnormalities 
of deep cerebral gray matter structures, brainstem, 
deep cerebellar gray matter structures, and cerebral 
hemispheric white matter [423, 427, 430–433].

Basal ganglia changes are typical in Leigh disease; 
their magnitude and extent, however, is quite vari-
able [144, 430, 434, 435]. The thalami are sometimes 
involved as well.

At the level of the upper mesencephalon the pat-
tern of signal changes sometimes resembles the “giant 
panda face” (hyperintensity within substantia nigra 
and central tegmental structures) [430]. Prominent 
signal changes are often present in the periaqueduc-
tal region and within the medulla oblongata; the latter 
may explain the frequent respiratory problems (epi-
sodes of apnea, sighing) of these patients [427, 428, 430, 
436, 437]. The subthalamic nuclei are almost always 
involved; the detection of these lesions is, however, dif-
ficult [423, 432]. Involvement of the subthalamic nuclei 
in Leigh disease has been related to COX deficiency 
and, specifically, to mutations of SURF1, a nuclear 
gene encoding one of the ten n-DNA encoded COX sub-
units [433] (Fig. 13.73). The dentate nuclei frequently 
(but not always) show abnormalities [435]. Occasion-
ally, medulla oblongata lesions extend caudally to the 
upper cervical spinal cord (Fig. 13.74).
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20 years of age). The mitochondrial mutation usually 
affects complex I, III, or IV of the respiratory chain.

Imaging Findings

In Kearns-Sayre disease, CT may show calcifications 
within the globi pallidi and caudate nuclei [441]. In 
one report, extensive subcortical calcifications were 
described in a patient with Kearns-Sayre disease 
associated with Down syndrome and multiple endo-
crinological abnormalities, including hypoparathy-
roidism [423].

On MRI, involvement of the deep gray matter 
structures is often but not always seen, with symmet-
rical abnormal hypersignal within the basal ganglia 
(predominantly within the globi pallidi, rarely within 
the caudate nuclei) and/or thalami on T2-weighted 
images [389, 423, 442, 443]. Interestingly, the putam-
ina are always spared in Kearns-Sayre disease, which 
may be a differential diagnostic clue from an imaging 

Fig. 13.73a–e. MRI in a 3-year-
old boy with Leigh disease due 
to cytochrome c oxidase defi -
ciency with SURF1 mutation 
(courtesy of Dr. A. Rossi, Genoa, 
Italy). a Coronal fast spin-echo 
T2-weighted image (4500/120) 
shows symmetric T2 prolonga-
tion involving the subthalamic 
nuclei (arrows). The substantia 
nigra (arrowheads), posteroin-
ferior portion of the putamina 
(P), and medulla (M) are also 
involved. b–e Axial fast spin-
echo T2-weighted images show 
T2 prolongation involves the 
dentate nuclei (open arrows), 
central tegmental tract (arrow-
heads), and substantia nigra 
(arrows)

a b
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ently normal brain areas [63, 73]. In visible lesions, 
the NAA peak is decreased and some decrease of the 
Cho peak is also suggested. In Leigh disease, regional 
variations of the NAA, Cho, and lactate levels have 
also been demonstrated, the most severe abnormali-
ties being again shown at the level of the basal gan-
glia, suggesting that severity of respiratory deficiency 
may be a function of intensity of the baseline meta-
bolic activity [73]. On successful therapy, the cerebral 
lactate peak may disappear, but in cases of metabolic 
deterioration it may reappear [440].

Kearns-Sayre Disease

Kearns-Sayre disease is a complex syndrome charac-
terized by progressive external ophthalmoplegia and 
pigmentary retinal degeneration, associated with com-
plete heart block, cerebellar ataxia, or elevated CSF 
protein level. The disease is usually of juvenile onset 
(but, by definition, the disease should start under 
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Fig. 13.74a–h. Different conventional MR 
imaging patterns in Leigh disease on axial 
modular inversion recovery images. a–d 3-
year-old female patient. Abnormal signal 
intensities are seen within inferior olives, 
dentate nuclei, fasciculus longitudinalis 
medialis, central tegmental tracts, putam-
ina and globus pallidus on the left side. 
e–h 2-year-old male patient. The pattern is 
very much similar to that of the previous 
patient, except that here the basal ganglia 
are normal. At the level of mesencephalon, 
the medial lemnisci and the substantia 
nigra are also involved

a b c
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Fig. 13.75a–l. Different patterns of white matter involvement in Leigh disease on axial T2-weighted fast spin-echo images. a–d 
Delayed and hypomyelination in a 5-month-old female patient presenting with respiratory failure and hypotonia. Diffuse brain 
atrophy. Basal ganglia, substantia nigra and central tegmental tract lesions within the mesencephalon (the patient also had medulla 
oblongata lesions, not shown here). e–h Patchy white matters lesions within the cerebral hemispheres without involvement of cer-
ebellar white matter. Note the basal ganglia lesions and signal abnormalities at the level of the vestibular nuclei in the brainstem. 
The splenium of the corpus callosum is also hyperintense. i–l Leukodystrophy-like appearance of the lesions involving both cerebral 
and cerebellar white matter. The inferior olives and basal ganglia are also abnormal



 643Metabolic Disorders

a b c

d e f

g h i

j k l



 644 Z. Patay

standpoint with respect to Leigh disease, in which it 
is frequent [431]. Occasionally, the deep gray matter 
structures may exhibit hypersignal on T1-weighted 
images [431]. Within the upper brainstem, the sub-
stantia nigra and tegmental structures are typically 
abnormal, but lesions may also be present within the 
medulla oblongata [389, 431].

Ill-defined, rather diffuse white matter lesions within 
the cerebral hemispheres, predominantly subcortical 
in location, are also frequent [442]. In the cerebellum, 
white matter lesions also occur, typically centrally, but 
may also extend to the middle cerebellar peduncles 
[431, 443] (Fig. 13.77). Diffuse cerebral and cerebellar 
atrophy complete the list of imaging abnormalities.

Diffusion-weighted images during the acute phase 
of the disease may show hypersignal within the lesion 
areas, consistent with isotropically restricted water 
diffusion (Fig. 13.77).

1H MRS may or may not show abnormal lactate 
within brain parenchyma.

Mitochondrial Myopathy, Encephalopathy, Lactic 
Acidosis and Stroke-Like Episodes (MELAS)

The acronym MELAS refers to mitochondrial myopa-
thy and encephalopathy lactic acidosis with stroke-
like episodes [444]. This is probably the best known 
of the so-called mitochondrial diseases or mitochon-
drial encephalomyopathies.

The disease is of maternal inheritance and the 
mutation occurs on mitochondrial DNA. In about 
80% of cases, the site of the mutation is A3243G (so-
called MELAS mutation of mitochondrial DNA), but 
several other rare mutations are also known [416, 419, 
422]. As a result, complex I and IV respiratory chain 
enzymes usually become deficient [419, 422].

The clinical phenotypes (tissue involvement, age of 
onset, severity of the disease) show great variations. The 
age of onset is typically between 4–15 years, but early 
infantile and adult forms have also been reported [86, 
416, 422, 445]. The disease sometimes becomes overt 

Fig. 13.76a–d. Diffusion-weighted imag-
ing abnormalities in Leigh disease (axial 
diffusion-weighted echo-planar images, 
b = 1000s). a Increased signal within 
dentate nuclei and inferior olives (same 
patient as in Fig. 13.74e). b Signal abnor-
malities within central tegmental tracts 
of mesencephalon and putamina (same 
patient as in Fig. 13.74c). c Diffusion 
abnormalities within substantia nigra 
and basal ganglia (same patient as in 
Fig. 13.75b). d Restricted water diffusion 
within the white matter (same patient as 
in Fig. 13.76l)

a b
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Fig. 13.77a–h. Conventional and diffusion-weighted MR imaging fi ndings in patients with Kearns-Sayre disease. a–d Axial T2-
weighted fast spin-echo images in a 15-year-old female patient. Diffuse ill-defi ned white matter hyperintensities are seen within 
the cerebral hemispheres, and less prominently within the deep cerebellar white matter and middle cerebellar peduncles. At the 
level of mesencephalon, a giant panda face-like pattern is suggested. The globi pallidi are hypointense, otherwise no basal ganglia 
or thalamic abnormality is noted. Diffuse brain atrophy. e–h Axial diffusion-weighted echo-planar images (b = 1000s) in a 21-year-
old female patient. An essentially similar lesion pattern is seen in this patient. The abnormal areas exhibit hypersignal, consistent 
with isotropically restricted water diffusion, probably related to myelin edema
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Fig. 13.78a–c. MR imaging fi ndings in MELAS. Axial T2-weighted fast spin-echo images. a Initial MR imaging work-up in an 8-year-
old male patient after the fi rst stroke-like episode presenting with right hemiparesis. The left fronto-temporal lesion involves both 
cortical and subcortical structures and extends to the anterior and middle cerebral artery territories. b Follow-up examination at the 
age of 12 years, showing interval atrophic changes in the lesion. c The second follow-up study was performed a few months later, when 
the patient presented with initially right-sided hemianopsia shortly followed by total cortical blindness. New lesions are seen in both 
occipital lobes, but on the right side the lesion extends to the middle cerebral artery territory as well, in the posterior temporal lobe

a b c

during a febrile illness (causing a mismatch between 
energy requirements and availability); nevertheless, 
developmental delay and learning disability may be 
noted before the initial clinical manifestation in some 
patients. The disease typically presents with sudden 
onset of headache, vomiting, convulsions, and myo-
pathic signs, but focal neurological signs soon become 
obvious. On examination, optic atrophy and retinitis 
pigmentosa are frequently found, and diplopia and 
cortical blindness, as well as ataxia, generalized weak-
ness (with proximal predominance), and sensorineu-
ral hearing loss may be found. Although CSF lactate 
is sometimes elevated, no systemic lactic acidosis is 
found. Systemic manifestations of the disease include 
cardiomyopathy and diabetes (both type 1 and 2).

Imaging Findings

CT or MRI studies in MELAS typically show one or 
more stroke-like lesions within brain, typically involv-
ing the cerebral hemispheres. The most frequently 
affected areas are the parietal and occipital lobes, fol-
lowed by the temporal and frontal regions [35]. The 
lesions involve both cortical and subcortical structures, 
and appear quite similar to infarctions. In the acute 
phase of the disease, they are associated with swelling, 
and postcontrast images may show enhancement [35, 
446]. Careful analysis of the morphology and extent of 
lesions usually reveals a nonterritorial pattern, repre-
senting the most important differential diagnostic clue 
in this respect. If the lesions involve temporal lobes, 
imaging findings may mimic herpes encephalitis [445], 

while if located in temporo-occipital regions, venous 
infarctions related to thrombosis of transverse sinus 
may be considered, although MELAS lesions do not 
show a hemorrhagic character (Fig. 13.78).

MR angiography fails to demonstrate evidence of 
occlusive arterial disease. In the chronic phase of the dis-
ease, decreased blood supply (due to decreased demand) 
may result in reduced vascular network in lesion areas, 
mimicking postocclusion vascular changes (Fig. 13.79). 
MR venography may be helpful in ruling out transverse 
sinus thrombosis in suspicious cases.

CT examination in MELAS frequently reveals basal 
ganglia calcifications, which appear to be progressive 
on follow-up studies [35]. Hyperintense lesions within 
the basal ganglia (putamina, globi pallidi), thalami, 
and periaqueductal regions, somewhat similar to find-
ings in Leigh disease or Kearns-Sayre syndrome, may 
be noted on T2-weighted MR images [35, 389, 419]. 
Cerebral and cerebellar atrophy are also common. The 
first sign of cerebellar atrophy may be represented by 
isolated enlargement of the fourth ventricle [35].

On diffusion-weighted images, stroke-like lesions 
usually exhibit a heterogeneous character, with   hypo-, 
iso-, or hyperintense lesion components. The hyper-
intensities, if present, most probably correspond to 
T2 shine-through, rather than cytotoxic edema. 
Indeed, quantitative diffusion studies demonstrated 
normal or increased apparent diffusion coefficient 
within cortical-subcortical stroke-like lesions, 
indicative of vasogenic edema [447–449] (Fig. 13.79). 
In one study, a steep increase of the ADC was found 
during the first 2 days after the onset of the lesions, 
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disease. On the other hand, myoclonus epilepsy is not 
exclusive to the syndrome, since many other meta-
bolic or nonmetabolic diseases, characterized by pro-
gressive myoclonic epilepsy are also known, notably 
neuronal ceroid lipofuscinosis, nonketotic hypergly-
cinemia, Lafora body disease, sialidoses, Unverricht-
Lundborg disease, Ramsay-Hunt syndrome, and sub-
acute sclerosing panencephalitis.

The disease has either an autosomal recessive or 
maternal mitochondrial inheritance, or it is sporadic. 
The most frequently affected components of the respi-
ratory chain are complex III and IV.

The onset of the disease shows wide variations 
from 3 to 62 years, sometimes even within the same 
family. Myoclonus is usually the initial neurological 
manifestation, associated later with ataxia, dysar-
thria, optic atrophy, deafness, tonic-clonic seizures, 
proximal limb weakness, and dementia [421]. The 
disease course is also quite variable; in some cases, 
progression is rapid and affected patients die during 
childhood; in others, it is mild and very slowly pro-
gressive with a benign outcome.

Histopathological workup of the brain mainly 
shows brainstem abnormalities, suggestive of some 
sort of system degeneration. The brainstem is usu-
ally diffusely atrophic and may show additional 
focal lesions, exhibiting a Leigh disease-like pattern. 
Although the cerebral cortex and white matter appear 
to be normal, metabolic studies of the brain suggest 
that the hallmark clinical features of the disease 
(myoclonus, seizures, dementia) are related to func-

followed by a progressive decrease during the next 
24 days [449]. Others advocated the importance of 
mitochondrial angiopathy-related changes in the 
lesion areas, notably rupture of the blood-brain 
barrier and hyperperfusion, as the possible cause of 
vasogenic edema [446]. These observations support 
the hypothesis that the lesions are actually not of 
ischemic origin, but rather secondary to metabolic 
crash (energetic failure). DWI data also suggest that 
some of the stroke-like brain lesions may be com-
pletely reversible [448].

1H MRS may be a useful complementary test, since 
a small lactate peak may be detected even in appar-
ently normal brain areas, especially if they are asso-
ciated with neurological abnormality [450]. This 
underlines the potential supportive role of MRS in the 
diagnosis of MELAS even in MR negative but clini-
cally symptomatic cases.

In an appropriate clinical setting, MRI, CT, and 
MRS findings provide a highly suggestive pattern and 
warrant further studies, in particular muscle biopsy, 
to confirm the diagnosis.

Myoclonus Epilepsy and Ragged-Red Fibers (MERRF)

Historically, the presence of ragged-red fibers on 
histological specimens from skeletal muscles was 
an obligatory diagnostic criterion of the disease, 
but growing experience suggests that these may not 
be always present in all muscles in all patients with 
progressive myoclonus epilepsy due to mitochondrial 

Fig. 13.79a–c. MR angiography and diffusion-weighted imaging in a 12-year-old male patient with MELAS, shortly after the onset of 
complete cortical blindness (same patient as in Fig. 13.78). a The MR angiographic image (3D time-of-fl ight technique) demonstrates a 
reduced vascular network in the left middle cerebral artery territory, interpreted as secondary to decreased demand. b Axial diffusion-
weighted echo-planar image (b = 1000s) showing hyposignal within the old left hemispheric fronto-temporal lesion area and signal 
inhomogeneities with faint hypo- and hypersignal within the fresh occipital lesion areas. c On the axial apparent diffusion coeffi cient map 
image, the new lesions are hyperintense, indicating increased water diffusion and suggesting vasogenic, rather than cytotoxic, edema
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tional abnormalities due to the chronic depressed 
state of oxidative metabolism within the cortical gray 
matter [421].

Imaging Findings

Reports of imaging findings in MERRF are sparse 
[389, 451]. CT shows calcification in the globi pallidi. 
On MR images, calcified areas are hypointense on 
T2-weighted images. Otherwise, nonspecific cerebral 
hemispheric (subinsular and periventricular) white 
matter changes may be noted.

Leber Hereditary Optic Neuropathy (LHON)

Leber hereditary optic neuroretinopathy (LHON) (see 
Chap. 31) is a maternally inherited disease; the most 
common mutation is at 11778 (affecting complex I of 
the respiratory chain); less frequently, the mutations 
are at 3460 or 14484 [452, 453].

In cases with G11778A mutation, the disease shows 
a clear male predominance (82%) and age of onset 
varies between 8 to 60 years, although in about 60% 
of the patients it is between 10 to 30 years [453, 454]. 
Onset of the disease below 10 and above 50 years of 
age is quite exceptional.

Clinically, the disease presents with rapidly pro-
gressive bilateral visual loss, due to degeneration of 
optic nerves. The involvement of optic nerves is either 
simultaneous or there is a few months interval between 
the two sides. On ophthalmological examination, in 
addition to optic atrophy, telangiectatic microangi-
opathy, vascular tortuosity, and disk pseudoedema are 
frequent findings; the latter are believed to be distinct, 
albeit inconsistent, features of the disease, allowing 
differentiation from other mitochondrial encephalo-
myopathies (MELAS, MERRF), which may also pres-
ent with visual disturbances and optic atrophy.

Associated neurological abnormalities (LHON-
plus syndrome) may occur in up to 60% of patients, 
including tremor, polyneuropathy, and seizures. Tho-
racic kyphosis may be present in about 15% of cases 
[453]. No muscle or other systemic organ involvement 
has been described in the disease.

The typical age of onset, the clinical features and, 
in a subset of patients, even imaging manifestations 
of the disease show strong similarities with multiple 
sclerosis (so-called LHON-MS), which is therefore the 
most important differential diagnostic consideration 
from the clinical standpoint [455]. Indeed, in patients 
who presented clinically with bilateral simultaneous 
optic neuropathy (and visual loss), about 17% were 
found to have LHON and 22% multiple sclerosis after 
complete workup [456].

Imaging Findings

Several reports of patients with LHON suggested that 
CT and MRI studies of the brain are typically normal 
[454,456]. However, if MRI study was performed with 
dedicated and high resolution imaging sequences, 
signal abnormalities within distal intraorbital optic 
nerves could be demonstrated in the chronic stage of the 
disease [457]. Since in the acute stage of the disease no 
abnormalities were noted, these findings (in conjunc-
tion with ophthalmological observations) may indicate 
that the primary site of mitochondrial dysfunction is 
intraocular, rather than retrobulbar. Furthermore, the 
optic nerve volumes in patients with LHON were found 
to be significantly lower than in healthy controls, sug-
gesting that atrophy of optic nerves is a fairly constant 
abnormality (see Fig. 31.29, Chap. 31) [458].

There is, however, a growing number of reports 
which suggest that, occasionally, other lesions may 
also be detected in the brain in LHON. In at least two 
patients with the 11778 mutation, bilateral putaminal 
lesions were described [452, 453]. In one of these cases, 
it was associated with periventricular white matter 
lesions. In three other patients initially presenting with 
LHON (and found to have typical LHON mutations), 
Leigh disease-like syndrome developed later during 
the course of the disease, with corresponding imaging 
findings within the basal ganglia and brainstem struc-
tures [417]. In another case with the same mutation in a 
44-year-old male patient, MRI study revealed bilateral, 
predominantly periventricular, white matter lesions in 
conjunction with abnormal signal within the intraor-
bital optic nerves [459]. Scattered white matter lesions 
are quite frequent MRI findings in clinically LHON-
MS patients with the 11778 mutation [455]. Even more 
disturbing was the finding of oligoclonal IgG bands 
within the CSF on two occasions; therefore, the disease 
was indistinguishable from multiple sclerosis [459]. A 
somewhat similar case was also described in another 
report [460].

1H MRS, as in many other “mitochondrial” dis-
eases, may or may not show abnormal lactate within 
the brain parenchyma.

13.4.5.3 
Fatty Acid Oxidation Disorders

Fatty acid oxidation disorders are probably more 
common metabolic disorders than previously believed 
[461]. Because of diverse clinical manifestations and 
diagnostic difficulties, disease entities belonging to 
this group are often underdiagnosed [462].

Metabolic fuels for the organism include glucose, 
lactate, fatty acids, and ketone bodies. The fatty acid 
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oxidation pathway is an important energy-produc-
ing mechanism and is involved in producing energy 
through β-oxidation of fatty acids and synthesis of 
ketone bodies. The fatty acid oxidation pathway is 
a particularly important alternate source of energy 
production during fasting, when availability of glu-
cose is limited. In brain, glucose and ketone bodies 
are the most important energy providers, followed by 
lactate. This is in contrast to muscle (especially the 
myocardium), where fatty acids and ketone bodies 
are dominant sources of energy and glucose and lac-
tate have only a complementary role.

The oxidation of fatty acids is a complex process. 
Long-chain fatty acids are initially converted into fatty 
acyl-coenzyme A in the cytosol. This is followed by their 
transportation into the mitochondria, which requires 
carnitine. Medium- and short-chain fatty acids can 
enter the mitochondria freely, after which they are also 
converted into their fatty acyl-coenzyme A esters. The 
fatty acyl-coenzyme A molecules are then progres-
sively broken down through the so-called β-oxidation 
cycle, whose end product is acetyl coenzyme A. During 
this stage, some energy is already provided for the 
respiratory chain (where ATP is synthesized) through 
the electron-transfer mechanism. Acetyl coenzyme A 
may then be used in two different ways. In liver, it is 
used for the synthesis of ketone bodies (acetoacetate 
and 3-hydroxybutyrate), which are then released and 
transported to the principal consumer organs (mainly 
to brain) where they provide alternative fat-derived 
fuel, especially during episodes of hypoglycemia (fast-
ing etc.). In muscle (heart, skeletal muscle), acetyl 
coenzyme A enters the tricarboxylic acid (Krebs) cycle 
and contributes to ATP synthesis.

Each of the aforementioned fatty acid oxidation 
steps may be deficient. Therefore, fatty acid oxidation 
disorders comprise carnitine cycle defects (carnitine 
transporter defect, carnitine-palmitoyl transferase 
deficiencies, and carnitine translocase deficiency), 
β-oxidation disorders (very long-, medium-, and 
short-chain acyl-coenzyme A dehydrogenase, as well 
as long- and short-chain 3-hydroxy-acyl-coenzyme A 
dehydrogenase deficiencies), electron transfer flavo-
protein/electron transfer flavoprotein dehydrogenase 
deficiencies (multiple acyl-coenzyme A dehydroge-
nase deficiency, usually referred to as glutaric acid-
uria type 2), and ketone body synthesis (3-hydroxy-
3-methylglutaryl coenzyme A synthetase and lyase) 
defects.

The mutant genes are located on chromosome 
2q34-q35 in long-chain acyl-coenzyme A dehydro-
genase, on chromosome 1p31 in medium-chain acyl-
coenzyme A dehydrogenase, and on 12q22-qter in 
short-chain acyl-coenzyme A dehydrogenase defi-

ciency. In glutaric aciduria type 2, the defective genes 
were mapped on chromosomes 15q23-q25, 19, and 
4q32-qter.

Because of the resultant impairment of aerobic 
energy metabolism at the mitochondrial level, fatty acid 
oxidation disorders are characterized by multiorgan 
(heart, skeletal muscle, liver) involvement [462]. The 
episodic metabolic decompensations (mild metabolic 
and lactic acidosis) may lead to secondary CNS mani-
festations, related to lack of metabolic fuels (hypoglyce-
mia and hypoketosis). Brain involvement may present 
with signs of acute (Reye syndrome) or chronic enceph-
alopathy (failure to thrive, developmental delay). Acute 
encephalopathy may be related to direct toxic effect of 
long- and medium-chain acyl-coenzyme A and acylcar-
nitines, but also to secondary metabolic derangements, 
such as prolonged hypoglycemia, lactic acidosis (due to 
inhibition of the tricarboxylic cycle), and hyperammo-
nemia (due to the inhibition of the urea cycle). Periph-
eral neuropathy may also occur in fatty acid oxidation 
defects. Dysfunction of the mitochondria within the 
myocardium results in conduction problems initially, 
and global cardiac failure due to cardiomyopathy 
thereafter. One of the most severe systemic complica-
tions is exercise- or fasting-induced rhabdomyolysis, 
presenting clinically with myoglobinuria, skeletal 
myopathy, and acute heart failure. Fatty acid oxidation 
disorders are also increasingly recognized as possible 
causes of sudden infantile death, most probably due 
to cardiomyopathy [463]. Skeletal myopathy presents 
with weakness, hypotonia and muscle pain. Accumula-
tion of noncatabolized fatty acids as triglycerides with 
resultant hepatic overload leads to chronic liver disease 
with steatosis and hepatomegaly.

Factors which influence the clinical manifesta-
tions are biochemical and environmental. For exam-
ple, long- and medium-chain fatty acid oxidation dis-
orders usually, but not always, present with a more 
severe clinical phenotype than short-chain fatty acid 
oxidation disorders, but neurological manifestations 
tend to be more common in short-chain fatty acid 
oxidation defects. Very long-chain acyl coenzyme A 
dehydrogenase, long-chain 3-hydroxy-acyl coenzyme 
A dehydrogenase, and multiple coenzyme A dehydro-
genase deficiencies are typically encountered in neo-
nates or infants; the other disorders have neonatal, 
infantile, juvenile, and even adult onset forms. Envi-
ronmental factors include fasting, physical exercise, 
and intercurrent illnesses, which are known potential 
triggering factors of metabolic decompensation.

The aims of the treatment in fatty acid oxidation 
disorders are correction of carnitine deficiency (in 
defects of the carnitine cycle) and reduction of lipol-
ysis to prevent fatty acid overload in liver. Appropri-
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ate dietary measures are essential, in order to prevent 
hypoglycemia and reduce fat intake.

Carnitine Cycle Defects

Carnitine deficiencies generally present with car-
diomyopathy, lipid storage myopathy, and metabolic 
encephalopathy.

Carnitine transporter defect usually presents in 
infancy with mainly hepatic and cardiac problems 
[464]. Carnitine palmitoyl transferase 1 deficiency 
present with liver and kidney failure in infancy. It was 
also found to be associated with early postnatal death 
due to cardiac problems [465]. Carnitine palmitoyl 
transferase 2 deficiency has a severe neonatal and 
a mild adult onset form, both presenting with myo-
pathic signs, including cardiomyopathy and hepatic 
disturbances; occasionally neurological manifesta-
tions (hepatic encephalopathy, infantile spasms, ath-
etotic quadriplegia) may also be present [466]. Car-
nitine translocase deficiency is usually of neonatal 
onset and is characterized by severe muscle, heart, 
and liver disease. L-carnitine deficiency (without 
specifying the subtype) was found to be a potential 
metabolic cause of ischemic and hemorrhagic stroke 
in children [113].

Imaging Findings

No imaging data of possible CNS involvement in 
L-carnitine deficiency are available.

�-Oxidation Defects

Clinically, the most suggestive signs and symptoms 
of a defect in β-oxidation are cardiomyopathy, recur-
rent myoglobinuria, hyperuricemia, increased serum 
creatine kinase levels, peripheral neuropathy, hypo-
ketotic hypoglycemia during fasting or stress, unex-
plained metabolic acidosis with or without hyperam-
monemia, Reye syndrome, unexplained coma, and 
sudden death during infancy or childhood, espe-
cially if these appear in combination with each other 
[467]. In different subtypes of β-oxidation defects the 
occurrence, age of onset, and severity of the different 
abnormalities may show variations.

Very long-chain acylcoenzyme A dehydrogenase 
deficiency is often a neonatal disease presenting with 
episodes of lethargy, vomiting, and potentially lethal 
coma. Affected neonates present with hyperammo-
nemia, hypoglycemia, hypoketosis, and lactic acido-
sis. The condition is usually untreatable and leads to 
death, except the Scandinavian phenotypes, which 
are compatible with life.

Medium-chain acylcoenzyme A dehydrogenase is 
the most frequent form of fatty acid oxidation disor-
ders. It presents with hepatic failure, usually during 
infancy. The resultant hypoglycemia and hypoketo-
sis have a deleterious effect on the brain. Seizures, 
lethargy, and coma are typical signs of brain involve-
ment; during episodes of metabolic decompensation, 
irreversible secondary brain damage may develop.

Short-chain acylcoenzyme A dehydrogenase defi-
ciency is usually associated with signs of chronic 
myopathy and encephalopathy (typically in the form 
of tone abnormalities and seizures) [192].

Long-chain 3-hydroxy-acyl-coenzyme A dehydro-
genase deficiency usually presents in late infancy. 
Patients may have developmental delay, failure to 
thrive, acute encephalopathy, recurrent metabolic 
crises, hepatopathy, retinopathy, and peripheral neu-
ropathy [468].

Medium-chain 3-hydroxy-acyl-coenzyme A dehy-
drogenase deficiency appears to have a neonatal onset 
and is incompatible with life.

Short-chain 3-hydroxy-acyl-coenzyme A dehy-
drogenase deficiency seems to have a more benign 
course, but neurological complications (external 
ophthalmoplegia) may occur [469].

Imaging Findings

No systematic description of brain MRI findings in 
β-oxidation disorders is found in the literature. In my 
own experience, a case of long-chain acyl-coenzyme 
A dehydrogenase deficiency had bihemispheric, pre-
dominantly frontal, cortical dysplasia. In a patient 
with medium-chain acyl-coenzyme A dehydrogenase 
deficiency of neonatal onset, MRI showed delayed 
myelination and bilateral parieto-occipital abnor-
malities, compatible with the pattern typically seen 
after severe hypoglycemia (Fig. 13.80). In another 
patient, MRI was normal.

It is probably reasonable to presume that in β-oxi-
dation defects, if lesions are present within the brain, 
they may include malformations, delayed and hypo-
myelination, or sequelae of hypoglycemia and/or 
hypoxia, related to the metabolic crises.

Electron Transfer Defects

Electron transfer defects are also referred to as mul-
tiple acyl-coenzyme A dehydrogenase deficiency or 
glutaric aciduria type 2. The disease is caused by defi-
ciency of the electron transfer flavoprotein failing to 
transport electrons from intramitochondrial dehydro-
genase enzymes (acyl-coenzyme A, branched-chain 
α-keto acid dehydrogenase, glutaryl-coenzyme-A 
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Fig. 13.80a–d. MR imaging fi ndings in 
a male patient with medium-chain acyl 
coenzyme A dehydrogenase defi ciency 
(neonatal onset form). a,b Axial T1-
weighted inversion recovery images at the 
age of 1 year. Delayed and hypomyelin-
ation throughout the cerebral hemispheres. 
Bilateral symmetrical cortical-subcortical 
lesions exhibiting an atrophic character 
in the parieto-occipital regions. c, d Axial 
T2-weighted fast spin-echo images at the 
age of 2 years. There is some progression 
of the myelination, not fully accomplished 
though, but the parieto-occipital lesions 
are unchanged

a b

c d

dehydrogenase). Hence, besides impairment of fatty 
acid oxidation (see above), catabolism of branched-
chain amino acids (leucine, isoleucine, and valine, 
see in maple syrup urine disease) and glutaryl coen-
zyme A (a catabolic intermediate on the breakdown 
pathway of lysine, hydroxylysine and tryptophan, see 
in glutaric aciduria type 1) is also affected. Electron 
transfer defects represent a profound mitochondrial 
metabolic-energetic disorder.

Glutaric aciduria type 2 has neonatal and later 
onset phenotypes. Both forms of glutaric aciduria 
type 2 are characterized by metabolic acidosis, 
organic (glutaric, 2-hydroxyglutaric, isovaleric, iso-
butyric, ethylmalonic) aciduria, hyperammonemia, 
and hypoglycemia without ketosis.

The neonatal form may present with or without 
dysmorphic features. Described malformations in 
the neonatal form of the disease include facial dys-
morphism, cerebral malformations, renal dysplasia, 
and abnormalities of external genitalia [49, 470]. The 
malformations are probably due to in utero energetic 
failure, rather than to direct toxic effect of abnormal 
accumulated metabolites. Those presenting with asso-
ciated congenital anomalies usually expire within the 

first few weeks of life. Patients with the other neona-
tal phenotype usually develop progressive cardiomy-
opathy and die by the age of 1 year [471].

The later onset type may present with occasional epi-
sodes of hypoglycemia at times of metabolic stress only.

Imaging Findings

Imaging abnormalities of the brain in glutaric acid-
uria type 2 are probably the best described in the 
literature of all of the fatty acid oxidation defects.

In the neonatal form, underdeveloped frontal and 
temporal lobes with enlarged Sylvian fissures (some-
what similar to glutaric aciduria type 1), delayed and 
hypomyelination, as well as agenesis of cerebellar 
vermis and hypoplasia of corpus callosum, have been 
described [72, 471, 472]. Parieto-occipital cortical-
subcortical lesions, similar to those seen in medium-
chain acyl-coenzyme A dehydrogenase deficiency 
(Fig. 13.80) may also be present. Although cortical 
dysplasia and gray matter heterotopia appear to be 
rather common autopsy findings, these have not been 
reported yet on neuroradiological studies. In the 
mild, late onset form, the MRI study may be normal.
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1H MRS of brain in glutaric aciduria type 2 shows 
increased Cho/Cr ratio (suggesting demyelination) 
and elevated lactate (indicating abnormal energy 
metabolism); the latter, however, may be an inconsis-
tent finding [72, 472].

Ketone Synthesis Defects

These include 3-hydroxy-3-methylglutaryl coenzyme 
A synthetase and lyase defects (see above in HMG 
coenzyme A lyase deficiency).

13.4.6 
Lysosomal Disorders

13.4.6.1 
Mucopolysaccharidoses

Mucopolysaccharidoses show autosomal recessive 
inheritance, except for Hunter disease, which is X-
linked recessive. The mutant genes are located on 
chromosome 4p16.3 in Hurler and Hurler-Scheie dis-
ease, on chromosomes 12q14 and 14 in Sanfilippo 
C disease, on chromosomes 16q24.3 and 3p21-p14.2 
in Morquio A and B disease, on chromosome 5q11-
q13 in Maroteaux-Lamy disease, and on chromosome 
7q21.11 in Sly disease.

Mucopolysaccharidoses are multisystemic diseases 
with involvement of the skeletal system (dwarfism, 
bone and joint dysplasias, skull base abnormalities), 
eye (corneal opacities), liver, spleen (hepatospleno-
megaly), heart (thickening of the valves), and CNS 
(primary and secondary involvement).

Facial dysmorphias and skeletal dysplasias (dysosto-
sis multiplex) are often characteristic of the disease and 
greatly facilitate the diagnosis, even on clinical grounds 
and plain X-ray skeletal survey. Laboratory tests pro-
vide further classification. In certain conditions, nota-
bly when neurological signs and symptoms suggest CNS 
involvement, MRI of the brain and spine may be indi-
cated for further evaluation of the brain parenchyma, 
ventricular system, and cranio-cervical junction.

CNS involvement in mucopolysaccharidoses may 
be direct or indirect. The most frequent imaging sub-
strates of direct CNS involvement are enlarged peri-
vascular spaces and white matter lesions, whereas 
indirect lesions include hydrocephalus and compres-
sion of the upper cervical spinal cord due to instabil-
ity and narrowing of the cranio-cervical junction.

Enlargement of perivascular spaces is related to 
abnormal mucopolysaccharide deposition in the lep-
tomeninges, preventing normal outflow of interstitial 
fluid from the parenchyma.

Cerebral white matter lesions, which tend to 
be predominantly periventricular, may be due to 
delayed myelination and/or demyelination second-
ary to accumulation of macromolecules within neu-
rons and oligodendrocytes, but transependymal CSF 
permeation (interstitial edema), in cases with promi-
nent hydrocephalus, may also play a role.

Hydrocephalus in mucopolysaccharidoses appears 
to be nonresorptive, most probably related to dys-
function of the pacchionian granulations, again due 
to meningeal mucopolysaccharide deposits [473].

Narrowing of the foramen magnum-upper cervical 
spinal canal area is due to combined effects of atlan-
toaxial instability (odontoid dysplasia in conjunc-
tion with ligament laxity) and mucopolysaccharide 
deposits within the synovial and dural structures.

In Hurler (MPS-I-H) and Hunter (MPS-II) dis-
eases the clinical picture is usually dominated by 
CNS involvement (mental retardation with progres-
sive dementia, gait disturbances). Sanfilippo (MPS-
III) disease presents with neurological abnormalities 
only, while hepatomegaly or dysostosis do not occur. 
Some degree of intellectual deficit may be present in 
Scheie (MPS-I-S) and Hurler-Scheie (MPS-I-HS) dis-
eases. In Morquio (MPS-IV) and Maroteaux-Lamy 
(MPS-VI) disease no direct involvement of the CNS 
usually occurs, whereas progressive cranio-cervical 
junction abnormalities lead to stenosis of the upper 
cervical spinal canal with resultant cord compression 
and myelopathy, as well as corresponding neurologi-
cal deficit (quadriparesis).

Imaging Findings

The incidence and magnitude of the characteristic 
imaging abnormalities is variable in different forms 
of mucopolysaccharidoses.

Enlarged perivascular spaces are most frequently 
encountered in Hurler and Hunter diseases, but may 
occasionally be seen in Sanfilippo disease as well 
(Fig. 13.81). These are sometimes very subtle and 
may be seen at the level of the corpus callosum only 
(Fig. 13.82).

White matter changes are typical for Hunter, 
Hurler, Hurler-Scheie, Sanfilippo and Marote-
aux-Lamy disease [474] (Fig. 13.83). Accumulated 
mucopolysaccharides (the resonance frequency was 
found to be around 3.7 ppm) were directly demon-
strated within the abnormal appearing white matter 
in patients with Hurler, Hurler-Scheie, Hunter, and 
Sly diseases by 1H MRS. This was associated with 
increased Cho/Cr ratios [475].

Hydrocephalus is characteristic of Maroteaux-Lamy, 
Sanfilippo, and Hunter disease [474] (Fig. 13.84).
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Fig. 13.81a–d. Enlarged perivascular spaces 
in various forms of mucopolysaccharido-
sis on T1-weighted inversion recovery 
images. a, b 5-year-old female patient with 
Sanfi lippo disease. c, d 2.5 year-old male 
patient with Hunter disease

a b

c d

Fig. 13.82a, b. Enlarged perivascular spaces within corpus callosum in a 4-year-old female patient with mucopolysaccharidosis. a 
Sagittal T1-weighted spin-echo image. Enlarged callosal perivascular spaces (arrows). Note also the dysplastic odontoid process 
and the narrowing of the foramen magnum. b Sagittal T2-weighted fast spin-echo image. Similar fi ndings

a b
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Fig. 13.83a–c. White matter signal abnormalities in various forms of mucopolysaccharidosis on coronal FLAIR images. a 8-year-old 
female with Sanfi lippo disease. Prominent enlargement of the extra- and intracerebral CSF spaces is conspicuous in conjunction 
with ill-defi ned, predominantly periventricular white matter signal abnormalities. b 6-year-old female patient with Maroteaux-
Lamy disease. Ventricular enlargement without brain atrophy. The white matter lesions spare the subcortical U-fi bers. c 10-year-old 
male patient with Hunter disease. Similar fi ndings as in Figure 13.83a

a b c

Fig. 13.84a.b. Communicating hydrocephalus in various forms of mucopolysaccharidosis. a 2-year-old female patient with Marote-
aux-Lamy syndrome. Note the typical, abnormal confi guration of sella and the characteristic deformity of the forehead associated 
with macrocephaly. b 10-year-old male patient with Hunter disease

a b

Narrowing of the foramen magnum and upper 
cervical spinal canal is most prominent in Morquio 
syndrome, but is also frequently present in Hunter, 
Hurler-Scheie, and Maroteaux-Lamy disease [157, 
476–478] (Fig. 13.85).

13.4.6.2 
Metachromatic Leukodystrophy

Metachromatic leukodystrophy is caused by defi-
ciency of cerebroside sulfatase enzyme. The enzyme 
has two components, notably the arylsulfatase A en-

zyme (ASA) and a sphingolipid activator protein, 
called saposin B. Arylsulfatase A is coded by a gene 
on chromosome 22q13.31-qter, while the gene of cere-
broside sulfatase activator is located on chromosome 
10q21-q22. Clinically, deficiency of either component 
may lead to metachromatic leukodystrophy, but aryl-
sulfatase A deficiency is much more frequent. The 
impairment of the enzyme leads to accumulation of 
galactocerebroside sulfate (or sulfatide) within the 
oligodendrocytes and Schwann cells. Under normal 
conditions, cerebroside 3-sulphate accounts for about 
3%–4% of myelin lipids, while in metachromatic leu-
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kodystrophy this may rise up to 30%. Thus, myelin 
within both the CNS and peripheral nerves becomes 
unstable and prone to abnormal breakdown. The dis-
ease, therefore, may be regarded as another example 
of dysmyelination-induced demyelination.

At least three distinct types of arylsulfatase A defi-
ciency have been identified, related to allelic hetero-
geneity of the arylsulfatase A locus. Depending on the 
type of mutation, inactive, unstable, or pseudodefi-
cient enzymes may be encoded.

The presence of the so-called pseudodeficiency 
allele (ASAp), coding an enzyme with decreased but 
sufficient residual activity, is a relatively frequent 
polymorphism, present in about 7%–15% of the 
normal population. Homozygosity for the pseudo-
deficiency allele (ASAp/ASAp) occurs in 0.5%–2.0% 
of the normal population and is not associated with 
clinically symptomatic disease, despite significantly 
reduced enzyme activity [479]. Patients with com-
pound heterozygosity for a pseudodeficiency allele 
and an allele coding the inactive or unstable enzyme 
may be clinically asymptomatic too [141, 479, 480].

In patients with critically reduced (less than 10%) or 
absent arylsulfatase A activity, the disease is clinically 
manifest and has several clinical phenotypes. The most 
frequent is the late infantile one (onset between 1 to 
3 years of age), accounting for 60%–70% of the cases. 
Early (3–6 years) and late (6–16 years) juvenile forms 
are encountered in about 25%, and the adult form in 
about 10%. A neonatal form also exists, but is very 

rare. The different age-related clinical phenotypes are 
closely linked to known genotypic variations [140, 481, 
482]. Mutation at the splice donor site prevents syn-
thesis of arylsulfatase A, and affected patients have 
practically no arylsulfatase A activity. Homozygos-
ity for this allele (allele I) leads to the severe, infantile 
onset form [141]. Another mutation results in synthesis 
of an active, but unstable, enzyme (“instability” actu-
ally means a shortened intralysosomal half-life of the 
enzyme within the oligodendrocytes) characterized by 
some residual activity which, however, is insufficient 
to prevent the disease. Homozygosity for this allele 
(allele A) was found to be associated with the adult 
onset form. Heterozygosity for allele I and allele A 
results in intermediate residual enzyme activity, hence 
the juvenile onset form of the disease.

In cases of saposin B deficiency, patients have 
normal arylsulfatase A activity, which may be a mis-
leading laboratory finding initially. Clinically, the 
resultant disease is indistinguishable from the phe-
notype caused by true arylsulfatase A deficiency.

The infantile form of the disease presents with hypo-
tonia, dysarthria, ataxia, gait disturbance, and progres-
sive loss of motor skills, leading to para- and later to 
quadriplegia. Peripheral neuropathy and optic atrophy 
is always present. Death usually occurs 3–6 years from 
the onset of the disease after a decerebrated state.

The juvenile form presents with spastic gait, ataxia, 
and progressive cognitive abnormalities. During the 
course of the disease severe spasticity develops. Pyra-

Fig. 13.85a–d. MR imaging of cranio-cervical abnormalities in various forms of mucopolysaccharidosis. a, b Sagittal T1-weighted 
spin-echo and T2-weighted fast spin-echo images in a 3-year-old male patient with Hurler disease. Dysplasia of odontoid process 
and diffuse stenosis of foramen magnum and cervical spinal canal, with mild compression of the spinal cord at the C1 level. c, d Sag-
ittal T1-weighted spin-echo and T2-weighted fast spin-echo images in a 6-year-old female patient with Morquio disease. Dysplastic 
odontoid process, atlanto-axial dislocation, thickening of synovial and probably also of dural structures at the cranio-cervical 
junction. Severe stenosis of foramen magnum-upper cervical spinal canal, resulting in defi nite compression of the spinal cord

a b c d
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midal signs, peripheral neuropathy, and ataxia are 
also typical neurological features of the adult onset 
form. The disease in the juvenile and adult forms 
shows a more protracted course than in the infantile 
form. However, the late juvenile and adult forms often 
present with misleading clinical manifestations. Epi-
leptic seizures may precede or follow the appearance 
of neurological or cognitive abnormalities [483, 484]. 
Psychiatric disturbances (paranoid delusions, audi-
tory, visual, and olfactory hallucinations), often 
misdiagnosed as a genuine psychotic syndrome 
(schizophrenia), movement disorders, and presenile 
dementia are also common [121, 141, 485].

Imaging Findings

In its classical infantile form, metachromatic leu-
kodystrophy is a classical leukodystrophy with no 
apparent involvement of gray matter structures on 
MRI. The imaging abnormalities consist of a progres-
sive centrifugal white matter disease, but an addi-

tional postero-anterior gradient is also present. The 
corpus callosum (first the splenium, then more ante-
rior components), internal capsules (initially only the 
posterior limbs, later also the anterior limbs), and 
deep hemispheric white matter are always involved. 
The subcortical U-fibers are typically spared during 
the initial stages of the disease. The external and 
extreme capsules are initially spared, but become 
abnormal later. In the early infantile form of the dis-
ease, a peculiar “tigroid” white matter lesion pattern 
may be seen within the centrum semiovale. This is 
due to initial relative sparing of perivascular myelin 
around transmedullary vessels, whose explanation is 
unclear. The tigroid pattern, if present, is a very sug-
gestive element [486, 487] (Fig. 13.86). Signal changes 
may be present within the upper brainstem and along 
the corticospinal tracts; the latter may be due to Wal-
lerian degeneration. Signal abnormalities within the 
cerebellar white matter are initially absent or rather 
subtle. During the disease course, progressive and 
eventually severe diffuse brain atrophy develops and 

Fig. 13.86a–e. MR imaging fi ndings in 
infantile metachromatic leukodystrophy 
(2-year-old male patient with saposin B 
defi ciency). a–d Axial T2-weighted fast 
spin-echo images. The so-called tigroid 
pattern is well appreciated. Note the faint 
signal abnormalities within the posterior 
limbs of the internal capsules and subin-
sular white matter, and the involvement of 
the corpus callosum, both posteriorly and 
anteriorly. e Axial T1-weighted inversion 
recovery image at level corresponding to 
c better demonstrate the sparing of the 
subcortical U-fi bers

a b c

d e
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cerebellar white matter involvement may become 
conspicuous [488]. The brain lesions do not show 
contrast enhancement.

In the early juvenile form, the MRI findings may be 
quite similar to the infantile form. In the late juvenile 
form, diffuse involvement of cerebral white matter 
and sparing of cerebellar white matter were described 
in conjunction with signal changes within the cere-
bral peduncles, pons, and periaqueductal area, atro-
phy of the basal ganglia, and low signal intensity of 
the globi pallidi on T2-weighted images [484]. The 
tigroid pattern may also be present, especially in the 
early juvenile form [487] (Fig. 13.87).

Diffusion-weighted images usually show signal 
abnormalities. Moderate hypersignal is sometimes 
seen in the presumed progression zone of the demy-
elinating process; in the late stage of the disease dif-
fuse hyposignal is found, but this seems to mainly 
correspond to T2 shine-through artifact in most cases. 
However, the “tigroid” pattern is sometimes conspicu-
ous on the diffusion-weighted images too (Fig. 13.87).

1H MRS shows decreased NAA and elevated lac-
tate peaks in the affected white matter in conjunc-
tion with an increased mI peak, a relatively distinct 
feature with respect to other leukodystrophies [489]. 
Decreased NAA is believed to be related to loss of 
integrity of neurons and of oligodendrocytes, whereas 
increased mI (a substance exclusively located in glial 
cells in normal brain) may reflect glial abnormalities 
and membrane instability (Fig. 13.88).

Reports on MRI findings after bone marrow trans-
plantation are somewhat controversial. In a case of a 
2-year-old child with saposin-B deficiency, although 
peripheral neuropathy showed transient objective 
improvement after treatment, imaging findings showed 
unchanged white matter abnormalities and worsening 

brainstem and cerebellar atrophy [490]. In another 
report of two cases of metachromatic leukodystrophy, 
one patient with early juvenile onset improved, while 
the other with late juvenile onset stabilized after suc-
cessful bone marrow transplantation [160]. In an adult 
onset case, follow-up MRI study after  bone marrow 
transplantation demonstrated arrest of the disease 
process within brain, while electrophysiological stud-
ies (EEG, peripheral nerve conduction) and neuropsy-
chological tests showed improvement [159].

13.4.6.3 
Multiple Sulfatase Deficiency

This is a rare, but very particular autosomal recessive 
disorder, since it combines the features of mucopoly-
saccharidoses and metachromatic leukodystrophy 
from both clinical and imaging standpoints [491]. 
As its name indicates, multiple sulfatase enzymes 
are deficient (i.e., those involved in metachromatic 
leukodystrophy and in various forms of mucopoly-
saccharidoses); however, residual enzyme activities 
vary considerably. The most frequent form is of early 
childhood onset; neonatal and juvenile forms also 
exist, but are rare.

Clinically, facial dysmorphia, similar to that seen in 
mucopolysaccharidoses, hepatosplenomegaly, micro-
cephaly (in the neonatal form macrocephaly), delayed 
development, progressive spasticity, blindness, and 
deafness are usually found.

Imaging Findings

Imaging studies show a combination of the abnor-
malities that are detected in metachromatic leu-
kodystrophy and mucopolysaccharidoses, notably 

Fig. 13.87a, b. Diffusion weighted imaging 
fi ndings in a 6-year-old male patient with 
arylsulfatase A-defi cient metachromatic 
leukodystrophy. a Axial diffusion-weighted 
echo-planar image (b = 1000s). Extensive 
hyperintensities are seen within the cen-
trum semiovale bilaterally. The deep peri-
ventricular white matter harbors hypoin-
tense areas which suggest tissue rarefaction. 
The tigroid pattern is recognizable. b Axial 
apparent diffusion coeffi cient (ADC) map 
image. Most areas showing hypersignal 
on diffusion-weighted images are hyper-
intense; therefore, these correspond to T2 
shine-through. In the parietal areas, faint 
hypointensities are suggested which may 
correspond to water diffusion restrictiona b
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variable patterns of white matter disease (diffuse or 
multifocal), enlargement of ventricles and of extrace-
rebral CSF spaces (characterizing diffuse brain atro-
phy), occasionally enlarged perivascular spaces, and 
cranio-cervical junction abnormalities with stenosis 
of the upper cervical spinal canal and possible cord 
compression [491].

13.4.6.4 
Krabbe Disease (Globoid Cell Leukodystrophy)

The underlying metabolic derangement in Krabbe 
disease (globoid cell leukodystrophy) is the defect 
of galactocerebroside β-galactosidase enzyme. The 
substrate of this enzyme is β-galactocerebroside. 
Nevertheless, deficiency of the enzyme results in 
accumulation of not only galactocerebroside, but 
more importantly, of its deacylated intermediate 
metabolite, galactosylsphingosine (or psychosine) 
within the cerebral white matter. Galactosylsphingo-
sine is known to be toxic to oligodendrocytes; hence, 
myelin probably becomes unstable and prone to 
breakdown. It is, therefore, a disease affecting at the 
same time production and maintenance of myelin. 
Consequently, both the CNS and peripheral nerves 
are affected. Histopathological evaluation of affected 
white matter shows reduced number of oligodendro-
cytes, demyelination with secondary axonal degen-
eration, reactive astrocytic gliosis, and accumulation 
of globoid cells (multinuclear macrophages).

The disease has an autosomal recessive inheri-
tance. The gene is located on chromosome 14q31. Sev-

eral mutations have been identified, but no clear-cut 
genotype-phenotype correlation could be established 
[492]. In fact, different clinical phenotypes (infantile 
and adult) may occur within the same family [493].

The disease typically starts in early infancy (3–
8 months), but later onset forms, including adult, 
also occur. Initially the disease presents with irrita-
bility, tonic spasms, blindness, deafness, and pyra-
midal signs. As in many other demyelinating dis-
eases, CSF protein is elevated. Electrophysiological 
studies reveal peripheral nerve conduction velocity 
abnormalities, consistent with peripheral neuropa-
thy. Later, permanent hypertonia, hyperpyrexia, and 
seizures develop, followed by opisthotonos, loss of 
bulbar functions, and respiratory failure. The dis-
ease is rapidly progressive and death usually occurs 
between 12 to 18 months of age.

In the later onset forms (onset of the disease after 
21 months of age), the clinical presentation may be 
somewhat different and sometimes misleading. 
Vision loss, gait disturbance, progressive spastic 
paraparesis, dementia or, rarely, hemiparesis without 
peripheral nerve involvement may be the initial clini-
cal symptoms in the late infantile, juvenile, and adult 
forms [494–496]. The disease, however, may also pres-
ent with peripheral neuropathy only [497]. Similar to 
metachromatic leukodystrophy, the late onset forms 
of the disease show a more protracted course [498].

Allogenic hematopoietic stem-cell transplantation 
was found to be beneficial in the late onset form of 
Krabbe disease [161]. After the procedure, normal 
galactocerebrosidase level was restored within leuko-

Fig. 13.88a–c. Single voxel proton MR spectroscopic fi ndings in metachromatic leukodystrophy (same patient as in Fig. 13.86). a 
PRESS technique, TE: 135 ms, sampling voxel, positioned on abnormal fronto-parietal white matter on the left side. Nonspecifi c 
fi ndings. The NAA peak is decreased, the Cho peak is increased, and the peak doublet at the 1.3 ppm level represents lactate. b. 
PRESS technique, TE: 270 ms, sampling voxel, positioned on abnormal fronto-parietal white matter on the left side. Similar fi nd-
ings as in Fig. 13.88a, except that the lactate peak shows typical J-coupling phenomenon. c STEAM technique, TE: 20 ms, sampling 
voxel, positioned on abnormal fronto-parietal white matter on the left side. Note the very prominent mI peak on this spectrum at 
the 3.55 ppm level, which is hardly detectable on the longer echo time spectra

a cb
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cytes. Reversal of CSF protein abnormalities was also 
achieved. In late-onset patients with neurological 
disability before the procedure, this was associated 
with clinical improvement. In a patient with family 
history of infantile onset disease who had no clini-
cal manifestations before transplantation, the disease 
did not develop.

Imaging Findings

CT studies in Krabbe disease describe subtle hyper-
densities within the deep gray matter structures of 
the brain (Fig. 13.89) and, occasionally, also within the 
periventricular centrum semiovale [33]. This is in keep-
ing with histopathological findings of calcifications in 
the same areas. MR examination of the brain often, but 
not always, shows hypointensities within basal ganglia 
and thalami on T2-weighted images, most probably 
related to the presence of calcifications.

In the classical, early infantile form, the most 
prominent abnormalities are widespread white matter 
abnormalities, both infra- and supratentorially. Both 
the cerebral and cerebellar white matter are involved. 
In the cerebellum, the most central areas may exhibit 
a spongy, necrotic appearance. The dentate nuclei are 
spared. Within the brainstem, the pyramidal tracts 
are usually abnormal. The middle cerebellar pedun-
cles and posterior parts of the pons also show hyper-
signal on T2-weighted images. Supratentorially, white 
matter abnormalities show a centrifugal pattern with 
an additional postero-anterior gradient [499]. This 
means that subcortical U fibers and frontal lobes 
may show sparing during early stages of the disease 
(Fig. 13.89). The posterior limbs of the internal cap-
sules are involved earlier than the anterior limbs. The 
posterior-anterior gradient may also be conspicuous 
at the level of the callosal involvement. The external 

and extreme capsules are also relatively spared ini-
tially (Fig. 13.90). Additionally, enlargement of the 
prechiasmatic intracranial optic nerves was dem-
onstrated by MRI (and on histopathology numerous 
globoid cells were found in affected areas) [500].

MRI of spine shows diffuse hypersignal within 
the spinal cord (Fig. 13.91). As a presumably unique 
feature of the disease, signal enhancement of cauda 
equina components after intravenous gadolinium 
injection was also described [41].

With progression of the disease, practically all 
white matter structures become abnormal, spongy 
changes appear in the periventricular regions, and 
diffuse brain atrophy develops (Fig. 13.92).

The supratentorial white matter lesion pattern 
in the early stage of the disease may be quite simi-
lar to that of X-linked adrenoleukodystrophy, but 
significant differences also exist, both clinically 
and on imaging. In Krabbe disease, no intermedi-
ate zones are seen between the demyelinated and the 
“normal” white matter. Furthermore, although con-
trast enhancement has been also described in Krabbe 
disease, it is different from that seen in X-linked 
adrenoleukodystrophy (Fig. 13.14). In Krabbe dis-
ease, enhancement occurs either along the interface 
between the deep and the subcortical U fibers (along 
the presumed progression line of the demyelinating 
process) or in the deep parieto-occipital periventricu-
lar zones, whereas in X-linked adrenoleukodystrophy 
it is typically within the transitional, inflammatory 
zone between demyelinated and demyelinating areas. 
Finally, in X-linked adrenoleukodystrophy the cere-
bellar structures are not involved. In the burned-out 
phase, Krabbe disease may be difficult to differenti-
ate from metachromatic leukodystrophy but, again, 
cerebellar involvement in the latter is either absent or 
less prominent.

Fig. 13.89a,b. CT and MRI fi ndings 
in a 7-month-old girl with globoid 
cell leukodystrophy (Krabbe dis-
ease) (case courtesy of Dr. P. Tor-
tori-Donati, Genoa, Italy). a Axial 
CT scan shows subtle hyperdensity 
of both thalami, consistent with cal-
cifi cation (arrowheads). b Axial fast 
spin-echo T2-weighted image shows 
hyperintense white matter within the 
centrum semiovale bilaterally. The U 
fi bers appear to be spared in this early 
disease stagea b
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Fig. 13.90a–d. Conventional MR imaging 
fi ndings in a 1-year-old boy with globoid 
cell leukodystrophy (Krabbe disease). a–c 
Axial T2-weighted fast spin-echo images. 
This study illustrates the imaging abnor-
malities in early stage of the disease. Only 
a small patchy hyperintense area is seen 
within the cerebellar white matter on the 
right side (arrow, a). The brainstem is 
spared, except the pyramidal tracts (arrow-
heads, a). Supratentorially, a postero-ante-
rior gradient of white matter signal abnor-
malities is well appreciated. Only the pos-
terior parts of posterior limbs of internal 
capsules are affected. The corpus callosum 
is abnormal both posteriorly and anteri-
orly. The subcortical U-fi bers are lost in 
most areas. d Coronal FLAIR images. The 
centrifugal progression pattern of demy-
elination is well demonstrated. Within 
the deepest, periventricular white matter 
structures, spongy, markedly hypointense 
areas are seen

a b

c d

Fig. 13.91a, b. Spinal cord involvement in globoid cell leukodystrophy (Krabbe disease). a, b Axial T2-weighted gradient-echo images 
of the cervical spine (same patient as in Fig. 13.90), showing obvious signal abnormalities within the spinal cord

a b
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Imaging findings in the early and late onset forms 
of Krabbe disease are different [501]. In the late onset 
forms white matter abnormalities are typically seen 
in the parietal, occipital and, less frequently, frontal 
periventricular regions; occasionally the disease may 
predominantly or exclusively involve the pyramidal 
tracts [494, 502, 503]. This peculiar “selective vul-
nerability” may be related to the fact that, although 
myelin turnover in adults is generally lower than in 
children, it is still relatively higher within the corti-
cospinal tracts; therefore, the oligodendrocytes may 
be more vulnerable. Atrophy of corpus callosum is 
frequent. Conversely, cerebellar and basal ganglia 

abnormalities are absent [501, 502]. In cases present-
ing with hemiparesis, cerebral white matter changes 
show significant asymmetry [495]. From an imaging 
standpoint, this may be misdiagnosed as a neoplastic 
pathology [504].

Diffusion-weighted images may show prominent 
hypersignal (isotropically restricted water diffu-
sion) along the progression line of the demyelin-
ating process in the early stage of the disease. On 
follow-up examinations, these changes may subside 
quite rapidly, and demyelinated areas turn into 
hyposignal (loss of physiological diffusion anisot-
ropy), indicating fast and complete myelin loss, 

Fig. 13.92a–d. MR imaging fi ndings in an 8-month-old male patient with globoid cell leukodystrophy (Krabbe disease). Clinically, 
the disease started at the age of 4 months with spasticity. By the time of the MRI study, the patient was in terminal stage, requiring 
assisted ventilation. a–d Axial T2-weighted fast spin-echo images. The brain is diffusely atrophic. Most cerebral white matter is 
abnormal; exceptions are the deep cerebellar white matter structures (around and within the hili of the dentate nuclei), brainstem 
tracts (except for the pyramidal tracts), and the anterior limbs of internal capsules. Note the markedly hypointense appearance of 
the deep gray matter structures of the cerebral hemispheres

a b

c d
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consistent with the usually also rapidly evolving 
clinical picture [505] (Fig. 13.19). The technique, 
especially when quantified and combined with dif-
fusion tensor imaging, appears to be more sensitive 
to detect early changes within the white matter than 
conventional MRI techniques. Interestingly enough, 
in patients treated with bone marrow transplanta-
tion, some improvement in the diffusion properties 
of the cerebral white matter could also be demon-
strated, indicating a beneficial effect on the disease 
process [505].

1H MRS shows significant regional metabolic dif-
ferences, depending on the positioning of the sam-
pling voxel. In the white matter, a prominent lactate 
peak is seen in conjunction with decreased NAA and 
slightly increased Cho peaks [506]. Conversely, a 
sampling voxel placed on the basal ganglia may yield 
a totally normal spectrum (Fig. 13.93).

13.4.6.5 
GM Gangliosidoses

Diseases in this group of lysosomal disorders are 
characterized by abnormal visceral and neural 
accumulation of GM1 and GM2 gangliosides. The 
clinical pictures are, therefore, dominated by hepa-
tosplenomegaly and encephalopathy. The presence 
of cherry-red spots at funduscopic examination is a 
characteristic, but nonspecific, finding in both gan-
gliosidoses.

GM1 Gangliosidosis

The deficient enzyme in this group is β-galactosi-
dase. The gene is localized on chromosome 3p21.33. It 
catalyzes conversion of GM1 ganglioside into GM2 by 
removing terminal galactose. Deficiency of β-galac-

tosidase results in accumulation of GM1 gangliosides 
in the brain and visceral organs.

Three clinical phenotypes of GM1 gangliosidosis 
are known: infantile (type 1), juvenile (type 2), and 
adult (type 3). The infantile type usually leads to 
death in early infancy. Affected patients present with 
dysmorphic features and severe developmental delay, 
progressive spasticity, and tonic-clonic seizures, as 
well as hepatosplenomegaly. In type 2 and type 3 GM1 
gangliosidoses, the diseases show a more protracted 
course, initially with gait and speech disturbances. 
Later, extrapyramidal signs (dystonia, choreoatheto-
sis, parkinsonism) dominate the neurological picture 
[507, 508].

Imaging Findings

Data on MRI findings in the different forms of GM1 
gangliosidosis are very sparse. Type 1 presents with 
delayed myelination and thalamic signal changes 
(hyposignal on T2-weighted images), and type 3 
shows basal ganglia abnormalities (hyperintensity 
within the putamina) [508, 509]. The imaging pat-
terns are nonspecific. No imaging data regarding 
type 2 GM1 gangliosidosis are available.

GM2 Gangliosidosis

The deficient enzymes in this group are β-hexosa-
minidase A and/or B, or the so-called GM2 activator 
glycoprotein. In this group, besides GM2 gangliosides, 
GA2 gangliosides are also accumulated. According to 
the proportions between the two substances, O, B, and 
AB variants are distinguished. In the O variant, both A 
and B β-hexosaminidase enzymes are deficient, while 
in the B variant only the β-hexosaminidase A is defi-
cient. The AB variant is related to deficiency of GM2 

Fig. 13.93a,b. Single voxel proton MR 
spectroscopic fi ndings in globoid cell 
leukodystrophy (Krabbe disease) in the 
same patient as in Figure 13.90 (PRESS 
technique, TE: 135 ms, sampling voxel 
2x2x3 cm). a This spectrum was obtained 
with the sampling voxel positioned on 
abnormal cerebral hemispheric white 
matter. It shows abnormal, but nonspecifi c 
pattern. All usual peaks, including NAA, 
Cr, and Cho, are decreased. The prominent 
negative peak doublet at the 1.3 ppm level 
corresponds to lactate. b When the sam-
pling voxel is positioned on basal ganglia, 
the spectrum is normal

a b
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activator protein. The defective genes are located on 
chromosome 15q23-q24 in the infantile type B variant, 
and on chromosome 5q13 in the O variant.

The AB variant has only an infantile form. The 
O and B variants have infantile, juvenile, and adult 
forms. The best-known disease entities are Tay-Sachs 
disease (infantile type B) and Sandhoff disease 
(infantile type O). From the clinical standpoint, the 
two diseases are quite similar, except that in Sandhoff 
disease hepatosplenomegaly may be seen, whereas it 
is absent in Tay-Sachs disease. Patients have progres-
sive macrocephaly and present with a progressive 
neurological disease already before 6 months of age, 
characterized by psychomotor deterioration, pyra-
midal, later extrapyramidal (choreoathetosis) signs, 
and generalized tonic-clonic seizures.

The clinical presentation in the late onset forms 
is usually milder. Ataxia, supranuclear palsy, dysto-
nia, and dementia are the most frequent neurological 
abnormalities.

Imaging Findings

Imaging findings in Tay-Sachs and Sandhoff dis-
eases are quite similar, and the lesion patterns are 
suggestive.

CT shows hyperdensities within the basal ganglia 
and/or thalami [408, 510, 511]. This is probably due to 
calcifications. MRI, however, is particularly sensitive 
in demonstrating widespread white matter changes 
within the cerebral hemispheres. Practically all white 
matter structures are involved, except for the corpus 
callosum, anterior commissure, and posterior limbs 
of the internal capsules. The external and extreme 
capsules, as well as the medullary laminae between 
the pars medullaris and lateralis of the globi pallidi 
and the pars lateralis of globi pallidi and the putam-
ina, are also abnormal. The white matter lesion pat-
tern suggests centripetal demyelination. In the late 
stage of the disease, diffuse brain atrophy develops.

The cerebral cortex shows atrophic changes quite 
early during the disease course. The putamina are 
always abnormal on T2-weighted images; subtle 
hyperintensities are also suggested at the level of 
the claustra. The caudate nuclei may be normal, 
but abnormalities similar to putaminal changes are 
typically present. Overall, the involved basal ganglia 
structures appear to be somewhat swollen, at least 
initially during the disease course [512]. The thalami 
are spared; actually, they seem to exhibit hyposignal 
on T2-weighted images.

The cerebellar white matter often shows signal 
abnormalities on the T2-weighted images; hyperin-
tensities are, however, less prominent than supraten-

torially. In the late-onset form of Sandhoff disease, 
cerebellar atrophy may be the sole imaging abnor-
mality [513]. Typically, no abnormalities are seen 
within the brainstem and spinal cord. The overall 
lesion pattern in a macrocephalic infant can be highly 
suggestive of the disease [510] (Fig. 13.94).

Diffusion-weighted images are usually quite unre-
markable, suggesting a relatively slow demyelinating 
process.

1H MRS shows nonspecific spectral alterations. 
The NAA peak is decreased, whereas the Cho peak 
is slightly increased. No lactate is identified within 
the brain.

13.4.6.6 
Niemann-Pick Disease

Four types of the disease are known, all characterized 
by autosomal recessive inheritance. In types A and 
B, the disease is caused by deficiency of the sphin-
gomyelinase enzyme, and the mutant gene is located 
on chromosome 11p15.1-p15.4. Niemann-Pick types C 
and D are biochemically and genetically different dis-
eases, but the underlying metabolic derangement is 
not fully understood. In Niemann-Pick type C the 
gene is located on chromosome 18p.

Niemann-Pick type A is an infantile onset disease. It 
is characterized by hepatosplenomegaly, but the brain 
is also involved. Neurological deterioration, initially in 
the form of hypotonia and then of spastic paraparesis, 
starts in early infancy. Type B disease has predomi-
nantly visceral manifestations (hepatosplenomegaly 
followed by cirrhosis, chronic pulmonary disease), 
while neurological manifestations are rare.

In type C disease, infantile and juvenile onset forms 
are known. In the infantile form, the earliest clinical 
manifestation is hyperbilirubinemia, indicative of 
hepatic involvement, which may lead to early infan-
tile death. Neurological signs and symptoms usually 
develop later in infancy and include hypotonia and 
loss of milestones, followed by spastic paraparesis, 
seizures, and gaze disturbances. In the juvenile form, 
learning difficulties, dementia, supranuclear ophthal-
moplegia, cataplexy, ataxia, dystonia, and seizures 
(including gelastic seizures) occur [514]. The disease 
may be clinically mistaken for Wilson disease. Type D 
is a variant of the late-onset type C disease.

Imaging Findings

The neurological abnormalities suggest predomi-
nant white matter and cerebellar involvement of the 
CNS. Indeed, brain atrophy, sometimes with cerebel-
lar predominance and diffuse white matter disease 
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Fig. 13.94a–h. MR imaging fi ndings 
in GM2 gangliosidosis. a–d Axial T2-
weighted fast spin-echo images in a 20-
month-old macrocephalic male patient 
with GM2 gangliosidosis. This study 
was performed at a very early stage of 
the disease. The cerebral hemispheric 
white matter appears to be diffusely 
abnormal, indicating demyelination. 
The corpus callosum is totally, and the 
brainstem and cerebellar white matter 
are relatively, spared. Note the swelling 
of the basal ganglia and the hypointense 
appearance of the somewhat atrophic 
thalami. e–h Axial T2-weighted fast spin-
echo images in another patient (3-year-
old male) with GM2 gangliosidosis, pre-
senting with epileptic seizures and loss 
of milestones. The disease is at a more 
advanced stage, and the abnormalities 
are more prominent and extensive. The 

a b c

d e f

g h

corpus callosum is almost totally involved, and signal abnormalities are present within the cerebellar white matter and the brain-
stem. The basal ganglia are less swollen. The claustra are well outlined because of the abnormalities within the adjacent external 
and extreme capsules. Note the thinning of the cerebral cortex
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(probably a combination of dys- and demyelination) 
are the most common MRI findings in Niemann-
Pick disease (Fig. 13.95). In infants, however, delayed 
myelination is the most typical MRI abnormality.

In a series of patients with type C disease (most of 
them adolescents or adults at the time of study), MRI 
of brain showed mild or moderate cerebral (50%) and 
cerebellar (40%) atrophy in conjunction with white 
matter hyperintensities (mild in 30%, and marked 
in 20%). In three patients (all of them younger than 
20 years) no abnormality was found [515]. In one 
patient with the late onset form of type C disease, 
brain atrophy was found by MRI, while no abnormal-
ity were found in another case [514].

1H MRS in type C disease showed significantly 
decreased NAA/Cr ratio (loss of neuronal integrity) 
in the caudate nucleus and centrum semiovale, and 
increased Cho/Cr ratio (demyelination) within the 
centrum semiovale and frontal cortex [515]. These 
data are in keeping with the pathological features of 
the disease, notably diffuse involvement of both gray 
and white matter structures of the disease with abnor-
mal storage material within neurons and axons.

13.4.6.7 
Gaucher Disease

Gaucher disease is the most common among lyso-
somal storage diseases. It is usually caused by defi-
ciency of the glucocerebrosidase enzyme, catalyzing 
conversion of cerebroside into ceramide by removing 
a glucose molecule. As a result, excess glucocerebro-
side accumulates in visceral organs. The galacto-
cerebrosidase gene is located on chromosome 1q21. 
Rarely, the disease is caused by deficiency of sapo-
nin C (sphingolipid activator protein-2), required to 
activate the glucocerebrosidase enzyme.

Three types of the disease are known. Type 1 is 
the most frequent and presents with hepatospleno-
megaly, pancytopenia, lung disease, and skeletal 
abnormalities (aseptic necrosis of femoral head, 
diffuse osteopenia, vertebra plana). The CNS is not 
directly affected in type 1 disease (nonneuronopathic 
Gaucher disease). Type 2 (neuronopathic Gaucher 
disease) is characterized by both visceral and CNS 
involvement. Hepatosplenomegaly is associated with 
brainstem signs (spastic quadriplegia, oculomotor 

Fig. 13.95a–c. Conventional MR imaging fi ndings in a 7-year-old male patient 
with Niemann-Pick disease (pre-bone marrow transplantation workup). a Sagit-
tal T1-weighted spin-echo image shows prominent atrophy of cerebellar vermis 
and corpus callosum. b Axial T2-weighted image shows enlargement of intra- and 
extracerebral CSF spaces in conjunction with diffuse white matter abnormalities, 
suggestive of demyelination. c Coronal FLAIR image. White matter abnormalities 
are more conspicuous and exhibit peripheral predominance

a b

c
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and bulbar abnormalities). A possible involvement 
of the dural structures (glucocerebroside deposits) 
has also been advocated [516, 517]. The disease starts 
in early infancy and leads to death during child-
hood. The type 3 form of the disease is actually an 
intermediate variant, sharing features of type 1 and 
type 2 forms. This is further divided into type 3a and 
3b subtypes. Type 3a is a late-onset disease present-
ing with a more severe and progressive CNS disease; 
type 3b is of earlier onset and characterized by pre-
dominantly systemic involvement and milder, static 
CNS abnormalities.

Imaging Findings

In type 1 Gaucher disease, spinal manifestations may 
cause neurological complications. Vertebra plana and 
multiple platyspondyly were found to cause spinal 
cord compression [518]. Furthermore, development 
of epidural masses may also cause compression of the 
spinal cord [519].

In the type 2 variant of the disease, MRI findings 
may be normal [520, 521]. In a 6-month-old child with 
type 2 Gaucher disease, unilateral dural thickening 
over the left cerebral hemisphere extending to the 
tentorium, in conjunction with mild atrophy of the 
ipsilateral cerebral hemisphere, was described. The 
myelination pattern was normal [516]. In a case we 
observed, there was hyperintensity of the deep white 
matter of the centrum semiovale and periventricular 
regions on both T2-weighted and FLAIR images asso-
ciated with hyperintensity of the globi pallidi, dentate 
nuclei, and pontine tegmentum (Fig. 13.96).

In type 3 Gaucher disease, mild brain atrophy may 
be found on imaging studies. In a 3-year-old child, 
communicating hydrocephalus developed, requiring 
ventriculoperitoneal shunting. This may have been 
due to meningeal involvement resulting in impaired 
CSF resorption [517]. Possible spine abnormalities 
in Gaucher type 3b disease include vertebral frac-
tures, resulting in prominent kyphotic and/or scoli-
otic deformities. The vertebral bone marrow shows 
decreased signal intensity on T1-weighted images, 
indicating depletion of the fatty bone marrow [522].

1H MRS of brain in Gaucher disease shows normal 
NAA but slightly elevated inositol compounds [63].

13.4.6.8 
Fucosidosis

Fucosidosis is a rare lysosomal storage disorder due 
to deficient α-l-fucosidase activity, leading to accu-
mulation of fucose-containing glycolipids and gly-
coproteins in various tissues. The gene is mapped 

to chromosome 1p34.1–36.1. Several mutations have 
been identified, all leading to total or almost total 
absence of enzyme activity [523].

The disease is characterized by progressive mental 
(95%) and motor (87%) deterioration, coarse, dys-
morphic facies, somewhat similar to that seen in 
mucopolysaccharidoses (79%), growth retardation 
(78%), recurrent infections (78%), dysostosis multi-
plex (58%), angiokeratoma corporis diffusum (52%), 
visceromegaly (44%), and seizures (38%) [524]. In one 
case, progressive dystonic posturing, initially unilat-
eral but later involving both lower limbs, were also 
reported [525]. Based on the clinical presentation, 
two phenotypes were initially identified; a severe, 
rapidly progressive form leading to early childhood 
death (type 1), and a less severe, slowly progressive 
form with possibility of survival into adolescence 
or even adulthood (type 2). However, there is now 
increasing clinical evidence to suggest that instead of 
two distinct clinical phenotypes, a wide, continuous 
clinical spectrum may exist [524, 526–528]. Because 
of the lack of clear-cut genotype-phenotype correla-
tion, it is possible that as yet unknown environmental 
factors or “modifying genes” also play a role.

Imaging Findings

In patients examined during infancy with severe 
clinical presentation (“type 1”), extensive conflu-
ent symmetrical hyperintensities are seen on T2-
weighted images within the cerebellar and cerebral 
white matter. Cerebral white matter changes involve 
the internal, external, and extreme capsules, as well 
as the medial and lateral medullary laminae at the 
level of the lentiform nuclei and the internal med-
ullary laminae of thalami. The putamina and the 
hypothalamic structures are slightly hyperintense. 
The globi pallidi and substantia nigra show increased 
signal on T1-weighted, and decreased signal on T2-
weighted images (Fig. 13.97). This may be due to iron 
or manganese, or even oligosaccharide deposits [529]. 
Calcifications are an unlikely explanation, since on 
CT the globi pallidi show low attenuation [530, 531]. 
MRI of spine may show vertebral beaking [529].

In cases with the less severe clinical phenotype 
(“type 2”), MRI findings include extensive, predomi-
nantly periventricular white matter changes. The 
internal medullary laminae of the thalami also show 
faint hypersignal on T2-weighted images. The corpus 
callosum is relatively spared, especially anteriorly. 
Signal abnormalities are found at the level of the globi 
pallidi, substantia nigra, red nuclei, and even mam-
millary bodies. These may be faintly hyperintense 
on T1-, but are clearly hypointense on T2-weighted 
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Fig. 13.96a–f. MR imaging fi ndings in a 19-month-old girl with Gaucher disease type 2 (courtesy of Dr. P. Tortori-Donati, Genoa, 
Italy). a–c Axial T2-weighted fast spin-echo images; d–f. axial FLAIR images. There is a mild hyperintensity of the periventricular 
and deep central white matter that spares the subcortical U fi bers (c). Notice that the globi pallidi are slightly hyperintense, whereas 
the capsules are spared (b). Also notice mild hyperintensity of the pontine tegmentum and dentate nuclei (a)
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images [527, 530, 531]. Diffuse cerebral and cerebellar 
atrophy may also develop later during the course of 
the disease [532].

In a 3.5-year-old boy with an intermediate form 
of the disease, MRI showed extensive cerebral hemi-
spheric white matter abnormalities, mild cortical 
atrophy, and typical globus pallidus changes [527].

Overall, the findings are somewhat reminiscent 
of the imaging abnormalities seen in GM2 gangliosi-
dosis. Low intensities of globi pallidi on T2-weighted 
images and involvement of the medullary laminae of 
the thalami, as well as of the medial and lateral med-
ullary laminae of the lentiform nuclei, are quite char-
acteristic and provide a suggestive imaging pattern 
in fucosidosis.

13.4.6.9 
Mucolipidoses

Mucolipidoses are characterized by storage of multiple 
abnormal substances, notably mucopolysaccharides 
and glycolipids and, hence, the clinical manifestations 
are often reminiscent of those seen in mucopolysac-
charidoses and sphingolipidoses. Neurological signs 
(dementia, seizures) are often present. Mucolipidosis 
type 2 shares similarities with Hurler disease and is usu-
ally lethal in early infancy. Mucolipidosis type 3 is less 
severe; it is characterized by skeletal abnormalities and 
mental retardation. Mucolipidosis type 4 presents with 
ophthalmological problems (corneal clouding, retinal 
degeneration), spastic paraparesis, and mental retarda-
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tion in early childhood, but hepatosplenomegaly, dys-
morphic features or skeletal abnormalities, which are 
common in other forms of mucolipidosis, are absent.

Imaging Findings

Rather consistent MRI findings have been described 
in mucolipidosis type 4, including hypo- or dysplasia 
of corpus callosum (similar to that seen in nonketotic 
hyperglycinemia), cerebellar atrophy, periventricular 
and subcortical white matter, as well as markedly 
hypointense appearance of basal ganglia and thalami 
on T2-weighted images due to iron depositions [52] 
(Fig. 13.98).

13.4.6.10 
Salla Disease

Salla disease is an autosomal recessive lysosomal 
storage disorder affecting lysosomal transmembrane 
transport of sialic acids. The encoding gene of the 
deficient transport protein, sialin, is located on chro-
mosome 6q14-q15. The disease is quite frequent in 
Finland, where most reported cases were identified. 
The clinical phenotypes of the disease include severe, 
intermediate, and mild forms. The main feature of the 
disease in all forms is psychomotor retardation. In the 
severe form, spasticity, choreoathetosis, and dementia 
occur; patients are wheel-chair bound. In the inter-

Fig. 13.97a–f. Conventional MR imaging fi ndings in two female siblings with fucosidosis (courtesy of Dr. P. Tortori-Donati, Genoa, 
Italy). a–c Axial T1- and T2-weighted spin-echo images in a 5-year-old female patient. The globi pallidi exhibit a spontaneously 
hyperintense appearance on T1-weighted image (arrowheads, a). The globi pallidi and thalami show decreased signal on T2-
weighted images (b, c). Diffuse paucity of myelin within the cerebral hemispheres (c). d–f Axial (d, e) and coronal (f) T2-weighted 
spin-echo images in the 2-year-old sister. Abnormalities are more prominent and reminiscent of GM2 gangliosidosis. The cerebral 
hemispheric white matter is extensively abnormal. The abnormalities involve the external and extreme capsules (d), as well as the 
medial and lateral medullary laminae (f). An antero-posterior gradient is suggested. The basal ganglia exhibit increased signal, 
but the thalami are hypointense
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mediate form, ataxia and less severe psychomotor 
retardation are found. In the mild form, patients have 
mild ataxia and gait disturbances. The disease usu-
ally starts in infancy, shows a very protracted course, 
and life expectancy is almost normal. Approximately 
20% of patients have epilepsy. Electrophysiological 
data (based on nerve conduction, visual, brainstem 
and somatosensory evoked potential studies) suggest 
that, similar to metachromatic leukodystrophy and 
Krabbe disease, the disease involves both the central 
and peripheral nervous system [533].

Imaging Findings

Typical MRI abnormalities in Salla disease are hypo-
plasia of corpus callosum, brain atrophy, and exten-
sive white matter disease [533, 534] (Fig. 13.99).

In the infantile age, severely delayed myelination is 
seen on MR images. The process of myelination may 
show some progression later, but remains abnormal. 
White matter abnormalities, which are seen mainly 
within cerebral hemispheres, may also be present 
within the brainstem and cerebellum [53, 535]. In 
some cases, progression of white matter abnormali-
ties may be detected on follow-up studies. As in many 
other lysosomal storage disorders, these are believed 
to represent a combination of dys- and demyelination 
[53]. However, severity of these changes is usually in 
good correlation with severity of clinical phenotype 
and age of the patients. In milder clinical forms, for 
example, the internal capsules and immediate peri-
ventricular white matter structures may be relatively 
spared. The atrophic changes are usually mild supra-
tentorially and minimal at the level of brainstem, 

while they may be more prominent at the level of cer-
ebellum.

Quantitative 1H MRS in Salla disease revealed an 
interesting phenomenon. In contrast to most neu-
rometabolic disorders (with the exception of Cana-
van disease), the overall NAA signal was found to 
be increased in the cerebral white matter (and not 
within the basal ganglia), probably due to a contribu-
tion from accumulated free N-acetylneuraminic acid 
(sialic acid) deposits within the lysosomes. Other-
wise, increase of Cr and decrease of Cho content was 
demonstrated [536].

13.4.6.11 
Chédiak-Higashi Disease

Chédiak-Higashi syndrome is a special autosomal 
recessive lysosomal disorder, because it is not due to 
a specific enzyme deficiency but to a fusion defect of 
primary lysosomes.

Clinically, patients present in early infancy with 
oculocutaneous albinism, immunodeficiency (with 
frequent intercurrent pyogenic infections), and later 
with pancytopenia, splenomegaly, lymphadenopathy, 
and increased incidence of malignancies. All nucle-
ated cells (including neuronal cells) and platelets 
contain giant lysosomal cytoplasmic inclusion gran-
ules. On histopathological examination, lymphocytic 
infiltration is seen at the level of leptomeninges, cho-
roid plexuses, perivascular spaces, and peripheral 
nerves. From the neurological standpoint, peripheral 
neuropathy and progressive neurological deteriora-
tion, sometimes resembling olivopontocerebellar 
degeneration, are the most characteristic features of 

Fig. 13.98a–c. Conventional MR imaging fi ndings in type IV mucolipidosis in a 3-year-old male patient. a Sagittal T1-weighted 
spin-echo image shows hypotrophy or hypoplasia of corpus callosum. b Axial T1-weighted inversion recovery image. Poor myelina-
tion throughout both cerebral hemispheres; peripherally, practically no myelin is seen. c Axial T2-weighted fast spin-echo image. 
Extensive white matter signal abnormalities, probably representing combination of delayed and hypomyelination
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the disease, but affected patients are also prone to 
intracranial hemorrhagic complications.

Imaging Findings

Reported imaging studies are sparse. The most 
common findings are atrophy and ill-defined, pre-
dominantly periventricular white matter disease [16] 
(Fig. 13.100).

13.4.7 
Peroxisomal Disorders

The peroxisomes are ubiquitous cellular organ-
elles. Peroxisomal enzymes are involved in mul-
tiple metabolic pathways, including lipid metabo-
lism. Peroxisomes are particularly abundant in the 
oligodendrocytes in neonates and infants. Their 
functional integrity is, therefore, indispensable in 
normal myelination and myelin maintenance pro-

cess; hence, peroxisomal diseases typically present 
with CNS involvement with predilection of white 
matter (hypo-, dys-, and demyelination).

The remarkable heterogeneity of peroxisomal dis-
orders is explained by the complexity of the underly-
ing biochemical derangements [537]. Schematically, 
two types of peroxisomal disorders are known: the 
so-called peroxisome biogenesis or assembly disor-
ders and single protein defects [538].

Peroxisome assembly deficiencies (generalized 
peroxisomal disorders) are complex enzymatic 
deficiencies caused by dysfunction of practically 
all or several peroxisomal enzymes. Recent stud-
ies suggest that the underlying defect is at the level 
of transport of peroxisomal enzymes from cyto-
sol (where they are synthesized) into peroxisomes 
(where they actually carry out their functions). 
Enzyme markers are recognized by peroxisomal 
membrane receptors, whose lack or deficiency 
prevents the migration of the enzymes into the 
peroxisomes; hence, these remain in the cytosol 

Fig. 13.99a–d. Conventional MR imaging fi ndings in a 9-year-old male 
patient with Salla disease (courtesy of Dr. P. Tortori-Donati, Genoa, Italy). 
a Sagittal T1-weighted spin-echo image, showing hypoplasia of corpus cal-
losum and atrophy of the cerebellar vermis. b, c Axial T1- and T2-weighted 
spin-echo images. Moderate ventricular enlargement and diffuse paucity 
of myelin within the cerebral hemispheres. d. Coronal T2-weighted fast 
spin-echo image. Extensive white matter disease within the cerebral hemi-
spheres
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and subsequently disintegrate. In such cases, the 
peroxisomes are poorly developed and are not or 
hardly visible under the microscope.

Peroxisome assembly deficiencies result in severe, 
often lethal polymalformative disorders, which are 
also characterized by early, often neonatal onset. The 
CNS, including sensory organs, and liver are almost 
always involved; occasionally, especially in the most 
severe forms, the kidneys, adrenal glands, and bones 
are also affected [539]. Infants present with hypoto-
nia, difficulty in sucking and swallowing requiring 
gavage feeding, myoclonic seizures, abnormal vision 
(cataracts, retinopathy), and abnormal facies. Disease 
entities in this group include Zellweger syndrome 
(and Zellweger-like syndrome), neonatal adreno-
leukodystrophy, infantile Refsum disease (and its 
variants pseudo-infantile Refsum disease, atypical 
Refsum disease), and probably hyperpipecolic acide-
mia. A clear-cut genotypic-phenotypic correlation in 
these initially clinically defined entities, however, is 
not established [57, 540, 541].

The other group of peroxisomal disorders com-
prises single protein (enzyme) deficiencies, which 
may also be explained by failure of peroxisomal 
membrane transport (only one type of receptor may 
be missing); however, deficiency of specific enzymes 
may also occur. The peroxisomes appear microscopi-
cally normal, enlarged, or underdeveloped in this 
group. The resultant diseases are usually of later onset 
and the disease course may be more protracted and 
sometimes more benign, although lethal forms also 
exist. The best known diseases in this group are pseu-
doneonatal adrenoleukodystrophy (acyl coenzyme A 
oxidase deficiency), X-linked adrenoleukodystrophy, 
adrenomyeloneuropathy, classical Refsum disease, 
pseudo-Zellweger syndrome (peroxisomal thio-
lase deficiency), mevalonic aciduria, hyperoxaluria 
type 1, bifunctional protein deficiency, and glutaric 
aciduria type 3.

Rhizomelic chondrodysplasia punctata is an inter-
mediate form between generalized and single protein 
peroxisomal disorders, in which the peroxisomes 

Fig. 13.100a–d. MR imaging fi ndings in a 5-month-old male patient with Chédiak-
Higashi syndrome. a–d Axial T2-weighted fast spin-echo images. The overall pattern 
is quite similar to that seen in GM2 gangliosidosis. Extensive, diffuse white matter 
disease (probably a combination of hypomyelination and demyelination), showing an 
antero-posterior gradient. Note involvement of the extreme and external capsules and 
lateral and medial medullary laminae. The corpus callosum and the posterior limbs 
of internal capsules are relatively spared. The deep cerebral gray matter structures are 
abnormal; the most prominent signal abnormalities are seen within the putamina. 
Conversely, the brainstem and cerebellum are normal
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are present but several peroxisomal functions are 
impaired.

Peroxisomal disorders show remarkable clini-
cal phenotypic heterogeneity. However, dysmorphic 
features, neurological abnormalities, and hepato-
intestinal dysfunction are characteristic for many of 
them. Indeed, peroxisomal diseases should always be 
suspected in a neonate presenting with a polymalfor-
mative syndrome associated with severe neurological 
disturbances. Biochemically, the majority of peroxi-
somal disorders is characterized by accumulation of 
very long-chain fatty acids, thereby providing a good 
screening opportunity. Imaging abnormalities also 
span over a wide spectrum of patterns, the most char-
acteristic being neuronal migration disorders with 
hypo-, dys- and demyelination (e.g., Zellweger syn-
drome, neonatal adrenoleukodystrophy) and sym-
metrical demyelination with involvement of supra 
and/or infratentorial, typically posterior white matter 
structures (e.g., pseudoneonatal adrenoleukodystro-
phy, X-linked adrenoleukodystrophy-adrenomyelo-
neuropathy complex) [537]. Recently, MRI evidence 
of dramatic improvement of the myelination status 
in generalized peroxisomal disorders (Zellweger syn-
drome and infantile Refsum disease) was reported in 
patients treated with docosahexanoic acid [149].

13.4.7.1 
Zellweger Syndrome

Zellweger syndrome is the most severe, prototype form 
among peroxisomal assembly deficiencies. In this dis-
ease, practically all peroxisomal functions are absent. 
This autosomal recessive disease is of neonatal onset and 
is also called cerebrohepatorenal syndrome, referring to 
its typical multiorgan involvement. While in normal 
individuals liver and kidney cells are particularly rich in 
peroxisomes (consistent with their significant metabolic 
activity), in Zellweger disease there is a total absence of 
peroxisomes within the liver. This obviously has seri-
ous systemic consequences. Affected children present 
with facial dysmorphia (micrognathia, shallow orbital 
ridges, low/broad nasal bridge, high forehead, exter-
nal ear deformity), severe neurological abnormalities 
(hypotonia, hypo- or areflexia, psychomotor retarda-
tion, visual and hearing deficit, seizures), and hepatodi-
gestive problems (hepatomegaly, prolonged jaundice or 
even gallstones), but do not have adrenocortical insuf-
ficiency [542, 543]. Ophthalmological abnormalities 
(congenital glaucoma and cataracts, corneal clouding, 
pigmentary retinopathy) are also frequent. Labora-
tory abnormalities include high plasma levels of phy-
tanic acid, pipecolic acid, bile acid intermediates, and 
saturated and unsaturated very long-chain fatty acids. 

Infants with Zellweger disease fail to thrive and usually 
die during early infancy (before the age of 1 year). His-
topathological workup of brain shows cortical dysplasia 
(pachygyria, polymicrogyria, parietal clefts), neuronal 
migration disorders, and dysplastic dentate and infe-
rior olivary nuclei. There is evidence of both dys- and 
demyelination [544].

Imaging Findings

In keeping with the aforementioned pathological 
observations, the MRI hallmarks of Zellweger disease 
are markedly delayed (sometimes almost arrested) 
myelination, brain atrophy, periventricular germi-
nolytic cysts, bilateral, symmetrical, predominantly 
perisylvian cortical dysplasia (polymicrogyria), and 
additional gray matter heterotopias [28, 545, 546]. 
Combination of the above features defines a practi-
cally pathognomonic imaging pattern.

Diffuse, markedly delayed myelination is easily 
appreciated in both the inversion recovery and T2-
weighted images (Fig. 13.101). Analysis of the cortical 
ribbon in the temporo-parietal regions always reveals 
polymicrogyria-like changes. It is likely that the entire 
cerebral cortex is abnormal in these patients, but the 
nature and extent of abnormalities show regional 
and individual variations [546]. Cortical gyral abnor-
malities are often easier to identify on T2- than on T1-
weighted images (Fig. 13.4). The use of high resolution 
matrix significantly enhances their conspicuity. Subep-
endymal, so-called germinolytic, cysts are occasionally 
present along the frontal horns of the lateral ventricles 
[28, 546] (Fig. 13.102). Incomplete opercularization, 
verticalization of the Sylvian fissures, colpocephaly 
[547], cerebellar cortical dysplasia, and hypo- or dys-
plasia of inferior olives have been also described [547]. 
I have seen one case with partial callosal dysgenesis. 
The presence of both white and gray matter abnormali-
ties as well as the dysmorphic-dysplastic changes of the 
brain are in keeping with a profound metabolic abnor-
mality of early intrauterine onset.

Additional imaging workup shows calcification 
within the patella and acetabulum (plain X-rays) and 
cysts within the kidneys (US, CT) [548].

1H MRS may show marked NAA decrease in the 
white and gray matter, thalamus and cerebellum, in 
conjunction with an increase in Cho and cerebral glu-
tamate and glutamine. Furthermore, decrease of mI 
in the gray matter probably reflects the concomitant 
effect of the disease on hepatic function. Increased 
mobile lipids in white matter (related to demyelin-
ation or abnormal storage of neutral fat within astro-
cytes and phagocytes) and an increase in lactate levels 
may also be detected [549, 550]. These findings are 
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Fig. 13.101a–h. MR imaging fi ndings 
on axial T1-weighted inversion recov-
ery images in Zellweger disease. a–d 3-
month-old female patient. The myelina-
tion on these images is just a little more 
advanced than the neonatal pattern. e–h 
5-month-old female patient. The myelina-
tion is somewhat more advanced but poor 
myelination within the optic radiations 
and splenium of the corpus callosum indi-
cate that it is clearly delayed
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not specific but provide insight into the pathological 
effects (neuronal and axonal degeneration, demyelin-
ation) of profound peroxisomal dysfunction on the 
developing brain (Fig. 13.103).

From an imaging standpoint, the only theoretical 
differential diagnosis of Zellweger disease is fumaric 
aciduria, an extremely rare organic aciduria. This 
disease usually presents in early infancy with devel-
opmental delay, hypotonia, and seizures. It is asso-
ciated with dysmorphic facial features. Most infants 
have polycythemia at birth. The MRI workup of the 
patients shows bilateral perisylvian polymicrogyria, 
open opercula, small brainstem, ventriculomegaly, 
and delayed myelination [48].

13.4.7.2 
Neonatal Adrenoleukodystrophy

This is an autosomal recessive disorder of neonatal 
onset. Although the disease shares many features 

with Zellweger syndrome, dysmorphic features are 
less prominent and skeletal abnormalities are absent 
in neonatal adrenoleukodystrophy.

Involvement of the CNS is always suggested already 
at birth by the presence of severe hypotonia, hearing 
loss, retinal degeneration, and seizures. Hepatomegaly 
and impairment of adrenocortical function are also 
hallmarks of the disease. The overall clinical presen-
tation and the course of the disease are milder than in 
Zellweger disease. Affected patients usually die during 
late infancy, but occasionally may survive into child-
hood. Typical laboratory findings (increased plasma 
phytanic acid, saturated very-long-chain fatty acids and 
frequently, but not always, high pipecolic acid levels) 
lead to the correct diagnosis. Increased plasma ACTH 
level indicates abnormal adrenal function. On autopsy, 
neuronal migration defects are less severe than in Zell-
weger syndrome or even absent, but there is evidence 
of demyelination within the cerebrum, cerebellum and, 
rarely, within the tegmentum of brainstem [544, 551].

Fig. 13.102a–c. Germinolytic cysts in Zellweger disease. a Sagittal T1-
weighted spin-echo image in a 10-month-old male patient. b, c. Coronal 
T2-weighted fast-spin-echo (b) and gradient-echo image (c ) in a 6-month-
old female patient. Subependymal germinolytic cysts (arrows) are present 
along the lateral walls of frontal horns on both sides. These are easier to 
depict on gradient echo image in this case, but the best imaging modality 
is FLAIR technique (see Fig. 13.52)
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Imaging Findings

CT and MRI findings are compatible with dys- and/
or demyelination within the cerebellar and cerebral 
white matter [551]. Neuronal migration disorders 
(polymicrogyria, gray matter heterotopia) may also 
be conspicuous. The presence of contrast uptake in 
involved areas described on CT images suggests an 
active, perhaps inflammatory process, similar to that 
seen within the active inflammation zone in X-linked 
adrenoleukodystrophy [552].

13.4.7.3 
Infantile Refsum Disease

This is the least severe of the classical triad (Zellwe-
ger syndrome, neonatal adrenoleukodystrophy, and 
infantile Refsum disease) of peroxisomal assembly 
deficits. The onset of the disease is later, and the 
development of affected infants may be normal up 
to the age of 6 months. The course of the disease 
is more protracted and death usually occurs during 
childhood or adolescence [553].

Although facial dysmorphia, growth retarda-
tion, retinitis pigmentosa, deafness, and other 
signs of encephalopathy are always present in this 
disease, the clinical picture is often dominated by 
hepatic-digestive problems. In contrast to Zellwe-
ger disease, chondrodysplasia and renal abnormal-
ities are absent. Plasma levels of very-long-chain 
fatty acids, phytanic acid, pipecolic acid, and bile 
acid intermediates are elevated. Histopathologi-

cal examination shows malformation of the cere-
bral hemispheres. At the level of the cerebellum, 
atrophy or hypoplasia with cortical abnormali-
ties (hypoplasia of cerebellar granular layer and 
ectopic location of Purkinje cells in the molecular 
layer) is found. There is mild volume reduction of 
the cerebral white matter (hypomyelination) but 
no evidence of active demyelination. The main 
autopsy findings are liver cirrhosis and hypoplas-
tic adrenals [544, 554].

Imaging Findings

In two siblings with infantile Refsum disease, one 
patient did not have detectable abnormalities by MRI. 
The other, a female patient, was found to have bilateral 
dentate nucleus signal abnormalities only [553]. In a 
subset of late onset peroxisomal assembly deficiencies 
(clinically exhibiting some, but not all, features of neo-
natal adrenoleukodystrophy or infantile Refsum dis-
ease) cerebral (mainly posterior with sparing of sub-
cortical U-fibers) and cerebellar white matter disease, 
consistent with demyelination, was found [555].

13.4.7.4 
Hyperpipecolic Acidemia

Increased plasma pipecolic acid levels are present in 
other peroxisomal disorders; therefore, true hyper-
pipecolic acidemia refers to a disease in which high 
plasma and urinary levels of pipecolic acid are the 
only detectable biochemical abnormality.

Fig. 13.103a,b. Single-voxel proton MR spectroscopic fi ndings in a 4-month-old female patient with Zellweger disease (PRESS 
technique, sampling voxel 2x2x2 cm, positioned on the subinsular region, including both gray and white matter structures). a On 
the spectrum at 135 ms echo time, NAA is markedly decreased and Cho is increased compared to age-matched normal controls 
(compare with Fig. 13.20c), indicating immaturity of the brain with increased myelin turnover, probably corresponding to demy-
elination in this case. A small, but clearly abnormal negative peak doublet is seen at the 1.3 ppm level. b On the spectrum at 270 ms 
echo time, the peak doublet at the 1.3 ppm level shows the J-coupling phenomenon, confi rming that it corresponds to lactate
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Imaging Findings

No reports on the imaging findings in hyperpipecolic 
acidemia are available to date. In three siblings with 
true hyperpipecolic acidemia, the association of Jou-
bert syndrome has been described.

13.4.7.5 
Rhizomelic Chondrodysplasia Punctata

In this rare autosomal recessive metabolic dis-
ease, multiple (phospholipid synthesis, oxidation 
of phytanic acid, and thiolase processing), but not 
all peroxisomal functions are absent. There is no 
accumulation of very-long-chain fatty acids. Dys-
morphic features are evident at birth. Shortening 
of the proximal parts of the extremities (rhizo-
melic dwarfism) is the most characteristic physical 
examination finding. Severe psychomotor delay, 
failure to thrive, ichthyosis, and cataract com-
plete the clinical syndrome. Phytanic acid levels 
are increased, but very-long-chain fatty acids are 
normal. The disease usually leads to death during 
the first year of life.

Conradi-Hünermann syndrome is an autosomal 
dominant variety of rhizomelic chondrodysplasia 
punctata, characterized by less severe shortening of 
the limbs, lower prevalence of cataracts and psycho-
motor retardation, and a more protracted clinical 
course.

Imaging Findings

Besides the straightforward abnormalities of the 
extremities, plain X-ray examination reveals more 
profound skeletal abnormalities, including calcifica-
tions within the epiphyseal cartilage, metaphyseal 
cupping, stippling of the epiphyses, and coronal clefts 
in the vertebral bodies.

Brain MRI findings are dominated by white matter 
abnormalities, mainly involving the posterior cerebral 
areas. In a neonate, MRI revealed ill-defined signal 
abnormalities within the subcortical white matter in 
the frontal and parietal regions. There was no malfor-
mation or myelination abnormality [556]. In another 
patient, parieto-occipital white matter lesions were 
found at age 2.5 and 8.5 months in conjunction with 
progressive brain atrophy [557]. MRI findings in a 
3-year-old male patient suggested a combination of 
delayed and dysmyelination, mainly in the occipital 
white matter [537]. In a 6-month-old female patient, 
severe cervical spinal canal stenosis with compres-
sion of spinal cord was found by both conventional 
X-ray and, later, MRI studies [558].

1H MRS in a neonate (the same patient referred 
to above) showed increased mobile lipids and mI in 
conjunction with reduced Cho and abnormal acetate 
[556]. The presence of mobile lipids and acetate was 
attributed to consequences of the underlying meta-
bolic abnormality affecting phospholipid synthesis, 
notably accumulation of long chain acyl-coenzyme 
A (due to deficiency of dihydroxyacetonephosphate 
acyltransferase) and secondary inhibition of acetyl-
coenzyme A carboxylase, leading to in situ acetate 
synthesis within the brain.

13.4.7.6 
Pseudoneonatal Adrenoleukodystrophy

Patients with pseudoneonatal adrenoleukodystrophy 
usually do not have dysmorphic features; clinical pre-
sentation of the disease is, however, quite similar to 
neonatal adrenoleukodystrophy. In contrast to that, 
however, in pseudoneonatal adrenoleukodystrophy, 
liver peroxisomes are present and actually enlarged. 
The underlying enzyme defect in this disease was 
found to be a deficiency of peroxisomal acyl-coen-
zyme A oxidase, resulting in impaired peroxisomal 
β-oxidation system. Affected patients present with 
psychomotor retardation and seizures.

Imaging Findings

Initially, only delayed myelination is observed. In one 
patient, follow-up MRI study at the age of 3 years 
showed symmetrical signal abnormalities within 
the optic radiation, periventricular centrum semi-
ovale, posterior limbs of internal capsules, pyramidal 
tracts at the level of the brainstem, and cerebellar 
white matter [537]. In another report, a 16-month-old 
female infant showed a markedly thin corpus callo-
sum and underdeveloped cerebellum in conjunction 
with diffuse white matter abnormalities, suggestive 
of severely delayed myelination or demyelination. 
There was also evidence of foramen magnum stenosis 
and underdevelopment of the skull base [54].

1H MRS in a 10-month-old patient with a follow-up 
at the age of 13 months showed an absolute decrease 
of all metabolites, although NAA was more markedly 
decreased than Cho or Cr. The latter was interpreted 
to indicate diminished cell populations [550].

13.4.7.7 
X-Linked Adrenoleukodystrophy

This is the best known and most frequent among per-
oxisomal disorders. This entity belongs to the single 
enzyme (very-long-chain fatty acid-coenzyme A syn-
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thetase) deficiencies. In fact, either the enzyme itself 
is defective or, more likely, its peroxisomal membrane 
transport is impaired. The inheritance is X-linked 
recessive (the only such disease among peroxisomal 
diseases), but female carriers are not always entirely 
asymptomatic. The gene is mapped to Xq28.

X-linked adrenoleukodystrophy has several clini-
cal phenotypes [559]. The classical form is the child-
hood-onset cerebral phenotype. It seems, however, 
that the most common phenotype may actually be 
the adrenomyeloneuropathy form, which is discussed 
later. Atypical forms have also been described (ado-
lescent- and adult-onset cerebral forms, self-limit-
ing late-onset form, isolated adrenal insufficiency, 
asymptomatic phenotype, and heterozygote female 
phenotype).

The age of onset in the classical childhood onset 
cerebral phenotype is usually between 4 and 8 years, 
but signs of adrenal insufficiency (hyperpigmenta-
tion, frequent intercurrent infections) may appear 
earlier. Neurological manifestations are slowly pro-
gressive, although acute onset has also been reported 
[560, 561]. The first manifestations of the disease are 
behavioral disorder, poor concentration and school 
performance, gait disturbances, visual and hear-
ing problems, or seizures. Visual problems include 
decreased visual acuity, diplopia, and progressive 
loss of vision leading to cortical blindness. Transient 
visual symptoms after an acute illness (hypoglyce-
mia and head trauma) have also been reported as 
the initial clinical manifestations of X-linked adre-
noleukodystrophy [97]. Typically, the disease shows 
a relentlessly progressive character with dementia, 
spastic quadriplegia, total deafness, and decorticate 
state before death.

Imaging Findings

X-linked adrenoleukodystrophy is a true leukodys-
trophy, with no involvement of gray matter struc-
tures. MRI findings are very characteristic, in most 
cases actually pathognomonic. It is noteworthy that 
MR abnormalities may precede the first clinical man-
ifestations [562].

White matter abnormalities typically (80%) 
appear to be localized to the occipital region initially. 
The subcortical U fibers are spared for quite a long 
time. The splenium of the corpus callosum, posterior 
parts of the posterior limbs of the internal capsules, 
geniculate bodies, and pyramidal tracts within the 
brainstem are involved early in the disease course 
[563] (Fig. 13.104). Involvement of the external cap-
sules and infero-lateral parts of thalami has also 
been described [537]. MRI data can be compiled into 

a scoring system and this, together with the age of 
onset, was found to have prognostic value [564, 565].

The progression pattern of white matter abnormal-
ities is centrifugal and postero-anterior [537]. This 
results in the most characteristic imaging (and histo-
pathological) feature of the disease [544]. Three dis-
tinct zones (Schaumberg zones) are identified within 
hemispheric white matter lesion areas. The center 
of the lesion area, which presents with prominent 
hyposignal on T1-, and hypersignal on T2-weighted 
images, corresponds to the fully demyelinated, inac-
tive burned-out zone. Dystrophic calcifications may 
be detected within this zone on CT (Fig. 13.105). 
Histologically, this area is characterized by irrevers-
ible axonal and myelin destruction, astrogliosis and 
absence of oligodendrocytes and inflammatory cells. 
Around this area, an intermediate zone is seen, which 
is best visualized anteriorly. It is only faintly hyperin-
tense on T2-weighted images and often faintly hyper-
intense on T1-weighted images (Fig. 13.106). After 
intravenous contrast injection, signal enhancement 
is frequently but not always seen in this zone; if this 
is present at the time of the initial MR examination, it 
may have a positive predictive value for disease pro-
gression [566] (Figs. 13.14, 107). Histopathologically, 
this corresponds to the inflammatory zone, present-
ing perivascular lymphocytic infiltrates and myelin 
damage. Peripherally, another zone is identified, 
which is only faintly hypointense on T1-weighted 
images; on T2-weighted images, signal intensity in 
this zone is between those in the burned out and the 
inflammatory zones. This is a zone of active demye-
lination, but axons are preserved. Separation between 
this zone and, more anteriorly, the apparently normal, 
yet not affected, white matter is ill-defined.

Rarely, the disease starts in the frontal lobes (15%), 
in which case the progression pattern is antero-pos-
terior (with involvement of the rostrum of the corpus 
callosum and anterior limbs of internal capsules) 
[567]. Exceptionally, white matter changes are asym-
metrical; this may cause differential diagnostic prob-
lems (infiltrative tumor, viral encephalitis) [95]. The 
cerebellar white matter is spared in some cases and 
involved in others, and perhaps these lesions appear 
in a more advanced stage of the disease. The middle 
cerebellar peduncles may also show signal abnormal-
ities. When the cerebellar white matter and middle 
cerebellar peduncles are involved simultaneously 
with the occipital white matter, the pattern may be 
reminiscent of Krabbe disease. In the terminal stage 
of the disease, all supratentorial and cerebellar white 
matter structures are involved, including the subcor-
tical U-fibers and the internal and external capsules 
[537].
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Fig. 13.104a–c. Involvement of corticospinal tracts within brainstem in X-
linked adrenoleukodystrophy in an 11-year-old male patient. a–c Axial T2-
weighted fast spin-echo images. Abnormal hypersignal is seen along the entire 
brainstem course of the corticospinal tracts bilaterally (arrows), notably at the 
level of cerebral peduncles (c), pons (b) and medulla oblongata (a)

a b

c

Fig. 13.105a,b. Calcifi cations
in a 10-year-old male patient 
with X-linked adrenoleuko-
dystrophy (courtesy of Dr. 
P. Tortori-Donati, Genoa, 
Italy). a, b Axial CT scans 
show calcifi cations within 
the hypodense cerebral 
white matter lesions bilat-
erallya b
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Fig. 13.106a–d. Conventional MR imag-
ing fi ndings in a 12-year-old male patient 
with X-linked adrenoleukodystrophy. a, b 
Axial T2-weighted fast spin-echo images. 
Symmetrical bilateral white matter 
lesions involving the parieto-occipital 
regions exhibiting a centrifugal progres-
sion pattern. The signal abnormalities 
extend to the posterior parts of internal, 
external, and extreme capsules, as well 
as the splenium of corpus callosum and 
postero-lateral parts of the thalami. This 
pattern indicates an additional postero-
anterior gradient. c, d Axial T1-weighted 
inversion recovery images. The subcorti-
cal U-fi bers are still spared in some, and 
already involved in other areas around 
the lesions

a b

c d

Fig. 13.107a–c. Diffusion-weighted and gadolinium-enhanced T1-weighted imaging fi ndings in an 11-year-old male patient with 
X-linked adrenoleukodystrophy (same patient as in Fig. 13.104). a Axial diffusion-weighted echo-planar image (b = 1000s). The 
central (burned-out) zones of the parieto-occipital lesions are markedly hypointense, the intermediate (infl ammatory) zone is 
markedly hyperintense, and the peripheral (demyelinating) zone is faintly hyperintense. b Axial apparent diffusion coeffi cient 
(ADC) map image. This image suggests that the central burned-out zone is characterized by isotropically increased water diffusion 
and the infl ammatory zone by relatively restricted water diffusion. In the most peripheral demyelinating zone, the hypersignal on 
diffusion-weighted image is most probably due to T2 shine-through artifact. c Gd-enhanced axial T1-weighted spin-echo image. 
The contrast enhancement is confi ned to the infl ammatory zone

a b c
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In heterozygote female carriers, conventional 
MRI usually does not show abnormalities; rarely, 
subtle occipital and/or frontal periventricular signal 
changes may be present on T2-weighted images.

MRI of spinal cord in both symptomatic and 
asymptomatic patients revealed atrophy in the tho-
racic region only or in the cervical and thoracic 
regions [568].

On diffusion-weighted images, the three dis-
tinctly different lesion zones in the cerebral hemi-
spheric white matter lesions are also conspicuous. 
The burned-out zone is hypointense (total loss of 
diffusional anisotropy due to loss of tissue matrix), 
the intermediate inflammatory zone is moderately 
hyperintense, and the most peripheral demyelinating 
zone is very faintly hyperintense (Fig. 13.107). Diffu-
sion tensor imaging may offer higher sensitivity than 
conventional MRI or DWI in the detection of early 
demyelination by demonstrating increased isotro-
pic diffusion and decreased fractional anisotropy in 
normal-appearing white matter structures [569].

X-linked adrenoleukodystrophy has been exten-
sively investigated by 1H MRS over the past years. 
1H MRS seems to be a sensitive indicator of brain 
involvement and disease progression. The detected 
metabolic abnormalities are, however, nonspecific. 
At the beginning of the disease, increased lactate, 
decreased NAA, and increased Cho peaks were found 
within the lesion areas [63, 75, 570]. Cr may also be 
elevated initially. Later, all metabolites decrease 
except mI, which appears to be relatively stable.

More detailed examinations revealed regional dif-
ferences depending on the sampling area (burned-
out zone, active inflammation-demyelination, and 
apparently normal area). Indeed, a clear-cut gradi-
ent of metabolic abnormalities can be demonstrated 
by multivoxel 1H MRS, showing a severe decrease of 
NAA in the maximally affected area and progressive 
increase towards the “normal” regions. The lactate 
concentrations show a similar pattern. These find-
ings were associated with an opposite tendency of the 
Cho peaks [571] (Fig. 13.108).

In the burned-out zone, all peaks, but particu-
larly NAA, are markedly decreased, consistent with 
global tissue disintegration. In the inflammatory 
and demyelinating zones, the NAA peak is decreased 
and the Cho peak is somewhat increased. Decreased 
NAA indicates loss of neuroaxonal integrity second-
ary to myelin breakdown; the latter is demonstrated 
by increased Cho. mI is normal or slightly increased. 
Lactate is present in all zones. Accumulation of lac-
tate in active demyelination-inflammation zones is 
attributed to lymphocytes and to tissue necrosis in 
the burned-out zone.

In both clinically and radiologically asymptomatic 
and symptomatic patients (including heterozygote 
female carriers), 1H MRS may also demonstrate early 
metabolic changes in white matter areas which are 
apparently normal on conventional MR images. The 
increase of the Cho peak (and of the Cho/Cr ratio) 
in normal-appearing white matter probably reflects 
increased myelin turnover or low-grade demyelin-
ation [75, 570, 572–575]. On the other hand, no eleva-
tion of Cho may be demonstrated in definite lesion 
areas if these are stable on follow-up studies [571]. 
Response to therapy and, in particular, to bone 
marrow transplantation, may also be successfully 
monitored by 1H MRS [576].

1H MRS also confirmed a distinct metabolic char-
acter in a possible subset of adrenoleukodystrophy 
presenting with relatively late onset and showing 
spontaneous arrest of the disease process both clini-
cally and on imaging. The 1H MRS pattern differs 
from those of classical X-adrenoleukodystrophy and 
adrenomyeloneuropathy in that, in these patients, no 
lactate is demonstrated, NAA is moderately decreased, 
Cho is normal or reduced, and mI is normal or mod-
erately increased [577].

13.4.7.8 
Adrenomyeloneuropathy

Adrenomyeloneuropathy is not an independent dis-
ease entity; it is actually one of the clinical phenotypes 
of X-linked adrenoleukodystrophy, perhaps the most 
common but underrecognized one [559, 578]. The age 
of onset is usually between 20 and 30 years (therefore, 
it is usually not encountered in the pediatric patient 
population), but since both clinical and imaging 
findings are quite different from those in X-linked 
adrenoleukodystrophy, it is probably appropriate 
to discuss the disease separately. Although usually 
signs and symptoms of cerebellar, spinal cord, and 
peripheral nerve involvement (notably ataxia, para-
paresis, and peripheral neuropathy) dominate the 
neurological presentation, mild cognitive disorder is 
often present. Adrenal insufficiency is a frequently 
associated clinical finding.

Imaging Findings

The lesion pattern in MRI is in keeping with the neu-
rological picture [579]. The most frequently involved 
structures are the posterior limbs of the internal 
capsules, brainstem, and cerebellar white matter 
(Fig. 13.109). Signal abnormalities within the brain-
stem can be quite prominent, but tegmental structures 
are relatively spared. The cerebellar white matter is 
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Fig. 13.108a–c. Regional single-voxel proton MR spectroscopic (PRESS technique, TE: 135 ms, sampling voxel: 2x2x2 cm) fi ndings 
in a 12-year-old male patient with X-linked adrenoleukodystrophy (same patient as in Fig. 13.106). a The sampling voxel was 
positioned on the burned-out zone. Signifi cant decrease of all normal brain metabolites and abnormal lactate at the 1.3 ppm level. 
b The sampling voxel was positioned on the infl ammatory-demyelinating zone. Decreased NAA and slightly decreased Cr and 
increased Cho peaks. A small lactate peak is again present. c The sampling voxel was positioned on the normal-appearing white 
matter in frontal lobe. Normal NAA and Cr peaks and no lactate. The Cho peak is slightly increased

a cb

Fig. 13.109a–d. MR imaging fi ndings in 
adrenomyeloneuropathy. a–d Axial T2-
weighted fast spin-echo images. Atrophy 
of brainstem and cerebellum in con-
junction with abnormal signal intensi-
ties involving the white matter (note 
relative sparing of tegmental structures 
at the level of brainstem) and extending 
to posterior limbs of internal capsules 
bilaterally

a b

c d
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diffusely abnormal. The brainstem and cerebellum 
are usually atrophic. Involvement of supratentorial 
white matter is limited mainly to the posterior limbs 
of internal capsules and, sometimes, the splenium of 
the corpus callosum [408]. Involvement of the poste-
rior limbs of the internal capsules is sometimes the 
first detectable imaging abnormality. Occasionally, 
lesions may be seen within the hemispheric white 
matter, especially in the advanced stage of the disease 
[559]. Enhancement may also occur within the lesions 
after intravenous contrast injection. MRI studies may 
be initially normal in patients with definite disease; 
characteristic lesions may appear on repeated follow-
ups only [537].

Diffusion-weighted images are unremarkable; no 
apparent diffusion abnormality is detected on visual 
evaluation.

1H MRS of cerebellar white matter lesions shows 
significantly decreased NAA peak with grossly 
normal Cr and Cho peaks and a small amount of 
lactate. If cerebral lesions are present, NAA decrease 
and Cho increase may be demonstrated [571]. Similar 
but subtle metabolic changes may be detected in the 
normal appearing white matter.

13.4.8 
Unclassified Leukodystrophies

A large number of inherited leukodystrophies have 
been identified in the past few decades and their 
number is constantly growing. The underlying 
genetic and metabolic abnormality has been eluci-
dated in some and, conversely, it is not yet known 
in many others. These diseases cannot be classified 
in any of the previously described categories. Some 
fall into the category of so-called macrocephalic 
leukodystrophies, notably Canavan disease, van der 
Knaap disease, vanishing white matter disease, and 
Alexander disease. Other diseases, notably Aicardi-
Goutières disease, Cockayne disease, and Pelizaeus-
Merzbacher disease, usually present with progressive 
microcephaly.

13.4.8.1 
Canavan Disease

Canavan disease is an autosomal recessive metabolic 
disease and the gene was mapped on chromosome 17. 
The underlying biochemical abnormality is derange-
ment of the metabolism of N-acetyl-aspartate (NAA). 
NAA is a “brain-specific” substance, meaning that the 
brain is the only organ where NAA is synthesized. Its 
role is, however, unknown. NAA is synthesized from 

acetyl-coenzyme A and aspartate and is metabolized 
into acetate and aspartate by aspartoacylase enzyme. 
Deficiency of aspartoacylase enzyme causes marked 
brain accumulation of NAA, which subsequently 
enters the blood pool and is eventually eliminated 
through urine as N-acetylaspartic acid. Hence, in the 
wide sense of the term, Canavan disease is actually 
an organic acidemia and aciduria.

The laboratory diagnosis of Canavan disease is 
based on demonstration of increased urinary excre-
tion of N-acetylaspartic acid by gas chromatography/
mass spectrometry. Aspartoacylase activity can also 
be measured in cultured skin fibroblasts and this can 
be used for carrier testing, since in asymptomatic 
carriers of Canavan disease the enzyme activity is 
about half of normal [580].

Histological examination of brain parenchyma 
in Canavan disease shows spongy degeneration of 
the white matter in conjunction with myelin edema 
(without axonal damage) and swelling of astrocytes. 
The exact pathomechanism of the damage is not fully 
understood, but there is increasing evidence to sug-
gest that it may be related to a profound impairment 
of brain water homeostasis, resulting in fluid imbal-
ance between intracellular (axon-glial) and extra-
cellular (interlamellar) spaces within the myelin-
ated white matter. In the brain, NAA is synthesized 
within the neurons, and is one of the most abundant 
low molecular-weight cellular metabolites in brain 
tissue. Its exact biochemical-physiological function 
was unknown for a long time; lately, however, it was 
suggested that NAA has a role in the molecular efflux 
water pump system. It is hypothesized that NAA 
functions as a water transporter. Since the synthesis 
of NAA remains intact in Canavan disease, “overpro-
duction” of NAA within neurons leads to increased 
water migration from the axon into the periaxonal 
space. Normally, hydrolysis of NAA by myelin-asso-
ciated aspartoacylase takes place in this space. If 
NAA is not catabolized, excess water builds up in the 
space between axons and oligodendrocytes, leading 
to increased osmolar pressure and probably caus-
ing rupture of the sealed interlamellar spaces and, 
hence, intramyelinic edema, which eventually leads 
to demyelination and loss of glial cells [581].

Although rare, neonatal and juvenile forms are 
also known. The disease is typically characterized 
by an early infantile onset. After the first few months 
of life, patients present with macrocephaly, head lag, 
loss of milestones, hypotonia, irritability, and visual 
loss. Later, spasticity of limbs develops; choreo-
athetoid movement disorder and seizures may also 
appear. The disease rapidly leads to severe neuro-
logical crippling and a vegetative state. Death occurs 
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after a few years, but longer survivals, over 10 years, 
also exist [582, 583]. The clinical phenotype of the 
disease may be modulated by residual aspartoacylase 
activity, explaining variations in age of onset, course, 
and length of survival [142].

Imaging Findings

Imaging findings are pathognomonic in the full-
blown stage of Canavan disease. In the burned-out 
phase, however, they may be nonspecific. Practically 
all white matter structures of brain are involved, and 
this is easily appreciated on CT studies [582]. The 
relative sparing of the internal capsules and corpus 
callosum during the early stage of the disease sug-
gests a centripetal progression pattern. However, the 
spongiform changes and imaging abnormalities are 

not limited to white matter structures only. In keep-
ing with histological observations, MRI clearly shows 
abnormalities within the thalami and globi pallidi 
(but, histologically, also the deep layers of cortex and 
dentate nuclei show vacuolation). The caudate nuclei, 
putamina, and claustra are spared (Fig. 13.110). In the 
burned-out phase, the brain is atrophic.

DWI shows rather uniform hypersignal within the 
abnormal white matter structures, consistent with 
isotropically restricted water diffusion, compatible 
with intramyelinic edema [584]. In the burned-out 
phase of the disease this significantly decreases, and 
in some areas totally disappears (Fig. 13.111).

Although the diagnosis of Canavan disease is 
easily made by urine tests, a specific diagnosis may 
also be made by 1H MRS [276, 568, 585, 586]. There 
is usually a relative or absolute increase of the NAA 

Fig. 13.110a–d. Conventional MR imaging fi ndings in a 1-year-old male patient with Canavan disease. a–d Axial T2-weighted fast 
spin-echo images. The white matter disease is already quite extensive, but in a few areas myelin is relatively spared. These include 
the ventral brainstem structures, lateral aspects of middle cerebellar peduncles, internal capsules, and corpus callosum. The latter 
suggest a centripetal progression pattern. Note involvement of the thalami and globi pallidi

a b

c d
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peak in patients with Canavan disease, in conjunc-
tion with decrease of Cho and Cr (Fig. 13.22). mI may 
also be increased and abnormal lactate is commonly 
demonstrated. To date, increase of the NAA peak has 
been described only in Canavan disease; therefore, it 
is considered to be pathognomonic of the disease.

13.4.8.2 
Megalencephalic Leukoencephalopathy 
with Subcortical Cysts (van der Knaap Disease)

This is one of the most recently identified leukodys-
trophies; it was initially called infantile-onset spongi-
form leukoencephalopathy with a discrepantly mild 
clinical course [104]. The disease has an autosomal 
recessive inheritance; the gene was mapped on chro-
mosome 22qtel. The disease appears to be panethnic 
[587, 588].

The initial motor and mental development of 
patients is either normal or slightly delayed. Onset 
of the disease is usually during the first year of life. 
Patients present with macrocephaly. Clinically, the 
disease is characterized by a slowly progressive 
course; in particular, ataxia, spasticity, gait distur-

bances and, in later stages of the disease, mental 
deterioration and seizures develop. No peripheral 
neuropathy is detected. Laboratory tests fail to dem-
onstrate any specific metabolic abnormality. Histo-
logically, the findings are consistent with vacuolating 
myelinopathy [589]. Although most described cases 
are in infants or children, the disease has also been 
identified in adults. The clinical history and the neu-
rological findings are similar.

Imaging Findings

MRI findings are pathognomonic (Fig. 13.112). The 
brain is diffusely swollen during the early stage of 
the disease; later, sulcal and ventricular enlargement 
may be present. White matter disease is always severe 
at the time of the initial workup and shows a clear 
centripetal progression pattern. The peripheral white 
matter structures of the cerebral hemispheres are the 
most severely involved, including widespread disap-
pearance of subcortical U fibers and presence of large 
subcortical cyst formations in the fronto-parietal and 
temporal regions, best shown by FLAIR images [590] 
(Fig. 13.113). These changes, as well as the initial slight 

Fig. 13.111a–d. Diffusion-weighted MR imaging fi ndings in Canavan disease. a–b Axial 
diffusion-weighted echo-planar images in a 1-year-old male patient with Canavan dis-
ease (same patient as in Fig. 13.110). During the acute stage of the disease, the cerebral 
hemispheric white matter exhibits a diffusely and quite homogeneously hyperintense 
appearance in most areas, suggesting isotropically restricted water diffusion. In the 
frontal and parietal-occipital periventricular areas, markedly hypointense zones are 
seen, most probably corresponding to tissue necrosis. c, d Axial diffusion-weighted 
echo-planar images in a 6-year-old male with Canavan disease. In the chronic stage of 
the disease, the abnormal white matter shows mild hypersignal in the frontal regions 
and faint hyposignal in the parietal lobes. An area of tissue necrosis is again seen in 
the right frontal periventricular region (d)

a b c

d
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Fig. 13.112a–e. Conventional MR imaging 
fi ndings in a 19-month-old male patient 
with van der Knaap disease. a–d Axial 
T2-weighted fast spin-echo images. On 
the highest cut, the cerebral white matter 
is diffusely abnormal; the cortex is some-
what atrophic (d). Supratentorially, the 
corpus callosum, anterior commissures, 
internal capsules (not entirely) and cen-
tral corticospinal tracts are spared (b, 
c). Note involvement of the extreme and 
external capsules, as well as of the medial 
and lateral medullary laminae (b). Subtle 
signal abnormalities are also seen within 
cerebellar white matter and brainstem (a). 
e Axial T1-weighted inversion recovery 
image at level corresponding to b shows 
subcortical cysts within the anterior por-
tions of the temporal lobes bilaterally

a b c

d e

sparing of the periventricular and subcortical white 
matter in the occipital regions, suggest an additional 
antero-posterior gradient. The deep white matter 
structures, notably the corpus callosum and internal 
capsules, are spared, but the external and extreme cap-
sules are involved. The cerebellar white matter is also 

Fig. 13.113. Subcortical cysts in van 
der Knaap disease (same patient as in 
Fig. 13.112). a, b Coronal FLAIR images. 
The subcortical cysts within the superior 
temporal gyri, which are hardly conspicu-
ous on T2- and T1-weighted images, are 
clearly demonstrated with this technique

a b

involved, although much less markedly than supraten-
torial white matter structures. Subtle signal changes 
may be present within the brainstem, especially along 
the pyramidal tracts. The deep gray matter structures 
are normal; the cerebral cortex appears to be somewhat 
atrophic in most cases. No abnormal signal enhance-
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ment is seen within the brain parenchyma after intra-
venous contrast injection.

In adults with the disease, atrophy is present 
instead of brain swelling, with enlargement of both 
extra- and intracerebral CSF spaces [480, 588].

In the sibling of an affected patient, macrocephaly 
and delayed myelination were found in infancy with-
out further progression to manifest disease [591].

DWI shows prominent hyposignal within the sub-
cortical cysts and somewhat decreased signal within 
the affected white matter. The ADC is, however, 
increased [590]. This suggests diffuse loss of white 
matter anisotropy and increased diffusivity. No defi-
nite hypersignal is seen within the unaffected white 
matter structures or along the interface between 
normal and abnormal areas (Fig. 13.114).

1H MRS findings in affected white matter are 
nonspecific. The NAA/Cr ratio is usually reduced, 
whereas the Cho/Cr ratio is increased [104, 592]. 
The severity of these changes is variable, probably 
reflecting the magnitude of tissue disintegration. No 
abnormal metabolites are demonstrated. In an adult, 
decrease of absolute quantities of NAA (damage of 
neuroaxonal units), Cr and Cho (loss of oligoden-
drocytes) was found, while mI was normal (prolif-
eration of astrocytes). The metabolic changes within 
the cortex were less prominent. No abnormality was 
found within the basal ganglia [480].

13.4.8.3 
Vanishing White Matter Disease

Vanishing white matter (VWM) disease, also referred 
to as childhood ataxia with central hypomyelination 

(CACH) or myelinopathia centralis diffusa, is also 
one of the recently identified distinct clinical-radio-
logical entities [98, 593]. The disease has an auto-
somal recessive inheritance. The gene was mapped 
on chromosomes 3q27 and 14q24 [594]. In fact, the 
disease is caused by abnormalities affecting the 
so-called eukaryotic translation initiation factor 
(eIF2B), which has five subunits. Mutations of any 
of the subunits cause the same disease [595–598]. 
The translation initiation factor is needed for initia-
tion of translation of RNA into proteins under vari-
ous conditions, including stress. This is probably the 
explanation of the known stress (i.e., trauma, febrile 
illness)-triggered commencement and subsequent 
episodic deteriorations of the disease.

Clinical presentation of the disease is quite char-
acteristic [98]. Initially, psychomotor development 
of patients is normal. The disease is typically of late 
infantile or early childhood onset, but later onset (late 
juvenile and adult) cases with milder disease course 
are also known [138, 599, 600]. The first clinical mani-
festations of the disease seem to be preceded by minor 
head trauma or infections. The same factors are also 
responsible for episodes of deterioration, sometimes 
leading to coma in infantile and early juvenile onset 
forms. The disease has an otherwise chronic progres-
sive course. Affected patients present with ataxia, dys-
arthria, spasticity, gait disturbance, but only mildly 
impaired mental capacities. In a case with late adult-
onset form, however, the initial clinical manifestation 
of the disease was dementia [599]. During the later 
stages of the disease optic atrophy and mild epilepsy 
may develop. The disease is always progressive but the 
disease course varies. The severe forms may lead to 

Fig. 13.114a–c. Diffusion-weighted imaging fi ndings in van der Knaap disease (same patient as in Fig. 13.112). a–c Axial diffusion-
weighted echo-planar images (b = 1000s). The demyelinated white matter exhibits a hypointense appearance, suggestive of fully 
accomplished demyelinating process. The temporal subcortical cysts are well appreciated as well

a b c
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death at relatively young age (2–6 years), but patients 
with more moderate clinical phenotypes, living into 
young adulthood, have also been described.

As a peculiar biochemical feature of the disease, 
laboratory workup of the CSF of affected patients 
shows marked elevation of glycine [601].

Imaging Findings

The MRI pattern of VWM disease is highly sugges-
tive [98]. The brain appears to be slightly swollen 
and the gyri are somewhat broadened. The lateral 
ventricles show no, mild, or moderate dilatation. 
Cerebral hemispheric white matter changes are very 
prominent; signal properties of affected myelin are 
practically identical to those of CSF both on T1- and 
T2-weighted images. On proton density-weighted 
and FLAIR images, markedly hypointense areas are 
seen within deeper white matter regions, most prob-
ably corresponding to cavitations [598]. These may 
be absent during the early stage of the disease. The 
subcortical U fibers are usually involved, but may be 

partially spared during the early stages of the disease. 
The posterior limbs of the internal capsules are often 
involved, whereas the anterior limbs are spared. The 
external and extreme capsules are always abnormal. 
The corpus callosum is also involved, except for its 
outer rim. The cerebellum is usually atrophic with 
vermian predominance. The cerebellar white matter 
is also abnormal, including the hili of the dentate 
nuclei. In the brainstem, central tegmental and pyra-
midal tracts also show abnormal hypersignal on T2-
weighted images. The gray matter structures, includ-
ing the cerebral cortex and basal ganglia, appear to 
be normal. Incidentally, persistent cavum septi pel-
lucidi and Vergae are quite frequently found, but the 
significance of this is unclear. On follow-up studies, 
the extent of white matter abnormalities and, in par-
ticular, of cavitations increases and atrophic changes 
also progress (Fig. 13.115).

DWI findings of VWM disease have not been 
reported yet.

1H MRS of gray matter shows decreased NAA, 
normal or slightly increased Cho, rather prominent 

Fig. 13.115a–c. MR imaging fi ndings in an 18-year-old female 
patient with vanishing white matter disease (courtesy of Dr. 
M. van der Knaap, Amsterdam, The Netherlands). a–c Sagittal 
T1-weighted spin echo (a), axial T2-weighted fast spin-echo 
(b) and axial FLAIR (c) images. Extensive white matter dis-
ease with involvement of the subcortical U-fi bers. The signal 
properties of the involved white matter are almost identical 
to those of the CSF on all images. Note the relative sparing of 
the cerebellar white matter

a

b c
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lactate and glucose (at 3.43 and 3.80 ppm, respec-
tively) peaks. When the sampling voxel is placed on 
affected white matter, very small, practically unde-
tectable NAA, Cr, Cho, and mI peaks are obtained. 
Small amounts of glucose and lactate may, however, 
still be discernible [98]. In late onset forms, MRS 
abnormalities are similar, but less pronounced [138].

13.4.8.4 
Alexander Disease

This is a rare, sporadic “macrocephalic” leukodystrophy 
without clear inheritance pattern. It is perhaps autoso-
mal dominant and the underlying abnormality may be 
an overexpression of the gene of so-called glial fibrillary 
acidic protein (GFAP), located on chromosome 11q13.

The disease has neonatal, infantile, juvenile, and 
adult forms. The most frequent form is the infantile 
form, presenting delayed psychomotor development, 
failure to thrive, hypotonia, swallowing difficul-
ties, and seizures, rapidly leading to death usually 
before the end of the first year of life. In the infantile 
onset form, macrocephaly is very characteristic; in 
late onset forms (juvenile and adult) it is not appar-
ent. The adult form, which only very rarely has been 
described in children, is prevailingly characterized 
by bulbar signs [602].

Neuropathological findings in Alexander disease 
are characterized by abundance of so-called Rosen-
thal fibers (eosinophilic deposits within fibrillary 
astrocytes, which are probably composed mainly of 
aggregated GFAP) and widespread myelin loss.

Imaging Findings

The imaging findings of the infantile form are concor-
dant with the histological abnormalities. Supratentori-
ally, extensive white matter disease is seen, showing 
a centripetal progression pattern with an additional 
antero-posterior gradient. Indeed, the periventricular 
white matter, posterior limbs of internal capsules, and 
splenium of corpus callosum may be relatively spared 
or normal initially. Large cystic lesions are typically 
seen in the frontal and temporal regions. The cortex 
appears to be normal, but basal ganglia abnormalities 
are common [603]. In the early stages of the disease, 
the basal ganglia may be swollen; later, they are atro-
phic (Fig. 13.116). The cerebellum also shows abnor-
malities, notably involvement of the hemispheric white 
matter and hilus of dentate nuclei and atrophy. On 
postcontrast T1-weighted images, signal enhancement 
along the ependymal lining of the lateral ventricles, 
sometimes extending to more remote areas of the 
frontal lobes and within the deep cerebral gray matter 

structures is a frequent finding; occasionally, it may 
be seen at the level of dentate nuclei, midbrain, optic 
chiasm and fornix (Fig. 13.14).

If stringent evaluation criteria are applied, the MRI 
lesion pattern is considered to be pathognomonic [46]. 
The imaging features that were found to be crucial 
in MRI-based diagnosis are extensive cerebral white 
matter disease with frontal predominance, sparing of 
periventricular structures, deep gray matter abnor-
malities, involvement of mesencephalon and medulla 
oblongata, and contrast enhancement. Presence 
of four of the five criteria allows correct diagnosis, 
hence obviating invasive diagnostic brain biopsy.

1H MRS evaluation of obvious frontal white matter 
abnormalities showed markedly decreased NAA and 
abnormal lactate. In relatively preserved occipital 
regions, only slight decrease of the NAA peak was 
found, without an abnormal lactate peak [276]. These 
findings are consistent with the typical antero-poste-
rior progression pattern of the disease.

It is noteworthy that the adult form of Alexan-
der disease differs from the infantile form not only 
clinically, but also on imaging. The prevalence of 
bulbar signs finds a correspondence on the MRI pic-
ture, which is characterized in younger patients by 
T2 signal abnormalities in the medulla compatible 
with areas of demyelination, while in older patients 
atrophy of the medulla is found [602]. Moreover, in a 
juvenile case we observed, lesions were restricted to 
the dorsal medulla, middle cerebral peduncles, and 
dentate nuclei, and enhanced with intravenous gado-
linium administration (Fig. 13.117).

13.4.8.5 
Leukodystrophy with Brainstem and Spinal Cord 
Involvement and High Lactate

This is the most recent of the newly identified leu-
kodystrophies [43]. The underlying genetic and bio-
chemical abnormalities are unknown to date; how-
ever, the disease seems to have an autosomal recessive 
inheritance.

The first clinical manifestations of the disease 
typically appear in childhood, more rarely in ado-
lescence. The patients present with progressive gait 
(spasticity and ataxia) and sensory (position and 
vibration sense) disturbances, dysarthria, and some-
times learning difficulties.

Imaging Findings

Based on initial observations, conventional imaging 
findings are highly specific, perhaps pathognomonic. 
The pattern consists of extensive, predominantly 
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Fig. 13.116a, b. MR imaging fi ndings in a 3-year-old female patient with the infantile form of Alexander disease (courtesy of Dr. K. 
Chong, London, United Kingdom). a Axial T2-weightes spin-echo image. Extensive supratentorial white matter abnormalities. The 
subcortical U-fi bers are involved in the frontal regions and spared in the occipital lobes. The basal ganglia are also abnormal. b 
Sagittal T1-weighted spin-echo image. The antero-posterior gradient of the white matter disease is well appreciated

a b

Fig. 13.117a–f. MR imaging fi ndings in a 16-year-old male patient with the juvenile form of Alexander disease (courtesy of Dr. P. 
Tortori-Donati, Genoa, Italy). a, b Axial T2-weighted images; c, d axial FLAIR images; e, f Gd-enhanced axial T1-weighted images. 
There are abnormal T2 and FLAIR hyperintensities (a–d) within the posterior medulla, middle cerebellar peduncles, and dentate 
nuclei, with mild swelling of the affected areas. Notice moderate degree of enhancement after gadolinium administration (e, f). 
There were neither macrocephaly, nor other lesions, notably in the supratentorial compartment

a b c

d e f

periventricular white matter changes within the cere-
bral hemispheres, with relative sparing of the ante-
rior corpus callosum, temporal lobes, and subcortical 
U-fibers. The deepest white matter shows signs of 
rarefaction on FLAIR images. The cerebellar white 
matter may also be involved during the advanced 
stages of the disease. The most characteristic abnor-

malities are found at the level of brainstem and spinal 
cord. Within the brainstem, the pyramidal tracts, 
medial lemnisci, anterior spinocerebellar tracts, and 
intraparenchymal trajectories of trigeminal nerves 
are involved. The superior and inferior cerebellar 
peduncles are affected early during the course of 
the disease; the middle cerebellar peduncles become 
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abnormal later (Fig. 13.118). Spinal cord abnormali-
ties consist of lesions within the lateral corticospinal 
tracts and dorsal columns (Fig. 13.119). None of the 
aforementioned lesions seem to show signal enhance-
ment on postcontrast images. On available follow-up 
studies no evidence of progression was found but, as 
mentioned before, in the advanced stage of the disease 
the pattern appears to be more complete. Overall, the 
findings suggest a low-grade demyelinating process, 
but because of the peculiar tract involvement, a pri-
marily axonal degeneration process is suspected.

DWI and measurement of mean diffusivity and 
fractional anisotropy also suggest damage to the 
white matter matrix.

1H MRS shows nonspecific changes, including 
normal or slightly decreased Cho (low-grade demy-
elination, gliosis), decreased NAA (axonal damage), 
increased mI (gliosis), and increased lactate (impaired 
energy metabolism, tissue necrosis) (Fig. 13.119).

13.4.8.6 
Aicardi-Goutières Syndrome

This rare, probably autosomal recessive, microcephalic 
disease is also called leukodystrophy with chronic CSF 
lymphocytosis and calcifications of the basal ganglia.

Clinically, the disease appears in the neonate or 
in early infancy, but presence of intracerebral calci-

Fig. 13.118a–f. Brain MR imaging fi ndings in a 3.5-year-old female patient with leukodystrophy with brainstem and spinal cord 
involvement and high lactate on axial T2-weighted fast spin-echo images (courtesy Dr. M. van der Knaap, Amsterdam, The Neth-
erlands). a–f Extensive white matter disease supratentorially (e, f), but the cerebellar white matter is also involved (a, b). Note 
sparing of the subcortical U-fi bers. The posterior limbs of the internal capsules are abnormal (d). At the level of the brainstem 
(a, b) the signal abnormalities are confi ned to the pyramidal tracts, medial lemnisci, and intraparenchymal trajectories of the 
trigeminal nerves

a b c

d e f
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Fig. 13.119a,b. Spinal cord MR imaging 
and brain MR spectroscopic fi ndings in 
leukodystrophy with brainstem and spinal 
cord involvement and high lactate on axial 
T2-weighted fast spin-echo images (same 
patient as in Fig. 13.118, courtesy Dr. M. 
van der Knaap, Amsterdam, The Nether-
lands). a Axial T2-weighted fast spin-echo 
image of the spinal cord. Lesions are seen 
within the lateral corticospinal tracts and 
the dorsal columns. b Single-voxel proton 
MR spectroscopy (PRESS technique, TE: 
270 ms) of the brain; the sampling voxel 
was positioned on the cerebral hemi-
spheric white matter lesion area. Signifi -
cant decrease of the NAA peak, prominent 
mI peak at the 3.55 ppm level in conjunc-
tion with abnormal lactate at the 1.3 ppm 
levela b

fications suggests that the underlying pathological 
process starts antenatally. It is a rapidly progressive, 
devastating disease, characterized by feeding dif-
ficulties, delayed and later practically arrested psy-
chomotor development, progressive microcephaly, 
irritability, truncal hypotonia with limb spasticity 
and dystonic ocular and buccolingual movements, 
convulsions, opisthotonic posturing, and blindness 
leading to death in a few months or years. Persistent 
CSF pleocytosis is a key diagnostic feature of the dis-
ease. In about 50% of cases, intrathecal interferon-α 
synthesis was also demonstrated [604].

Imaging Findings

CT is an essential diagnostic modality in this dis-
ease, since it almost always demonstrates progressive 
calcifications within the basal ganglia, thalami, peri-
ventricular white matter of cerebral hemispheres, and 
cerebellum (Fig. 13.120). The presence and extent of 

calcifications is not correlated with the severity of the 
disease, and calcifications may be absent initially.

On MRI, the disease presents with an essentially 
supratentorial and very extensive white matter dis-
ease with possible cystic lesions in the temporal and 
parietal lobes. The internal capsules are somewhat 
less affected, but are abnormal too. The pyramidal 
tracts within the medulla oblongata have been found 
to be also involved [605]. The cerebellar structures 
are spared. On T2-weighted images, calcifications are 
usually conspicuous due to their hyposignal within 
the abnormal, markedly hyperintense white matter. 
There is usually moderate to marked dilatation of the 
ventricular system, especially supratentorially, and 
progressive enlargement of extracerebral CSF spaces 
(Fig. 13.121). Occasionally, atrophic changes do not 
show progression on follow-up studies [606].

Overall, the clinical and imaging abnormalities 
suggest that Aicardi-Goutières syndrome is a primar-
ily dysmyelinating process of undetermined etiology 

Fig. 13.120a,b. CT imaging fi ndings in 
Aicardi-Goutières syndrome (courtesy 
of Dr. P. Tortori-Donati, Genoa, Italy). a 
Axial nonenhanced CT image in a 1-year-
old male patient. Calcifi cations are seen 
within the basal ganglia and the white 
matter, the latter predominantly in sub-
cortical location. b Axial nonenhanced 
CT image in a 2-year-old male patient. 
Scattered punctate calcifi cations are seen 
within the cerebral hemispheric white 
matter. Extensive white matter density 
changes within the centrum semiovale. 
Mild atrophic changesa b
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with subsequent arrest of myelination and demyelin-
ation, triggering an increase in the number of white 
cells within the CSF and eventually leading to diffuse 
brain atrophy and calcifications.

The most important differential diagnostic consid-
erations are the neonatal form of Cockayne disease, 
intrauterine TORCH infections (especially cytomega-
lovirus), mitochondrial encephalopathies, biotinidase 
deficiency, and carbonic anhydrase II deficiency.

13.4.8.7 
Cockayne Disease

Cockayne disease is a rare autosomal recessive 
“microcephalic” leukodystrophy, usually of infantile 
onset (type 1). A congenital form (type 2) has also 
been described. The disease is believed to be the result 
of a defect in DNA repair mechanisms. It is a slowly 
progressive leukodystrophy, presenting initially with 
cachexia, progeric features and delayed development, 
and later with peripheral neuropathy. The latter is 

an important differential diagnostic clue, since it is 
seen in only a limited number of leukodystrophies 
(metachromatic leukodystrophy, Krabbe disease). 
The disease is characterized by progressive micro-
cephaly, i.e., affected patients are normocephalic at 
birth, but develop relative microcephaly later during 
the disease course. One of the hallmark clinical fea-
tures of the disease is hypopigmentation of the skin 
associated with photosensitivity.

Imaging Findings

CT is a useful imaging tool, as it shows nonspecific 
calcifications, typically within the basal ganglia, den-
tate nuclei and, occasionally, subcortical white matter 
[607,608].

MRI shows cerebellar and brainstem atrophy 
(Fig. 13.122). Cerebral atrophy is also present, but it 
is usually less prominent. Supratentorially, extensive 
white matter disease is found; it is perhaps less severe 
than in most other leukodystrophies (Fig. 13.122). The 

Fig. 13.121a–d. MR imaging fi ndings in 
Aicardi-Goutières syndrome (courtesy of 
Dr. P. Tortori-Donati, Genoa, Italy). a, b. 
Axial FLAIR and T2-weighted fast spin-
echo images in a 1-year-old patient (same 
as shown in Fig. 13.120a). The images 
show delayed myelination with early signs 
of demyelination. The corpus callosum is 
spared at this stage of disease. c, d Axial 
T1-weighted spin-echo and T2-weighted 
fast spin-echo images in a 2-year-old 
patient (same as shown in Fig. 13.120b). 
The extensive demyelination within the 
cerebral hemispheres is better appreciated 
on the T2-weighted image

a b

c d
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subcortical U-fibers are involved. There is sometimes 
a relative sparing of occipital white matter [608]. The 
corpus callosum and deeper white matter structures, 
including the internal capsules, may be somewhat less 
affected, suggesting a centripetal progression pat-
tern [609]. Areas of calcification seen on CT images 
may present with hypersignal on T1-weighted and 
hyposignal on T2-weighted images (Fig. 13.122).

On 1H MRS, increased lactate was found in the 
brain parenchyma [276].

13.4.8.8 
Pelizaeus-Merzbacher Disease

Three forms of Pelizaeus-Merzbacher disease are 
known: the classical, infantile type has an X-linked 
inheritance, the connatal type has both X-linked and 
autosomal forms, whereas the transitional form is 
sporadic or autosomal recessive. The disease is most 
probably due to a defect of the so-called proteolipid 
protein (PLP), a major constituent of normal myelin. 
The gene encoding PLP is on chromosome Xq22. 

Depending on the severity of the functional defect 
of PLP, it results in impairment of myelin formation 
(absence of myelin or dysmyelination with subse-
quent demyelination). In the connatal form, little or 
no myelin is seen within the brain parenchyma.

Clinically, both the connatal and the classical, 
infantile forms present with severe failure to thrive 
and developmental delay, nystagmus, extrapyrami-
dal signs, seizures, and spasticity. Both forms are 
relentlessly progressive; in the connatal form death 
occurs during the first decade of life, whereas in the 
infantile form during the second or third decade. The 
transitional form is between the two aforementioned 
forms in severity. Recently, two additional entities 
have been added to the Pelizaeus-Merzbacher disease 
spectrum, i.e., the complicated and the pure type 2 
spastic paraplegias.

Imaging Findings

The typical MRI finding in Pelizaeus-Merzbacher dis-
ease is either almost total absence of myelin within 

Fig. 13.122a–c. MR imaging fi ndings in Cockayne disease in a 7-year-old 
male patient (courtesy of Dr. P. Tortori-Donati, Genoa, Italy). a Sagittal 
T1-weighted spin-echo image. Very prominent atrophy of cerebellum and 
brainstem. Note the characteristic facial profi le of the patient. b Axial T2-
weighted fast spin-echo image. Marked enlargement of extra- and intra-
cerebral CSF spaces supratentorially. Extensive white matter disease with 
some sparing of central corticospinal tracts. c Axial T1-weighted spin-
echo image. The hyperintensities at the level of putamina correspond to 
calcifi cations. Some myelin is still seen within the markedly atrophic sple-
nium of the corpus callosum

a
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brain (connatal type) or arrested myelination (classical 
form). In the connatal form the brainstem and cerebel-
lum may be markedly atrophic. In the classical form, the 
pattern of myelination may be appropriate for a given 
stage of the myelination process (birth or early postna-
tal stage), but not for the actual chronologic age of the 
patient. Usually deeper and caudal structures (cerebel-
lum, brainstem, diencephalon, and internal capsules) 
show signs of myelination [19, 610] (Fig. 13.123). A simi-
lar pattern, however, may develop in other pathological 
conditions, notably after early postnatal hypoxic-isch-
emic brain damage or severe CNS infections or systemic 
diseases, which constitute the most important differen-
tial diagnoses from an imaging standpoint.

A peculiar MRI characteristic of the disease is the 
somewhat discrepant appearance of small amounts 
of myelin on T1- and T2-weighted images. While T1-
weighted images may show some hypersignal in myelin-
ated areas (preserved “normal” gray-white matter con-

trast), the same areas may not show any hyposignal on 
T2-weighted images (“reversed” gray-white matter con-
trast). This, again, probably indicates abnormal compo-
sition of myelin in apparently myelinated areas (dysmy-
elination). Occasionally, in the classical form a “tigroid” 
pattern of cerebral hemispheric white matter may also 
be observed; this probably corresponds to some sparing 
of perivascular myelin and suggests that a demyelinat-
ing component may also be present in the disease pro-
cess [610]. The brain is diffusely atrophic.

On DWI, Pelizaeus-Merzbacher disease was found 
to be characterized by preserved diffusion anisot-
ropy, further supporting the hypothesis of a predom-
inantly dysmyelinating pathomechanism [609].

In the early onset form of the disease, 1H MRS may 
reveal markedly decreased NAA and elevated Cho 
peaks, although in the later onset form normal NAA 
peak with markedly decreased Cho peak has also 
been described [276].

Fig. 13.123a–d. MR imaging fi ndings in a 
4-year-old male patient with Pelizaeus-
Merzbacher disease (courtesy of Dr. P. 
Tortori-Donati). a–d Axial T2-weighted 
fast spin-echo images. Some myelin is sug-
gested within the brainstem, but within 
the cerebellum and supratentorially all 
white matter structures are completely 
unmyelinated

a b

c d



 695Metabolic Disorders

13.4.9 
Miscellaneous Metabolic Diseases

13.4.9.1 
Carbonic Anhydrase II Deficiency

Carbonic anhydrase II deficiency is an autosomal 
recessive metabolic disorder; the encoding gene of 
the enzyme is located on chromosome 8q 22. Hetero-
zygotes are clinically asymptomatic, but have about 
50% reduction of enzyme activity. The disease shows 
a clear preponderance, but is not exclusive, in Arab 
communities.

Five different subtypes of the carbonic anhydrase 
enzymes are known. Carbonic anhydrase I is mainly 
found in erythrocytes, carbonic anhydrase III in 
muscle, carbonic anhydrase IV in lung, and car-
bonic anhydrase V in liver. Carbonic anhydrase II is 
present in most tissues of the body, notably in brain, 
kidney, liver, lung, and skeletal muscle. Carbonic 
anhydrase II is a metalloenzyme (requires zinc as a 
cofactor) and is responsible for reversible hydration 
of carbon dioxide.

Deficiency of carbonic anhydrase II represents 
a complex clinical entity. The syndrome includes 
osteopetrosis, renal tubular acidosis, and intracere-
bral calcifications. The disease is usually recognized 
and diagnosed in childhood. Patients have short stat-
ure, growth retardation, mental retardation, poor 
dentition, and visual impairment. Dysmorphic facial 
features (thin nose, long upper lip, micrognathia, 
high forehead) are sometimes present. Some patients 
present with mild or severe anemia.

Renal tubular acidosis is a result of a mixed defect, 
with a proximal component causing lowered trans-
port for bicarbonate and a distal component causing 
inability to acidify urine. Consequently, metabolic 
acidosis with hyperchloremia and urinary alkalosis 
develop. Nephrocalcinosis may occur in a small per-
centage of patients.

Imaging Findings

Intracerebral calcifications are always present in 
patients with carbonic anhydrase II deficiency, 
although not necessarily at the time of the first imag-
ing workup. The calcifications, which affect both gray 
and white matter structures, are best demonstrated 
by CT. Calcified gray matter structures of brain 
include the caudate nuclei, putamina, globi pallidi, 
thalami, and dentate nuclei. Calcifications involv-
ing white matter structures are usually seen along 
the cortical-subcortical interface within the cerebral 
hemispheres and central white matter of cerebellum 
(Fig. 13.124).

Skeletal abnormalities involve the skull, spine, and 
long bones. The skull base and calvarium are usu-
ally dense and thick, and cranial nerve foramina are 
narrow. In particular, stenosis of the optic canal may 
lead to visual problems, requiring surgical decom-
pression. At the level of the spine, platyspondyly of 
variable severity is quite common. The long bones 
exhibit increased density and undertubulation. Par-
adoxically, at the same time, both long bones and 
neural arches of the vertebrae are somewhat fragile 
and prone to fractures. Dental abnormalities com-

Fig. 13.124a, b. CT fi ndings in carbonic anhydrase II defi ciency. a, b Nonenhanced axial CT images. Dense calcifi cations within the 
cerebral hemispheres involving the subcortical white matter and the deep gray matter structures

a b
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prise malocclusion, malformed teeth, retained pri-
mary teeth, and enamel defects with frequent caries.

13.4.9.2 
Persistent Hyperinsulinemic Hypoglycemia 
(Nesidioblastosis)

Persistent hyperinsulinemic hypoglycemia is a 
potentially life-threatening condition. The underly-
ing pathomechanism is inappropriate oversecretion 
of insulin, leading to severe hypoglycemia without 
ketosis. Two histopathological forms of the disease 
are known, which are clinically indistinguishable. 
The focal variant (nesidioblastosis) is related to a 
nodular somatic islet-cell hyperplasia, usually less 
than 1 cm in diameter, nested within an otherwise 
normal pancreas. Conversely, the diffuse form of the 
disease is a generalized functional abnormality of the 
Langerhans cells of the pancreas. The focal variant 
should not be confused with Langerhans cell ade-
noma, which has a totally different histological and 
clinical (late onset of hypoglycemia) presentation.

Genetically, the focal variant is related to a muta-
tion on chromosome 11p15. The diffuse variant fol-
lows a more complex, multifactorial inheritance and 
pathomechanism, with several genes and enzymes 
(glucokinase, glutamate dehydrogenase) involved.

Persistent hyperinsulinemic hypoglycemia is 
probably the most frequent cause of neonatal hypo-
glycemia. Other etiological categories of neonatal 
hypoglycemia include early transitional-adaptive 
hypoglycemia (hyperinsulinism in erythroblastosis, 
or in infants of diabetic mothers), secondary-associ-
ated hypoglycemia (increased glucose utilization and 
glycogen depletion due to associated postnatal infec-
tious, cardiorespiratory illnesses, etc.) and the classic 
transient neonatal hypoglycemia (intrauterine mal-
nutrition and growth retardation causing diminished 
glycogen and lipid stores prenatally and increased 
glucose consumption after birth) [397].

Most cases with persistent hyperinsulinemic hypo-
glycemia present within the first few days of life with 
severe hypoglycemia, usually revealed by seizures. 
The infant is hypotonic, hypothermic, and often also 
cyanotic. Aggressive treatment with intravenous glu-
cose and glucagon is required to prevent hypoglycemic 
brain injury (psychomotor retardation, epilepsy etc.), 
which is the most feared complication of the disease. 
The definitive treatment of the disease is partial (in the 
focal form) or subtotal (in the diffuse form) resection of 
the pancreas. In the focal form this may lead to a total 
cure; in the diffuse form, however, repeated hypoglyce-
mic attacks may still occur. Other patients may develop 
insulin-dependent diabetes mellitus later in life.

Imaging Findings

In well-controlled cases of persistent hyperinsulinemic 
hypoglycemia, no imaging abnormalities are found. 
Otherwise, the disease may present with signs of hypo-
glycemic brain injury, similar to imaging findings in 
other common neonatal hypoglycemic conditions (see 
above) or metabolic diseases (carbohydrate metabolism 
abnormalities, aminoacidopathies and fatty acid oxi-
dation disorders), which are also frequently associated 
with severe, symptomatic hypoglycemia (Fig. 13.80). 
Furthermore, there seems to be a clinical, histopatho-
logical, and imaging overlap between anoxic-ischemic 
encephalopathy (the two pathological conditions are 
frequently coinciding with each other), further com-
plicating delineation of hypoglycemic brain injury 
syndrome as a distinct imaging entity. Hypoxia and/or 
asphyxia certainly potentiate the deleterious effects of 
hypoglycemia on the neonatal brain, and vice versa. 
Although it is not uncommon to find a fairly normal or 
unremarkable MRI study in infants after a severe epi-
sode of “pure” hypoglycemia (i.e., without associated, 
clinically overt anoxic-ischemic complications), it is still 
quite conceivable that hypoglycemic and anoxic-isch-
emic encephalopathies in the term neonate may share 
similar imaging features. The duration of the hypogly-
cemic episode also appears to be a decisive factor in the 
development of brain damage. Clinical and pathological 
observations suggest that severe hypoglycemia, if tran-
sient, is unlikely to cause permanent brain injury. This 
may be related to relative tolerance of the neonate to 
hypoglycemia compared to older children or adults.

During or immediately after the acute episode of 
prolonged hypoglycemia, diffuse brain edema may 
be seen. Focal parenchymal lesions, if present, are 
found in the parietal-occipital regions, usually but 
not always symmetrically (Fig. 13.80). The lesions 
involve mainly the cortex, but subcortical struc-
tures may also suffer leading to decreased or absent 
gray-white matter differentiation. Neuropathological 
observations suggest that in hypoglycemia-induced 
cortical injury, the most superficial layers of the 
cortex are primarily involved. This appears to be 
in contrast with cortical lesions in posthypoxemia, 
which are predominantly seen within the intermedi-
ate and deep layers. This may have a potential differ-
ential diagnostic value, but currently available spatial 
resolution of MRI does not allow imaging differentia-
tion of these histopathological changes. Occasionally, 
the deep gray matter structures (putamen, caudate 
nucleus) may be involved as well.

After repeated episodes of hypoglycemia, diffuse 
brain atrophy develops in conjunction with second-
ary microcephaly. If focal parenchymal abnormali-
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ties were present initially, these may develop into 
laminar cortical necrosis and/or encephalomalacia-
like lesions.

13.4.9.3 
Creatine Deficiency

This disease has been identified recently and is related 
to deficiency of guanidinoacetate-methyltransferase, an 
enzyme found in liver and pancreas. Guanidinoacetate-
methyltransferase catalyzes the conversion of guanidi-
noacetate to creatine. Creatine is then phosphorylated 
by creatine kinase, producing creatine phosphate. This 
reaction takes place within organs of energy utiliza-
tion, notably brain and muscle, where creatine phos-
phate constitutes a permanent phosphate supply pool 
for ATP synthesis during energy utilization. Creatine 
and creatine phosphate are catabolized into creatinine, 
which is then excreted from the body through urine.

Dysfunction of the enzyme leads to increased gua-
nidinoacetate and depleted creatine, creatine phos-
phate, and creatinine levels. The normal dietary supply 
of creatine is not sufficient to compensate for lack of 
endogenous biosynthesis; therefore, chronic energy 
failure develops in sites of high energy requirements.

Clinically, two phenotypes may be present [612, 
613]. In some patients the disease develops in early 
infancy (5–6 months of age). Since the enzyme defi-
ciency is certainly already present at birth, appar-
ent delay in the onset of the clinical manifestations 
in this group is believed to be related to progressive 
depletion of maternally provided creatine reserves. 
Typical clinical signs include retarded psychomotor 
delay, followed by developmental arrest and even loss 
of acquired milestones. Severe hypotonia, swallowing 
problems, and extrapyramidal movement disorders 
develop. The other clinical phenotype is characterized 
by a late infantile onset (2–3 years of age). The clinical 
presentation is milder in this group, and is dominated 
by mental retardation and behavioral problems. Sei-
zures, often triggered by febrile episodes, are present 
in both early and late infantile onset forms.

Treatment of creatine deficiency consists of oral sub-
stitution of creatine in the form of creatine monohy-
drate, which results in improvement of both mental and 
motor functions, although full recovery does not occur.

Recently, new variants of creatine deficiency syn-
drome have been identified. One is an autosomal 
recessive disorder, attributed to deficiency of argi-
nine: glycine amidinotransferase [614]. In the other, 
elevated serum and urine creatine and normal gua-
nidinoacetate levels were found, and the disease 
is believed to correspond to a defect of the creatine 
transport mechanism [615].

Imaging Findings

MRI of brain may be normal or show delayed myelin-
ation only [612;613]. In a patient with extrapyramidal 
movement disorder, bilateral globus pallidus lesions 
were found [612].

MRS findings are particularly relevant in this dis-
ease [616]. The disease was actually identified through 
the absence of the Cr peak on short echo (STEAM) 1H 
MRS within both gray and white matter structures of 
the brain (Fig. 13.125).

One of the initial therapeutic considerations was to 
administer L-arginine, the precursor of guanidino-
acetate, to supplement endogenous creatine synthe-
sis; this practice led to the emergence of a peak at the 
3.68 ppm level, which was identified as guanidinoace-
tate. This finding suggested that the enzymatic defect 
was at the next level of creatine biosynthesis, from 
guanidinoacetate to creatine. After several weeks of 
oral creatine monohydrate administration and with-
drawal of L-arginine, creatine slowly reappears on the 
MR spectrum, reaching up to 50% of normal values, 
while guanidinoacetate disappears, confirming the 
aforementioned hypothesis.

On 31P MRS, absence of phosphocreatine is demon-
strated in both brain and skeletal muscle [617]. During 
administration of L-arginine, increased guanidinoac-
etate-phosphate but no creatine phosphate is detected 
within the brain parenchyma. After creatine monohy-
drate substitution, the former disappears, while the 
creatine phosphate peak becomes apparent.

13.4.9.4 
Leukoencephalopathy Associated with Polyol 
Metabolism Abnormality

So far, only one patient with this disease has been 
described [618]. Nevertheless, since clinical mani-

Fig. 13.125. Single-voxel proton MR spectroscopic (PRESS tech-
nique, TE: 135 ms) fi ndings in a 16-month-old male patient with 
guanidinoacetate-methyltransferase defi ciency shows absent Cr 
peak and normal NAA and Cho peaks (courtesy of Dr. A. J. Bar-
kovich, San Francisco)
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festations are quite nonspecific, clinical evolution 
is insidious, and routine metabolic screening tests 
usually do not include the assessment of polyols, the 
disease may actually be underrecognized.

The underlying enzymatic abnormality has not 
been identified yet. Polyols (polyhydric alcohols) are 
metabolites of sugar and are probably produced in par-
ticularly large quantities in the brain. Biochemically, 
the disease is characterized by increased amounts of 
D-arabitol and ribitol in CSF, which suggests a defect 
on the catabolic pathway of these compounds within 
the brain parenchyma. Locally produced polyols may 
have a direct toxic and/or adverse osmolar effect on 
myelin. This hypothesis is supported by observations 
suggesting that polyols may have a role in the patho-
genesis of peripheral neuropathy in diabetes mellitus 
and galactosemia.

The index patient presented with slow and increas-
ingly delayed development through childhood. He 
had epilepsy starting at age of 4 years, followed by 
visual and speech disorders, ataxia, and severe pro-
gressive mental retardation [618].

More recently, a new polyol (pentose) metabo-
lism disorder (transaldolase deficiency) has been 
described. The disease presents with liver cirrhosis 
and hepatosplenomegaly in early infancy, but without 
CNS manifestations [619].

Imaging Findings

MRI findings show extensive white matter abnormali-
ties, including an essentially centripetal progression 
pattern with involvement of subcortical U-fibers but 
sparing of internal capsules, corpus callosum, brain-
stem, and cerebellar white matter structures. The gray 
matter structures are normal. The brain is slightly 
swollen. A 3-year follow-up study showed no detectable 
interval changes. The whole MRI picture is somewhat 
reminiscent of L-2-hydoxyglutaric aciduria, except for 
lack of striatal and dentate nucleus lesions.

1H MRS of brain revealed abnormal metabolites 
in the 3.5–4.0 ppm range, exhibiting the J-coupling 
phenomenon. These substances were identified as D-
arabitol and ribitol. At the same time, significantly 
decreased NAA, Cr, and Cho peaks were also found. A 
small amount of lactate was present. Unlike in many 
other leukodystrophies, mI was decreased.

13.4.9.5 
Biotin-Responsive Encephalopathies

Classical biotin-responsive encephalopathies include 
multiple carboxylase deficiencies (biotinidase and 
holocarboxylase synthetase deficiency) [620].

Recently, however, novel entities characterized by 
biotin dependency without biotinidase or holocar-
boxylase synthetase deficiency have been described 
[621, 622]. These conditions are presumably related 
to a genetic defect in biotin transport mechanism, 
perhaps at the level of neurons or across the blood-
brain barrier. The most accurate description of the 
disease defines it as a subacute encephalopathy 
presenting with confusion, dysarthria, dysphagia, 
occasional supranuclear facial palsy, external oph-
thalmoplegia, rigidity, dystonia, and quadriparesis. 
The disease onset is usually in infancy or child-
hood. If the disease is diagnosed early and treated 
with oral supplementation of biotin, symptoms may 
be regressive, but reappear again upon withdrawal 
of biotin, characterizing a true biotin dependency 
state.

Imaging Findings

The most characteristic imaging presentation of the 
disease is bilateral, symmetrical basal ganglia disease, 
with involvement of the caudate nuclei and putamina 
(biotin-responsive basal ganglia disease). These struc-
tures are initially swollen, while later they may become 
necrotic and atrophic (Fig. 13.126). These abnormali-
ties are nonspecific and quite similar to those observed 
in some organic acidopathies (3-methylglutaconic aci-
demia, propionic acidemia). Lesions within the den-
tate nuclei have also been found in biotin-responsive 
basal ganglia disease, occasionally preceding basal 
ganglia changes (Fig. 13.127). The combination of den-
tate nucleus and basal ganglia lesions may also occur 
in organic acidopathies, but usually in a context of 
acute metabolic crisis and simultaneously. Conversely, 
in biotin-responsive basal ganglia disease the disease 
course is more protracted and there may be a time gap 
between the appearance of dentate nucleus and basal 
ganglia lesions, consistent with a subacute encepha-
lopathy. Rarely, patchy white matter lesions may also 
be present within the centrum semiovale.

DWI may show increased signal within the involved 
gray matter structures during the acute phase of the 
lesions.

13.4.9.6 
Cerebrotendinous Xanthomatosis

Cerebrotendinous xanthomatosis (van Bogaert-
Scherer-Epstein disease) is an autosomal recessive 
lipid storage disease; the defective gene is localized 
on chromosome 2q33-qter. At least 37 mutations have 
been identified to date, without an obvious genotype-
phenotype correlation [623].
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Fig. 13.126a–d. The MRI appearance of 
basal ganglia lesions in biotin-responsive 
basal ganglia disease on axial T2-weighted 
fast spin-echo images. a 3-year-old female 
patient. Very subtle signal changes are 
seen within the head of the right cau-
date nucleus and within the left putamen 
anteriorly. b 4-year-old female patient. 
More prominent and symmetrical lesions 
within putamina and caudate nuclei. c 5-
year-old female patient. More extensive 
involvement of basal ganglia with marked 
swelling of the heads of caudate nuclei. d 
16-year-old female patient. Very marked 
signal changes and swelling of the basal 
ganglia, also involving the adjacent exter-
nal capsules

a b

c d

Fig. 13.127a, b. The MR imaging appearance of dentate nucleus lesions in biotin-responsive basal ganglia disease. a Coronal FLAIR 
image in a 17-month-old female patient. The dentate nuclei lesions are in the subacute phase. These exhibit prominent hypersignal 
without swelling (arrowheads). b Coronal T2-weighted fast spin-echo image in a 5-year-old female patient (same patient as in 
Fig.13.126c). In this case, the dentate nucleus lesions are in chronic, atrophic phase already. The abnormal hypersignal is faint but 
still conspicuous (arrowheads)

a b
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The underlying biochemical abnormality is defi-
ciency of the hepatic mitochondrial enzyme, sterol 
27-hydroxylase, which converts C27 sterol into C24 
bile acid. As a result, synthesis of bile acids is mark-
edly decreased and bile acid precursors accumulate. 
As a secondary effect, biosynthesis of bile alcohols 
and cholestanol increases through lack of normal 
feedback inhibition of cholesterol 7-alfa-hydroxylase 
(converting excess bile acid precursors into cholesta-
nol) by the missing bile acids. Excess cholestanol (and 
cholesterol) is then released from liver and deposited 
in various tissues, notably the lens, CNS (brain and 
spinal cord), vessel walls, and muscle tendons.

Age of onset of the disease is usually juvenile or adult. 
Cataracts are almost invariably present in patients with 
cerebrotendinous xanthomatosis, and usually appear 
early during the disease course. A history of chronic 
diarrhea is common. Later, neurological abnormalities 
ensue in conjunction with the appearance of tendon 
xanthomas; the latter is a rather inconsistent feature of 
the disease. On neurological examination, signs of cer-
ebellar (cerebellar dysarthria), pyramidal and spinal 
cord (spastic paraparesis) involvement, and peripheral 
neuropathy are found. In a subset of patients, spinal 
cord manifestations may precede by several years 
both cerebellar and cerebral manifestations [624]. The 
patients are usually mentally challenged; mental retar-
dation may be the first manifestation of the disease in 
childhood. Interestingly enough, the disease is usually 
misdiagnosed both clinically and on imaging. From 
the clinical point of view, neurological abnormalities 
are often misinterpreted as multiple sclerosis, neuro-
degenerative disease (Friedreich ataxia, hereditary 
spastic paraparesis), or presenile dementia.

The neurological abnormalities show good corre-
lation with histopathological findings, which demon-
strate xanthomatous and hemosiderin deposits, spin-
dle-shaped lipid crystal clefts, severe neuronal loss, 
demyelination, reactive astrocytosis, and calcifica-
tions within the involved structures, mainly the deep 
gray matter structures of cerebellum and cerebrum 
and in the immediate surrounding white matter.

Supplementation of chenodeoxycholic acid arrests 
or reverses some manifestations of the disease pro-
cess. Laboratory abnormalities (plasma cholestanol) 
improve and further xanthomatous depositions are 
probably prevented; therefore, early diagnosis and 
treatment are of great importance.

Imaging Findings

MRI findings reflect the pattern of neurological and 
histopathological abnormalities [625]. The most prom-
inent abnormalities are seen at the level of dentate 

nuclei [626]. Additional gray matter structures which 
may also show signal changes are the pars reticulata of 
substantia nigra, globi pallidi, inferior olives, and peri-
aqueductal nuclei. These lesions are typically hyper-
intense on T2-weighted images. At the level of dentate 
nuclei, however, hypointense lesion components may 
occasionally be identified, most probably correspond-
ing to calcifications, iron, or hemosiderin deposits. 
On CT, however, no gross calcifications are seen in 
the majority of cases. As the disease progresses (in 
older patients), the white matter adjacent to the afore-
mentioned deep gray matter structures also becomes 
involved; signal abnormalities are then present within 
the deep cerebellar white matter, cerebral peduncles, 
and posterior limbs of the internal capsules. Xantho-
mas may be seen occasionally within the choroid plex-
uses of the lateral ventricles at the level of the trigones 
[627]. The aforementioned lesions are typically sym-
metrical (Fig. 13.128). Nonspecific, ill-defined peri-
ventricular white matter lesions, in conjunction with 
cerebral and cerebellar atrophy and enlargement of the 
perivascular spaces, are also common [626].

When patients clinically present with spinal cord 
disease, MRI shows signal abnormalities within the 
lateral and dorsal white matter columns [624]. None 
of the lesions show hypersignal on T1-weighted 
images; this is believed to be due to the fact that 
lipid deposits contain sterols rather than fatty acids. 
Tendinous xanthomas may also be demonstrated by 
MRI, the most frequent and prominent lesions being 
seen at the level of the Achilles tendons. MR manifes-
tations of the disease do not show improvement on 
treatment.

1H MRS of the brain in patients with cerebroten-
dinous xanthomatosis showed decreased NAA and 
increased lactate. The decrease of NAA, a presumed 
indicator of extensive axonal damage, correlated with 
the patients’ disability [626].

13.4.9.7 
Sjögren-Larsson Syndrome

Sjögren-Larsson syndrome (SLS) is a rare autosomal 
recessive disease characterized by a triad of ichthyosis, 
spastic diplegia or tetraplegia, and mental retardation. 
SLS is due to deficiency of the fatty aldehyde dehydro-
genase enzyme (whose gene was mapped to 17p11.2), a 
component of the fatty alcohol NAD+ oxidoreductase 
complex that is necessary for oxidation of fatty alcohol 
into fatty acid [628]. This deficiency results in tissue 
accumulation of long chain alcohols. The latter have 
been shown to partition into artificial lipid bilayers 
and synaptic vesicles. In the skin, this could affect the 
integrity of the epidermal water barrier, resulting in 



 701Metabolic Disorders

increased water loss and resultant ichthyosis. In the 
CNS, myelin membrane integrity could be affected, 
resulting to myelin disruption and loss.

Ichthyosis is congenital and tends to worsen with 
time. Spasticity can present as early as 4 months of 
age but usually appears within 3 years of age and also 
is progressive, with many patients being never able to 
walk or becoming wheelchair bound. Mental retarda-
tion is moderate to severe. Speech disorder is thought 
to result from a combination of mental deficiency and 
pseudobulbar palsy. Fundoscopy may reveal glisten-
ing white dots in the macular regions of the retina, 
a pathognomonic feature of the disease. The diag-
nosis is confirmed by testing enzyme activity in cul-
tured fibroblasts. Cultured amniocytes and fetal skin 
biopsy allow prenatal diagnosis.

Pathologically, the brain in SLS shows myelin loss 
in the hemispheric white matter as the most prominent 
feature. Myelin sheaths are ballooned. Lipid-laden 
macrophages, histiocytes, axonal loss and degenera-

tion, and astrocytosis are seen histologically. There is 
histological involvement of the descending brainstem 
tracts. The cerebellum is normal.

Imaging Findings

The imaging characteristics of SLS [629–631] basically 
include confluent areas of low density attenuation on 
CT, and T2 hypersignal on MRI, in the involved cerebral 
hemispheric white matter. The abnormalities involve 
the deep white matter of the centrum semiovale, while 
the subcortical U fibers are spared. In our experience 
with three cases of SLS, there was hyperintensity on 
long TR sequences in the deep white matter of the 
frontal lobes with sparing of the subcortical U fibers, 
in one case extending posteriorly to the parieto-occipi-
tal areas; therefore, an antero-posterior gradient can 
be hypothesized to exist. One case had involvement of 
the callosal genu and fornix minor fibers (Fig. 13.129), 
adjoining the white matter abnormalities in the frontal 

Fig. 13.128a–d. MR imaging fi ndings in 
cerebrotendinous xanthomatosis (cour-
tesy of Dr. F. Barkhof, Amsterdam, The 
Netherlands). a–d Axial T2-weigted 
spin-echo images. At the level of dentate 
nuclei prominent hypointensities are seen 
(arrowheads, a) but the adjacent cerebel-
lar white matter is also abnormal. Signal 
changes are present within the substantia 
nigra (arrows, b) and posterior limbs of 
the internal capsules (arrowheads, c), and 
faint hyperintensities are also suggested 
within the centrum semiovale (d) 

a b

c d
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lobes. There was no contrast enhancement in either 
case. Pontine tracts were found to be abnormal in one 
case, while the cerebellum was consistently normal.

1H-MRS of the periventricular white matter 
lesions has revealed a high lipid peak at 1.3 ppm 
[631, 632]. The peak may be visible in the periven-
tricular regions of affected patients even before 
dysmyelination becomes visible on conventional 
MRI [633].
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