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For each generation new vistas appear that were almost inconceivable to that which went
before. Nuclear magnetic resonance, a physical technique first described some 60 years ago
and best known to physicians since the 1980s as MRI, is now so ubiquitous that few can be
unaware of its impact across the entire field of medicine. But most conspicuously MRI has
contributed to observing the brain and its dysfunctions. This is because the radiofrequency
pulses and magnetic responses which create MRI are safe and effective well beyond the bony
skull, which has rendered so many prior technologies either relatively useless or has at the very
least confined them to the brains of adults where exposure to ionizing radiation or radioactive
isotopes can usually be justified. Pediatric brain imaging with MRI, even of the fetus in utero
is feasible, safe, and permissible and here also MRI has been most valuable in neurological
applications. Because of this, we are not surprised that myriads of MRI textbooks have appeared
describing pediatric brain disorders. Drs. Bliiml and Panigrahy offer us not another textbook
of pediatric MRI but what must qualify as the first textbook devoted exclusively to magnetic
resonance spectroscopy of pediatric brain disorders. And a very compelling topic it is.
Magnetic resonance spectroscopy (MRS), it may surprise readers of this volume to dis-
cover, existed long before MRI. Under the term nuclear magnetic resonance and as practiced
by chemists and biochemists, MRS is preeminently a tool for nondestructive chemical analysis
and metabolic profiling. It is this property of NMR that first excited the interest of neonatolo-
gists and pediatricians searching for a better way to describe their patients than was provided
by indirect assays of arterial or venous blood and lumbar puncture-derived cerebrospinal fluid.
As first described in The Lancet nearly 3 decades ago, unlocalized phosphorus MRS opened a
new chapter by demonstrating directly ATP, phosphocreatine, inorganic phosphate (and hence
intracerebral pH), and some other novel phosphorylated membrane constituents of the human
brain previously only known to the “invasive” neurochemist. Moreover, MRS confirmed that
oxygen deprivation dramatically altered the ambient concentrations of high energy phosphates
and brain pH of newborns subjected to perinatal asphyxia, thereby providing prognostic infor-
mation. Subsequent pioneering studies used proton (hydrogen) MRS to quantify brain lactate
concentration, a more powerful predictor of post-ischemic neurological outcome and, perhaps
most valuable of all, N-acetyl aspartate (NAA), a then barely known amino compound, now
recognized as the most reliable neuronal marker available to the neurologist. These discoveries
and the rapid resolution of engineering challenges involved in constructing stable MR scanners
suited to a hospital environment should have revolutionized the practice not only of pediatric
neurology but adult neurology also. In fact, many thousands of children, infants, and newborns
have undergone MRS examinations of the brain so that a compendious database exists. The
missing element, and one addressed directly by this book, has been any serious attempt to
systematize the knowledge so that practicing pediatric neurologists and others can evaluate
their need or otherwise for the information provided: does MRS alter clinical management as
required of any new technology in medicine if it is to leave the purely research realm and enter
practice? In their authoritative new book, Bliiml and Panigrahy do an outstanding job on each
of these critical elements in turn. First, in selected chapters from a range of expert contributors,
they define what MRS can and cannot do, naming peaks and defining the state of knowledge
on their individual functions. Second, using their own deep knowledge of the technical chal-
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lenges which confront all MRS examinations on patients, they systematically provide the tools
that investigators working with newborns and older children will need to ensure technical
excellence in the clinical environment. Third, they provide visual examples of the key patholo-
gies which MRS has helped to define—with varying degrees of certainty, and in some situa-
tions, have not yet reached the clinical “frontier”—a masterful inspection of the theoretic basis
of ADHD is one such example. Finally, and for me, the most valuable, is the unstated explora-
tion of the role of MRS in pediatric neurological differential diagnosis and decision making.
This is contained in a unique collection termed Case Reports from which the practicing pedi-
atric neurologist or intensivist can devise his or her own diagnostic algorithms. It is to be hoped
that this book will reach a wide audience, beyond the conventional practitioners of the MRS
art, who tend to be physicists with only indirect impact on patient care—because, as is now
abundantly clear, pediatric neurological magnetic resonance spectroscopy is ready for prime
time. This book will greatly assist a new generation of practitioners.

Pasadena, CA, USA B. D. Ross
Boston, MA, USA

Foreword



Preface

Several books are available that describe principles and methodology as well as applications of
Magnetic Resonance Spectroscopy (MRS). However, these are, to the best of our knowledge,
focused on adults. MRS in the pediatric population is different from adults for two main rea-
sons. Particularly in the newborn phase, the brain undergoes biochemical maturation with
dramatic changes of the “normal” biochemical fingerprint. Secondly, brain diseases in the
pediatric population are different from adult disorders. Stroke, dementia, and brain tumors
cover most of the abnormalities observed in the adult brain. This is in contrast to pediatrics,
where the normal profile changes with age, tumors originate from many different cell types,
inborn errors and leukodystrophies are encountered, and generally, injury in the context of
ongoing brain development adds complexity to the interpretation of a study.

The basic physics of MRS is purposely kept concise to extent possible. This acknowledges
the fact that improved hardware performance and convenient “push-button” setup of MRS on
most modern clinical scanners allow any interested person to obtain good quality data. Thus,
the target audiences for this book are not MR physicists but clinicians and researchers focusing
on pediatric brain disorders. This includes radiologists, neurologists, neurooncologists, neuro-
surgeons, and more broadly the neuroscience and neurobiology community. The individual
chapters selected for this book provide a comprehensive state-of-the-art overview of the
findings and potential of MR spectroscopy for various pediatric brain diseases. This book also
contains a large number of case studies, important for clinicians who may want to see example
spectra for various conditions and want to use MRS as a tool to improve management of indi-
vidual patients.

Los Angeles, CA, USA Stefan Bliml
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The Developing Human Brain:
Differences from Adult Brain

Floyd H. Gilles

The purpose of this chapter is to introduce the reader to the
great differences between the fetal, neonatal, childhood, ado-
lescent, and adult brain.

Overview

Human brain development is innately beautiful and bewil-
dering in its complexity. To assemble its integrated parts and
circuits all neurons must move from their ventricular wall
origin to other locations, sometimes over considerable dis-
tances, or complicated trajectories. Once appropriately
deployed, the neurons usually extend one long process (if
they have not done so during migration), sometimes over
great lengths, and other shorter processes usually nearby the
cell. All of these cellular movements are tightly choreo-
graphed genetically, from the timing of origin in ventricular
wall to the ultimate destination of their processes [1].
Activation of gene sets in different combinations and
sequences of at least one half of our entire human genome of
20-30,000 genes (only a third more than the roundworm
C. elegans) is devoted to producing this most complex organ
that will constitute only 2% of our body weight. The adult
human brain probably contains at least one hundred billion
neurons, perhaps five to ten times as many neuroglial cells,
and trillions of synaptic connections. During intrauterine
growth, a great excess of neurons is produced, but these are
culled towards the third trimester end and the first few post-
natal months. For the 9 months of intrauterine life and for a
short but indeterminate postnatal period, brain growth and
development is largely genetically determined. However,
environmental factors begin taking a role shortly after

F.H. Gilles, M.D. (<)

Neuropathology Section, Keck School of Medicine of USC,
Children’s Hospital, Los Angeles, CA, USA

e-mail: fgilles@usc.edu

conception and become increasingly important with advancing
development.

These rapidly evolving changes throughout the develop-
ing brain lead to humans who are distinguished from other
primates by cognitive capacities that have consummated in
language, an advanced technology, and complex social
behavior. The adult brain comprises only a few percent of
body mass but expends one-fifth of the body’s energy. The
developing brain is just the opposite. The newborn brain,
representing only one-fifth body mass, expends four-fifths of
the baby’s energy.

Particular vulnerabilities relate to distinct stages in brain
development such as neurogenesis, neural migration, fore-
brain or hindbrain growth, gray matter or white matter matu-
ration, dendritic sprouting, synaptogenesis, and possibly
lifelong neural stem cell production and migration.

Conceptual Limitations

Neither pathologists nor neuroradiologists can see hypoxia,
hypoxischemia, or ischemia. These diagnoses are merely
interpretations needing confirmation, that is, autopsy
verification of imaging findings. Nevertheless, decreasing
autopsy rates coupled with a serious decline in neuroanat-
omy training for neuropathologists and neuroradiologists
result in a cascade of confusion in recognizing anatomic
location of brain lesions and specific brain functions. The
result often is serious misunderstanding of pathologic pro-
cesses. For instance, a commonly used term periventricular,
as an anatomic location, is of little value since all brain and
spinal cord is periventricular, and the term includes gray as
well as white matter. Additionally, not all necrosis is infarct,
even though all infarction is necrosis. Furthermore, designa-
tions such as stroke, brain attack, frontoparietal, or prefron-
tal have no anatomic or pathologic specificity and their use
as outcomes is of little value in epidemiologic, statistical, or
functional imaging studies. In neuroimaging, terms are often
conflated to mean something else, such as periventricular

S. Bliiml and A. Panigrahy (eds.), MR Spectroscopy of Pediatric Brain Disorders, 3
DOI 10.1007/978-1-4419-5864-8_1, © Springer Science+Business Media, LLC 2013
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leucomalacia (multiple focal white matter necroses, as origi-
nally defined [2—4]) to mean diffuse white matter astrocyto-
sis, or diffuse neuroimaging changes.

Labels used as antecedents or causes need to be specific.
For instance, some 34 different pathologic abnormalities,
ranging from hemorrhage to necrosis, have been attributed to
anoxia, hypoxia, hypoxischemia, and asphyxia without ade-
quate clinical or pathologic definitions of any of these condi-
tions. This suggests the possibility of having overlooked
other risk factors which might have been potentially
modifiable by the obstetrician or neonatologist [5].

Growth

Growth is generally a continuous process; however, one can-
not sample a single growing fetus repeatedly except for some
forms of neuroimaging. For pathologists, this limits us to
providing best estimates of growth at different times in devel-
opment from images or autopsied fetuses. The traditional
strategy of measuring growth uses the independent variable
of estimated gestational age. Unfortunately, the argument of
defining normal brain weight as a ratio relative to some other
body parameter (allometric relationship) continues. If brain
weight is defined as a ratio to body weight alone, adverse
influences affecting both the brain and body are likely to be
missed because both might be influenced similarly.

Brain growth is a dynamic active process varying not only
in time and space but also from one neural subdivision to
another. Growth consists of a proportional daily (or weekly)
gain in mass (weight) and is a very complex process for each
organ [6]. During development, an individual’s body size,
shape, and proportions change due to differential growth of
body parts. Growth cannot be discussed without considering its
relation to rate. Since most human embryonic and fetal growth
processes cannot be measured continuously, mathematical
growth models are used. The advantage of such models is that
growth curve characteristics such as maximum rate and points
of inflection can be estimated. Growth rate is the percentage
increase in weight and spatial dimensions per unit of time,
which varies over time, particularly for specific brain parts.
Inflection points reflect major changes in growth acceleration
or deceleration. The models also estimate unobserved values,
smooth measurement values, and minimize stochastic errors.

Both neuropores close at the end of the first postovulatory
month, and most cranial nerve ganglia are present at this time
[7]. The future cerebral hemispheres begin to bulge from the
diencephalic ventricle at approximately 32 days. In prosen-
cephalon, the hypothalamic, amygdaloid, hippocampal, and
olfactory anlage are discernible. Both ganglionic eminences
(medial and lateral) arise at approximately 33 days, and epi-
thalamus, dorsal thalamus, ventral thalamus, and subthalamus
are apparent. Spinal axodendritic synapses arise first in cervical

F.H. Gilles

region [8, 9]. The neurohypophysis evaginates at approximately
37 days, and 4 days later olfactory bulb and first amygdaloid
nuclei become evident and a deep longitudinal interhemispheric
fissure is conspicuous. The future corpus striatum, inferior cer-
ebellar peduncle, and dentate nucleus are evident at approxi-
mately 44 days. Slightly later, the fourth ventricular choroid
plexuses appear followed by lateral ventricular plexuses 3 days
later (about 51 days). The cortical plate is visible in cerebral
hemispheres at approximately 52 days and 2 days later axons in
the internal capsule and olfactory tract appear. The embryonic
period ends at approximately 57 days, with the cortical plate
extending over most of cerebral surface.

When does the developing brain require particular large
amounts of metabolites necessary to support rapid tissue
growth? The weight of all brain components during the
growing period must be considered, including the entire vas-
cular bed and the intravascular blood necessary to support
the brain’s remarkable growth and activity [10]. The brain,
and its various subdivisions, new cells, axons, dendrites,
neural supporting cells, and vasculature all individually con-
tribute to weight gain with each component added during
separate developmental times. At term the brain is growing
at its greatest rate; during the second year it will triple its
birth weight. Myelin deposition in large amounts in the last
gestational weeks and over the first few months of life prob-
ably accounts for a large proportion of weight gain. This
transient and special variety of tissue (myelinating white
matter) is potentially vulnerable to a unique array of insults,
and estimation of its degree of maturation is of great impor-
tance to the neuroradiologist and neuropathologist.

Growth Functions

The Gompertz function is superior to the logistic, and also to
several nonsigmoid functions, such as the generalized expo-
nential and the polynomial, even though the latter has been
considered important [11]. The first and second Gompertz
function derivatives provide prenatal brain instantaneous and
maximum growth rate and acceleration. The prenatal brain
growth model is

7(,( 1.99-0.0437X)

Y =1,190¢

where Y is brain weight in grams and X is gestational age in
weeks (Fig. 1.1a). Maximum growth acceleration occurs at
24.5 weeks and maximum growth rate occurs at or just after
term. This model confirmed the Dobbing and Sands original
smaller study [12] and was corroborated in a second larger
fetal brain population [11]. The inflection point and rates of
maximal growth are similar to the original Gompertz model
(above), namely second trimester’s end and end of term
gestation.
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In a separate newborn and childhood group, a sigmoid
growth curve was generated from birth to 2 postnatal years
(Fig. 1.1b) (McLennan and Gilles, 1983, unpublished data).
Postnatal brain growth in our model is similar to Dobbing
and Sands, although they had only a small number of cases
beyond 12 months [12]. Again, there is a wide range in brain
weight at each specific week. The significant implication is
that most postnatal brain growth is completed within the first
2 postnatal years, similar to other reports [13, 14].

New Tissue Addition

If one assumes a large figure for the ultimate human neuronal
number (for instance, estimated at 10''—L. Swanson, per-
sonal communication, 2009), then during the first half of
gestation, neuronal precursor cells develop in ventricular
zone, move to some new location, mature in very large num-
bers (for example, many hundreds of thousands every sec-
ond), and make innumerable connections.

Gyri, Cortical Thickness, Neuronal Maxima,
and Synapses

Cortical layer thickness increases linearly with age and corti-
cal neuronal density reaches a maximum at 20-28 weeks and

W% W % 8 70 8 % w0 e 0 w0 wWo W a0 w0

TOTAL AGE (wks)

then declines by about 70% [15], with additional decreases
during adolescence [16]. The human infant’s cerebral cortex
at term has a gyral pattern similar to the adult cortex, but has
only one third the total surface area. The gyral pattern is
probably unique for each hemisphere and for each individ-
ual. Postnatal cortical expansion varies considerably from
lobe to lobe and within lobes: regions of lateral temporal,
parietal, and frontal cortex expand nearly twice as much as
locations in insular and medial occipital cortex [17]. Within
cerebral cortex, homotypical association cortices mature
only after heterotypical agranular somatic motor and granu-
lar sensory and visual cortices are developed, and phyloge-
netically older brain areas mature earlier than newer ones
[18]. Thus, primary sensory and motor areas generally attain
peak cortical thickness before adjacent secondary areas, and
before other polymodal association areas. Specifically, in
brain behind the central sulcus, the first region to reach peak
thickness is granular somatic sensory cortex (8 years), fol-
lowed by calcarine cortex, containing striate granular pri-
mary visual area (7 years on the left and 8 years on the right),
and then the remaining homotypical parieto-occipital cortex,
with polymodal regions (such as the posterior parietal cor-
tex) reaching peak thickness later (9—10 years). In the frontal
cortex, the primary agranular motor cortex attains peak corti-
cal thickness early (9 years), followed by the supplementary
motor areas (10 years) and most of the frontal pole (10 years).
High-order cortical areas, such as the dorsolateral homotypical



frontal cortex and cingulate cortex, reach peak thickness
later (10.5 years). The anterior insular transition cortex
reaches its maximum thickness at 18 years. In the medial
views, the occipital and frontal poles attain peak thickness
early, and then a wave sweeps from these areas, with the
medial frontal and cingulate cortex attaining peak thickness
last. There is also a marked dorsal to ventral progression of
development [19].

Studies in nonhuman animals suggest that cortical dimen-
sions during critical periods for the development of cognitive
functions reflect experience-dependent molding of the archi-
tecture of cortical columns along with dendritic spine and
axonal remodeling [20-24]. Such morphological events
likely contribute to the childhood phase of increase in corti-
cal thickness, which occurs in regions with either a cubic or
quadratic trajectory. The phase of cortical thinning, dominat-
ing adolescence, likely reflects the use-dependent selective
elimination of synapses that could refine neural circuits,
including those supporting cognitive abilities [19, 25-27].

Functionally, the posterior medial orbitofrontal areas have
been linked with the limbic system and autonomic nervous
system control. These areas are thought to monitor the out-
comes associated with behavior, particularly punishment or
reward [28, 29], cognitive functions so fundamental that they
are unlikely to undergo prolonged development. In contrast,
isocortical regions often support more complex psycho-
logical functions, which show clear developmental gradi-
ents, characterized by rapid development during critical
periods. The delineation of critical periods for human skill
development is complex, but late childhood is a period of
particularly rapid development of executive skills of plan-
ning, working memory, and cognitive flexibility, an age
period which coincides with an increase in cortical thickness
in the lateral frontal cortex [30]. In contrast, the critical
period for certain visual functions (such as letter acuity and
global motion detection) has been estimated as ending in
middle childhood (age 6 or 7) [31]. Likewise, the period of
increase in cortical thickness in the visual cortex also ends
around this time (approximately ages 7-8).

The fate of all cerebral cortical cells is tied to the cortical
vasculature, which supplies oxygen and nutrients, maintains
homeostasis, and removes metabolic waste. Considering the
increasing surface area of neuronal soma, dendrites, and axons
that accompany brain enlargement, it has been estimated that
each human neocortical neuron consumes 3.3 times more ATP
to fire a single spike than in rats, and 2.6 times more energy to
maintain resting potentials [32].

Synaptic Maxima

There is regional dendritic variation in neonatal human
isocortex [33]. Synaptogenesis occurs concurrently with
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dendritic and axonal growth and with subcortical white
matter myelination. Postnatal synaptic density rises after
birth, reaches a plateau in childhood and then decreases to
adult levels by late adolescence. In macaque monkeys, sub-
sets of terminal synapses, as well as a subset of en passant
synapses, appear and disappear each week with no net change
in overall density, suggesting ongoing processes of synapto-
genesis and elimination [34]. Huttenlocher’s examination of
visual cortex synapse number and density in brain tissue of
deceased infants, children, and adults shows an exuberant
growth of number and density of synapses between birth and
about 8 months of age from a neonatal level at about 30-40%
of the adult level to about 80% above the adult level at 68
months followed by a gradual decline to the norm, an approx-
imate plateau from adolescent to adult age [25]. Synapse for-
mation in granular auditory cortex and homotypical middle
frontal gyrus begins before conceptual age 27 weeks, and
reaches a maximum before 1 year of age in primary auditory
and visual cortices, and at approximately three and a half
years of age in the middle frontal gyrus. Interestingly,
whereas in the human auditory cortex synaptic elimination is
complete by 12 years of age, pruning continues until mid-
adolescence in the middle frontal gyrus. The frontal cortex
develops somewhat more slowly and declines somewhat
later. Further, in human brains there is a separation in time of
a few years between peaks in visual cortex synapse density
and metabolic rate [35].

Myelination

Fetal and postnatal myelination is dramatic [36-38]. In
autopsy material, tracts in which 50% of cases contained
grossly visible myelin at second trimester end included:
medial longitudinal fasciculus, fasciculus gracilis, fasciculus
cuneatus, trapezoid body, and inferior cerebellar peduncle.
In term infants, 50% of cases contained grossly visible
myelin in the following tracts: proprius, spinocerebellar, spi-
nothalamic, medial lemniscus, spinal trigeminal, lateral lem-
niscus, parathalamic posterior limb, parasagittal cerebellum,
superior cerebellar peduncle, capsule of red nucleus, optic
chiasm, optic tract, ansa lenticularis, inferior olivary nucleus
amiculum, and habenulointerpeduncular tract. The additional
tracts at 1 year in which 50% of cases were grossly myeli-
nated included: hilus inferior olivary nucleus, auditory radia-
tion, transverse gyrus of Heschl, transpontine, middle
cerebellar peduncle, cerebellar hemisphere, dentate hilus,
pontine corticospinal, occipital optic radiation, cingulum,
corona radiata, distal radiation to precentral gyrus, posterior
frontal, occipital pole, calcarine subcortical association
fibers, and body, splenium, and rostrum of corpus callosum.
Similarly, additional myelinated tracts at 2 years included:
inferior colliculus brachium, lateral crus pedunculi; mid-
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brain, cervical, and thoracic corticospinal; lateral olfactory
stria; deep white matter in posterior parietal, temporal, and
temporal and frontal pole deep white matter; external cap-
sule; subcortical association fibers in frontal, temporal, and
occipital poles, parietal, and posterior frontal; and stria med-
ullaris thalami. Late or slowly myelinating tracts (> 2 years)
included: central tegmental, solitary, medial crus pedunculi,
lumbar corticospinal, putamen, globus pallidus, alveus,
fimbria, fornix, extreme capsule, temporal subcortical asso-
ciation fibers, and anterior commissure [39].

Prematurity and Its Long-term Complications

More than half a million babies are born prematurely each
year in the United States and the rate of premature birth has
been increasing since 1980. Premature babies face an
increased risk of lasting disabilities, such as mental retarda-
tion, learning and behavioral problems, neurologic deficit,
lung problems, and vision and auditory problems. These
long-term problems occur in greater proportions of prema-
ture births as the gestational age decreases. For instance,
babies born at the end of the second trimester have brain
weights half of those born at term and are more likely to
have developmental delays [40], but even adults who were
born at 34-36 weeks gestation are more likely than those
born full-term to have mild disabilities and to earn lower
long-term wages.

These neurologic and cognitive delays are accompanied
bydelaysinmyelinationand development of N-acetylaspartate
[41] that are accompanied by delays in motor skills at 6 years
[42]. Structural abnormalities including cerebellar size, per-
sist throughout childhood [43, 44], and small brain volume
and corpus callosum persist into adulthood [45, 46].

Neonatal Brain Edema Likely Differs
from That in Adults

Clinically important cerebral swelling, without concomitant
necrosis or hematoma, is thought to contribute to necrosis.
The few pathologic studies of fetal, term, or neonatal brain
edema are in conflict, and whether edema occurs without
necrosis remains in dispute. This confusion resulted from
supposed analogies to adult swelling, poorly defined criteria,
and high fetal brain water content relative to myelinated
adult brain. Furthermore, the fetal and neonatal brain adds
weight during fixation, often attaining a postfixation weight
30% greater than fresh weight [47]. What some call edema in
fixed fetal or neonatal brain (cerebral hemisphere enlarge-
ment, sulcal and ventricular narrowing) likely reflects initial
high brain water content plus fluid accumulated during
fixation. Since immature brain differs from mature brain so

markedly in its structure and composition as well as in its
responses to insult, one cannot directly extrapolate informa-
tion from the adult to neonatal brain.

Many neonatal brain edema experimental studies used
lethal asphyxia or anoxia (for example, [48—50]). Whether or
not this adequately measures uncomplicated water accumu-
lation in cerebral tissue is a moot point; it certainly measures
tissue swelling associated with functional endothelial and
other cellular loss. Following asphyxia in an airtight jar until
death, 5-day-old rat pup brain exhibits only a minimal
increase in water content, but no brain weight change. Similar
results were obtained with nitrogen anoxia and asphyxia
with CO,. As expected with cellular death, shifts in sodium
and potassium occur concomitantly with water shift. Whether
the fluid and electrolyte changes concomitant with complete
cellular function loss are tantamount to uncomplicated
edema, as the term is used for the mature brain, is not clear.
Other experiments support the conclusion that “neonatal
brain does not have a tendency to edema” [51-53].

A prospective study of all neonatal autopsies in a mater-
nity hospital, defining brain swelling as cerebral hemisphere
enlargement, gyral flattening, and sulcal narrowing observed
that, without intraventricular hemorrhage, swelling was not
found under 33 weeks [54, 55]. Yet, at about term, 89% of
brains were “pathologically swollen.” They did not attribute
the swollen brain proportion to prolonged postmortem inter-
val, but found that flattened gyri were more likely in still-
births than early neonatal deaths. The most swollen brains
contained the least water.

Diseases Differ Between the Child and Adult
Metabolic and Mitochondrial Inborn Errors

Many metabolic diseases affecting the infant or child have
milder presentations in later life. Metabolic errors are gener-
ally grouped according to defects in their biochemical path-
ways. Those caused by energy failure can involve citric acid
cycle or respiratory chain, such as mitochondrial disorders,
or defects in glycogen mobilization, such as glycogen stor-
age disease, or fats, such as fatty acid oxidation defects.
Defects in amino acid metabolism include the urea cycle
defects, such as citrullinemia, organic acidemias, such as
methylmalonic acidemia, or aminoacidopathies, such as phe-
nylketonuria. Finally, there are disorders of carbohydrate
metabolism such as galactosemia. The lysosomal storage
disorders, characterized by large carbohydrate—lipid com-
plex accumulation, such as Hurler’s disease, constitute the
next general group. Peroxisomal biogenesis disorders include
Zellweger’s syndrome and adrenoleukodystrophy. Finally,
there is a group of white matter disorders such as metachro-
matic leukodystrophy.
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Brain Tumors

Brain tumors in children differ in location and kind from
those in adults. Starr pointed out their predominance below
the tentorium in the nineteenth century [56]. Schultz and
Cushing recognized that the types of neoplasms also differed
from those in adults [57, 58]. The clinical courses, symp-
toms, and signs in children with brain tumors were sufficiently
distinct to prompt Bailey, Buchanan, and Bucy to introduce
their classic monograph with the statement that “experience
... early taught us that in the case of intracranial neoplasms
also, one should not reason in the same manner when con-
fronted with a child suffering from such a lesion as when
dealing with an adult” [59]. The distributions of brain tumor
locations also differ by age within childhood [60].

Kernicterus and Liver Disease

Bilirubin encephalopathy is a newborn syndrome, in which
increased plasma levels of unconjugated bilirubin outstrip
albumin-binding capacity and gain access to the brain. Jaques
Hervieux described brain jaundice in 31 of his 44 autopsied
jaundiced babies in 1847. Orth, an assistant to Virchow, in
1875 found intense yellow staining in basal ganglia, third
ventricular wall, hippocampus, and deep cerebellar nuclei in
a jaundiced term infant. In 1903, Schmorl reported 120
autopsies of jaundiced infants [3]. Schmorl coined the term
kernicterus (basal ganglia jaundice) for this staining pattern.
Although the following century of scientific study has added
an enormous amount of information about the epidemiology
and pathophysiology of neonatal jaundice and kernicterus,
the contributions of Hervieux, Orth, and Schmorl will likely
continue to be seen as historic landmarks in our quest for
understanding of these phenomena [61, 62]. Commonly
involved are the cerebellar roof nuclei, cranial nerve nuclei,
inferior olives, dorsal funicular nuclei, globus pallidus, thala-
mus, and subthalamus. Hippocampus, putamen, and lateral
geniculate are less often involved. Yellow staining of central
nervous system nuclei also occurs in some neonatal brains,
despite low levels of serum bilirubin [63].

The relative importance of blood—brain barrier, unconju-
gated bilirubin levels, serum binding, and tissue suscepti-
bility in this process is only partially understood. Even at
dangerously high serum levels, bilirubin traverses the intact
blood-brain barrier slowly, requiring time for encephalopa-
thy to occur [64]. Unconjugated bilirubin, the end product
of heme catabolism in mammals, causes neonatal jaundice
when it accumulates in their plasma. Under low unbound
conditions it is a potent antioxidant, but when slightly ele-
vated is toxic to astrocytes and neurons, damaging mito-
chondria (causing impaired energy metabolism and
apoptosis) and plasma membranes (causing oxidative dam-
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age and disrupting neurotransmitter transport). With higher
concentrations, unbound bilirubin accumulates in neurons
and glial cells in several specific brain regions resulting in
kernicterus. Unconjugated bilirubin accumulation in cere-
brospinal fluid and central nervous system is limited by its
active export, probably mediated by multidrug resistance-
associated protein present in choroid plexus epithelia, cap-
illary endothelia, astrocytes, and neurons [65-67]. The
mechanism(s) by which severe hyperbilirubinemia engen-
ders cytotoxic effects in selected brain regions is poorly
understood but has been attributed previously to differences
in permeability of blood—brain barrier and blood—cerebro-
spinal fluid barrier, regional blood flow, and bilirubin oxi-
dation rates.

Brain Trauma

Falls or head blows in the adult result in brain contusions —
wedge-shaped brain necroses, usually hemorrhagic, with the
base of the wedge located at a gyral apex or the apices of
several gyri. For the first half or two-thirds of the first post-
natal year, falls or head blows result in unmyelinated white
matter tears rather than cortically based contusions [68, 69].

Therapeutic Effects Differ in Children

One of the major limiting factors in treatment of childhood
brain tumors is the sensitivity of the young brain to the effects
of conventional radiation [70, 71]. The complications include
defects in cognition, endocrine, and neurologic sequelae.
Another major concern is the induction of secondary tumors
in long-term survivors [72], Moyamoya disease [73], and
arterial disease leading to infarction. Even very low brain
irradiation doses in childhood can diminish later adult intel-
lectual function [74].

Chemotherapy is not spared. Methotrexate is associated
with a leucoencephalopathy [75-77], as is L-asparaginase
[78, 79], ifosfamide [80, 81], and amphotericin B [82].

Conclusions

The great dissimilarities between infant and adult brains
include the remarkable facts of fetal and childhood brain
development, the long-term structural and functional abnor-
malities associated with premature birth, and the differences
in gyral development, cortical thickness, neuronal maxima
and loss, synaptic maxima and loss, functional cortical
regional growth, metabolic and mitochondrial diseases,
tumors, kernicterus, and differing therapeutic responses of
childhood and adult brains.
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Magnetic Resonance Spectroscopy:

Basics

Stefan Bluml

In this chapter, the basic principles and procedures of proton
magnetic resonance spectroscopy (MRS), with emphasis on
clinical and experimental work in humans, are illustrated. An
in-depth understanding of the laws of physics and chemistry
that make MRS (and MRI) possible is outside the scope.

Overview

MR spectroscopy is a modality that is available on most
state-of-the-art clinical MR scanners. For the brain in par-
ticular, MRS has been a powerful research tool and has also
been proven to provide additional clinically relevant infor-
mation for several disease families such as brain tumors,
metabolic disorders, and systemic diseases [1]. The most
widely available MRS method, proton ('H; hydrogen) spec-
troscopy is an FDA-approved procedure in the US that can
be ordered by clinicians for their patients if indicated. Other
methods, such as phosphorous-31 (*'P), carbon-13 (**C), or
fluorine-19 (F) MRS, have been successfully applied in
humans. But with the ever-increasing importance of clinical
MR imaging, these exotic and time-consuming applications
have been push to the side and are only available at a few
academic centers. In addition, "H MRS does not require any
additional hardware beyond what is already being used for
MRI. Thus, proton spectroscopy dominates in vivo MRS and
is the focus of this book.

S. Bliiml, Ph.D. (>)

Department of Radiology, Children’s Hospital Los Angeles,
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Los Angeles, CA, USA

e-mail: SBluml@chla.usc.edu

What Can Be Measured with Magnetic
Resonance Spectroscopy?

MR imaging maps the distribution and interaction of water (its
hydrogen atoms) with tissue. In contrast, 'H MRS analyzes
signal of the hydrogen protons attached to other molecules.
Whereas for MRI only a single peak (water) is being mapped,
the output of MRS is a collection of peaks at different radiof-
requencies (RF) representing proton nuclei in different chemi-
cal environments, the spectrum (Fig. 2.1). Because of the low
concentrations of MR-detectable chemicals, MRS is restricted
to the analysis of individual regions of interest (ROI) much
larger than the resolution of MRI. The typical spatial resolu-
tion for MRS is 1-10 cm?, which is a thousand times larger
than what is typically achieved for MRI (1-10 mm?).

Only small, mobile chemicals (see Chap. 3) with concen-
trations of >~ 0.5 pmol/g tissue can be observed with in vivo
MRS. This leaves most neurotransmitters out of reach for
this method. Exceptions may be glutamate, y-amino butyric
acid (GABA), and aspartate. In addition, large immobile
macromolecules and phospholipids, myelin, proteins, RNA,
and DNA are rendered invisible to MRS. The network of
small molecular weight amino acids, carbohydrates, fatty
acids, and lipids that can be measured is tightly controlled in
the brain by enzymes and all but a few key molecules (MR
invisible messengers and neurotransmitters) are kept at
remarkably constant concentrations. It is for this reason that
reproducible MR spectra of the brain can be obtained when
robust methods are applied. In sequentially studied individ-
ual healthy controls, the single greatest variable may not be
biological or diet imposed variations, but the practical
unavoidable inaccuracy of the positioning of the subject,
problems with the identification of a previously selected
region of the brain, and the imperfect stability of MR
hardware. The biochemical fingerprint of tissue will be
abnormal when there is structural damage (trauma, tumor,
degenerative diseases, gliosis, etc.), altered physiological
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Fig. 2.1 A spectrum is a frequency analysis (=Fourier transform) of the
signal that is detected in an MR study. In this case, a normal gray matter
spectrum, acquired from the region of interest (ROI) indicated by the box
on the MR image, acquired with a standard PRESS sequence (TE 35ms)
at 1.5T is shown. The height of a peak is equivalent to the strength of the

conditions (interruption of blood flow, etc.), and biochemi-
cal or genetic problems. The metabolic fingerprint also var-
ies with the brain region studied. There are also normal
age-dependent changes during brain development, which
are discussed in Chap. 3.

Principles of In Vivo Magnetic Resonance
Spectroscopy

The main ingredient for both MR imaging and spectroscopy
is the strong magnetic field (B ) created by a superconducting
magnet. A net magnetization will develop in any tissue
brought into the magnet field. The magnetization can be envi-
sioned as a vector pointing, if undisturbed, along the mag-
netic field. For any MR sequence, a radiofrequency pulse,
which is an additional time-dependent magnetic field, is used
to tip the vector out of its equilibrium position. The magneti-
zation vector will then precess around the equilibrium direc-
tion with a characteristic frequency (resonance frequency).

Chemical Shift

The resonance frequency of the protons is in a first approxima-
tion a function of the main magnetic field strength. However,

Frequency (ppm)

signal. The position on the x-axis (or chemical shift axis) measures the
chemical shift relative to a reference (tetramethylsilane (TMS) at O ppm)
and can be used to identify chemicals. The water peak would be at
4.7 ppm. However, the water peak is suppressed in MRS sequences as it
would be several orders of magnitude larger than any of the other peaks

CH, Lactate

Fig. 2.2 Left: Hydrogen atom with nucleus (proton) and single elec-
tron. The electron modifies the magnetic field seen by the proton. Right:
All protons potentially provide an MR detectable signal. The exact fre-
quency of the signal depends on the molecular structure and the posi-
tion of the proton in the molecule. For example, protons of the CH,
group of lactate resonate at 1.33 ppm whereas the CH proton resonates
at4.1 ppm

the electronic environments of molecules cause a small mod-
ulation of the main magnetic field. If the electrons are close
to the proton, there is a shielding effect and the proton sees a
minimally smaller magnetic field (Fig. 2.2). This in turn
results in slightly different resonance frequencies for protons
in different molecules and even for protons in the same mol-
ecule but at different positions. Since the chemical structure
of molecules determines the electronic environment this shift
in the frequency has been named chemical shift. For in vivo
MR spectroscopy, analyzing chemical shifts has been the
main method for peak assignment.
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J-coupling

In addition to chemical shifts, the spectrum is also modu-
lated by J-coupling (or scalar coupling). J-coupling is the
result of an internal indirect interaction of two spins via the
intervening electron structure of the molecule. The coupling
strength is measured in Hertz (Hz) and is independent of the
external B field strength. J-coupling between the same spe-
cies of spins, e.g., proton and proton is termed homo-nuclear
J-coupling whereas J-coupling between different species of
spins, e.g., proton and phosphorous is referred to as hetero-
nuclear J-coupling. J-coupling results in a modulation of the
signal intensity depending on sequence type and acquisition
parameters, particularly the echo time (TE, see below). The
most prominent example in proton spectroscopy is lactate
where there is a 7 Hz strong coupling between the two
MR-detectable proton groups. Other molecules with more
complex J-coupling patterns are glutamate and glutamine
with three J-coupled proton groups. A spectrum of N-acetyl-
aspartate (NAA) is shown in Fig. 2.3. NAA has both uncou-
pled and J-coupled protons.

Echo Time and Repetition Time

The main contrast mechanisms in MR imaging are
T1-saturation, T2-relaxation, T2*-relaxation, diffusion, and
proton density. These properties and the acquisition param-
eters do affect also the appearance of a spectrum. However,
each proton in each molecule has its own set of characteristic
MR properties. This and the fact that the spectrum itself
provides no reference on how a change of an acquisition
parameter may affect the spectrum, complicates this issue
considerably (In MRI the anatomy provides a reference. For
example, bright ventricles in a T2-weighted MRI help to
identify other areas of fluid accumulation by the hyperin-
tense signal, etc.). Metabolite resonances may be prominent
with one acquisition sequence whereas the peak amplitude is
different when another sequence is used despite spectra
being acquired from the same ROI (Fig. 2.4). Therefore,
changing sequence parameters or introducing different
acquisition sequences should only be done with great cau-
tion. Instead, particularly for non-experts, it is important to
be consistent and to acquire expertise with one sequence and
one set of acquisition parameters.

The most important parameter is the echo time (TE).
Indeed, MR spectroscopy can be separated into long TE and
short TE methods. As for MR imaging, TE is the time the
magnetization is in the transverse plane after an excitation
before signal readout. During this time, the signal from each
metabolite peak relaxes with its own characteristic
T2-relaxation time. In addition, the signal amplitude of pro-
tons which are J-coupled is modulated. For example, at a
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Fig. 2.3 The spectrum of the N-acetyl-aspartate (NAA) molecule is
shown (standard PRESS, echo time (TE) 35 ms, 1.5 Tesla). The NAA
molecule has protons at different positions. The three protons of the
-CH, group are equivalent and their individual signals add-up and give
the prominent peak at 2.0 ppm. The other protons attached to carbons of
NAA molecule also provide a signal. The protons of the -NH, -CH, and
—-CH, are in close proximity in the molecule and do interact via
J-coupling (indicated by dashed arrows in above figure). J-couplings
split peaks and modulate the phase of a signal. The result is a more
complex pattern of multiple peaks, which can be asymmetric or point
downwards. The signal from proton next to the nitrogen atom (amide
proton) resonates at approx. 8 ppm. Due to rapid exchange with protons
from surrounding water molecules, the magnetization disappears
quickly and the signal from this proton is very weak

characteristic echo time the signal of a metabolite may be
inverted (e.g., lactate at TE =144 ms, Fig. 2.4). Choosing long
echo times simplifies spectra because the number of detect-
able peaks is reduced and the remaining peaks are more read-
ily identified. Historically, long TE (typically TE> 135 ms)
has been easier to use in clinical practice because of a flat
baseline and because the three peaks (NAA, creatine (Cr),
choline (Cho)) can be unequivocally separated. In addition,
long TE MRS has been less sensitive to hardware imperfec-
tions (such as eddy currents). More recently, however,
significant advances in both hardware and the methods used
to analyze spectra have been made. Short TE MRS
(TE~35 ms) allows the detection of an increased number of
metabolites and has a signal-to-noise advantage over long
TE. Other acquisition parameters that have an impact on the
appearance are the repetition time (TR) and the mixing time
(TM). TR is the time between each initial excitation of the
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Fig. 2.4 Three single-voxel PRESS spectra of the same ROI acquired
with echo times of TE=288 ms (fop), TE=144 ms (center), and
TE=35 ms (bottom). The spectrum at short TE (35 ms) is more com-
plex and more challenging to interpret. However, it also contains more
information and is the preferred method particularly for single-voxel
MRS. For example, lipids are detectable, there is signal from the amino
acids glutamate (Glu) and glutamine (GIn), and myo-inositol is detect-
able. At TE 144 ms the lactate peak is inverted and this echo time is a
good choice when the detection of lactate is particularly important. TE
144 ms is frequently selected for chemical shift imaging (see text for
details). At TE 288 ms the lactate signal is in phase again. However, at
this long echo time, spectra are compromised by low signal to noise and
a TE of 288 ms is rarely used on modern MR scanners

magnetization. If absolute quantitation is attempted, it is easier
to quantify spectra that were obtained with long repetition
times. In this case, knowing the individual T1-relaxation
times of all peaks is not as crucial. However, spectra that were
acquired with repetition times that are substantially longer
than the T1-relaxation times (e.g., TR>3x T1) are compro-
mised by lower signal-to-noise ratio. For that reason, repeti-
tion times are generally set to approximately 1-1.5 times the
T1-relaxation times of metabolites. In contrast to TE, the
overall appearance of spectra does change little with the rep-
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etition time, which more or less simply causes different
scaling of peaks. The mixing time TM is the time delay
between the second and the third 90° RF pulse in a STEAM
sequence. The TE and TM are independent parameters.
During TM, the magnetization in a STEAM acquisition points
along the magnetic file and there is no signal decay due to
T2-relaxation. However, during the mixing period there are
still processes possible that have an impact on the final appear-
ance of the spectrum (zero-quantum coherences).

Editing

Editing techniques exploit unique homonuclear (or hetero-
nuclear) J-coupling properties of molecules. Many editing
sequences utilize the fact that in an echo sequence the phase
of J-coupled spins is modulated during the echo delay.
A series of spectra acquired with different echo times each
may allow the separation and identification of overlapping
signals from different molecules due to their different
J-modulation. Metabolite editing confers some specificity on
the process of peak identification in high-resolution NMR
techniques but has so far contributed little new information
to in vivo human brain studies. Practical in vivo sequences
have been proposed by Ryner et al. [2] and Hurd et al. [3]
and tested in human subjects. While many creative editing
sequences from high-resolution NMR are available in the lit-
erature, in practice, signal-to-noise limitations preclude their
use in vivo. For example, zero-quantum filter for lactate edit-
ing is accomplished with a 2:1 signal loss; simple short-echo
time sequences without metabolite-specific editing may
work just as well. Recent examples of successful in vivo
editing include GABA [4, 5] and B-hydroxy butyrate [6].

Data Acquisition
Planning a Magnetic Resonance Spectra

Planning and performing an MRS study is complex and
requires extra diligence when compared with the planning of
an MRI study. All modern MR scanners allow straightfor-
ward planning of MR imaging studies where the operator
selects enough slices to cover the whole head and thus all
areas of interest. With most acquisition parameters conve-
niently stored in ready-to-go protocols there is little that can
go wrong. In contrast, quality control at the time of data
acquisition is essential for MR spectroscopy. For MR spec-
troscopy, the operator needs to select the correct region of
interest and may need to adjust scan parameters. Even in
case of a focal lesion, such as a tumor, it might be necessary
to pick the correct part of the tumor (e.g., avoiding bleeds or
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calcifications, selecting more cellular parts instead of a
necrotic center, staying away from the skull, etc.), adjust the
size of the region of interest, and the required scan time.
Even with volumetric chemical shift imaging where many
spectra from different locations are acquired simultaneously
(CSI, discussed in more detail below) it is not possible to
cover more than a part of the brain.

Acquisition Methods: Single-Voxel Versus
Chemical Shift Imaging

Single-Voxel Magnetic Resonance Spectroscopy
Single-voxel (SV) MRS measures the MR signal of a single
selected region of interest whereas signal outside this area
is suppressed. For single-voxel MRS, the magnetic field
and other parameters are optimized to get the best possible
spectrum from a relatively small region of the brain.
Manufacturers generally provide PRESS (Point Resolved
Spectroscopy) [7, 8], STEAM (Stimulated Echo Acquisition
Mode) [9], and ISIS (Image Selected In Vivo Spectroscopy)
[10]. These sequences differ in how radiofrequency pulses
and so-called gradient pulses are arranged in order to
achieve localization. It is beyond the scope of this chapter
to discuss details about localization methods and the inter-
ested reader is referred to the above-mentioned publica-
tions. ISIS is based on a cycle of eight acquisitions, which
need to be added and subtracted in the right order to get a
single volume. ISIS is considerably more susceptible to
motion than STEAM or PRESS and is mostly used in het-
eronuclear studies, where its advantage of avoiding
T2-relaxation is valuable. For 'H MRS, however, ISIS has
fallen out of favor.

Both, PRESS and STEAM do not require the addition or
subtraction of signals to achieve localization and are thus
more robust. PRESS utilizes one 90° and two 180° slice
selective pulses along each of the spatial directions and gen-
erates signals from the overlap in form of a spin echo. At the
same echo time, PRESS has the advantage over STEAM that
it recovers the full possible signal and is therefore the method
of choice for applications where signal to noise (S/N) is cru-
cial. Since S/N is always crucial in MR, PRESS appears to
be the overall winner among the competing localization
techniques. STEAM utilizes three 90° slice selective pulses
along each of the spatial directions. Signal, in form of a stim-
ulated echo, from the overlap is generated. STEAM allows
shorter echo times than PRESS partially compensating for
lower S/N. Secondly, the RF bandwidth of 90° pulses is
superior to the bandwidth of 180° pulses utilized by PRESS.
STEAM is therefore an alternative to PRESS when short
echo times, minimal chemical shift artifacts, and robustness
are of concern.

15

2D or 3D Chemical Shift Imaging

With chemical shift imaging (CSI) approaches, multiple
spatially arrayed spectra (typically more than 100 spectra per
slice) from slices or volumes are acquired simultaneously.
Other terms used for CSI are spectroscopic imaging (SI) and
MR spectroscopic imaging (MRSI). Slice selection can be
achieved with a selective RF pulse as for MR imaging. CSI
encodes all spatial information into the phase of the mag-
netic resonance signal. In contrast to standard 2D MR imag-
ing where one spatial dimension is phase encoded while the
second dimension is frequency encoded, data acquisition is
performed in the absence of a frequency-encoding gradient
so that the chemical shift information can be retained. Due to
the phase encoding, many spectra from a slice or from a 3D
volume can be acquired simultaneously, and CSI is an excel-
lent technique to obtain metabolic maps (Fig. 2.5). When it
is desired to limit the region of interest to a smaller volume,
e.g., to avoid bone and fat from the skull, CSI is usually com-
bined with PRESS, STEAM, or ISIS—but with a significantly
larger volume selected than for single-voxel MRS. CSI is a
very efficient method to acquire information from different
parts of the brain. An important feature is that within the
examined volume of interest, any ROIs can be selected retro-
spectively by a process termed voxel-shifting.

When to Use What Method?

Despite evidence for the value of MRS in clinical practice
and technical improvements, the application of MR spec-
troscopy is still hampered by its technically challenging
nature. MR spectroscopy is prone to artifacts and processing
and interpretation is complex and requires expert knowledge.
For MRS to be used in clinical research and practice, stan-
dardized acquisition and processing methods need to be
employed, easy to follow rules for quality-control applied,
and results need to be presented and documented in a timely
fashion to have an impact on clinical decision making.
Studies should be designed not only to address basic medical
or biological questions but also keeping the available
resources in mind. Bulky CSI acquisitions with the need to
review and interpret hundreds of spectra may require a
skilled MR spectroscopist. Therefore, most new investiga-
tors will do better in the beginning by employing a single-
voxel method. This ensures high quality of individual spectra.
Single-voxel MRS performs more robustly when short echo
times are selected. Employing a short echo time ensures high
S/N of spectra and minimizes the signal loss of fast decaying
peaks of metabolites such as myo-inositol, glutamate, and
glutamine. Therefore, for single-voxel studies, short echo
time PRESS (TE <35 ms) or STEAM (TE <30 ms) are rec-
ommended. However, single-voxel MRS is not a practical
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Fig. 2.5 (a) 2D CSI of a 3-year-old boy with a posterior fossa astrocy-
toma. The data were acquired with a PRESS sequence with a repetition
time (TR) of 1.0 s, TE=35ms, field of view =160 bmm, 20x20 phase
encoding steps, slice thickness=8 mm, and two averages resulting in a
nominal voxel resolution of 0.5 cc. Acquisition time was 13.3 min. The
large boxes indicate the excited volume; smaller boxes indicate ana-
tomical locations of individual spectra. (b) Shown is a 2D CSI of a child

approach when maps of the distribution of chemicals within
the brain are the goal. The investigator who wants to study
many different brain regions or who needs to understand the
spatial distribution of metabolites in an efficient matter will
need to employ CSI. However, it should be noted that the
added information available from CSI acquisitions sampling
larger volumes might be compromised by poorer magnetic
field homogeneity resulting in less well-defined peaks and
nonuniform water suppression.

Signal-to-Noise Ratio

Insufficient signal-to-noise ratio (S/N) is the most significant
challenge of in vivo MRS and its main limitation in clinical
practice! It is not required for users of MRS to become
experts in the discussion of how to best measure absolute
S/N. The definition and the measurement of absolute S/N
depend on acquisition parameters and steps involved in pre-
processing of the data. For our purposes, S/N is the ratio
between the amplitude of a resonance and the amplitude of
random noise observed elsewhere in the spectrum (Fig. 2.6).

with a glioblastoma after radiation therapy. The box on the left image
indicates the area from which spectra were acquired. Instead of display-
ing individual spectra, on the right, the results of the spectroscopy study
are displayed as a color map. In this case, areas with increasing promi-
nent choline relative to creatine (tCho/Cr) were colored hot yellow to
red whereas areas with decreasing tCho/Cr are displayed in green and
blue. Acquisition parameters were similar to those used in Fig. 2.5a

In practice, it is more important to know which parameters
and how various parameters influence S/N.

Rules (and Qualifiers) for Signal-to-Noise Ratio

1. To improve the S/N by a factor of two, four times the
acquisition time is necessary. To have a three-fold signal
increase, nine times the acquisition time is necessary.

2. But: There are practical limitations to increasing the
scan time: If a scan exceeds the time a patient can hold
still, nothing will be gained. Patient movements may
degrade the quality of a study and the uncertainty of the
location and thus the composition of the tissue enclosed
in the region of interest compromising the interpretation.
Hardware instabilities also take away S/N in scans that
take a long time. From our experience, we believe that
the acquisition time of a single scan should not exceed
20 min. We acknowledge, however, that under circum-
stances when a patient is very cooperative scans that last
longer can be carried out. More typical and practical
acquisition times that are well tolerated are 3—6 min.

3. S/N scales with the volume; half the volume gives half
the S/N, doubling the volume doubles the S/N. This is
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Fig.2.6 This example illustrates that the S/N of a spectrum needs to be
considered before drawing any conclusions. The same simulated spec-
trum with peaks with amplitude ratios of 4:2:1 is shown in (a—d). The
hypothetical case of the spectrum with unlimited S/N is shown on the
top left (a). In the next step random noise at a moderate level was added

4.

5.

6.

because the signal is proportional to the volume of the
selected region. On the other hand, the noise is pro-
duced by the entire tissue within the sensitive volume of
coil. The noise does not change with selecting different
ROISs. (As the noise level in a study is constant, it is pos-
sible to compare two spectra that were acquired from
different but equally sized ROIs to obtain information
about absolute concentrations in both spectra: Scale
both spectra such that the noise level is the same in both
spectra. Compare the amplitude of the peaks. CAVEAT:
This does not work if the linewidths of the peaks of the
two spectra are substantially different.)

To compensate for a volume reduction by a factor of two
the scan time needs to be increased by a factor of four.
But: A good shim (= process of optimizing the homoge-
neity of the magnetic field at the region of interest)
improves the S/N. The area of a resonance line is con-
stant. Therefore, by improving the shim and narrowing
the width and increasing the amplitude of a resonance
line the S/N can be improved. Generally, better shims
are achieved for smaller ROIs. Thus, increasing the ROI
size does not guarantee a linear increase in S/N.
Similarly, decreasing the ROI might not result in a lin-
ear reduction of S/N.

But: Another finer point is the shape of a voxel. A cubic
voxel can be shimmed better than an odd shaped voxel
(very long in one direction and short in another direc-
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and peaks with approximate ratios of 4:2:1 are still observed. Spectra
(c) and (d) are two simulations with twice the noise added, respectively.
The original amplitude ratios are not reproduced and the spectra can
only be interpreted qualitatively. Indeed, peaks b and ¢ have become
undetectable in simulation (d)

9.

10.

tion). Therefore, ROIs that are closest to a cubic shape
have the best S/N among rectangular ROIs with the
same volume (spheres would be even better).

The S/N decreases with increasing echo times (TE) due
to the T2-decay of the signal. Shorter repetition times
(TR) cause Tl-saturation. This does not necessarily
reduce the S/N because more averages can be packed into
the same acquisition time. T1 and T2 relaxation times
vary with metabolites and field strength. In respect to
S/N, the shortest possible TE is the best choice (but there
are other important considerations). There is no best TR.
At 1.5T a TR between 1 and 3 s is a good choice; at 3 T
a TR between 2 and 5 s is appropriate.

If a user wants to acquire several spectra, choosing a
large CSI box to cover all regions of interest is more
efficient than measuring individual spectra with a single-
voxel MRS. On the other hand, spectral quality of CSI is
often compromised when single-voxel works fine.

With equal TR and TE, a PRESS sequence provides
twice the S/N of a STEAM sequence.

Increasing the field strength will improve the S/R.
Moving from 1.5 to 3 T scanners doubles the magneti-
zation. In practice this does not result in a doubling of
the S/R. This is because at 3 T T1-relaxation times are
longer (=larger saturation effects), T2-relaxation times
are shorter (faster signal decay), and the homogeneity
of the magnetic field of 3T magnets does not reach the



homogeneity achieved at 1.5 T. Still, an S/R improve-
ment of at least 50% can probably be achieved with
modern 3 T systems.

11. Radiofrequency coils that are optimized (as small as pos-
sible without causing inhomogeneous excitation) will
provide better S/N when compared with large coils.

Selecting the Region of Interest

On modern MR scanners, MR spectroscopy sequences are
fully integrated into protocols and there is little difference
between an MRI and an MRS study for patients. For the
operator, on the other hand, MRS requires an additional
important step. Using an image just obtained, a region of
interest (ROI) is selected from which the MR spectrum is
obtained. Indeed, selecting an appropriate ROI is probably
the most crucial part of an MR spectroscopy study. This is
particularly important for diseases with focal lesions. Not
only needs the operator decide on the appropriate location,
but also other factors such as size (in all three dimensions),
number of averages required to obtain a spectrum of sufficient
quality, minimizing partial volume with surrounding tissue,
avoiding proximity to skull/bone/air transitions (negatively
impact quality), avoiding blood and calcifications, and limit-
ing the amount of cerebrospinal fluid (has no metabolites)
need to be taken into consideration.

Accuracy in prescribing a region of interest (and proper doc-
umentation for longitudinal studies!) is of great importance
in particular for single-voxel MRS studies. It is therefore rec-
ommended to study brain regions where MRS works and
where normal MRS data are readily available for compari-
son. Two very popular choices are parietal white matter and
occipital gray matter which have been studied frequently
with single-voxel MRS. Frontal white matter and basal gan-
glia, historically technically more challenging, are also fre-
quently studied brain regions.

How to Acquire Good Quality Spectra

Acknowledging that good is a relative term, below are a few
suggestions on how to ensure that the quality of an MRS
study is close to what can be achieved under optimum condi-
tions. In order to acquire good spectra, for MRS the mag-
netic field within the region of interest is further refined in a
process called shimming. Whereas in the early days of MRS
a skilled spectroscopist would perform this task, today’s
scanners all have automated procedures that are generally
equally good, faster, and more objective. Indeed, shimming
as well as other scanner adjustments, such as transmitter and
receiver gain setting, water suppression, is now all by default
incorporated into the sequence. The user, after selecting the
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ROI, merely pushes a button and awaits the completion of
the study. Good spectra are obtained if the ROI was not
selected too small or too large, was not placed over areas of
bleeds or calcifications, and away from tissue/bone/air tran-
sitions. When the voxel size is too small spectra of inade-
quate S/N are obtained. It is recommended to use
approximately 10 cc at 1.5T for a single-voxel examination
with PRESS with 128 averages. Depending on the biologi-
cal/clinical question, it is possible to have smaller (or larger)
ROIs. For example, if the question is whether there is ele-
vated choline in the ROI, but accurate quantitation is not
required, a smaller voxel will do. Other applications, for
example phenylalanine in phenylketonuria (PKU), require
the measurement of metabolites that are at very small con-
centrations. In this case, the ROI needs to be larger. Bleeds
and, to a lesser extent, calcifications distort the magnetic
field resulting in broad lines and poor water suppression
compromising spectral quality. Similarly, placing the ROI on
an area that contains a mixture of tissue, skin, bone, and air
will result in poor spectra because the magnetic field cannot
be adjusted very well. In summary, careful placement and
proper selection of the size of the ROI are the only remaining
hurdles for obtaining good quality spectra on modern MR
scanners. While experience is useful, this task does certainly
not require an MR spectroscopist.

Processing and Quantitation

In the early days of spectroscopy, a file that contains the raw

result of the spectroscopy study would be stored somewhere

on the computer that controls the MR scanner. That file
would then be typically copied to an off-line computer for
further processing using often custom-designed software.

The basic processing steps are:

* Linebroadening: Linebroadening is a filtering process by
which the measured signal is multiplied with a function
that effectively improves the S/N of a spectrum at the cost
of reduced spectral resolution. Alternatively, the filter
function improves spectral resolution (negative linebroad-
ening) at the cost of reduced S/N.

* Fourier transform: A Fourier transform is a mathematical
operation that decomposes the measured signal in the
time domain to its frequencies.

* Phasing: Due to hardware settings and sequence timing
following the Fourier transform, a mixture of absorption
and dispersion signals is observed in the spectrum.
Spectrum analysis and quantitation is performed on the
pure absorption signal, which needs to be extracted by a
phase correction procedure.

Most modern MR scanners provide semi- or fully auto-
mated FDA approved scripts that can be used for processing.

When using those, it is highly recommended to be method-
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ological and refrain from experimenting with the processing
parameters. Phasing and linebroadening do have an impact
on the appearance of the spectrum and thus on the interpreta-
tion. Users with consistent processing parameters have an
advantage particularly when longitudinal studies are being
performed.

Recently, sophisticated processing software packages
such as LCModel or MRUI [11, 12] have significantly
improved automatic assignment and quantitation of metabo-
lites in in vivo MR spectra. Processing of spectra is accom-
plished by fitting in vivo spectra to linear combinations of
typically 15-20 measured or simulated model spectra of
metabolites. This list of metabolites includes the major
metabolites (e.g., NAA, Cr, Cho, ml) but also less prominent
metabolites (e.g., glucose (Glc), or taurine (Tau)). These
software packages are particularly appropriate for investiga-
tors who work with scanners from different vendors as they
ensure equivalent processing and thus comparability. Albeit,
these software packages are clearly superior to manufacturer
provided solutions, they are not FDA approved and are thus
more frequently used in research settings.

Often a neglected step is the proper documentation (pref-
erable on three orthogonal images) of the location of the
ROIL. If the location of the ROI is not documented the MRS
study is not complete. Unfortunately, manufactures do not
appreciate the need for good (and automatic!) documenta-
tion and the user is settled to use the various, sometimes not
intuitive, manual tools available.

Absolute Quantitation

For MR spectroscopy to become an accepted tool for research
and clinical application, the information needs to be
quantified and condensed in a fashion that allows the nonex-
pert user to draw adequate conclusions in a timely fashion.
The natural parameters appear to be concentrations of metab-
olites in moles per unit volume, wet weight, or dry weight
linking MRS with existing norms of biological chemistry.
However, more common are peak ratios by which the signal
intensity of one metabolite is expressed as a fraction of
another one. Cr has often been used as an internal reference
and metabolite ratios relative to Cr are reported. This was
based on the assumption that the Cr pool is relatively con-
stant in normal and diseased brain. However, this is not
always the case and might be misleading. In particular,
tumors may have quite different levels of Cr than normal tis-
sue and ratios may be quite misleading. Even the structurally
intact-looking brain might have altered concentrations of
creatine—for example, the developing brain or under in
hypo- and hyper-osmolar conditions. Therefore, although in
many instances ratios provide important information, abso-
lute quantitation is the preferred method. One commonly
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employed strategy for absolute quantitation is to acquire the
water signal of the brain in the region of interest and measure
(or assume) the water content of tissue. This can then be used
as an internal concentration reference. For example, the
water signal of tissue with a water content of 80% corre-
sponds to a concentration of 55 mol/1 x 80% =44 mol/l. Use
of the water signal as an absolute concentration reference
eliminates several sources of error, such as differences in
voxel size, total gain due to coil loading, receiver gains,
hardware changes, etc. However, often the water content, in
particular in pathology, is unknown. Therefore, other quanti-
tation methods, using for example an external reference,
have been suggested.

Absolute quantitation of CSI data sets is challenging.
Whereas for single-voxel MRS sampling the water signal
does not add more than a few seconds to the scan time, the
situation is different for CSI. To obtain the reference water
signal for each region of interest the acquisition of an addi-
tional CSI data set with time consuming 2D or 3D phase
encoding is necessary. An alternative approach is to skip the
extra scan and use the metabolite signal of normal tissue,
distant from a focal abnormality, as internal reference. This
approach has problems when metabolic changes in appar-
ently normal appearing tissue cannot be ruled out. For a more
detailed discussion of quantitation methods, the interested
reader is referred to [13, 14].

Miscellaneous
Safety

Three different magnetic fields are applied in MRS:
* Static magnetic field B,
e Gradient fields for localization purposes
* RF fields to excite the magnetization

These static fields are generally remarkably safe, with no
known biological hazards. Fast switching gradients have
been considered as associated with risk and nerve stimula-
tion. While there exist exotic techniques such as echo planar
spectroscopic imaging (EPSI), the vast majority of MRS
techniques switches gradients a magnitude slower than rou-
tinely applied in MR imaging. Prolonged irradiation of RF is
identified as hazardous to the extent that energy is deposited
in the human head. But, again, MRS, when compared with
MRI uses only few RF pulses and excessive RF deposition is
not a problem in 'H MRS.

Magnetic Resonance Spectroscopy at 3T

The main benefit of higher field strength for MRS is the
increased SNR. MR spectroscopy also benefits from the
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Fig. 2.7 Shown are spectra from the same patient and ROI (white box
in MRI) acquired at 1.5 T and at 3 T. Both spectra cover the same chem-
ical shift range (0—4 ppm). However, if the x-axis would be measured in
hertz, the 1.5 T spectrum would cover 260 Hz (4 ppm=4x65 Hz at
1.5 T) whereas the 3 T spectrum would cover 520 Hz (4 ppm=4x 130 Hz
at 3 T). The acquisition times are comparable. Note, that the 3 T spec-
trum has considerable better SNR (lower level of random signal outside

increased spectral resolution. Essentially, when moving
from 1.5 to 3 T, a spectrum is being stretched along the
chemical shift (x-axis) by a factor of two (Fig. 2.7). A disad-
vantage of the higher field strength is the increased chemical
shift artifact. This problem arises from the different frequen-
cies of the resonances associated with various chemical
structures. When a gradient is applied to a sample contain-
ing chemically shifted species, there will be a displacement
of the sensitive volume for each of the different species. The
bandwidth of the RF pulse, with respect to the chemical
shift range of the chemical structures, sets the percentage of
overlap one can expect. Since at 3 T the chemical shift range
is two times larger than at 1.5 T there is less (half) overlap
(or more chemical shift artifact) at 3 T when the same RF
pulse is used for excitation. Increasing the bandwidth of the
RF pulse reduces chemical shift artifacts. In addition,
whereas the main singlet peaks NAA (2.0 ppm), Cr
(3.0 ppm), Cho (3.2 ppm) remain singlets at 3 T, the spectral
pattern of other metabolites may change. Unfortunately, for
some metabolites, such as taurine, detectability does not
improve or may even decrease at higher field (Fig. 2.8).

peaks). In this case the improvement may be exaggerated as the 1.5 T
spectrum was acquired on an old system whereas the 3T spectrum was
acquired on a state-of-the-art scanner with a smaller head coil. Also,
note that while the creatine and choline singlets are rendered unchanged,
the appearance of the myo-inositol signal (ml) is different for the two
field strength (see also Fig. 2-8)

s b
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W N
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Fig. 2.8 Spectra of chemicals are generally different at different field
strength as illustrated here for taurine and myo-inositol. Both spectra
were acquired from model solutions with a PRESS TE 35 ms sequence.
Changes in patterns need to be taken into consideration when compar-
ing spectra acquired at different field strength

Finally, one has to consider that Tl-saturation and
T2-relaxation of metabolites are different at 1.5 T and 3 T.
To complicate matters, relaxation properties for different
metabolites do not change equally. Still, the benefits of
improved SNR and spectral resolution at 3 T probably out-
weigh the disadvantages. Using a 3 T system, when avail-
able, is thus recommended.
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Basic Questions/Answers

Often questions like “what is the smallest voxel you can
measure?, how do I know that the signal-to-noise ratio is
sufficient?, how do I know it is an artifact?”, etc. are asked.
These questions do have in common that there is no definitive
answer and, consequently, no definitive answer can be pro-
vided in this book. Instead, below, we will try to elucidate a
spectroscopist’s point of view. Obviously, even within the
MRS community there are different opinions and approaches.
Thus, it is hereby disclosed that what is written and explained
below is biased by the editors’ opinions.

What is the smallest voxel that can or should be measured?
What is the minimum S/N needed for a study to be conclusive?
For global disorders, there is no need to push for the smallest
possible voxel. Otherwise, for focal processes, there is—no
surprise—no definitive answer to these questions. The
approach depends on how much time an investigator is will-
ing to invest and on the importance of the question that is
being asked. It also depends on the quality of the shimming
and the shape of the voxel. We advise against beginning a
study with an acquisition of a spectrum from a very small
voxel. Should the result only show random noise it would be
unclear whether this is due to insufficient S/N or a feature of
the tissue and valuable scan time has been wasted. A better
approach might be to acquire a spectrum from a ROI large
enough for the investigator to detect the major peaks of a
spectrum. In a second step, the investigator can then reduce
the voxel size and increase the scan time taking into account
the rules given above and judging from the relative peak
heights and noise level of the already acquired spectrum.
Obviously, for the interpretation, the partial volume of sur-
rounding tissue needs to be considered. To provide a num-
ber: We advice to select ROIs smaller than 1 cc only in
extreme situations for single-voxel MRS. For CSI we advice
against a resolution better than 0.5 cc.

If a spectrum is very noisy, how do I know whether this is
due to technical problems or whether presents true biology
(e.g., hypocellularity, necrosis, etc.)?

Looking at the noisy spectrum itself may not help to answer
this question. Even before an MRS acquisition, MR and CT
images (if available) should be inspected for bleeds and for
calcifications. These areas should be avoided to the extent
possible. Check the size of the ROL. If the volume is less than
lcc and the scan time has not been prolonged substantially,
low S/N is the problem. In addition, it should be ruled out
that the patient moved considerably during a scan by, for
example, comparing MRI studies before and after the MRS
study (another reason not to do conduct MRS studies at the
very end of an examination). Distortions on MRI may indi-
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ROI

Fig. 2.9 The partial volume of surrounding normal tissue is easily
underestimated in MRS. For example, the volume of spherical lesion is
4/3 r’r where r is the radius of the lesion. The volume of a cubic ROI
enclosing the lesion is 8 . That means that in this case the partial vol-
ume is approximately 50%. The resulting spectrum will show a mixed
pattern with approximately equal contributions of metabolites from the
lesion and from surrounding tissue

cate a technical artifact caused by braces (quite common in
children) or by other magnetic parts. If this does not explain
a bad spectrum there is more information that should be
reviewed. While metabolites concentrations might be too
low to produce peaks in a spectrum there is always enough
signal from water. Unfortunately, some manufacturers do not
routinely acquire a water spectrum or store it for convenient
review. However, all scanners use water for the shimming
procedure and the numeric result of the shimming can gener-
ally be reviewed. If a spectrum was acquired from a stan-
dard-sized voxel and the final shim was within the normal
range, the absence of metabolites in the spectrum means that
metabolites are low. Good shims are 0.1 ppm or less (6 Hz or
less at 1.5 T and 12 Hz or less at 3 T). If shims are 0.15 ppm
or worse data should be interpreted very carefully as the
absence of certain metabolic features is likely explained by
the low quality of the study.

How much partial volume do I have?

For the interpretation of an MRS study, a realistic assessment
of partial volumes is an absolute prerequisite! For global dis-
orders or any study where standardized regions are exam-
ined, partial volumes are a minor problem. Consistency in
the methods and accuracy in the placement of a voxel ensure
reproducible findings. Partial volume effects are, however, a
major challenge for focal processes. A typical scenario is a
small focal lesion that is being studied with MRS. As is illus-
trated in Fig. 2.9, it is easy to underestimate the extent of
partial volume.

What is the chemical shift artifact?

The net result of the chemical shift artifact is that the ROIs
for the various metabolites in a spectrum do have significant
overlap but are not identical. The problem of chemical shift
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Fig.2.10 Spectra obtained from
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artifacts arises from the different frequencies of the signal
that is observed in MRS. When a gradient for localization is
applied there will be a displacement of the sensitive volume
for each of the different species. The bandwidth of the RF
pulse, with respect to the chemical shift range of the chemi-
cal structures, sets the percentage of overlap one can expect.
Increasing the bandwidth of the RF pulse reduces chemical
shift artifacts. Chemical shift artifacts are a bigger problem
at higher field strength. Because most MRS sequences are
already optimized, there is not much that can be done to
reduce chemical shift artifacts. Chemical shift artifacts can
cause problems for MRS of focal lesions. For example, lip-
ids are important markers of tumor malignancy as the lipid
signal indicates membrane breakdown and necrosis. The
specificity of lipid signal is compromised when the ROI for
the spectroscopy is close to skull/bone and lipid signal from
the skull can be misinterpreted as signal from the lesion.

I see in the spectrum an unusual peak/signal. Is it real?

Over the years, spectroscopists have been taught by experi-
ence what can and what cannot be observed with in vivo
MRS in the human brain. Still, occasionally new peaks are
discovered. The number of unusual peaks observed with
in vivo spectroscopy has dropped significantly over time.
This is mainly a result if greatly improved hardware and soft-
ware and thus less artifacts being confused with real signal.

If a patient is still on the scanner, a second spectrum should
be acquired. If a global disorder is expected, a different brain
region should be selected. In case of a focal lesion, a slightly
different ROI should be selected. In addition, a spectrum
with a different echo time should be acquired if possible.

Scanner stability: Are there Monday morning and Friday
afternoon peaks?

Brain metabolism is very well regulated and MRS is
remarkable stable. There are no Monday morning or Friday
afternoon peaks. Exceptions are glucose, which can increase/
decrease with plasma glucose.

Can glutamate and glutamine be separated at 1.5 T?

It depends. Due to their similar chemical structures, gluta-
mate and glutamine form complex and partially overlapping
resonances in 'H spectra. However, although the individual
spectra of glutamate and glutamine are similar, they are not
identical (Fig. 2.10). That means, that the quality of a spec-
trum (linewidth and signal to noise) determines how well the
contribution from these two metabolites can be distinguished.
Hypothetically, with unlimited signal to noise, perfect sepa-
ration is possible and a categorical claim that glutamate
and glutamine cannot be separated at 1.5 T is wrong. Still,
it needs to be acknowledged that only under the best
circumstances glutamate and glutamine can be quantified in
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Fig. 2.11 Spectra obtained from a patient with a normal MRI and
unremarkable follow-up (upper trace) and a patient with acute liver
failure (middle). A spectrum of a model solution of glutamine is shown
for comparison (botfom). Note that in the patient with liver failure the
signal at around 2.45 pm is consistent with elevated glutamine.
Advanced processing with LC Model suggested that glutamine concen-
tration in the liver failure patient is at least three times higher than glu-
tamate. In the control, glutamate concentrations are approximately
three times higher than glutamine

GIln < Glu

GIn > Glu

GIn

2 1

individual patients at 1.5 T. Also, it is advised to use sophis-
ticated software, such as LCModel (Provencher 1993) that
fits all metabolite resonances simultaneously and provides a
measure of the reliability of the analysis (so called Cramer—
Rao lower bounds). A prerequisite is to use short TEs to
minimize signal decay. Special acquisition methods (editing)
can be used to improve the separation. However, these meth-
ods are not widely available, are compromised by longer
acquisition times, and require extra expertise. Separation of
glutamate and glutamine improves greatly at 3 T.

Can we distinguish between glutamate and glutamine in
spectra acquired at 3 T in individual patients?

Tentatively yes. At 3 T, the glutamate and glutamine signals
can be much better distinguished than at 1.5 T. As illus-
trated (Fig. 2.11), for PRESS TE 35 ms, glutamine has, for
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example, a peak at around 2.45 ppm. Spectra obtained from
tissue with high levels of glutamine will show this peak
whereas this signal is much less prominent in a situation
where glutamate concentration exceeds glutamine. So even
without sophisticated software, just by careful inspection
of the spectra, it is possible to make a qualitative statement
about glutamate and glutamine. But there is an important
caveat: Spectra need to be of high quality with the random
noise signal below the signal amplitudes of glutamate and/
or glutamine.
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Metabolites of Proton Magnetic
Resonance Spectroscopy and Normal
Age-Dependent Changes

Stefan Bluml

The goal of this chapter is to introduce the main metabolites
of proton MRS with emphasis on developmental changes.
Understanding how normal metabolite levels may change in
the developing brain is important for the interpretation of
MR spectra obtained from children.

Because the microscopic composition (density/matura-
tion of cells) of the brain and the activity of the enzymes that
regulate its metabolism change during brain development,
there are changes of the normal metabolic profile with brain
maturation. As expected, these changes are most dramati-
cally (illustrated below) at early brain development.
Unfortunately, it is also very difficult to obtain normal con-
trol data for this age. Albeit completely harmless, magnetic
resonance (MR) imaging and MR spectroscopy are expen-
sive and lengthy tests that are sensitive to subject motion.
Unless there is a clinical justification, MR spectroscopy
scans are rarely performed in small children, as they often
require sedation to ensure studies with sufficient quality
without motion artifacts. This means that there are even
fewer studies of normal babies. Consequently, there only few
studies describing the normal biochemical maturation are
found in the literature [1-7] and the numbers of subjects
included in those studies were small and/or the study did
cover only a limited age range. At this institution, over a
10-year period, hundreds of spectra were acquired from sub-
jects aged O (term) to 18 years (young adults) that were ret-
rospectively considered to be closest-to-normal based on the
MRI findings (negative) and unremarkable clinical follow-
up. These spectra have recently been reviewed and results
are provided in this chapter.

S. Bliiml, Ph.D. (<)

Department of Radiology, Children’s Hospital Los Angeles,
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Important Limitations

In vivo MR spectroscopy, albeit widely available, is by no
means standardized! This includes data acquisition methods,
selection of regions of interest (ROI), processing, and quantita-
tion of the spectra. The data provided below were generated
with the specific methods (described in detail below) used at
Children’s Hospital Los Angeles. This means that investigators
employing different methods and different strategies for quan-
titation or measure in different locations may arrive at different
numbers. Furthermore, even if identical methods are used and
comparable brain regions are examined, but studies are per-
formed on different platforms (e.g., different vendors, different
software versions), results may be different. It is beyond the
scope of this chapter to explain the underlying causes of these
discrepancies. For the interested reader we want to mention
that a sequence such as PRESS with an echo time of 35 ms can
be implemented in different ways. This includes the timing and
amplitude of crusher gradients, type and shape of radiofre-
quency pulses, and other scanner instructions. These sequence
details have an impact on the final spectrum. For example,
crusher gradients act equivalent to diffusion gradients in MRI
and depending on their strength and timing suppress at varying
levels the signal from randomly moving molecules. Thus, as of
today, it is not feasible to present universally valid control data
rendering this project as “work-in-progress”. Despite these
limitations, we believe that graphs and tables in this chapter are
providing a good first-order approximation of the true meta-
bolic changes occurring in the normal developing brain.

Materials and Methods
Controls/Patients and Brain Regions
The developmental curves for biochemical maturation of the

human brain were developed from a database of more than
2,500 subjects undergoing more than 7,000 MR spectroscopy
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studies at this institution. Of those, 320 subjects with a gesta-
tional age at birth of exactly 40 weeks (term) with no abnor-
malities on MRI (including no abnormalities on diffusion
MRYI), as explicitly stated on the MRI report, and unremark-
able clinical follow-up (where available) were identified.
These subjects were enrolled in various research studies in
this institution (a small group of typically siblings of patients)
or had clinical indications for MR imaging and spectroscopy.
Clinical indications included seizures (retrospectively
classified as febrile seizures), suspicions of encephalitis or
hypoxic—ischemic episodes, suspected but not confirmed
tumor, subdural bleeds, hypotonia, meningitis, and others. All
spectra were reviewed for quality and spectra of insufficient
quality (large linewidth or insufficient signal to noise) were
not included in the analysis. Also eliminated were studies
where patients had diseases with persistent clinical symptoms
or where spectroscopic abnormalities were reported in the lit-
erature despite normal MRI. This included MELAS, gyrate
atrophy, and hepatic encephalopathy [8—10].

The MRS studies conducted at this institution routinely
included the acquisition of spectra from two standardized
brain regions from where spectra of good quality can be
obtained. The first location is in the occipital/parietal cortex
and contains mostly gray matter (GM). The second region
encloses mostly white matter in the parietal/occipital cortex
(WM) (Fig. 3.1). Typical MR spectra from these two regions
illustrate the main metabolic changes that are detectable by
visual inspection are shown in Fig. 3.2.

Presentation of the Data

In MR spectroscopy the signal received is proportional to the
number of nuclei present in the region of interest. MRS is
thus inherently quantitative, albeit obtaining the correct scal-
ing factors to translate signal amplitudes into concentrations
is a significant challenge. Indeed, it has been argued that MR
spectroscopy cannot be used to quantify chemicals because
the same chemical may be either MR visible—when capable
of moving freely—or MR invisible when bound to a mem-
brane or confined in myelin. While this is almost certainly an
academic problem that can be overcome in practice by agree-
ing that the unbound MR visible concentrations are being
measured, the complexity of MR and the many parameters
that can have an impact on the observed signal poses a
significant challenge. Consequently, concentrations reported
by MRS of the same chemical in the same brain region have
varied widely in the past. Due to significant hardware
improvements and much iteration to find the best processing
and quantitation strategies, the reproducibility of MRS and
the consistency of reported concentrations have greatly
improved. There might be still systematic differences,
depending on how a particular sequence is implemented and
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Fig.3.1 MR image indicating typical parietal white matter (WM) and
parietal/occipital gray matter (GM) locations

which corrections are applied. However, observations such
as that choline concentrations are higher and creatine con-
centrations are lower in parietal white matter than in parietal/
occipital gray matter are now universally true (geographi-
cally, across vendors, at different field strengths, and irre-
spectively of the acquisition method used). In this chapter,
we report the concentrations as measured with our methods—
which we believe are state of the art—to allow the interested
reader to make comparisons with data obtained by other
measurement techniques. However, we also report concen-
trations as percentage of concentrations measured in the
young adult brain. Reporting relative concentrations is gen-
erally more robust as (potential errors in) correction factors
have no impact on those numbers. For the interested reader a
table is provided (Table 3.1) that summarizes all parameters
from which absolute and relative concentrations can readily
be calculated for different stages of brain maturation.

Acquisition, Processing, and Quantitation
of Magnetic Resonance Spectra

All MR spectroscopy studies were carried outona 1.5 T MR
system (Signa LX, GE Healthcare, Milwaukee, Wis). Patients
of age 5 years and below were anesthetized with 100-200 mg/
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Fig.3.2 Typical proton MR spectra acquired from parietal WM and parietal/occipital GM in subjects with normal MRI at different stages of brain

development

min/kg propofol throughout the MR study. Single-voxel
point-resolved spectroscopy (PRESS) with a short echo time
of TE=35 ms, a repetition time of TR=1.5 s, and 128 signal
averages was used for all acquisitions. With these parame-
ters, the total acquisition time, including scanner adjustments
was less than 5 min.

Spectra were processed using fully automated LCModel
software (Stephen Provencher Inc., Oakville, Ontario,
Canada, LCModel Version 6.1-4 F) using the unsuppressed
water signal of the brain in the region of interest as an inter-
nal concentration reference. For example, the water signal of
tissue with a water content of 80% corresponds to a concen-
tration of 55 mol/kg x 80% =44 mol/kg. Use of the water sig-
nal as an absolute concentration reference eliminates several
sources of error, such as differences in voxel size, total gain
due to coil loading, receiver gains, hardware changes, etc.
However, often the water content, as is the case in the devel-
oping brain, changes. Data presented in the following para-
graphs were thus corrected for the varying water content of
the developing human brain by using a look-up table for
water content as a function of postconceptional age from

published data [11, 12]. Concentrations were also corrected
for the varying fractions of cerebrospinal fluid (CSF) in the
regions of interest as described earlier [13]. No other correc-
tions were applied.

In a preliminary analysis, data from female and male sub-
jects were analyzed separately. No significant differences were
noted and data were thus pooled. Metabolite concentrations
measured in each brain region were fitted to empirical func-
tions using the least-squares fit routine provided by MatLab.
The functions were minimum )? was determined are reported.
Fit functions and fitted parameters (+ standard deviation of fit
parameters) are summarized in Table 3.1. The standard devia-
tions of the fitted parameters were determined by Monte Carlo
simulation as follows. First, typical errors for the quantitation
of metabolites (not accounting for systematic errors) were deter-
mined by calculating the standard deviations (SD) of metabo-
lites concentrations in subjects older than 10 years when
metabolite concentrations were close to constant. For example,
gray matter N-acetylaspartate concentrations ([NAA]) in
children older than 10 years were 9.89+0.48 mmol/kg. Then
random numbers within+one SD (here +0.48 mmol/kg) were
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Table 3.1 Summary of fitted parameters and fit functions for metabolites with significant changes during brain maturation

Fit function ~ A  (mmol/kg) A, A, (1/years) A, (1/years) A, (years)

NAA WM i 9.29+0.10 0.27+0.02 0.22+0.03 15.1+x1.2 0.812+0.004
GM 9.87+0.05 0.35+0.03 0.44+0.06 9.1+0.8 0.840+0.005
Cr WM bA 5.13+0.03 - 5.83+0.46 3.7+0.3 0.848+0.006
GM £ 7.01+0.06 0.13+0.02 0.24+0.10 72+14 0.686+0.018
Cho WM /i 1.64+0.01 -0.30+0.01 0.41+0.05 10.9+1.5 0.544+0.035
GM 1.24+0.01 -0.50+0.02 1.17£0.09 16.2+1.5 0.667+0.013
ml WM bA 4.85+0.02 -0.65+0.01 3.00+0.10 46.4+2.4 0.737+0.002
GM 5.89+0.02 -0.62+0.02 3.72+0.12 67.3+8.5 0.748 +0.004
Glu WM f 8.08+0.07 - 5.70+0.51 3.6+x04 1.005+0.012
GM £ 11.86+0.06 - 9.90+6.19 6.4+4.7 0.805 +0.009

Tau WM / 24.1+0.9 0.015+0.001 2.72+0.04 - -

GM 2.36+0.05 0.32+0.04 0.17+0.02 — -
= 32
fl A ng; (PCA-A4y) + e—A4 (PCA-A4y) +1 ’ (3.2)

2
A
= 33
fZ e—A1 (PCA-4As) e—A4 (PCA-A45) +1 ’ 3.3)
A
/= , (3.4)
3 e—A3 (PCA-As) + e-A4 (PCA-Ay) +1

fi=AA +e M), (3.5)

where PCA is the postconceptional age in years.

All spectra used to generate these data were acquired on a 1.5 T clinical scanner using a single-voxel PRESS sequence with a TE=35 ms and
aTR=1.5s. Spectra were quantified as described in detail in the text. The standard deviations of the fitted parameters were derived by Monte Carlo
simulation as explained in more detail in the text. For functions f,, f,, and f, the parameter A, is equal to the concentration in young adults.
For function f,, A, XA, is equal to the concentration in young adults. By inserting the postconceptional age (in years) normal concentrations for
any age can be calculated. To obtain relative concentrations, the obtained concentration needs to be divided by A, (f,, 5, f;) or by A XA, (f)).
For example, at term (PCA=0.77) NAA in WM is 3.0 mmol/kg which is 32% of concentration observed in young adults. Fit parameters should be

only compared for metabolites that were fitted with the same function.

generated and added to all measured data simulating the
experimental uncertainty. This synthetic data can be inter-
preted as a possible result if all subjects were re-examined
with MRS taking into account the experimental imperfections.
This new data set was then fitted to determine to what extent
experimental uncertainty could alter fit parameters. This pro-
cedure was typically repeated 2,000 times for each data set
and the distribution of the fit parameters was analyzed.
Generally, parameters showed a close to Gaussian distribution
and the reported uncertainties of the fitted parameters are the
standard deviations of the distributions.

Metabolites of 'H Magnetic Resonance
Spectroscopy and Their Age-Dependent
Changes in Normal Brain

N-acetyl-aspartate, N-acetyl-aspartyl-glutamate
The most prominent peak of the "H spectrum of normal tissue

is the resonance at 2.02 ppm from the three equivalent protons
of the acetyl group of the N-acetyl-aspartate (NAA) molecule.

The role of NAA, and its regulation in vivo, is not well under-
stood. In the normal brain, NAA is synthesized in neurons,
diffuses along axons, and is broken down in oligodendro-
cytes. NAA is present in high concentrations only in normal
neurons and axons [14, 15], and from a MR spectroscopic
perspective, it is a marker for adult type healthy neurons and
axons. Proton spectra of any disease that is associated with
neuronal or axonal loss (or replacement, e.g., tumors) will
exhibit a reduction of NAA. Although the loss of NAA is not
specific for a disease or disease process, the extent of neu-
ronal or axonal loss for an already diagnosed disorder can be
quantified. There are several caveats regarding the role of
NAA as marker for neuronal/axonal density: NAA is low in
normal, developing, newborn brain, despite the presence of
neurons. Brain NAA increases rapidly as the brain matures,
peaks at=10-15 years, and then decreases slightly over time
as the number of neurons and axons declines even in the nor-
mal brain [16]. Significantly increased NAA is observed only
in Canavan disease, where aspartoacylase deficiency, the
enzyme that breaks down NAA, results in an accumulation
of NAA. Are there other scenarios where NAA could increase
or recover? Almost certainly yes! In head trauma, in clinical
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Fig. 3.3 Shown are the measured NAA (a, b), Cr (¢, d), Cho (e, f),
and ml (g, h) concentrations in subjects deemed to be closest to con-
trol as function of postconceptional age. Only subjects born exactly at
term (40 weeks) with normal MRI and unremarkable clinical follow-
up are included. Superimposed are curves that were obtained by least-
squares fits. Albeit, the curves for white matter and gray matter
regions appear to be similar, there were significant differences in the

as well as animal studies, a recovery of NAA in both white
and gray matter has been reported at late follow-up [17-19].
Albeit other mechanisms might contribute, one possible
explanation is the sprouting of new axons from surviving
neurons. Also, for disease or conditions that predominantly
affect glial cells but leave neurons and axons intact it might
be possible to see an (relative, transient?) increase of NAA.
Myelin contains little or no NAA and thus effectively dilutes
the MR-detectable NAA. Therefore it is at least conceivable
that a selective loss of myelin may result in an apparent increase
of NAA, as the partial volume of axons may increase.
VerycloselylinkedwithNA Ais N-acetyl-aspartylglutamate
(NAAG) found on the shoulder of the NAA peak at approxi-
mately 2.04 ppm. Only in spectra of excellent quality can

Occipital GM
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fitted parameters. For example, in contrast to Cr in GM, Cr in WM
reaches a transient maximum at early brain development. In addition,
the increase of NAA in WM (a) preceded the increase in GM (b).
These concentrations were measured using a single-voxel, TE (35 ms),
PRESS sequence on a 1.5 T scanner and LCModel quantitation (see
details in text). NAA N-acetyl-aspartate, Cr creatine, Cho choline, ml
myo-inositol

NAAG be separated from NAA. In the past, most investiga-
tors have quantified/interpreted the peak at=2.0 ppm that
comprises both NAA and a smaller amount of NAAG.

NAA in parietal white matter (WM) increased rapidly
from approximately 30 to 75% of normal adult levels
between 40 weeks (term) and 51 weeks postconceptional
age (PCA) (equivalent to a 2.5-month-old baby born at
term). Thereafter a more gradual increase to 95% of adult
levels by 7-8 years of age was observed. A similar time
course was observed for NAA in parietal/occipital gray mat-
ter GM, although it appears that the WM increase of NAA
precedes the increase in GM slightly (Fig. 3.3a, b). NAA
concentrations of the young adult brain are similar for both
locations.
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Fig. 3.3 (continued)

Creatine

The next most prominent peak in parietal/occipital gray mat-
ter spectra is creatine (Cr) at 3.0 ppm. For normal brain tis-
sue, the creatine peak comprises contributions from free
creatine (fCr) and phosphocreatine (PCr) in approximately
equal proportions. PCr stores energy. PCr is in rapid chemi-
cal exchange with fCr and is used to maintain/replenish ade-
nosine triphosphate (ATP) levels if required by creatine
kinase (CK) catalyzed conversion of PCr to fCr:

PCr+ ADP + H+ — fCr + ATP (3.1

Parietal WM Cr levels at term are approximately 80% of
normal adult levels. Creatine rapidly increases thereafter and
reaches a transient maximum (x~125% of normal) within the
first 6 months of life, then declines gradually, and reaches
normal adult levels between 1 and 2 years of age. In a sub-
group of this study, MR spectra of right frontal WM were
obtained and a similar time course, with a transient maximum
concentration within 6 months after birth was observed. In

PCA (wks)

contrast, in parietal/occipital GM, a transient maximum for
Cr was not observed. Instead, Cr increased from~50 to 75%
of normal within the first 2-3 months of life and to 95%
around 4 years of age (Fig. 3.3c, d). In young adults, the Cr
concentration of GM was 7.0 mmol/kg, whereas in WM Cr
concentration was lower at 5.1 mmol/kg.

Total Choline

The next prominent peak at 3.2 ppm is commonly referred to
as choline (Cho) or trimethylamines (TMA). Choline is a
complex peak comprising several choline-containing metab-
olites and therefore sometimes referred to as total choline. In
a previous study using 'H MRS and (phosphorous) *P MRS
in vivo, it was found that the sum of phosphorylated cholines,
phosphorylcholine (PCho) and glycerophosphorylcholine
(GPC) accounts for most of the choline detected with '"H MRS
in normal tissue [20]. Choline-containing compounds are
involved in the synthesis and breakdown of phosphatidylcho-
line (PtdCho=lecithin). PtdCho is the major phospholipid
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component of eukaryotic cells accounting for approx. 60% of
total phospholipids. GPC is also a cerebral osmolyte [21] and
a reduction (increase) of GPC in response to hypoosmotic
(hyperosmotic) conditions might be reflected by an alteration
of total choline. Choline concentrations in white matter are
slightly higher than in gray matter and in a normal white mat-
ter spectrum Cho is the second most prominent peak after
NAA. In tumors, choline levels are generally higher than in
normal tissue. Among tumors there appears to be an overall
correlation of higher choline concentrations with higher grade
tumors. However, it needs to be acknowledged that consider-
able variations of choline levels within the same tumor type
and subtype have been noted [22].

Changes of Cho during early brain development are less dra-
matic than those observed for NAA and Cr. Choline increased
slightly in the first few weeks of life in both parietal WM and
parietal/occipital GM and declined gradually thereafter
(Fig. 3.3e,f). In parietal WM, initial Cho reached approximately
130% of levels observed in young adults. In GM a maximum of
150% of the Cho levels in young adults was observed. The
decline of Cho was more gradual in WM than in GM.

Myo-inositol

Cho, Cr, and NAA can be detected readily and quantified in
long echo time (TE) MR spectroscopy. Short TE acquisition
methods are necessary for reliable quantitation of myo-inos-
itol (ml). Myo-inositol is a little-known sugar-like molecule
that resonates at 3.6 ppm in the proton spectrum. It has been
identified as a marker for astrocytes and is an osmolyte [21,
23]. Myo-inositol is involved in metabolism of phosphatidyl
inositol, a membrane phospholipid. Similar to choline, mI is
expected to be altered in response to alteration of membrane
metabolism or damaged membrane. Myo-inositol is high in
the newborn brain but decreases rapidly to normal levels
within the first few years of live. Being a marker for astro-
cytes, ml concentrations are higher in astrocytomas than in
normal brain tissue. Myo-inositol is also elevated in gliosis
[24] and in some leukodystrophies [25]. An example for
reduced ml is hepatic encephalopathy. When interpreting
the ml signal in MR spectra, it is important to remember that
its signal looks different at different field strengths (cf. Fig.
2.8). Glycine (see below) co-resonates with ml and cannot
be distinguished from ml with the method employed in this
study. But glycine levels are low and it has previously been
reported that it is unlikely that Gly varies significantly dur-
ing maturation [1].

A small increase of ml to a transient maximum at approx-
imately 200% of normal within the first weeks after term was
observed. Myo-inositol concentrations then declined rapidly
during further postnatal brain development (Fig. 3.3g, h).
Absolute concentrations of ml appear to be slightly higher in
GM, particularly at birth, than in WM.

Ratios of NAA, Cho, and ml Relative to Cr

In the literature often ratios relative to Cr have been
reported under the assumption that Cr concentrations
remain relatively constant. Comparing relative levels of
metabolites is also a frequently used strategy for interpret-
ing spectra in clinical practice. Thus, albeit, Cr is clearly
not constant in developing brain (or in many diseases),
concentration ratios NAA/Cr, Cho/Cr, and mI/Cr are shown
in Fig. 3.4. It needs to be emphasized (one more time) that
these ratios are specific for the methods used (here:
SV-PRESS, TE 35 ms, 1.5 T).

Glutamate and Glutamine

Glutamate (Glu) and glutamine (Gln) are important compo-
nents of the 'H spectrum. Of all metabolites, glutamate is
believed to have the highest concentration in normal human
brain tissue. Due to their similar chemical structures, gluta-
mate and glutamine form complex and partially overlapping
resonances in 'H spectra. Both, glutamate and glutamine
have two groups of resonances: The first group (a-Glu and
a-Gln) has three peaks between 3.6 ppm and 3.9 ppm
whereas the second group (B,y-Glu and B,y-Gln) comprises a
more complex series of resonances between 2.0 and 2.6 ppm.
Accordingly, the quantitation of these chemicals is challeng-
ing and often the more robust sum of glutamate + glutamine
(Glx) is determined. MR spectra of excellent quality and
sophisticated software, such as LCModel [26] that fits all
metabolite resonances simultaneously, are essential for reli-
able independent quantitation of these amino acids. The
independent quantitation of Glu and Gln can be considerably
improved by moving from 1.5 T to 3 T. Glutamate and glu-
tamine form an important neurotransmitter cycle in the nor-
mal brain where glutamate is mainly stored in neurons
whereas the glutamine concentration is higher in astrocytes.
However, the role of glutamate and glutamine is almost cer-
tainly much more complicated. For example, glutamate can
be used as a fuel and oxidized to substitute for glucose
metabolism in hypoglycemic states [27, 28]. Excessive syn-
aptic glutamate may cause nerve cell damage due to exces-
sive excitation. Glutamine increases under hypoxic stress
and under hyperammonemic conditions [29].

Glutamate concentrations increased rapidly from~25%
at term in parietal WM and reached a transient maximum
within the first year of life. A transient maximum was not
observed for parietal/occipital GM where Glu increased
from=~25% to adult levels within the first year of life and
remained close to constant thereafter. Glu in GM is approxi-
mately 50% higher than in parietal WM (Fig. 3.5a, b). The
interpretation of the transient maximum of Glu in WM and
an early plateau in GM is unclear. The time courses of Glu
concentration suggest that maturation of glutamatergic
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Fig. 3.4 (a—f) The concentration ratios of NAA/Cr, Cho/Cr, and mI/Cr
are plotted versus postconceptional age. Note these are not intensity
ratios! For example, the nine equivalent proton of the choline molecule
give three times more signal than the three equivalent protons of cre-

atine (at 3.0 ppm). This means, if visual inspection of a spectrum shows
approximately equal Cr and Cho peaks, the concentration ratio [Cho]/
[Cr] will be approximately 0.33
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Fig. 3.5 Both in parietal WM (a) and parietal/occipital GM (b) an ini-
tial rapid increase of glutamate is observed. In WM a transient maxi-
mum is reached at around 6 months and thereafter glutamates decline
gradually to levels observed in young adults. In GM, a significant tran-
sient maximum was not observed. Taurine can be detected in white mat-

neurons and the maximum density of their axon/dendrite net-
work, in each location studied are reached within the first
year of life. In contrast, NAA, possibly a more general
marker for adult-type neurons and axons, has a different
developmental curve and does not reach a plateau before 5
years of age for both locations (cf. Fig. 3.3a, b). On the other
hand, developmental curves for Cr (cf. Fig. 3.3c,d) are simi-
lar to the Glu curves in both locations. A detailed analysis
shows, however, that the rise of Cr slightly precedes the
increase of Glu in both locations (see fit parameter A, in
Table 3.1). No significant age-dependent changes were
observed for Gln. Consequently, the sum of glutamate + glu-
tamine (GIx) showed a time course similar to that of Glu.
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ter at the very early stages of brain development (c) but then very
quickly declines to concentrations that are at or below the level of
detection. In parietal/occipital GM (d) a more gradual decline is
observed

Taurine

Taurine, an aminosulfonic acid, is abundant in developing
cerebellum and isocortex [30] and taurine levels are gener-
ally high in less differentiated brains of neonates [1]. In
adults the detection and quantitation of taurine is difficult
due to its low concentration and spectral overlap with scyllo-
inositol. Pathologically elevated taurine has been detected in
pediatric brain medulloblastoma [31, 32]. Taurine is predom-
inantly obtained from the diet but it can also be synthesized
from amino acids in the brain. The taurine signal at~4 ppm
is complex and its pattern changes with the field strength (see
Fig. 2.8). Taurine levels decreased in both WM and GM
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locations. Whereas Tau fell below the limits of detection in
WM locations within the first 2—4 years of life, Tau declined
more gradually in parietal/occipital GM (Fig. 3.5c, d).

Lactate

Lactate (Lac) is an important metabolite since it indicates
anaerobic metabolism. Lactate can be detected at pathologi-
cally elevated concentrations, whereas in healthy tissue the
lactate concentration is too low for routine detection with
currently available methods. Careful positioning of the
region of interest is required because the lactate concentra-
tion of cerebrospinal fluid (CSF) is approximately 1 mmol/I.
Consequently, a spectrum acquired from a voxel with a
significant partial volume of CSF might therefore show the
typical doublet of lactate at 1.33 ppm even in a healthy con-
trol. Lactate is the product of anaerobic glycolysis and
increases when subsequent oxidation of lactate in the TCA
cycle is impaired (for example by lack of oxygen or mito-
chondrial disorders). Lactate has great prognostic value for
global hypoxic/ischemic injuries. An elevation of lactate
even in normal appearing tissue would indicate global dis-
ruption/impairment of perfusion consistent with hypoxia and
eventual poor outcome [33-37].

Consistent with earlier reports [5] we have observed Lac
in normal premature babies (Fig. 3.6). At term or shortly
thereafter, Lac is hardly detectable with routine MRS meth-
ods that are available today (cf. Fig. 3.2).

Glucose

Relative glucose concentration ratios of normal plasma, cere-
brospinal fluid, and brain tissue are approximately 3:2:1.
Glucose (Glc) has two resonances: one at 3.43 ppm and one at
3.80 ppm, partially overlapping with a-glutamate and a-glu-
tamine (Fig. 3.7). The Glc spectrum is thus quite different
from that of Tau and there is little covariance of Glc and Tau.
Still, because of low glucose concentrations and low signal
intensity, the accuracy of quantitation of glucose in individual
spectra is low. Glucose is the principal fuel for cells. It is bro-
ken down in a two-step process: glycolysis with the end-prod-
uct pyruvate, and then complete oxidation in the tricarboxylic
acid (TCA) cycle. Elevated and sometimes prominent glucose
is obviously observed in diabetes. Glucose may also be above
normal in other conditions where energy production from glu-
cose is impaired such as coma or following hypoxic/ischemic
injury. Because glucose is taken up from the diet and readily
transported into the brain it is unique among the metabolites
that are routinely detectable because its tissue concentration
can change. No significant age-dependent changes were
observed in our control subjects.
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Fig. 3.6 (a) Lactate forms a typical doublet at 1.3 ppm and can readily
be detected (unless obscured by a huge lipid peak in pathology) if pres-
ent (cf. Fig 3.7). At 1.5 T lactate is basically undetectable in normal
brain. (b) However, lactate can be observed in premature babies with
normal MRI

Lipids and Macromolecules

The protons of the methyl groups (~CH,) of lipid molecules
resonate at 0.9 ppm whereas protons of the methylene groups
(~CH,-) resonate at 1.3 ppm in the 'H spectrum. Both reso-
nances are broad and may also comprise contributions from
other macromolecules. Thus in the literature, any signal in
this part of the spectrum is labeled as “lipids,” “MM” (for
macromolecules) or “lipids+MM”. In normal tissue, the
concentration of free lipids is small and there should be very
little signal in this part of the spectrum. Lipid signals increase
when there is breakdown of cell membrane and release of
fatty acids. Lipids (and macromolecules) have short
T2-relaxation times. This means that the contribution of lip-
ids to spectra is greatly suppressed when a long echo time is
selected (e.g., TE=144 ms). Visual inspection of spectra in
Fig.3.2showsthatthere arelittle changes of the MR-detectable
lipid content during brain maturation.

Citrate, Alanine, Scyllo-Inositol, Glycine

Citrate (Cit) is an intermediate product of the tricarboxylic
acid cycle (TCA cycle) and forms a multiplet at around
2.6 ppm. The concentrations of this metabolite are found
to be low in the human brain with possible causes of accu-
mulation being metabolic, pathological, or both. Citrate has
been observed in pediatric brain tumors with the highest con-
centrations in diffuse intrinsic brain stem gliomas [38, 39].
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Fig. 3.7 (a—c) Glucose is generally too low for reliable detection.
However, prominent glucose was observed in this cystic lesion with
short TE PRESS (c¢) whereas it is not readily observable with longer
echo times (b). Both spectra show also the typical doublet for lactate

In controls, there was little or no evidence for citrate in sub-
jects older than 6 months. However, citrate was observed in
newborns [38].

Similar to lactate, alanine (Ala) can be observed with cur-
rent methods only at pathologically elevated concentrations.
Alanine forms a characteristic doublet similar to that of lac-
tate at 1.48 ppm and has been detected previously in multiple
sclerosis and in tumors [22, 40, 41].

The scyllo-inositol (sI) peak at 3.36 ppm is partially over-
lapping with taurine. In contrast to taurine, which has a com-
plex pattern, sl is a singlet arising from six equivalent protons
of this molecule. The sI peak is usually very weak and can
thus not be quantified reliably in individual spectra.
Occasionally, prominent sI is observed in tumors and other
conditions. The causes and significance of elevated sl are not
understood.

Glycine (Gly) is an amino acid with a resonance as a sin-
glet peak around 3.55 ppm and is better observed at 1.5 T
with long TE MRS as it overlaps with myo-inositol. It is the
smallest amino acid located within the brain and CNS, with
a concentration in human adult brain at approximately 1 mM.
The roles of glycine include acting as an inhibitory neu-
rotransmitter and antioxidant. The synthesis of the metabo-
lite is from glucose via serine and it is readily converted to
creatine [42, 43]. Glycine has been found to be increased in
brain tumors, particularly found to be increased with WHO
grading. Levels of glycine have been found to be high in
medulloblastomas and glioblastomas [43—46].

Other Metabolites Detectable with '"H Magnetic
Resonance Spectroscopy

Several other metabolites can be detected with 'H MRS in cer-
tain diseases or under certain conditions. This includes leucine,
isoleucine, and valine (0.9 ppm), acetate (1.92), and succinate
(2.4 ppm) in abscesses from infections (details in Chap. 13,
Infection and Encephalitis). MR spectra obtained in patients
with metabolic disorders (Chap. 11, Metabolic Disorders) may
also show unusual peaks. For example, the branched chain
amino acids leucine, isoleucine, and valine are also detectable
in Maple Syrup Urine Disease (MSUP). Other additional peaks
are observed after the ingestion of alcohol, in unusual diets
(ketone bodies such as acetone after ketogenic diet) [47] or fol-
lowing the administration of large amounts of medication such
as mannitol or propylene glycol (solvent for drugs).

Regional Variations

Frontal White Matter, Basal Ganglia, Pons,
and Cerebellum

Parietal white matter and parietal/occipital gray matter have
been popular regions for in vivo MRS because good quality
spectra from these brain regions have been obtained early on
when MRS was less robust. With the advancers in technol-
ogy, other brain regions are now being studied more fre-
quently. In this paragraph, we show a few examples for
spectra obtained from other brain regions that might be of
interest for investigators.
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Fig.3.8 (a—f) Shown are typical single-voxel PRESS, TE 35 ms, spectra acquired from various brain regions to demonstrate regional variations

A representative spectrum of frontal WM shortly after
birth (average of four studies in patients with normal MRI
and unremarkable follow-up) is shown in Fig. 3.8a. In con-
trast, a typical frontal WM spectrum for children around 10
years of age is shown in Fig. 3.8b. The spectra show a meta-
bolic profile that is comparable with parietal WM spectra (cf.
Fig. 3.2). Basal ganglia (BG) spectra of a 4-week-old baby
(Fig. 3.8¢c) and of an 11-year-old child (Fig. 3.8d) show a pat-
tern similar to gray matter spectra (cf. Fig. 3.2). Minor differ-
ences between parietal/occipital GM and BG are a slightly
lower NAA and myo-inositol in BG. In contrast, a brainstem
spectrum acquired at the level of the pons in a 10-year-old
child (Fig. 3.8e) shows comparably prominent Cho and low
Cr. The complex signal of glutamate and glutamine also

appears to be less prominent in the spectrum acquired from
the pons. NAA in the cerebellum in healthy controls appears
to be lower than in other brain regions (Fig. 3.8f).
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Challenges in Pediatric Magnetic
Resonance Imaging

Jessica L. Wisnowski, Vera R. Sperling,

and Ashok Panigrahy

Recent advances in magnetic resonance imaging (MRI) have
vastly improved the delineation of Central Nervous System
(CNS) anatomy and the diagnosis and extent of pediatric
CNS pathology. MRI is noninvasive and does not utilize
ionizing radiation. Relative to other available imaging
modalities, MRI provides higher spatial resolution and better
contrast between healthy tissue types (i.e., gray and white
matter) and between pathology and normal tissue.
Additionally, physiology, function, and metabolism can now
be evaluated and assessed by MRI. Advanced imaging
sequences such as diffusion-weighted imaging (DWI) and
diffusion tensor imaging (DTI), MR spectroscopy (MRS),
perfusion imaging (e.g., Arterial Spin Labeling/ASL or
dynamic contrast enhanced/DCE), functional MRI (fMRI),
and CSF flow studies all provide complementary information
to that obtained from anatomic imaging and provide further
characterization of disease pathophysiology, response to
therapy, and/or disease progression.

However, numerous challenges exist in pediatric MR
imaging, which, generally speaking, stem from two interact-
ing factors: the subject population and the MR environ-
ment. To begin, neonatal and pediatric patients are not more
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compacted versions of adults. Rather, relative to adults, they
demonstrate marked differences in both the structure and
function of their central nervous systems. Structurally, there
is much higher water content and much lower lipid content in
the brains of infants and children. This stems from both the
composition of the extracellular matrix and the extent of
myelination, which begins along specific tracts in the third
trimester of fetal gestation and extends well into the postnatal
years [1]. Importantly, these differences cause a lengthening
of the T2-relaxation time with decreasing age necessitating
longer echo times for younger patients. Similarly, the
T1-relaxation is longer for infants and young children and
varies with the magnetic field strength. In general, this results
in the need for longer inversion times (TI) for acquisition of
T1-weighted scans in infants. Finally, the higher water con-
tent and lower anisotropy necessitates a lower b-value for
infants in order to obtain sufficient signal to noise in diffu-
sion-weighted imaging.

In addition to modifying the sequences to allow for differences
in the T1-relaxation and T2-relaxation constants, in pediatric MR,
sequences are often modified to accommodate a smaller field of
view (FOV). However, the smaller FOV is associated with less
signal to noise, thereby often necessitating longer scan times in
order to obtain adequate signal to noise.

Functionally, or more specifically, psychologically, infants
and children respond differently to the MR environment and
to the constraints necessary for obtaining adequate MR data.
For example, children, particularly when not introduced to
the MR environment in an age-appropriate manner, may
become afraid of the scanner or the loud sounds that it makes.
Additionally, they often find it challenging to hold still during
the MR sequences, which may lead to images that are com-
plicated by motion artifact. Infants, though not necessarily
afraid, may be startled by the noise associated with MR
sequences and lack the capacity to volitionally lie still during
the MRI. As a result, for clinically necessitated scans, infants
and children are frequently sedated (using conscious sedation
or general anesthesia). Alternatives to sedation include
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obtaining the MRI scan during natural sleep (e.g., using feed
and bundle procedures in young infants) or the use of dis-
traction techniques (e.g., watching movies using MR com-
patible video goggles). Additionally, children often benefit
from the opportunity to experience the MR environment and
even practice before their MRI scans, which may be pro-
vided through the use of mock scanners.

In addition to the challenges associated with obtaining
scans in pediatric patients, pediatric diseases are rare and
accurate diagnosis is complicated by the need to obtain nor-
mative data from adequate numbers of diagnosed patients
and healthy, typically developing children across the age
span (preterm to late adolescent). This is often most chal-
lenging for disorders that present between late infancy and
early school age, when, in most circumstances, research
scans must be obtained without the use of sedation. As alter-
natives to community samples of healthy children, research-
ers and clinicians often rely on children who undergo
clinically indicated MRIs but are found to have no intracra-
nial pathology (the nearly normal) as sources of normative
comparison patients in this age range.

Technological Advancements That Aid
Pediatric Magnetic Resonance Imaging

In the last 10-15 years, a number of technological advance-
ments have been made, which not only improve the quality
of pediatric MR imaging, but also enhance the experience of
the child while providing unprecedented information regard-
ing normal development, disease pathophysiology, and treat-
ment response. To begin, in the last decade, high field MR
systems (e.g., 3 T) have become almost commonplace in
pediatric settings, alongside 1.5 T MR systems. These higher
field systems often allow for faster acquisitions at higher
spatial resolution due to the inherent increase in signal at
3.0 T relative to 1.5 T. Additionally, multichannel radiofre-
quency coils and parallel imaging have further accelerated
MR acquisition. At the time this chapter was prepared,
96-channel coils were being commercially introduced, allow-
ing for relatively artifact-free image reconstructions based
on acquisitions with an acceleration factor of six [2] and
potentially eliminating the need for sedation in certain pedi-
atric cases. However, the parallel imaging afforded by multi-
channel systems provides a paradox for pediatric imaging:
the potential for faster imaging, better spatial resolution, and
higher signal to noise (SNR), but only in the regions closest
to the head coil. In contrast, in adults, SNR in the center of
the brain and in the brainstem is no higher in the 96-channel
coil than in the 32-channel coil and may result in even lower
SNR in the center of the brain when combined with higher
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acceleration factors during parallel imaging [3]. This latter
point is vital, because, in general, pediatric heads are smaller
than adult heads and depending on whether the child is posi-
tioned so that their brain is truly centered in the coil or posi-
tioned toward the back of the coil, there may be too little
SNR or marked SNR difference across the child’s brain—
beyond which is generally corrected for in standard B1 inho-
mogeneity corrections. The reason for the relatively lower
SNR in the center of the brain compared to the periphery
(i.e., cortex) stems from the necessity of building smaller and
smaller coil elements in order to fit a larger number of coils
across the same surface area. As the receive-only coil ele-
ments become smaller in size, they become less sensitive at
a given distance compared to larger coil elements. Given that
the center of the head coil is furthest from all coil elements,
any added signal to noise due to the additional elements is
counterbalanced by the decreased sensitivity of each of the
individual elements, resulting in approximately the same
SNR at the center (absent parallel imaging) from these ultra-
multichannel coils, compared to earlier 32-channel coils.
Notably, multichannel pediatric coils are now becoming
commercially available, which provide the advantages
expected from parallel imaging without the detrimental
impact on SNR associated with the adult coils [3].

Aside from multichannel coils and parallel imaging, other
ways of improving image quality and decreasing motion arti-
fact in pediatric MR imaging include the use of motion-cor-
rected or single-shot sequences. Motion-corrected sequences,
such as periodically rotated overlapping parallel lines with
enhanced reconstruction (PROPELLER) essentially over-
sample k-space while rotating the phase-encoding lines. The
result after reconstruction is an image acquisition that is
more robust to patient movement (though not all patient
movements) (Fig. 4.1). Another option is a single-shot MRI
(ssMRI) sequence where the entire raw dataset is acquired
within a single excitation pulse and each of the subsequent
echoes is given a different phase encoding. ssMRI sequences
are useful when large movements are expected such as dur-
ing fetal MR.

Finally, during the last 2 decades pediatric MR imaging
has been aided by the development of technologies and envi-
ronments specifically designed for the pediatric population.
This includes specifically designed pediatric and neonatal
head coils (Fig. 4.2) and devices such as MR-compatible
incubators that not only allow for the imaging of even the
most fragile preterm infants in an environment that mimics
the incubators in the neonatal intensive care, but also pro-
vides greater ease in transport and minimal manipulation of
these infants in the MR suite, as the infants may be placed
into the incubators and stabilized while still in the NICU,
and then transported directly into the MR scanner without
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Standard Fast Spin Echo T2-weighted Sequence T2-FSE sequence with PROPELLER

Fig.4.1 Term infant imaged using a standard T2-weighted Fast Spin Echo (FSE) sequence (leff) and T2-FSE sequence with PROPELLER (right) using
a neonatal transmit-receive head coil. Note the polymicrogyria in the bilateral regions apparent on the image obtained with the PROPELLER sequence

Fig. 4.2 Late preterm infant imaged with a SPGR sequence on the the enhanced contrast between the cortex and the underlying white mat-
same day using a standard transmit-receive (bird cage) adult head coil  ter as well as the hyperintense lesions apparent in the SPGR sequence
and a commercially available transmit-receive neonatal coil. Note that  obtained with the neonatal head coil
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Fig.4.3 Space-adventure themed MR suite used at Children’s Hospital Pittsburgh of UPMC to reduce anxiety in children undergoing clinical and

research MRI studies

intervention by MR technologists or staff. In the near future,
dedicated modified neonatal MRI scanners, which can be
housed in the NICU, will be commercially available. For
children, colorful themes and effort toward providing a pedi-
atric-friendly environment (Fig. 4.3), as well as the availabil-
ity of mock scanners and psychologists or child-life
professionals with expertise in reducing the child’s anxiety
over medical procedures all help overcome the challenges of
working with pediatric patients.

Summary

MR imaging of pediatric patients and typically developing
children has provided unparalleled insight into normal brain
development and pediatric diseases. However, certain

modifications of the MR environment are necessary in order
to ensure both adequate data acquisition and a positive expe-
rience for the child.
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Magnetic Resonance Spectroscopy
of Pediatric Brain Tumors

Simrandip K. Gill, Ashok Panigrahy,
Theodoros N. Arvanitis, and Andrew C. Peet

Overview
Pediatric Brain Tumors

Childhood brain tumors are the second most frequent malig-
nancy of childhood, exceeded only by leukemia, and the
most common form of solid tumor. There are approximately
2,500 new diagnoses per year in the USA and the incidence
of brain tumors has increased slightly over the decades—
possibly a result of improved diagnostic imaging. Brain
tumors comprise 20-25% of all malignancies occurring
among children under 15 years of age and 10% of tumors
occurring among 15-19-year-olds. Brain tumors are the
leading cause of death from cancer in pediatric oncology. In
addition, due to either the effects of the tumor or the treat-
ment required to control it, survivors of childhood brain
tumors often have severe neurological, neurocognitive, and
psychosocial sequelae. Among brain tumor subjects, approx-
imately 35% of all patients are younger than 5 years and 75%
are younger than 10 years. The type of tumors, the overall
incidence of brain tumors, and the risks for poor outcome
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change with the age. Young children are at the highest risk,
since tumors tend to be more malignant in their behavior in
this age group. Childhood brain tumors display a high patho-
logic heterogeneity. Whereas most brain tumors in adults are
World Health Organization (WHO) grade II astrocytoma,
anaplastic astrocytoma, or glioblastoma, a significant portion
of pediatric brain tumors are primitive neuroectodermal
tumors, such as medulloblastoma, pilocytic astrocytomas,
ependymomas, and others (Table 5.1). In addition, the behav-
ior of pediatric brain tumors ranges from relatively indolent
growth to rapid growth and tendency to disseminate. Genetic
risk factors for brain tumors include neurofibromatosis types
1 and 2 (pilocytic astrocytoma, low-grade gliomas,
ependymomas), Turcot syndrome (medulloblastoma and
high-grade gliomas), Li-Fraumeni syndrome, Gorlin syn-
drome, and von Hippel-Lindau syndrome (hemangioblas-
toma) but account for only a small proportion of tumors. The
only confirmed environmental risk factor is previous expo-
sure to ionizing radiation.

Prognoses

Outcome and long-term survival depends on the availability
of effective treatment. Diffuse intrinsic brainstem gliomas
(also termed diffuse pontine gliomas), often low-grade lesions
at presentation [1-6], are inoperable because of their location
and are highly resistant to radiation or chemotherapy. They
have the worst prognosis of all tumors in pediatric neuro-
oncology with a median survival of 9 months and 90% dying
by 2 years. There has been no improvement in survival for
several decades for these tumors. On the other hand, fast
growing and quickly fatal—if untreated—germinomas can be
successfully treated by radiation therapy alone. Indeed, for
these particular tumors, long-term survival is so high that the
long-term side effects of radiation therapy are increasingly
becoming a concern—considering that ionizing radiation is
the only established environmental risk factor for gliomas in
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Table 5.1 WHO grade and approximate relative incidence of the most common pediatric brain tumors

Diagnosis WHO grade Location Relative frequency
Medulloblastoma v Posterior fossa ~20%
Pilocytic astrocytoma I Posterior fossa, hypothalamic/third ventricular region, ~20%
optic nerve, and chiasmal region
Astrocytoma Anywhere in the brain ~20-25%
low-grade astrocytoma I
Anaplastic astrocytoma I
Glioblastoma v
Ependymal tumors Mostly posterior fossa ~10-15%
Ependymoma I
Anaplastic ependymoma 1
Choroid plexus tumors Mostly intraventricular, growing out from choroid ~3%
plexus tissue
Papilloma I
Carcinoma I
Germ cell tumors Pineal and suprasellar regions, also basal ganglia. ~3%
Pure germinomas
Mixed germ cell tumors
Craniopharyngioma I Sellar region, not a primary brain tumor ~5%
Other ~5-10%
Neuronal and mixed neuronal-glial
tumors, etc.

Among the more than 100 subtypes of pediatric brain tumors, medulloblastoma, pilocytic astrocytomas, astrocytomas, and ependymomas constitute
more than 80%. Note that the incidence of individual tumors changes with age
Data from The 2007 World Health Organization Classification of Tumors of the Central Nervous System

adults [7, 8]. In addition, highly aggressive cerebellar grade
IV medulloblastomas have now 5-year survival rates exceed-
ing 60% overall and around 80% for localized tumors. This
can be attributed to refined surgical techniques and improved
adjuvant treatment with radiotherapy and chemotherapy.
Improved ability to assess initial and residual disease with
clinical imaging, both together resulting in a higher incidence
of complete tumor resection, is an important factor in local-
ized medulloblastoma but particularly in ependymomas,
where complete macroscopic resection is a key prognostic
factor. Early detection and aggressive treatment of recurrent
disease is also an important factor in improving outcomes. A
major goal of current clinical trials is to improve outcomes
and quality of life for the young high-risk group of patients,
where tumors tend to be more aggressive and disease dissemi-
nation is particularly challenging to treat. In this age group,
chemotherapy regimens aim to avoid or minimize the use of
radiation therapy which can have devastating effects [9-13].

The Potential Benefits of Magnetic Resonance
Spectroscopy

The emergence of high resolution imaging, firstly com-
puted tomography (CT) and then magnetic resonance
imaging (MRI), has been crucial to the improvement of

clinical management for children with brain tumors. MRI
scans are now performed on these children at multiple
points in their clinical management: At presentation to
confirm the presence of a mass and aid diagnosis; for some
patients, before surgery for staging and surgical planning;
just after surgery to assess extent of resection; approxi-
mately 3 months during adjuvant treatment to monitor
effectiveness; and at similar intervals after the end of treat-
ment to detect recurrence. Although the use of conven-
tional MR imaging has become extensive, there are a
number of significant limitations of the information pro-
vided. For that reason, MRI is increasingly being supple-
mented by methods, which might give valuable additional
information on the properties of the tumor, such as mag-
netic resonance spectroscopy (MRS).

When interpreted alongside conventional MRI, MR spec-
troscopy can add new information to many clinical situa-
tions. Noninvasive diagnosis has been the focus of many
research studies, but is only the prelude to the improved
characterization of tumors. One of the most important strate-
gies in the management of childhood cancer is the
identification of prognostic factors, which have improved
tumor characterization and allow stratification of treatment
according to risk. A number of prognostic MRS biomarkers
have been discovered and await formal evaluation in a clini-
cal trial setting. The noninvasive nature of MRS is of particular
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importance in the monitoring of treatment since scans can be
performed on multiple occasions throughout treatment to
assess its effectiveness. Early markers of treatment response
are particularly attractive and there is increasing evidence
that MRS can provide these in some situations. Determining
whether posttreatment residual masses on MRI represent
active tumor is challenging using conventional MRI and may
be aided by MRS. Similarly, distinguishing radiotherapy
related changes from recurrent tumor cannot always be
achieved by conventional MRI and MRS could provide extra
valuable information.

While there are studies that show encouraging results for
MRS in most of these clinical scenarios, the technique is
still not used routinely in clinical practice in centers without
specific interest and expertise. In part, this is due to the
difficulty of interpreting MRS data, which is both complex
and often presented in a form that is not familiar to radiolo-
gists. Alternatively, the introduction of pattern recognition
methods has become very popular with research groups for
the classification of brain tumors using MRS. They often
give excellent accuracy rates for tumor diagnosis but are not
currently available for use in a routine clinical setting. The
pattern recognition methods used are based on multivariate
statistics and can be performed on either the whole MR
spectrum or a list of parameters which has been extracted
from it, for example metabolite concentrations. The most
commonly used multivariate techniques include principal
component analysis (PCA) and linear discriminant analysis
(LDA) [14]. More complex methods, such as artificial neu-
ral networks and support vector machines, have also been
used and also shown to have high accuracy [15]. The
classifier is strengthened by the use of MRS in combination
with imaging, clinical, and other information [16].
Classification using these methods is most effective when a
small number of potential diagnoses are being considered
and the effect of combining tumor groups in order to give
smaller numbers of larger classes [17].

In this chapter, we present the MRS characteristics of
common and important tumor types, giving mean spectra or
example spectra. Metabolic features, which have been shown
to be significantly different from noninvolved brain and other
tumor types, are then given. This information provides a
resource for the interpretation of MRS data for noninvasive
diagnosis. Among other chemicals detectable by MRS, cho-
line, lactate, and lipids have been of particular interest in
tumor spectroscopy. Choline-containing compounds are
involved in cell membrane synthesis and breakdown and are
abnormal in all forms of cancer [18, 19]. Lactate is an indica-
tor for abnormal glycolytic function but can also accumulate
in necrotic tissue [20, 21], whereas lipids are believed to be
elevated in aggressive, fast growing tumors outgrowing their
blood supply and causing necrosis in insufficiently perfused
tumor tissue [22].
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Acquiring and Processing Magnetic Resonance
Spectroscopy Data from Children with Brain
Tumors

Single Voxel Spectroscopy Versus Chemical
Shift Imaging

In a clinical setting, MRS is performed using either single
voxel spectroscopy (SVS), if the tumor is focal and homog-
enous, or Chemical Shift Imaging (CSI), if the tumor is large
and heterogeneous. During SVS, a single voxel is positioned
on the region of interest and the spectrum is obtained from
the tissue inside the voxel with a high degree of localization.
CSI, also sometimes referred to as MRS imaging (MRSI),
produces multiple spectra from various locations simultane-
ously, usually including the region of interest and its sur-
rounding areas. However, the signal from an individual voxel
in the CSI grid has potential contributions from signals in
adjacent voxels (voxel bleeding).

In general, SVS has become the method of choice for
most pediatric brain tumor investigations. The acquisition
times are comparatively short, with good quality data being
acquired from a 2 cm sided cube (8 cc) in 4—6 min. It is com-
paratively robust and, with a high level of automation, means
it is easy to implement into clinical practice [23]. The signal
of unsuppressed water can be acquired in a few seconds
without any additional set up and used as a reference for the
data to allow estimation of concentrations—a technique
sometimes called absolute quantitation [24]. A considerable
number of publications using SVS are available, thereby aid-
ing interpretation.

Large heterogeneous tumors present a challenge for MRS
and, if SVS is to be used, a single region of the tumor needs
to be selected or data needs to be acquired from several voxels,
each of which has the same acquisition time. The variation in
MRS, across such tumors, can be studied more efficiently by
using CSI. This technique also has the advantage that data
can be collected from surrounding regions, giving informa-
tion on the presence of infiltrating tumor. Information from
CSI can be useful for identifying the best biopsy site or iden-
tifying regions of active tumor after treatment. CSI is also
useful for investigating lesions identified on conventional
MRI following radiotherapy. Such lesions can be multiple
and complex and discriminating between the regions of radi-
ation necrosis and tumor recurrence is a major clinical chal-
lenge [25]. CSIdata interpretation for each voxel is essentially
the same as for SVS; however, the sheer amount of data
available for the whole CSI grid makes visualization and
interpretation challenging. Data is often summarized using
color maps created from the matrix of spectra of main metab-
olite peaks, for example choline (Cho) and N-acetyl aspar-
tate (NAA) [26]. Features identified on color maps should
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always be verified by inspecting the spectra in the voxels
involved, since poor quality data can lead to spurious fea-
tures being present on the color maps.

The appearance of MR spectra is determined by acquisi-
tion parameters. Metabolite resonances may be prominent
with one acquisition sequence whereas the peak amplitude is
different when another sequence is used despite spectra being
acquired from the same region of interest (ROI). To allow
easy comparison, all spectra presented in this review article
were, unless explicitly stated otherwise, acquired using the
same acquisition method (point-resolved single-voxel spec-
troscopy (PRESS), echo time (TE)=35 ms, repetition time
(TR)=1,500 m) on a 1.5 T clinical scanner. The echo time is
the parameter that tends to affect the visual appearance of the
spectrum the most. Small variations, in the range of 30 ms to
40 ms, will lead to minor alterations only. For fully automated
quantification of metabolite concentrations (e.g., using
LCModel [27], TARQUIN [28], or jJMRUI [29]) spectra of
model solutions of each metabolite measured with the same
acquisition parameters are needed. Whereas in the early days
of MRS model spectra were obtained for each MR system,
simulated spectra are now as accurate as experimentally
acquired ones [30]. This greatly simplifies the implementa-
tion of fully automated absolute quantitation of MR spectra.

Metabolic Profiles of Pediatric Tumors
at Presentation

Posterior Fossa Lesions

Approximately 50% of all pediatric tumors arise from the
posterior fossa. In most cases, these tumors are grade IV
medulloblastoma, grade I pilocytic astrocytoma, or (less fre-
quently) grade II or III ependymomas. Although medullo-
blastoma tend to have low signal intensity on T,w images,
indicating a hypercellular tumor, there are instances in which
ependymoma may present with similar features. It is com-
mon that ependymoma involve the fourth ventricular floor
and extend into the foramen of Luschka. However, large
medulloblastoma may have a similar growth pattern.
Occasionally, a cystic/necrotic medulloblastoma may have
imaging characteristics, which overlap with posterior fossa
pilocytic astrocytoma (Fig. 5.1). Proton spectroscopy and
diffusion imaging appear to be particularly useful for diag-
noses. Taurine (Tau) has been consistently observed by sev-
eral groups in medulloblastoma [31-34] and is an important
differentiator of medulloblastoma from other tumors of the
posterior fossa. Among the various subtypes of medulloblas-
toma (Fig. 5.2), desmoplastic medulloblastoma typically
have lower taurine levels than classic medulloblastoma albeit
there is considerable overlap [35]. The desmoplastic subtype
may also have lower choline (Cho) levels. Metabolic features
of other subtypes, such as large cell, anaplastic, or medullo-
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blastoma with extensive nodularity, have not been studied
sufficiently due to their low incidence. Medulloblastoma
have higher levels of choline than other posterior fossa
tumors [21, 36]. The hallmark of pilocytic astrocytomas is
very low creatine concentrations, low myo-inositol (ml), and
low choline concentrations consistent with their low cellular-
ity. Lipids are also low in pilocytic astrocytoma but mean
lactate levels are higher than in other tumors. Ependymomas
have higher myo-inositol than medulloblastoma or pilocytic
astrocytoma and their choline levels are variable but fall gen-
erally between medulloblastoma and pilocytic astrocytoma.

Davies et al. [17] found that only myo-inositol was
significantly different for all three pair-wise comparisons
with highest mean values in ependymomas and lowest in cer-
ebellar pilocytic astrocytomas (higher ml is sometimes
observed in pilocytic astrocytoma outside the posterior fossa
such as optic pathway gliomas—see below). Analysis of
variance (ANOVA) tests revealed that creatine (Cr) concen-
trations were significantly lower and NAA significantly
higher in pilocytic astrocytomas when compared to the
respective metabolite concentrations in medulloblastomas
and ependymomas. In this study, taurine, choline, and gluta-
mate (Glu) were significantly higher whereas glutamine
(GIn) was significantly lower in medulloblastomas when
compared to pilocytic astrocytomas.

Tumors Outside the Posterior Fossa

Lesions outside the posterior fossa account for approxi-
mately 50% of all pediatric brain tumors. For these tumors,
MRS may also potentially improve initial diagnoses.
However, this is not well documented in the literature as
there are many different tumor types rendering clinical stud-
ies with sufficient numbers of subjects and follow-up
difficulty. Posterior fossa medulloblastoma tumors belong to
the group of embryonal tumors. It is likely that the equivalent
tumor type outside the posterior fossa (central nervous sys-
tem primitive neuroectodermal tumors—PNET) does have
metabolic profiles comparable with that observed in medullo-
blastoma (Fig. 5.3), albeit this has not been formally investi-
gated. There is also no established metabolic profile for
teratoid/rhabdoid tumors (AT/RT), another type of embryo-
nal tumor, more frequent in young children with particular
poor prognosis, albeit it appears that Tau concentrations are
low in this type of tumor (Fig. 5.3).

Pilocytic astrocytoma outside the posterior fossa may
show a slightly more prominent myo-inositol (ml) signal
[37] but the metabolic pattern is otherwise quite compara-
ble with that of cerebellar pilocytic lesions (Fig. 5.4).
While pilocytic astrocytomas are the most common brain
tumors in children (25%), their incidence in adults is very
rare, at only 2% of all brain tumors. It is noted that the
metabolic profiles of pilocytic astrocytoma and grade
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Fig. 5.1 T2-weighted MR images and MR spectra of posterior fossa
tumors. (a) Ependymoma (grade II). (b) Pilocytic astrocytoma. (¢) Classic
medulloblastoma. All spectra were acquired from lesions with no partial
volume of surrounding tissue using a single-voxel PRESS sequence with

II-IV astrocytoma are quite different. For example, the
Cho/Cr ratios increase in astrocytomas II-IV with grade.
However, grade I pilocytic astrocytoma, due to the low Cr
concentration, have an even more prominent Cho/Cr ratio
than grade IV glioblastomas (Fig. 5.5). On the other hand,
pilocytic astrocytomas share some of the metabolic fea-
tures of neurocytoma, ganglioglioma, and diffuse leptom-
eningeal glioneuronal tumors (see discussion below on

3 2 1
Frequency (ppm)

a short echo time of 35 ms. Shown are the original unfiltered spectra (thin
line) and the LCModel (Stephen Provencher Inc., version 6.1-G4) fits to
the data (thick line). In all three cases, the MRI report missed the final
diagnosis or did not mention the final diagnosis as the most likely tumor

rarely encountered tumors) such as a peak at around
2.0 ppm, which is usually assigned to NAA.

Astrocytomas display a wide range of metabolic charac-
teristics, even within the same grade. Mean choline concen-
trations increase with grade and lipids are more frequently
detected in higher grade lesions. However, accurate diagno-
sis based on MRS alone is unreliable (Fig. 5.5). Diffuse
intrinsic pontine gliomas (DIPG) are not biopsied and are
usually diagnosed based on clinical symptoms at presenta-
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Fig. 5.2 Representative (average of individual spectra) MR spectra of
classic (a), desmoplastic (b), anaplastic (c¢), and large cell (d)
medulloblastoma

tion and MR imaging [4, 38-40]. Spectra of DIPG often
resemble spectra of low-grade (WHO 1II) astrocytoma with
prominent citrate at presentation [41, 42] (Fig. 5.6). In the
vast majority of the cases, conventional MRI and clinical
symptoms are sufficient for diagnosis. There may be an inci-
dence of an unusual presentation of an exophytic brainstem
tumor, often a pilocytic lesion with much better prognosis,
which resembles the MRI features of a diffuse tumor. In
these occasions, an MRS study may be useful as the MRS
profiles of pilocytic astrocytoma and pontine gliomas are
readily distinguishable.

Choroid plexus papilloma (WHO I) do have a highly
characteristic metabolic profile (striking myo-inositol) which
distinguishes them readily from all other tumors, but also
from choroid plexus carcinoma (WHO III) which are cellular
and highly perfused tumors with very prominent choline and
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Fig. 5.3 Representative spectra of CNS primitive neuroectodermal
tumors (PNET) (a) and atypical teratoid/rhabdoid (AT/RT) (b). Whereas
taurine is detectable in PNET there is no clear evidence for taurine in
AT/RT

unremarkable myo-inositol (Fig. 5.7a, b) [21]. Atypical
choroid plexus papillomas have a very low incidence and
their metabolic profile has not been described in the litera-
ture. The spectrum obtained from a single patient at Children’s
Hospital Los Angeles appears to fall between papilloma and
carcinoma spectra (Fig. 5.7c). Secreting germ cell tumors
can usually be diagnosed by their midline location, age of the
subjects (typically older postpuberty children), and by raised
serum tumor markers alpha-fetoprotein (AFP) and B-human
chorionic gonadotropin (3-HCP). Nonsecreting germ cell
tumors, such as germinomas, are usually diagnosed by biopsy
and this is often challenging due their common location in
the pineal gland. Noninvasive diagnosis would be an impor-
tant advance in the management of these tumors, which are
usually cured without surgery. Taurine was consistently
observed in germinoma spectra as well as prominent lipids
features that could be useful for distinguishing these tumors
from other tumor types (Fig. 5.8) [21,43]. Craniopharyngioma
(not a primary brain tumor) are found relatively frequently in
pediatrics and usually diagnosed by rim calcifications which
are well visualized on CT images. However, since surgery is
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Fig.5.4 Typical MR a
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the most important aspect of their treatment, a histopatho-
logical diagnosis is usually available. Typical spectra of cys-
tic and solid (rarely encountered) craniopharyngioma are
shown in Fig. 5.9.

Apart from tumors discussed above there are more than
100 other less frequently encountered pediatric brain tumors
subtypes which have until now not been studied in detail.
This includes oligodendrogliomas, oligoastrocytic tumors,
neuronal and mixed neuronal-glial tumors, and others.
Examples of spectra obtained from some of these rarely
encountered tumors are shown in Fig. 5.10.

Prognosis and Risk Stratification

A second probably more important and challenging task,
with major implications on treatment strategies and outcome,
is risk assessment. Patients at high risk for progressive dis-
ease need to undergo therapy that is more aggressive, whereas
standard risk patients may be treated less aggressively to
avoid the often-devastating side effects of therapy in chil-
dren. Obvious risk factors are the type and grade of the
tumor, location of the tumor, age of the subject, disease

spread at diagnosis, and completeness of resection if
attempted. There are also histological features that allow fur-
ther subclassification of tumors [44, 45] and researchers are
trying to identify genetic risk factors, as well as genetic vari-
ations of tumors that could guide therapy in individual sub-
jects. Still, physiological MR methods such as MRS can
contribute to better patient stratification, as it is well known
that the microenvironment plays a significant role in how
diseases progress. For example, hypoxic tumors have altered
physiologic processes, which include increased angiogenesis
and local invasion, switch to more malignant phenotypes, as
well as increased formation of distant central nervous system
metastases [46—50]. Standard MR imaging, on the other
hand, provides limited information about tissue environment
at the microscopic/cellular level, such as its metabolic state,
hemodynamic properties, and cellularity.

Risk Assessment in Tumors That Are Resectable
It needs to be acknowledged that for those tumors where

complete macroscopic resection can be achieved, the major
role for MRI is in aiding the surgeon to attain a complete
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Fig. 5.5 Representative spectra of grade II astrocytoma, anaplastic
astrocytoma, and grade IV glioblastoma in pediatric tumors. Spectra
shown for grade II astrocytoma and anaplastic astrocytoma were
acquired from untreated lesions. Glioblastoma spectra were acquired
mostly from recurrent tumors

resection and identifying residual disease, either postopera-
tively but increasingly intra-operatively. Comparably crude
MR markers compete with the highly sophisticated tests that
are available in today’s biology such as RNA and DNA anal-
yses. It is thus not a surprise that genetic/molecular features
are the focus of the neuro-oncology community. Still, identi-
fying metabolic risk factors early on is important as it could
guide initial surgery, the most important component of treat-
ment for resectable tumors. Risk assessment goes beyond
merely identifying the correct tumor type but to predict
which tumor within the same group of tumors is more likely
to recur or spread. Particularly among the relatively large
group of posterior fossa tumors, there is a considerable overlap
of traditional clinical risk factors for patients with widely
different outcome. A potentially important recently reported
finding is that, in medulloblastoma metastatic disease was
more frequently encountered in lesions that had high levels
of total choline and low lipids [51], albeit this observation
needs to be confirmed in a prospective study. Still, overall,
very few studies have been carried out to determine the
significance of MRS in predicting overall and progression
free survival. One of the reasons might be that MR physicists
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(for a variety of reasons) do often not appreciate the neces-
sity for consistent data acquisition and record keeping over
many years required for clinical research. Typical short-term
clinical measures for outcome in clinical trials are 5-year
survival times. The problems are compounded by the pres-
ence of multiple confounding factors such as diagnosis,
grade, extent of resection, and adjuvant treatment, all of
which affect outcome themselves and need to be accounted
for if clinically robust conclusions are to be drawn.

Risk Assessment in Inoperable or Only Partially
Resectable Tumors

Inoperable or only partially resectable lesions include mostly
glial tumors such as diffuse intrinsic pontine glioma, bitha-
lamic astrocytoma, optic chiasm/hypothalamic gliomas, and
gliomatosis cerebri. According to Broniscer et al. approxi-
mately 8% of low-grade (grade II) gliomas progress to high-
grade lesions. There are currently no biomarkers that would
predict which low-grade gliomas are likely to progress. The
same is true for the small fraction of grade I pilocytic astrocy-
toma that metastasize. For these tumors, noninvasive meta-
bolic risk factors potentially play a more important role [52].

In adults, gliomas at high risk for poor outcome are typi-
cally cellular and highly perfused lesions (not discussed in
detail here) with prominent choline, low NAA, low myo-
inositol, and high lipids [36, 53-61]. How do these observa-
tions compare with findings in gliomas in children? MRS
studies of biopsy confirmed pediatric astrocytoma grade
II-IV demonstrate metabolic patterns that are consistent with
what has been established in adults, albeit variations in
lesions of the same grade are considerable. Chang et al. per-
formed a small multimodal MR study patients with glioblas-
toma, of which three had SVS MRS. Analysis of spectra
demonstrated a reduction in the amplitude of NAA and ele-
vation of Cho. Low NAA/Cho ratio calculated was found to
be a valuable aid for precise targeting of stereotactic biop-
sies. However, small patient numbers, histological heteroge-
neity, as well as the clinical heterogeneity (data from
untreated, treated, and recurrent lesions) prevent the forma-
tion of a clear picture from these studies [62].

Pediatric Astrocytoma

In a recent study, medical records and metabolite concentra-
tions of 29 pediatric astrocytomas were reviewed. When
grade II astrocytomas were subdivided in patients with stable
disease for more than 2 years and a group of patient with
disease progression within 2 years, it was noted that citrate
(Cit) concentrations were significantly higher in patients
with poor outcome [63]. Prominent citrate may be used for
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Fig.5.6 A representative
spectrum of diffuse intrinsic
pontine glioma at initial
presentation
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identifying pediatric grade II astrocytomas destined for
aggressive behavior (Fig. 5.11). On the other hand, there was
no consistent pattern for citrate in anaplastic astrocytoma
and glioblastoma with citrate prominent in some lesions,
whereas undetectable in others. Furthermore, moderate or
even low levels of choline were not a predictor for stable
disease. Citrate was not specific for poor outcome as it was
not detectable in all high-grade astrocytomas, despite poor
outcome in all cases. Among high-grade astrocytoma, tumors
with prominent citrate may constitute a metabolic subclass.
It needs to be noted that the detection of prominent citrate, in
low-grade astrocytomas with malignant progression, is con-
sistent with the observation of high citrate in pontine gliomas
[41]. Pontine gliomas are tumors with apparently inevitable
aggressive behavior, despite presenting frequently with his-
topathological features typical for grade II diffuse astrocy-
tomas [1-6, 64].

Pilocytic Astrocytoma

Recently, the metabolic profiles of stable and progressive
pilocytic astrocytomas, at baseline and follow-up, were
compared [37]. It was noted that optic pathway or thalamic
pilocytic tumors that progressed had a significantly lower

myo-inositol at initial MRS than those with stable disease.
Furthermore, myo-inositol levels decreased significantly in
progressing lesions between the initial and subsequent MRS.
These changes in myo-inositol occurred before clinical and
radiological progression and low and decreasing myo-inos-
itol may thus be a noninvasive indicator for high risk for
progression.

Although pilocytic astrocytoma (PA) in both children and
adults are classified as WHO grade I, these tumors in adults
are slightly more aggressive in nature. The reason for this
difference is unclear. Porto et al. [65] investigated the differ-
ences in MRS between PAs in adults and children. A trend
towards higher Cho levels in adults was found, although not
significant. Similarly, albeit mean Cr was not significantly
different in the two groups, some pediatric PAs had higher
values than those seen in adults.

High-Grade Versus Low-Grade Tumors

Recent observations have also demonstrated robust biomark-
ers of tumor grade. The presence of glycine has been found
to be increased in brain tumors, particularly increasing with
WHO grading. Davies et al. retrospectively compared two
cohorts of brain tumors that were confirmed to have high
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Fig. 5.7 Representative MR spectra of choroid plexus carcinoma (a)
and choroid plexus papilloma (b). These tumors are readily distinguish-
able as myo-inositol (ml) is prominent in choroid plexus papilloma
whereas Cho is the most prominent peak in choroid plexus carcinoma.
A spectrum acquired from a single patient with an atypical choroid
plexus papilloma appears to fall between carcinoma and papilloma
spectra (¢)

grade (III or IV) and low grade (I or II) using WHO grading
for the presence of glycine. Analysis revealed that high- and
low-grade tumors had highly significant differences in the
levels of glycine (Gly) in particular higher normalized Gly
concentration in the high-grade tumors. The differences in
glycine concentration between high-grade tumors demon-
strated a prominent singlet peak at 3.55 ppm from glycine
clearly distinguishable from the multiplet peak of myo-inos-
itol which could not be seen in low-grade tumors (very small
number of low-grade tumors quantified to have low levels of
glycine) [66].

A study by Astrakas et al. performed using CSI also com-
pared high- and low-grade tumors determined by histopa-
thology. Using an intermediate echo time of 65 ms to
minimize the contribution of the lactate signal, it was found
that Cho and lipids +lactate were significantly elevated in the
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Fig. 5.8 Representative spectra for pure pineal germinoma (a), pineal
mixed malignant germ cell tumors (b), for nonpineal pure germinomas (c),
and mixed malignant nonpineal germ cell tumors (d). Taurine is detectable
in pure germinomas and possibly also in mixed germ cell tumors. MR spec-
tra of germ cell tumor are sometimes of low quality. Note, that no metabo-
lites might be detectable in subgroups of these tumors

high-grade tumors. Logistical regression revealed that both
biomarkers were significant independent predictors of the
grade of tumors. While grade is strongly associated with
prognosis, tumors with the same grade can behave very dif-
ferently. Studies of event free survival and overall survival
are required to establish the accuracy of putative prognostic
biomarkers [67]. A follow-up study performed largely on the
same cohort showed that high Cho and lipids +lactate were
associated with poor overall survival. However, a number of
important tumor groups were excluded from the study and
many metabolites of interest were not quantified due to the
relatively long echo time used. Overall, systematic studies
are required which incorporate MRS into multicenter clini-
cal trials where specific patient groups are treated in a uni-
form manner with robust follow-up data [68].
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Fig. 5.9 Representative spectra for cystic (a) and solid (b)
craniopharyngioma

Assessment of Effectiveness of Therapy

What Does Successful Therapy Do
to the Spectrum?

Conventional imaging does not reliably distinguish between
recurrent/residual disease and postoperative changes or
necrosis after radiation. Postradiation changes do sometimes
occur many months after therapy and the correct diagnosis is
a major challenge for the optimum management of pediatric
patients. It is well known that spectroscopy is an important
tool to assess response to therapy in pediatric and adult brain
tumors [69-75]. Most metabolites are intracellular. Effective
therapy causing cell death will thus result in generally
reduced metabolite concentrations (including Cho) and
increased lipids due to the release of fatty acids from cell
membranes. On the other hand, increasing levels of Cho (or
Cho/NAA) are indicators for failed therapy and high risk for
progressing disease.

A study by Weybright et al. used 2D MRSI to evaluate
new areas of contrast enhanced lesions in previously treated
brain tumors. MRS was performed on both a contrast enhanc-
ing lesion and normal appearing white matter in 28 patients
aged between 4 and 54 years with range of tumor diagnoses.
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Results demonstrated that lesions in the recurrence or resid-
ual tumor group had significantly higher Cho/Cr than those
with radiation injury and in turn the radiation injury group
had significantly higher Cho/Cr ratios than normal appearing
white matter. The lesions in the tumor group also had
significantly higher Cho/NAA ratios than those in the radia-
tion injury group and significantly higher Cho/NAA ratios
than normal appearing white matter. NAA/Cr ratios were
significantly lower in the lesion group compared to those in
the radiation injury group. Using Cho/Cr or Cho/NAA ratios
with a cut-off for the cohort, 27 out of 28 patients were cor-
rectly classified with either recurrent tumor or radiation
injury assuming radiation injury was diagnosed accurately
[76, 77]. These studies have demonstrated the potential for
MRS to be an effective tool in discriminating between tumor
recurrence and radiation changes.

While the concept of assessing response to therapy with
MRS is straightforward (for any tumor for adults and pediat-
rics), there are significant limitations that need to be acknowl-
edged. Absolute quantitation, requiring data processing
beyond the tools provided by the manufacturers, is required
to measure metabolite concentrations accurately and reli-
ably. Chemical shift imaging, technically more demanding
and time consuming, might be necessary to study large and
inhomogeneous lesions. Still, the extent and shape of a lesion
(or multiple lesions) may make MRS impractical. MRS may
not work in lesions close to the skull or lesions with bleeds
and calcifications. In addition, MRS, being a methodology of
low sensitivity, can assess the bulk response of tissue but
does not provide certainty that every single tumor cell has
been successfully treated.

Pontine Gliomas

Diffuse intrinsic pontine gliomas are unique in pediatric
neuro-oncology as they are inoperable and rarely being biop-
sied. They are a relatively clean tumor group to be studied
with MR spectroscopy because lesions are always in the
same region, generally large and homogeneous, and MR
studies are technically not compromised by biopsies or sur-
gery. These tumors are well suited for longitudinal studies to
evaluate metabolic changes over the disease course. Please
see Chap. 6 for details about MRS findings in these tumors.

Current Challenges

Major obstacles for management and clinical research are
the biological and physiological diversity of tumors, the
small number of patients in each category due to the rela-
tively low incidence of these tumors (= 9 per 100,000 in the
US ) [78], as well as the general difficulties of conducting
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Fig. 5.10 Examples for MR spectra obtained from less frequently
encountered pediatric brain tumors. All spectra were obtained enclos-
ing only tumor tissue in the region of interest. The spectral patterns
should not be generalized as they have been obtained from individual
patients and significant variations of the metabolic profiles within tumor
types or subtypes cannot be ruled out. (a) Recurrent oligodendroglioma
(i) and oligodendroglioma at initial diagnosis. (b) Anaplastic oligoas-
trocytoma with progressive disease (i) and anaplastic oligoastrocytoma
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with stable disease >5 years (ii). (¢) Neurocytoma (i — note spectrum
acquired at 3T), diffuse leptomeningeal glioneuronal tumor (ii), gan-
glioglioma (iii), dysembryoplastic neuroepithelial tumor (iv). (d)
Gemistocytic astrocytoma (i — note spectrum acquired at 3T), angiocen-
tric astrocytoma (ii — note spectrum acquired at 3T), pleomorphic xan-
thoastrocytoma (iii). (e) Schwannoma (i), mesenchymal inflammatory
myofibroblastic tumor (ii), fibrous histocytoma (iii)
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Fig. 5.11 Shown are averaged spectra computed from grade II astro-
cytoma with stable disease and with malignant progression. Citrate
(Cit) at = 2.6 ppm was significantly more prominent in aggressive astro-
cytoma. Other chemicals that can be quantified with in vivo MR spec-
troscopy include N-acetyl-aspartate (NAA), creatine (Cr), lactate (Lac),
choline (Cho), and myo-inositol (mlI). Note that NAA in aggressive
astrocytoma was significantly lower than in stable astrocytoma but to a
much lesser extent than citrate. Despite the more prominent appearance
of lactate in grade II astrocytomas with malignant significance was not
reached due to considerable scatter of measured concentrations. All
spectra are scaled to the measured concentrations to allow direct
comparison

clinical research in children. Current basic research focuses
on identifying specific molecular targets critical for cellular
changes, which result in uncontrolled growth and spread—
moving away from the traditional approach of administering
cytotoxic agents at maximum tolerated dose. Another cur-
rent strategy is to utilize agents that influence the environ-
ment of tumors such as antiangiogenic drugs, which are
likely to be effective in tumors with increased angiogenesis.
However, taking advantage of the numerous new potential
targets remains challenging due to small patient populations,
questions about the dosage and which targets to choose, how
to get agents across the blood-brain barrier (BBB), and how
to monitor/measure response [79]. The main challenge for
the MR community is to demonstrate that conventional and
advanced MR is a pivotal tool for overcoming these bottle-
necks in pediatric neuro-oncology and to contribute actively
to improved patient management. MRS offers a unique non-
invasive approach to assess features of tumors at microscopic
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levels by quantifying cellular metabolites. Thus, MRS is an
essential noninvasive tool that should be included in the port-
folio of imaging methods that aim to characterize and moni-
tor disease status in clinical trials. Of the various MR
modalities, MRS is among the more demanding techniques,
as it is technically challenging and requires extra training
and expertise for proper interpretation of results. However,
due to recent technical advances as well as fully automated
processing software, MRS has become increasingly robust
and good quality spectra can now be obtained from nonex-
perts on clinical scanners in less than 5 min. MRS is thus
well positioned to contribute significantly in the field of
pediatric (and adult) brain tumors in the future.

Summary

MR spectroscopy can provide noninvasive metabolite profiles
of childhood brain tumors and these are highly characteristic
for tumor type. This information is increasingly being used
to provide a noninvasive diagnostic aid but since tumor
pathologies differ in children to adults, child-specific
classifiers are required. Despite the strong dependence of the
MRS metabolite profile on tumor type, some metabolites are
also biomarkers of prognosis both within and across tumor
groups. Some evidence is also emerging that MRS can also
provide biomarkers of treatment response where prior to
changes on conventional MRI. Further translation into rou-
tine clinical practice requires these biomarkers of prognosis
and treatment response to be evaluated in robust clinical tri-
als of specific tumor groups.
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Diffuse Intrinsic Pontine Gliomas

Stefan Bluml

Diffuse intrinsic pontine gliomas (DIPG) are unique in pedi-
atric neuro-oncology as they are inoperable and rarely being
biopsied. They are a relatively clean tumor group to be stud-
ied with magnetic resonance (MR) spectroscopy because
lesions are always in the same region, generally large and homo-
geneous, and MR studies are technically not compromised by
biopsies or surgery. These tumors are well suited for longitu-
dinal studies to evaluate metabolic changes over the disease
course. The absence of tissue samples, unfortunately, also
means that definitive correlation between physiological fea-
tures and tissue biology and histology is not possible. In this
chapter, an overview of the MR spectroscopic features of
DIPG at baseline and at follow-up is given.

Pontine Gliomas

The majority of childhood brainstem gliomas (approximately
80%) are diffuse intrinsic tumors that involve the pons, often
with contiguous involvement of other brainstem sites [1-4].
It is believed that at diagnosis most DIPG present as low- or
high-grade astrocytoma but the frequency of each is unclear
because biopsies are usually not obtained. At autopsy most
lesions have progressed to glioblastoma, with extensive
brainstem involvement [5—7]. On T1-weighted MR images,
these lesions are hypointense with indistinct margins,
reflecting the infiltrative nature of this tumor. Contrast
enhancement is variable and has no prognostic implication
[8]. On T2-weighted MRI, these lesions are indiscrete hyper-
intense (Fig. 6.1). Among pediatric brain tumors, DIPG carry
the worst prognosis and outcomes have not improved for
decades. The brainstem is responsible for basic vital life
functions such as breathing, heartbeat, and blood pressure.
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Therefore, intrinsic brainstem tumors are considered inoper-
able due to the unavoidable damage to essential structures.
In addition, brainstem gliomas are highly resistant to chemo-
and radiation therapy. Thus, without effective and lasting
treatment options, the majority of the patients die within
6—18 months after diagnoses. Reports of several years of
survival after diagnosis are rare and there is only anecdotal
evidence for complete and lasting disease remission.
Consequently, current management aims to preserve the
quality of life for patients and to reduce the burden on the
families. Since biopsies for diagnostic purposes and to moni-
tor disease progression are risky and have failed to show any
benefits for patients, noninvasive MR imaging is considered
the gold standard for diagnosing these types of tumors. Still,
magnetic resonance imaging (MRI) and other currently
available imaging modalities are often of limited value to
assess disease progression or response to therapy. This lack
of appropriate monitoring tools compromises clinical
research considerably. Despite the inevitably fatal outcome
of these tumors, there are still important treatment decisions
that have to be made which have a significant impact on the
quality of life of a patient. Whether advanced MR methods
such as MR spectroscopy canbe used for early substratification
of brainstem gliomas is still unclear.

Other Brainstem Gliomas

Other tumors of the brainstem have a more favorable prog-

nosis. These include:

(a) Focal cystic or solid tumors with demarcated lesions on
MRI in the midbrain, pons, and medulla. Enhancement
after administration of contrast of these tumors is vari-
able. These tumors are less infiltrative and are histologi-
cally mostly benign (e.g., pilocytic astrocytoma).
However, primitive neuroectodermal tumors (PNET) and
anaplastic ganglioglioma have been also reported [9].

(b) Dorsally exophytic brainstem gliomas arise from sub-
ependymal glial tissue and have features on MRI similar
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Fig. 6.1 T2-weighted, FLAIR,
and postcontrast T1-weighted
MR images of a pontine glioma
at diagnosis. These lesions are
generally hyperintense on T2w
MRI and hypointense on T1w
MRI

to that of focal brainstem tumors. As focal brainstem
tumors, they are mostly low-grade lesions.

(c) Cervicomedullary brainstem gliomas center either in
the medulla or cervical spinal cord. These tumors are
mostly low-grade astrocytomas with almost no infilt-
rative capacity [10]. Brainstem tumors associated with
neuro fibromatosis I (NF-1) also carry a more favorable
diagnosis. These lesions often have an indolent course
similar to that of the low-grade astrocytoma in the hypotha-
lamic/optic chiasm region.

Magnetic Resonance Spectroscopy
of Diffuse Intrinsic Pontine Gliomas

Only few groups have attempted to study pediatric brain-
stem tumors by MR spectroscopy and only few patients
were examined longitudinally. Laprie et al. [11] performed
long echo time (TE=144 ms) 2D and 3D CSI. Four DIPG
patients were studied before radiation therapy, upon com-
pletion of treatment, and at the time of recurrence (deter-
mined by clinical status). In their study, only ratios of
choline to NAA (Cho/NAA) and Cho to Cr (Cho/Cr) were
determined and the presence/absence of lipid or lactate
peaks was reported. They found that the Cho/NAA ratio
decreased from studies at diagnosis to the time of response
to radiation therapy but then again increased at the time of
relapse. Curless et al. [12] studied five patients with long
TE =135 ms single voxel MRS and determined NAA/Cr and
Cho/Cr ratios. They concluded that MRS provided addi-
tional information, which might be useful for determination
of the malignant potential of the brainstem lesions. In par-
ticular, it was reported that more aggressive tumors have
larger values of Cho/Cr. Recently, 40 MRS studies acquired
with short TE=35 ms PRESS at baseline and at various
times of follow-up of a larger cohort of 16 patients were
reviewed [13]. At baseline, creatine and choline were
significantly lower in DIPG than in astrocytoma elsewhere
in the central nervous system. Serial MRS in individual sub-
jects revealed increasing levels of Cho and lipids and

Po

st~conrast T1w

reduced ratios of NAA, creatine, and myo-inositol relative
to Cho (Fig. 6.2). Similar to the earlier studies by [11, 14],
it was also noted that metabolic progression, defined by
increased Cho concentration in serial MRS, preceded clini-
cal deterioration. It appears that, as seen by MR spectros-
copy, DIPG at baseline have typically metabolic profiles
consistent with low-proliferative tumors. This is consistent
with earlier reports of histopathological features often typi-
cal for grade II diffuse astrocytomas [4—7, 15—17]. However,
clearly, these tumors do have the capability to transform to
tumors that are more malignant within a short period, which
is then also reflected by an altered metabolic profile more
typical for higher grade gliomas.

Monitoring Treatment Response

It needs to be emphasized that the metabolic progression
observed in most DIBSG patients is consistent with the fact
that radiation therapies and other treatments applied for this
disease are essentially ineffective. However, patients treated
with radiation therapy have a longer median survival than
what would have been attained in the absence of radiation
therapy, albeit they are not cured. Although, the outcomes
are generally poor, there are significant differences of sur-
vival times in individual patients. One may wonder whether
the metabolic profile at diagnosis and/or the metabolic pro-
gression of patients with significant different survival peri-
ods is different. Indeed, preliminary data suggest that
metabolic degeneration appears to be less apparent in patients
with longer survival [18] (Figs. 6.2 and 6.3).

Distinguishing Diffuse Intrinsic Pontine Gliomas
from Other Brainstem Tumors

Due to their typical appearance (and the accompanying clini-
cal symptoms), DIPG are generally readily diagnosed by
anatomical MRI alone. However, occasionally, in individual
patients the appearance of an exophytic brainstem tumor
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Fig. 6.2 Shown in this figure are typical metabolic profiles of diffuse
intrinsic pontine gliomas (a, b) and of biopsy-confirmed grade II-IV
astrocytomas (c). Spectra from DIPG were obtained from 12 patients
that were studied repeatedly at diagnosis and thereafter. The DIPG
patients were subdivided in two groups (each six patients) based on
their overall survival time. Mean survival time for group A (14+3
months) was significantly longer than for group B (9+2 months). Only
minor alterations were noticed for group A. Group B showed changes
consistent with malignant transformation (compare with MR pattern of
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Fig. 6.3 Shown is the time course of the creatine to choline ratio (Cr/
Cho) relative to the value measured at diagnosis (baseline). Generally,
there is a significant scatter. However, measured Cr/Cho was more often
above baseline in patients who did clinically better (gray circles) than
in patients with shorter overall survival times (black circles). The data
shown here are from the same 12 patients illustrated in Fig. 6.2
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confirmed grade II-1V astrocytoma (C)). Note, that moderate Cho and
Cho/Cr and the absence of lipids in the baseline spectrum is more typi-
cal for low-grade tumors. Cho and Cho/Cr as well as lipids and lactate
subsequently increase. The time of MRS examinations was at baseline
(i), postradiation therapy up to 6 months after initial diagnosis (ii), and
thereafter (iii). Overall, for both groups, serial MRS is consistent with
unavailability of any effective therapy and the poor clinical course of
DIPG. Citrate is detectable at approximately 2.6 ppm

may mimic the features of a DIPG. Considering that many of
the non-DIPG tumors are pilocytic astrocytomas, which are
readily distinguishable from regular astrocytoma by their
unique metabolic profile [19], MRS can be very useful for
reaffirming diagnoses (Figs. 6.4 and 6.5) [20].

Transformation to higher grade gliomas is exceedingly
rare in children in the setting of neurofibromatosis 1 (NF1)
[21]. Although the diagnosis of neurofibromatosis has gener-
ally already been made, one may wonder whether the meta-
bolic profile of tumors of the brainstem (or elsewhere in the
brain) in NF1 patients is substantially different. It appears
that spectra of lesions in the pons of NF1 patient have a pat-
tern comparable with that of low-grade gliomas. However,
lactate levels appeared to be lower and there was no evidence
for citrate in a small number of patients studied at Children’s
Hospital Los Angeles (Fig. 6.6).

Citrate

The presence of citrate (Cit) in in vivo spectra of pediatric
brain tumors was recently reported [22]. Citrate levels were
reported to be particularly high in DIPG [22], tumors with
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Fig. 6.4 MR spectra and MR images indicating the ROIs of three exo-
phytic brainstem tumors are shown (a). Note, that the MRS pattern in
each case does not resemble the profile observed for DIPG. Particularly,
creatine concentrations are very low in these tumors. In addition, myo-
inositol is below normal tissue concentrations and there is a residual
NAA peak of the same intensity as creatine. This pattern is more sugges-
tive for pilocytic astrocytoma. A typical spectrum of infratentorial pilo-
cytic astrocytoma is shown for comparison (b). All three patients (i—iii)
are still alive as of today more than 6 years after their initial diagnoses

apparently inevitable aggressive behavior despite presenting
frequently with histopathological features typical for grade
II diffuse astrocytomas [4—7, 15—-17] (Fig. 6.2a). Citrate was

Frequency (ppm)

Fig. 6.5 MR images and MR spectrum of a brainstem glioma. The
location and appearance on MRI was slightly unusual and it was felt
that this tumor might be an exophytic possibly pilocytic astrocytoma.
MRS was, however, not consistent with pilocytic astrocytoma. This was
subsequently confirmed by biopsy which was suggestive for a grade Il
or III astrocytoma (Case courtesy of Dr. Giulio Zuccoli, Pittsburgh
Children’s Hospital.)

also detected in biopsy-proven grade ILIII astrocytoma out-
side the brainstem. Citrate is an intermediate in the tricar-
boxylic acid (TCA) cycle and accumulates in tissue where
the glycolytic rate exceeds the TCA cycle activity, a long
known feature of malignant tumors [23, 24]. Excessive
citrate can be used by cells to transport mitochondrial acetyl-
CoA carbons to the cytoplasm for the biosynthesis of fatty
acids ultimately needed for the de novo synthesis of cell
membranes. This is an essential step to support cell divisions
and to increase the production of biomass of growing tumors
[25]. Of potential importance is the observation that citrate
levels at presentation are not only high in DIPG (generally
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Fig. 6.6 Shown is an MRI (a) of a patient with neurofibromatosis I
(NF1) and a lesion in the brainstem. Lesions in NF1 of often benign and
progression to higher grade lesion is exceedingly rare including lesions
of the brainstem. A typical MRS from NF1 brainstem lesion (b) is com-
parable with spectra from DIPG at baseline (c). However, there is no
evidence for citrate in NF1 and lactate is unremarkable

assumed to progress) but also remarkably prominent in cases
of low-grade (grade II) astrocytoma outside the brainstem
with sometimes unexpected rapid disease progression
(Fig. 6.7) [26]. In repeatedly studied DIPG patients, citrate
concentrations declined significantly as the disease pro-
gressed (Fig. 6.8).
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Fig. 6.7 MR spectra and T2-weighted MRI indicating the region of
interest from which spectra were obtained of a grade II bithalamic
astrocytoma with aggressive behavior. A spectrum acquired from a
nonenhancing diffuse astrocytoma at initial presentation (a) shows no
evidence of elevated lipids or lactate (Lac) and choline (Cho) levels
are moderate. On the other hand, citrate (Cit) is readily detectable at
baseline. Progressive disease was apparent on MRI within one year
after initial diagnosis (b) and the patient died within 2 years after
diagnosis. Note that choline, lactate, and lipid (Lip) levels increased
as the disease progressed whereas citrate did not increase but may
have decreased slightly in this patient (cf. Fig. 6.8)
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Fig. 6.8 Citrate concentrations decrease significantly over time in DIPG
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Conclusions

The majority of DIPG have metabolic fingerprints at initial
presentation consistent with tumors with low proliferative
rates. The metabolic changes thereafter are consistent with a
malignant transformation. This is observed despite transient
clinical improvement and is consistent with ineffectiveness
of all current treatments. MRS may be an important tool to
characterize response to therapy and tumor progression in
small groups of patients. This may compensate for the rela-
tively small number of patients available for studies, and
allow a faster completion of clinical trials, thus enhancing
development of effective therapy for this disease. DIPG can
readily be distinguished from other brainstem such as exo-
phytic pilocytic astrocytoma.
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Alexander P. Lin and Stefan Bluml

Traumatic brain injury (TBI) results when forces acting upon
the head interrupt normal brain function. This type of injury
is especially prevalent in children, resulting in over 475,000
emergency department visits each year [1]. In its most severe
form, head trauma accounts for 80% of the traumas that lead
to death in children, including falls, motor vehicle accidents,
and abuse, making it one of the leading causes of death. In
addition, “mild” traumatic brain injury (mTBI), otherwise
known as concussions, are also a great concern, especially in
children ages 0—4 years where the rates of head injury are
highest compared to all ages, including adults. Sports-related
head injuries are also becoming of increasing concern, espe-
cially in older children where 18% of head injuries were
sports-related and where the long term effects are unknown.

Magnetic resonance spectroscopy (MRS) offers a unique
tool for ascertaining the physiological changes that occur
after a traumatic brain injury. What is the metabolic profile of
the brain after traumatic injury? Studying head trauma with
MRS, as with any tool, is inherently challenging. The type
and severity of injury and the time after injury when an MRS
study is performed will vary unavoidably. It is therefore
expected that the pattern of MR spectroscopy of head trauma
is heterogeneous reflecting the different location, degree, and
stage of injury and different physiologic and pathologic
response of the brain to injury in individuals. There is no sin-
gle characteristic “finger print” for trauma. As studies emerge,
it appears that the brain biochemistry is reflective of this spec-
trum of traumatic brain injury. As such, this chapter will focus
on the metabolic changes observed in the acute and chronic
stages of severe traumatic brain injury as well as the acute and
chronic stages of mild traumatic brain injury.

AP. Lin, Ph.D. (P<)
Department of Radiology, Brigham and Women’s Hospital,
Boston, MA, USA

S. Bliiml, Ph.D.

Department of Radiology, Children’s Hospital Los Angeles,
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Severe Traumatic Brain Injury

Traumatic Brain Injury Is (Almost) Always
Associated with a Decrease of NAA in White
Matter and Gray Matter

Reduced NAA (or NAA/Cr ratio) after traumatic injury due
to diffuse axonal injury and neuronal loss has been consis-
tently reported [2]. The qualifier, “almost”, should not be
interpreted as an indicator that there is traumatic head injury
without any neuronal/axonal loss. Slightly varying normal
levels of NAA in individual subjects, inaccuracies of the MR
method, and the absence of a pre-injury baseline scans make
it difficult to detect small decreases of NAA in less severe
injury [3]. Also, if MRS is carried out soon (within 24 h) after

initial injury, a loss of NAA may not yet be established [4].

Is recovery of NAA a marker for healthy neurons and axons?
If yes, what is the interpretation? Clinical as well as animal stud-
ies are indeed strongly suggestive for a recovery of NAA in both
white and gray matter [5—7]. In patients with moderate to severe
traumatic brain injury, a continuing decrease of NAA consistent
with continuing neuronal loss (or metabolic dysfunction) was
observed for gray and white matter at 1.5 and 3 months after
injury in longitudinal studies. However, in both brain regions an
increase of NAA, albeit to levels that were still less than normal,
was observed at the 6-months follow-up study [5].

Assuming that there is no neurogenesis this observation is
likely due to one or a combination of the following mechanisms:
(a) Surviving neurons can sprout healthy fibers into the

spaces once occupied by damaged axons. This increases
the partial volume of healthy axons and will thus increase
the measured NA A concentration. This mechanism would
predict a more substantial recovery in fibrous white mat-
ter than in gray.

(b) Neurons that reestablish their connections start to
increase communication with each other. A tight cou-
pling between cerebral glucose metabolism and (gluta-
mate) neurotransmitter flux in humans has been proposed
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by Magistretti [8]. Although this theory is not univer-
sally accepted, it would explain a higher rate of glycoly-
sis and TCA-cycle activity as neurons resume their
communication with neighboring neurons. Since NAA
reduction has been associated with mitochondrial dys-
function in experimental head trauma [9], it can at least
be speculated that mitochondrial NAA synthesis may
increase with a normalization of neuronal activity.

(c) After injury, consolidation of remaining intact tissue and
atrophy is well documented by neuropathological studies
and by cortical atrophy on MR images. Thus the relative
number of healthy neurons and axons per tissue volume
will actually increase and a more prominent NAA peak
will be observed.

(d) NAA can increase or decrease in response to hyper-
osmolar or hypo-osmolar states.

Total Choline Is Elevated

Most of the choline in human brain is stored in large, water
insoluble molecules and rendered MR invisible under normal
circumstances. Elevated total choline would be expected in
head trauma because of at least three mechanisms:

(a) In acute injury, choline-containing metabolites may be
released to the MR-visible pool as a result of shear injury
and damage to cell membranes and myelin. It is known
that free choline accumulates rapidly in necrotic tissue
[10, 11]. This mechanism therefore offers an explanation
for elevated choline in acute and sub-acute injury. In the
spectrum of acute and severe injury (Fig. 7.1), tCho was

4 days post injury

tCho € GIUGIn
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Fig.7.1 The MRS and T2-weighted MRI of a child (17 months old at
time of event) 4 days after traumatic brain injury (leftf) and 2% years
after injury (right). The MRI report at baseline mentions an increase of
signal intensity in the parietal lobes at the vertex bilaterally. The sulci
were effaced in that region as well. MRS changes were dramatic. NAA
was reduced to 35% of normal and lactate, not detectable in normal
brain, was strikingly prominent. Cr and ml were also reduced to 75% of
normal whereas tCho was elevated (135% of normal). Glutamine was
threefold higher than normal. There is only a small increase in the lipid
signal at this early stage after injury. MRS is consistent with severe

35% above normal. Free choline can be taken up by the
cells and recycled to form phosphatidylcholine (PtdCho).

(b) Increased synthesis of cell membranes during repair
might result in higher levels of total choline. For example,
both the newborn (fast growing) brain and many tumors
with a high rate of cell duplication have elevated total
choline indicating up-regulation of membrane precursor
production. Of the choline containing compounds, it is
now phosphocholine (PC) which is expected to be above
normal. Unfortunately the MR signal of free choline and
PC cannot be separated with proton MRS in vivo. Proton-
decoupled phosphorous MRS would be required for this
task, which is available only at very few sites.

(c) In patients with more chronic injury, an alternative expla-
nation could be diffuse glial proliferation which is known
to be associated with increased tCho but also with ele-
vated ml and Cr [12-14]. Indeed, Ross et al. [15] observed
in some subjects elevated ml, tCho, and Cr persistently
in white matter even 18 months after injury. In that study
ml, tCho, and Cr were essentially normal in gray matter.
This would be consistent with glial proliferation pre-
dominantly in the white matter. The authors of that study
also offered as an alternative explanation for the generally
elevated metabolite concentration: the possibility that
the white matter is in a hyper-osmolar state.

Indeed, elevated tCho or tCho/Cr ratios were reported
by a number of investigators [5, 15-19]. In longitudinal
patient studies, tCho was significantly increased at 1.5
months for both gray and white matter and remained
elevated 3 and 6 months after injury, with a trend (not
significant) to lower tCho concentrations [5].

2 2 years post injury

Lac
tCho
Cr

4 3 2 1
Frequency (ppm)

hypoxic injury subsequent to low/disrupted perfusion and poor out-
come was predicted in the MRS report. Follow-up MRI shows general
volume loss. The ROI selected for MRS is similar to the anatomy cho-
sen for the initial study. Due to the massive atrophy little brain tissue is
included and the spectrum shows lactate (possible from CSF) and only
traces of creatine and choline. No trace of NAA is detected indicating
that any tissue within the ROI does not contain viable neurons or axons.
Clinical outcome was poor (nonverbal, seizures, dystonia, spasticity,
profound cognitive loss). Spectra were acquired using a PRESS
sequence with TE=35 ms. at Children’s Hospital Los Angeles
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Magnetic Resonance Spectroscopy of Acute
Severe Brain Injury with Disruption or
Significantly Impaired Perfusion Resembles
That of Hypoxic Brain Injury and Lactate

Is a Predictor for Poor Outcome

In acute and severe injury, increased lactate and lipids also
accompanies the reduction of NAA in gray and white matter
ROI’s are markers of neuronal/axonal loss and cell death.
Lactate is the product of anaerobic glycolysis and increases
when subsequent oxidation of lactate in the TCA-cycle is
impaired (for example by lack of oxygen or mitochondrial
disorders). As a result, the MRS pattern of lactate resembles
that of hypoxic injury due to global anoxia (Fig. 7.1). Several
groups found that lactate found in acute injury may be useful
to predict outcome [15, 17, 20-22].

Lipid signals increase when there is breakdown of cell
membrane and release of fatty acids. Lipids are therefore
important markers for severe brain injury. Lipids appear to
be more prominent in children. Particularly prominent lipid
peaks were reported by Haseler et al. [21] in “shaken babies”
with poor outcome.

Concentrations of Cerebral Metabolites Are
Reduced in Patients with Clinically Diagnosed
Syndrome of Inappropriate Antidiuretic
Hormone Secretion and Low Serum Sodium

Syndrome of Inappropriate Antidiuretic Hormone Secretion
(STIADH) is a frequently observed feature of head injury.
Because the metabolites of the 'H spectrum can also function
(to variable degrees) as osmolytes, systemic changes can be
observed. Absolute quantitation of metabolite concentrations
is necessary to depict this condition because a reduction of all
metabolites is not apparent when peak ratios are analyzed. The
reduction persisted weeks after Na+returned to normal [15].

MRS Can Detect Widespread Injury: In
Radiologically Normal Appearing Tissue!

MRS confirms that traumatic brain injury is associated with
damage at the microscopic level throughout the brain. This
has been—unintentionally—confirmed by all those single-
voxel MRS studies of normal appearing tissue where investi-
gators selected different regions of interest (although most
investigators pick well established parietal white matter and
occipital gray matter locations). Spectral abnormalities were
reported in all those studies. Obviously, it is more elegant to
employ CSI where widespread metabolic abnormalities
apparently affecting radiologically normal appearing tissue
is readily detectable in individual subjects (Fig. 7.2).

Control

TBI patient

Fig. 7.2 Three Tesla magnetic resonance spectroscopic imaging data
(STEAM, TE=20 ms) in traumatic brain injury. The data in the right
panels were acquired from a 20-year-old male patient who had suffered
a motor-cycle accident (Glasgow Coma Scale=3) 84 days previously.
Although the primary site of injury was frontal, the metabolite images
show widespread decreased N-acetyl-aspartate and elevated choline
and myo-inositol throughout this radiologically normal-appearing brain
slice. Comparison metabolite data from an uninjured 27-year-old male
are shown in the left panels. The color map corresponds to metabolite
concentrations expressed in institutional units (unpublished data,
Hoglund Imaging Center, University of Kansas Medical Center)

Widespread injury is consistent with the fact that recovery of
patients is not well explained by purely focal injury. Rather,
it is more likely that the overall behavioral recovery is related
to the severity and location of the injury averaged over the
whole brain.
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Returning to the question of where to measure, the added
value of measuring the metabolic profile of apparently nor-
mal tissue has been demonstrated by Holshouser et al. [23].
They used susceptibility (T2*) weighted MRI to depict
regions of non-hemorrhagic and of hemorrhagic tissue after
injury. CSI was then utilized to analyze biochemical changes
in hemorrhagic and non-hemorrhagic regions. They found
that biochemical changes in apparently normal appearing
tissue predict outcome better than alterations in lesions.

The selection of an appropriate region of interest is
another problem. As mentioned above, the metabolic
fingerprint of tissue depends on tissue type. Accuracy in pre-
scribing a region of interest (and proper documentation for
longitudinal studies!) is of great importance in particular for
single voxel studies. It is therefore recommended to study
brain regions where MRS works and where normal MRS
data are readily available for comparison. Two very popular
choices are parietal white matter and occipital gray matter
which have been studied frequently in head trauma with sin-
gle voxel MRS [5, 15, 21]. MR spectra of normal gray matter
and white matter differ slightly. NAA is present in approxi-
mately equal concentration. Creatine is *20% higher in gray
matter whereas tCho is slightly higher in white matter.
Focusing on a small number of well-studied regions may be
less of a limitation than one might think. As shown below,
alterations of the metabolic state throughout the brain have
been observed in traumatic brain injury. When studying head
trauma (with single-voxel MRS) one should also avoid
acquiring MR spectra from ROIs with obvious focal injury
for two reasons: (1) It is most likely, and unsurprising, that
metabolism will be abnormal in visibly injured areas and
hence MRS does not add very much to MRI. (2) A prerequi-
site for good quality spectra is a highly homogeneous mag-
netic field within the region of interest. The presence of
blood or blood products, often associated with lesions in
TBI, reduces the homogeneity of the local magnetic field due
to iron accumulation. Accurate prescription of the region of
interest is less a problem for CSI where spectra from a whole
slice are being obtained and the position of individual voxels
can be adjusted retrospectively via voxel shifting. However,
currently CSlI is less reproducible than single voxel methods,
particularly at the short echo times necessary to evaluate glu-
tamate levels.

Magnetic Resonance Spectroscopy, a Predictor
of Outcome?

Considering that the extent of the decrease of NAA can be
seen as a quantitative marker for neuronal loss, questions
arise whether MRS can be used to predict outcome and if so,
at what (earliest) time after injury can prognostic informa-
tion be obtained. Significant reduction of NAA, the presence
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Fig. 7.3 NAA concentrations at 1.5 months after injury versus the
composite neuropsychological z-score. A significant correlation was
found. Patients with lower NAA concentration have significantly
poorer overall cognitive function. (Figure provided by Seth Friedman
Ph.D. and reproduced with permission from S.D. Friedman, W.M.
Brooks, R.E. Jung, et al. Quantitative proton MRS predicts outcome
after traumatic brain injury Neurology 1999;52(7):1384-1391, with
permission.)

of lipids and elevated lactate are markers of severe (hypoxic)
brain injury and MRS as early as 2-5 days after injury
(Fig. 7.1) might be a useful tool for triage of patients who
remain unconscious several days after injury [15, 17, 20-22].
In less devastating injury, Friedman et al. [18] found that
NAA concentrations in occipital gray matter measured 1%2
months after injury predicted overall neuropsychological
performance measured at 6 months after injury (Fig. 7.3) and
correlated with the Glasgow Outcome Score (GOS).

Other measures of metabolites were not predictive in this
study. The prognostic value of MRS in occipital gray matter
alone is quite remarkable, considering that other important
parts of the brain sensitive to shearing injury were not evalu-
ated in this study. For example, marked decreases of NAA
have been reported for sites such as the corpus callosum [24]
and frontal lobe [16, 19, 25]. Still, in this cross-sectional study
considerable differences of NAA were observed in patients
with comparable neuropsychological scores. This cannot be
seen as evidence that NAA is an imperfect marker for neu-
ronal loss. As mentioned above, variations of baseline NAA
levels (and baseline neurological function) are obviously not
accounted for. Therefore the loss of NAA, which is suppos-
edly proportional to the loss of neurons, can only be deter-
mined relative to mean NAA in a control group. One wonders
whether subjects with high risk for head injury should be stud-
ied with prospective MRS to obtain baseline values for NAA.

Another study by Shutter et al. [26] has demonstrated that
other metabolites such as glutamate and glutamine and cho-
line have shown predictive value, particularly when incorpo-
rating different metabolites from different areas of the brain.
For example, GOS at 1 month was best predicted from ratios
of NAA/Cr and GIx/Cr from the posterior white matter with
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Table 7.1 Meta-analysis of current MRS studies in mild traumatic brain injury

Reference MRS Method Post injury Location Findings

Cecil et al. 1998 [52] 1.5 T; STEAM SV, 9 days—several years ~ Splenium (WM) INAA/Cr
TE=31 ms

Garnett et al. 2000 [53] 1.5 T; STEAM SV, 3-35 days Centrum semiovale INAA/Cr, 1Cho/Cr, |NAA/Cho
TE=30 ms (WM)

Govindaraju et al. 2004 [54] 1.5 T; volumetric CSI, 2-30 days WM regions INAA/Cr, 1Cho/Cr, [NAA/Cho
TE=70 ms

Kirov et al. 2007 [55] 3 T, PRESS CSI, 6 days—8 years Thalamus L[NAA], |[Cr], |[Cho]
TE=135 ms

Cohen et al. 2007 [56] 1.5 T, Whole brain NAA, 1 day-8 years Whole brain 1INAA]
TE=0 ms

Nakabayashi et al. 2007 [57] 1.5 T, STEAM SV, 1week, 1 month Frontal and temporal INAA/Cr early
TE=144 ms WM 1Cho/Cr late

Vagnozzi et al. 2008 [37] 3T, PRESS SV, TE=144 ms 3, 15, and 30 days Frontal WM INAA/Cr

Gasparovic et al. 2009 [58] 3 T, PRESS SV and CSI, 4-19 days GM, WM, Splenium 1Crin WM, Spl
TE=40 ms 1Glx in GM

Abbreviations: STEAM stimulated echo acquisition method, PRESS point-resolved spectroscopy, SV single voxel, CSI chemical shift imaging, TE
echo time, ms milliseconds, WM white matter, GM gray matter, NAA: n-acetyl aspartate, Cr creatine, Cho choline; Glx glutamate/glutamine, Sp/

splenium

an accuracy of 78% in comparison with motor GCS, which
had an accuracy of 62%. However, GOS at 6 months was
best predicted with NAA/Cho and Cho/Cr from the posterior
white matter combined with GIx/Cr from the occipital gray
matter, increasing the accuracy up to 94% compared with
motor GCS which remained low at 67% at 6 months. It is
also important to note, however, that MRS is not a replace-
ment for clinical evaluation as this same study found that the
combination of MRS ratios and motor GCS provided the
most accurate prediction of outcome (97%) when utilized
together. This demonstrates that MRS is highly complemen-
tary to existing TBI measures and used in conjunction may
provide the greatest diagnostic value to TBI victims.

Mild Traumatic Brain Injury

Mild traumatic brain injury (mTBI) is defined by the Mild
Traumatic Brain Injury Committee of the Head Injury
Interdisciplinary Special Interest Group of the American
Congress of Rehabilitation Medicine as a TBI where the
severity of the injury does not exceed the following [27]:
* Posttraumatic amnesia not greater than 24 h
e After 30 min, an initial Glasgow Coma Scale (GCS) of
13-15
* Loss of consciousness of approximately 30 min or less
In addition, persons that have undergone mild TBI will
suffer at least one of the following conditions: any period of
loss of consciousness; any loss of memory for events imme-
diately before or after the accident; any alteration in mental
state at the time of the accident (e.g., feeling dazed, disori-
ented, or confused); and focal neurological deficit(s) that
may or may not be transient.

Mild traumatic brain injury is the most prevalent form of
TBI, accounting for approximately 70% of the TBI that occur.
Furthermore, 15-30% of mild TBI are so-called malingering
TBI where symptoms persist beyond 1 year or more. Even
though this type of TBI is called “mild”, the effect on the fam-
ily and the injured person can be significant, resulting in
symptoms such as headache, difficulty thinking, memory
problems, attention deficits, mood swings, and frustration.

‘While a majority of the MR spectroscopy studies have focused
on severe traumatic brain injury, recent literature has increas-
ingly focused on this more mild form of brain injury, showing
long-term effect sometimes decades after the initial injury.
Table 7.1 summarizes some of the major studies of mild TBI.

In summary, these mTBI studies find that NAA, a putative
neuronal/axonal marker, is decreased in white matter (WM)
regions such as the splenium, centrum semiovale, and frontal
white matter. Decreases in NAA have been found in other dis-
eases as well [28] and although there is some debate, it is gen-
erally accepted in the literature as an indicator of neuronal/
axonal health. These studies show that in mTBI, there is
definitive axonal/neuronal loss particularly in the WM where
fiber tracts are found which correlates well with diffusion ten-
sor imaging studies that have found similar results [29].
Secondary findings such as changes in choline, a marker for
cellular proliferation or tissue damage, are inconsistent
throughout the studies. It is important to note that some studies
have shown changes in creatine, an energy marker but more
importantly a commonly used internal reference used for
metabolite ratios (i.e., NAA/Cr, Cho/Cr). The assumption is
that Cr is generally unchanged in normal brain tissue however
if it is affected by mTBI, metabolite ratio measurements would
not be accurate as it would be difficult to assess if changes in
ratios is due to the metabolite of interest or Cr itself.
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Fig. 7.4 Scatterplot demonstrating the different time course of NAA
recovery in athletes having single or double concussive injury, as
expressed by the NAA-to-Cr ratio determined by 1 H-MR spectros-
copy. The second concussion (occurring between the 10th and the
13th d after the first insult) either provoked a further slight NAA
decrease or significantly delayed the process of NAA restoration,

Acute Sports-Related Concussion

An estimated 1.8-3.8 million sports-related concussions
occur each year in the United States [30]. There is increasing
recognition of immediate and long-term neurological prob-
lems from these injuries, including headaches, dizziness,
behavioral changes, and problems with memory and atten-
tion [31]. Some evidence is being accumulated on neuro-
chemical effects of head trauma in general and concussion in
particular, including a number of changes in key neurochem-
ical levels in the brain (see below).

Sports-related concussions are a major problem in pediat-
rics [32]; according to the Center for Disease Control, 1015
year olds have the highest rate of SRC compared to other age
groups [33], and studies have shown that younger athletes
require longer recovery times [34]. Despite the magnitude of
the clinical problem, there is no information on the neuro-
chemical effects of concussion in this age group, which may
be pronounced due to their earlier developmental stage.

Sports-related TBI are generally milder head injuries. To
date, there are only three studies that have focused specifically
on sports-related TBI: Cimatti et al. [35] found that NAA
decreased in two of six adult athletes after head trauma. Henry
et al. [36] showed a significant decrease in Glx and NAA in
the primary motor cortex and NAA in the prefrontal cortex in
14 concussed compared with non-concussed athletes (ages
20-25 years). Vagnozzi et al. [37] showed in 13 concussed
athletes (ages 22-25) a decrease of 18.5% in NAA, with mod-
est recovery at 15 days and full recovery at 30 days. Most
importantly, this study also showed that in those with second

which was completed at 45 days instead of at 30 days post-injury.
(From Vagnozzi R, Signoretti S, Tavazzi B, et al. Temporal Window
of Metabolic Brain Vulnerability to Concussion: A Pilot 1 H-Magnetic
Resonance Spectroscopic Study in Concussed Athletes-Part III.
Neurosurgery. 2008;62(6):1286—1296, with permission.)

concussive injuries that took up to 45 days to fully recover,
NAA levels did not seem to return to the same level as in
those with a single head injury (Fig. 7.4). This has significant
implications for the hypothesized cumulative effects of head
injury. Unfortunately there are no studies that have been con-
ducted in children and therefore it is unclear whether the same
mechanisms are invoked after head injury.

Chronic Sports-Related Head Injury

It is believed that the cumulative head trauma experienced by
these athletes is responsible for neurodegenerative changes,
which, over time, result in a progressive decline of memory
and executive functioning [38]; mood and behavioral distur-
bances that include depression, apathy, impulsivity, anger, irri-
tability, suicidal behavior [39], and aggressiveness [40, 41];
gait changes that resemble Parkinsonism [40]; and, eventually,
progression to dementia [40]. Previously referred to as demen-
tia pugilistica due to its strong association with boxing [42,
43], the chronic effects of head injury has been identified as
chronic traumatic encephalopathy (CTE). Autopsy studies by
the Boston University Center for the Study of Traumatic
Encephalopathy (BUCSTE) and others also reveal a distinct
pattern of neuropathological changes in CTE, including:
extensive tau-immunoreactive inclusions scattered throughout
the cerebral cortex in a patchy, superficial distribution, with
focal epicenters at the depths of sulci and around the cerebral
vasculature; extensive tau-immunoreactive inclusions in lim-
bic and paralimbic regions as well as brainstem nuclei; gener-
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Fig.7.5 Representative
spectrum of conventional 1D
MRS (top) and 2D COSY MRS
(bottom) of a 34-year-old male
professional motorcross racer
with a long history of repetitive
head injury starting at age 9 and
through high school and college.
Symptoms of CTE include
memory loss, anger issues, and
confusion. Data acquired at
Brigham and Women’s Hospital

alized atrophy and enlarged ventricles; specific atrophy of the
frontal and medial temporal lobes; degenerations of white
matter fiber bundles; cavum septum pellucidum, often with
fenestrations; thinning of the hypothalamic floor and shrink-
age of the mammillary bodies; and a relative absence of beta-
amyloid (AP) deposits. [40] The BUCSTE has examined over
24 brains of deceased athletes. Neuropathological evidence of
CTE has been found in 12 of 12 football players examined to
date, three of whom only played in high school and college.
CTE was also found in a deceased former professional hockey
player, and we have found the initial evidence of the disease in
an 18-year-old boy who died after having had multiple sports-
related concussions. These initial findings suggest that CTE
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may be more common than previously known, and may
develop without involvement in professional sports. Given the
millions of youth, high school, and collegiate athletes partici-
pating in contact sports involving head trauma, CTE may rep-
resent an important and previously under-recognized public
health issue.

Recently MRS was used to study neurochemical levels in
five professional athletes, ages 31-54 years, with histories of
concussions and subconcussive trauma. The higher Cho and
Glx are statistically significant. In 1D MRS many of the res-
onances are composite or overlap. Two dimensional (2D)
MRS, COrrelated SpectroscopY (COSY), can be employed
to separate them in a second frequency [44, 45] (Fig. 7.5).



74

While it is possible to use spectral editing techniques to iden-
tify metabolites that overlap in 1D MRS, the advantage of
the 2D COSY method is that the second frequency reveals all
chemical species within a single scan [46].

In addition to the Cho and GIx changes, the following
neurochemicals have been shown to be involved in severe
traumatic brain injury, and can be measured with 2D COSY:
* Aspartate (Asp): An excitatory amino acid released into

extracellular space after head injury [47].

e Possibly threonine (Thr): A structural amino acid that
appears to be released when tissue is damaged [48].

e Lipids (Lip) and macromolecules (mac): Acute brain
injury initiates a metabolic cascade that includes activa-
tion of phospholipase resulting in the accumulation of
lipid and macromolecules [49].

e Possibly gamma-aminobutyric acid (GABA) and histi-
dine (His): Both are inhibitory neurotransmitters. GABA
is initially increased in the brain after head injury and
thought to play a neuroprotective role [50]. Histidine has
been shown to be excreted for an extended period of time
after head injury [46, 51].

It is thought that blows to the skull cause an immediate
disruption of neuronal membranes resulting in a massive
efflux of potassium into extracellular space that triggers the
calcium-dependent release of excitatory amino acids, further
stimulating potassium efflux and resulting in a cascade of
neurochemical effects on both the acute and long-term level
[32]. The ability to measure these metabolites in vivo and
noninvasively will provide an important window into the
molecular pathophysiology of pediatric sports concussion.

Conclusions

MRS is a unique non-invasive method to study metabolism
of tissue in vivo. Proton spectroscopy and in particular the
quantitation of NAA, lactate, total choline, and lipids provide
unique information about the status of the brain following
acute and chronic head trauma.
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and Barbara Holshouser

The perinatal period remains one of the highest risk periods
for a child to suffer an acute brain injury whether it be related
to an intrapartum (e.g., placenta previa, nuchal cord), neonatal
(aspiration with cardiorespiratory arrest) or postnatal (cere-
bral hypoxemia associated with congenital heart disease)
insult. In addition to hypoxic-ischemic brain injury (HII),
metabolic disorders (e.g., hypoglycemia, inborn errors of
metabolism) and hyperbilirubinemia may cause brain injury.
Other neonates may suffer intracranial hemorrhage or hydro-
cephalus leading to progressive deterioration and long-term
neurological deficits. With the advent initially of phosphorus
and then proton MRS, several of these conditions have been
studied intensively over the past two decades in an attempt to
characterize the severity of injury and to better understand its
evolution.

Several excellent reviews on the role of magnetic reso-
nance imaging (MRI) and fetal and neonatal brain matura-
tion [1-4] as well as its usefulness in assessing brain injury
[1, 5-10] have recently been published. Likewise, recent
reviews have also examined technical and clinical aspects of
the role of magnetic resonance spectroscopy (MRS) in the
newborn [11-13]. In the following sections, we review some
of the more common and devastating disorders affecting the
neonate and the role of MRS in their evaluation.
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Hypoxic Ischemic Injury and Arterial Ischemic
Stroke

Neonatal hypoxic ischemic injury (HII) remains a frequent
and devastating condition with serious long-term sequelae of
cerebral palsy, epilepsy, and mental retardation. The two pri-
mary forms of neonatal HII are neonatal hypoxic ischemic
encephalopathy (HIE, 2—4 cases per 1,000 births) and arterial
ischemic stroke (AIS; 1 in 4,000 births). This remains an
important clinical problem as up to 80% of infants surviving
severe HII develop serious neurological complications and
10-20% remain moderately impaired. Even those infants with
moderately severe HIE are at risk; about 30-50% have serious
and 10-20% have minor long-term complications [14]. In
AIS, follow-up studies of known full-term neonatal stroke
patients beyond 3 years of age indicate that most develop neu-
rologic deficits [15]. One report found delayed mental and
motor development (88%), epilepsy (50%), spastic hemipare-
sis (88%), and major cognitive deficits (88%) [16]. Impaired
visual function (28%) is also a common complication [17].

Overview of Pathophysiology

A detailed review of the pathophysiology of neonatal HII
and AIS is beyond the scope of this chapter; however, several
reviews have recently been published [18-20]. The initiating
events involve acute reductions in cerebral blood flow as well
as subsequent alterations in cerebral autoregulatory responses
that result in acute cell energy failure and loss of ion homeo-
stasis, particularly causing intracellular calcium release which
activates numerous pathways associated with cell necrosis
and apoptosis. Activation of these distinct pathways lead to
cellular injury by way of (1) excitotoxic injury cascades
involving the NMDA and AMPA receptors, (2) oxidative and
nitro-oxidative pathways that increase free radical injury, (3)
arachidonic acid pathways that also increase free radical
injury, (4) caspase dependent and independent mechanisms
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that accelerate apoptotic injury, and (5) activation of glial
and other cellular inflammatory pathways that can cause
delayed secondary injury. Depending on innumerable factors
including local differences in regional cerebral blood flow
and metabolism, varying patterns and gradients of injury
severity can be seen after HII. Similar pathophysiological
cascades can also occur in newborns with AIS depending on
the severity and the anatomical location and size of the cere-
bral arteries that are occluded (e.g., main vs. distal branch).

Magnetic Resonance Imaging for Outcome
Prediction after Neonatal Hypoxic Ischemic
Injury and Arterial Ischemic Stroke

A variety of clinical biomarkers have been used to assess the
severity of neonatal HIE but because of their well-recognized
limitation [21], attention is now focused on using neuroim-
aging to assess the evolution, pathogenesis and severity of
injury. MRI has allowed the identification of various patterns
of brain injury; however investigators recognize that a better
understanding of the regional evolution of injury and the
optimal timing of when scans should be acquired will
improve the sensitivity/specificity of these techniques.

A normal neonatal MRI scan after HIE has been associ-
ated with a normal neonatal EEG [22] as well as normal
development and normal serial MRI studies at age 4 months
and 4 years [23]. MRI abnormalities associated with poor
long-term outcomes include cortical highlighting, diffuse
loss of gray/white differentiation, loss of signal in the poste-
rior limb of the internal capsule, severe diffuse injury, and
injury to the thalamus and basal ganglia [24—26]. Involvement
of deep subcortical nuclei particularly the basal ganglia has
been regarded as a strong indicator of poor outcome [23, 27].
Even in children who appear normal at age two years, the
presence of mild/moderate basal ganglia or moderate/marked
white matter lesions has been associated with long-term
minor neurological dysfunction and/or perceptual-motor
difficulties at school age [25]. The MRI scoring system
developed by Barkovich and colleagues at UCSF is often
used, and has been shown to discriminate between good and
poor neuromotor and cognitive outcome at 3 and 12 months
[28]. However, even in this study, as in all studies evaluating
the role of neonatal MRI after HIE, MRI was acquired post-
natally over a wide time interval (e.g., 1-17 days; mean, 7
days). Others have suggested that the pattern of brain injury
is best seen between 1 and 4 weeks after birth [22, 29].

Predictors of outcome after neonatal stroke are not well
established. In one study, no correlation was found between
site and laterality of the vascular distribution of the lesion on
neonatal CT [15]. Several studies have suggested a direct cor-
relation between the extent of infarction seen on MRI [30]
especially if cortical involvement is present [31]. Another
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MRI study found that diffusion abnormalities in the posterior
limb of the internal capsule in newborns after AIS correlated
with subsequentdevelopmentofhemiplegia[32]. Involvement
of the main branch of the MCA [33] and bilateral infarction
also have been shown to correlate with a lower probability of
walking [34]. Other factors that correlate with outcome after
neonatal AIS include the occurrence of seizures [15], pres-
ence of an abnormal EEG [30], presence of neonatal enceph-
alopathy [35], and possibly the presence of a prothrombotic
disorder [36].

Proton Magnetic Resonance Spectroscopy
in Hypoxic Ischemic Injury

MRS has proved to be a sensitive tool for early evaluation of
brain injury in neonates after an acute HI insult. Although no
standard protocol has been established, it is useful to study
metabolite changes in regions of the brain with high meta-
bolic demands that are vulnerable to injury following hypoxia
[27] such as the basal ganglia (BG) and thalami (Thal). Some
investigators have sampled the entire BG/Thal region using a
single voxel spectroscopy (SVS) technique while others have
used a 2D CSI technique through the level of the BG in order
to sample the areas separately with smaller voxel sizes. The
increased resolution of smaller voxel sizes, however, comes
at the expense of lower signal to noise. SVS has also been
used to sample occipital and parietal gray and white matter
regions also known to be vulnerable after HIE. Some studies
have used an echo delay time (TE) that is considered short
(TE<30 ms) so that metabolites with short T2 relaxation
times such as myo-Inositol (Ins), glutamate (Glu), glutamine
(Gln), lipids and macromolecules can be detected. Otherwise,
typical long echo times of 135/144 or 270 ms have been com-
monly used. A more complete discussion of MRS techniques
and parameters can be reviewed in Chap. 2 of this book.
Early studies reported that neonates with HIE demonstrate
alterations in metabolites measured with MRS such as
N-acetylaspartate (NAA), a neuronal marker; total creatine
(Cr, creatine and phosphocreatine), bioenergetic markers;
choline-containing compounds (Cho), intermediates in phos-
pholipid metabolism; lactate (Lac), a terminal metabolite in
glycolysis, Ins a glial marker and osmolyte; and Glx (gluta-
mate and glutamine), neurotransmitters [37—41]. Neonates
studied early after injury (mean of 7 days or less) consistently
showed that increased lactate and decreased NAA in the BG
or Thal correlated with poor outcome [40-45]. Accurate
detection of lactate after HII is important for prognostication.
Although increased lactate levels generally correlate with
poorer outcomes, small lactate peaks have been reported in
spectra from healthy pre-term newborns [46] and in one case
of an asphyxiated neonate [41] with good outcome. Two stud-
ies comparing MRS techniques concluded that using longer
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Fig.8.1 (a)ShortechotimeSVS(STEAM;TR/TE/TM =3,000/20/13ms)
spectrum in mid-occipital gray matter from a 16 day old neonate shows
a large artifact between 1.0 and 1.5 ppm representing lipid contamina-
tion from subcutaneous fat around the skull. It is not possible to deter-
mine if lactate is present. (b) Long echo time SVS (PRESS; TR/

echo times to acquire MRS data in neonates provided supe-
rior prognostic capabilities because although long echo time
acquisitions generally have lower signal to noise than short
echo acquisitions, lactate is more easily detected without
interference from lipid and macromolecule signals [46, 47].
Figure 8.1 compares spectra from the occipital cortex in a 16
day old neonate evaluated for HIE. The short echo time spec-
trum (Fig. 8.1a) displays a large artifact from skull lipid con-
tamination in the area of the lactate resonance whereas the
long echo time spectrum (Fig. 8.1b) is free from lipid con-
tamination and confirms that lactate is not present.

Conversely, short echo time MRS allows the study of Ins
and GIx after hypoxic injury. Robertson et al. found that
increased Ins/Cr ratios in the BG of neonates with HIE cor-
related with poor one-year outcome [48], while other investi-
gators have shown that increased GIx ratios in the BG
correlated with severe HIE [49-51]. A recent study demon-
strated a strong correlation between HIE and the degree of
increase in the Glx-o peak detected at 3.75 ppm. In particular,
the Glx-o/Cr ratio in basal ganglia had a significant negative
correlation with outcome [52]. The cerebral cortex which is
undergoing active myelination at term may also be at increased
risk for injury [27]. As shown in Fig. 8.2, MRS taken in the
parieto-occipital gray matter of newborns with HIE showed
that decreased NAA/Cho and increased Cho/Cr correlated
with poor outcome as did the presence of Lac [39, 53].

Cho

25 | NAA

1.0 _

TE=3,000/144 ms) in the same location without interference from skull
lipids shows no evidence of lactate. Metabolite levels and ratios were
within two standard deviations of normal for a term neonate. A neuro-
logic evaluation at 8 months was normal

Relative Importance of Different Metabolites

Numerous previous studies have suggested that changes in
lactate may be an extremely early and persistent sensitive
biomarker of injury that correlates with outcome. Overall
most studies have shown that the Lac/Cr, Lac/NAA, and
NAA/Cr correlated best with long-term developmental out-
come severity [38, 40, 42, 49, 54-60]. Recently, Thayyil and
colleagues [61] have reported on an extensive meta-analysis
on MRI and MRS in neonatal encephalopathy. They found
that the most sensitive MRS indicators of injury (in 10 of 16
studies that had such data) were the deep gray matter (i.e.,
Thal or BG) Lac/NAA ratio (days 1-30) which had 82%
overall pooled sensitivity (95% CI: 74-89%) and 95%
specificity (95% CI: 88-99%). Six of 16 studies reported
Thal or BG Lac/Cr and had a pooled sensitivity of 77% (95%
CI: 64— 86%) and 94% specificity (95% CI: 85— 98%). They
also compared MRI and MRS and found that Lac/NAA had
a significantly higher specificity than conventional MRI
(98% [95% CI: 87-100%] vs. 76% [95% CI: 61-88%]) and
that Lac/NAA sensitivity (86% [95% CI: 72-95%]) was
comparable to that for conventional MRI (80% [95% CI:
65-90%]). Their overall impression was that deep gray mat-
ter Lac/NAA and Lac/Cr ratios were the most accurate
quantitative prognostic indicator during the neonatal period
(days 1-30). They also stated that Lac/NAA had better diag-
nostic accuracy than conventional MRI performed at any
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Fig. 8.2 SVS (STEAM; TR/TE/TM =3,000/20/13 ms) acquisitions in
the occipital gray matter of two neonates being evaluated for HIE. (a) A
spectrum from a 4 day old neonate with a poor long-term outcome
shows decreased NAA below normal levels for a neonate, a large lactate

time during the neonatal period. A recent critique of using
MRI and MRS as biomarkers outlined the limitations of such
studies to predict prognosis noting that many studies had
small sample size, selection bias, vague and overly inclusive
outcome assessment and potential self-fulfilling prophecies
[62]. It is possible that as 3D MRSI becomes increasingly
used [63] and that as the ability to use computational algo-
rithms to more rapidly analyze data becomes available, such
methods that integrate spectroscopic data across many criti-
cal brain regions may improve the sensitivity and specificity
of these methods. Other factors that need to be taken into
account that might affect metabolite levels are the coexis-
tence of seizures in neonates with HII [64, 65] and possibly
adverse socioeconomic factors [45].

Timing of Magnetic Resonance Spectroscopy

Timing of MRS after injury may be critical following HII as
serial studies have shown that increased Lac may be seen as
early as 18 h after injury and peaks approximately 4-5 days
after injury [42, 66]. Related studies have shown that persis-
tence of lactate 1 month after neonatal HII is also associated
with a very poor neurological outcome [67]. Increased brain
lactate likely reflects increased anaerobic glycolysis associ-
ated with disruption of the mitochondrial electron transport
chain and oxidative phosphorylation; but macrophage
infiltration or an altered redox state may also contribute [55].
Therefore many studies in neonates have concentrated on
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peak and lipid/macromolecules (0.9 ppm) indicating cellular break-
down. (b) A spectrum from an 8 day old neonate with a normal long-
term outcome shows normal metabolite levels and ratios for a term
neonate

early acquisition of MRS [56]. Although early MRS is sensi-
tive for detection of Lac, changes in NAA evolve more slowly
and may not diminish significantly until beyond 48 h [40].
As lactate changes may resolve over the first week after
injury, many investigators prefer using NAA derived metab-
olite ratios as a more accurate indicator of neuronal loss and
hence a better spectroscopic indicator of acute neuronal loss
that would correlate with long-term outcome [39, 68].

Magnetic Resonance Spectroscopy
in Combination with Other Magnetic
Resonance Imaging Biomarkers

Originally, most investigators examined the role of MRS as
an independent indicator of injury or in combination with
various clinical variables that reflected the acute clinical status
of the newborn. For example, in our own early studies we
examined the importance of various clinical variables (admis-
sion serum glucose level, Sarnat score, 5-min Apgar score, and
electroencephalographic results) and found that these data
alone predicted outcome in 78% of neonates and that adding
MRS data improved the ability to predict outcome to 83%
[68]. In a later study of 37 neonates, 18 of whom had HII,
we found that the MRS metabolite ratio data, added to
either the Sarnat or EEG scores, enhanced the correlation
between these prognostic factors and 6—12 month outcomes [39].
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In a third study of 33 neonates, all with HII, we found that
combining spectroscopy ratios with the Sarnat and EEG
scores to predict 24 month outcome significantly improved
the sensitivity but not the specificity in term neonates [53]. In
contrast another study did not find any correlation between
MRS variables and EEG polygraphic studies [69]. Other
investigators have reported on a strong correlation between
the 1- and 5-min Apgar scores and BG NAA/Cho ratios but
outcome data were not included in this study [70].

Other investigators have examined MRI abnormalities in
conjunction with MRS data. In one study of 9 neonates with
severe HII, multiple MRI parameters were acquired (T1, T2,
DWI, ADC) of the BG and parietal white matter in conjunc-
tion with BG MRS [71]. Seven of the nine infants with poor
outcomes had various combinations of MRI and MRS abnor-
malities. Other investigators have developed MRI scoring
systems and correlated their results with MRS (i.e., increased
lactate and or reduced NAA) and clinical outcome results
(i.e., poor outcomes) [72]. In contrast, another group of
investigators did not find a correlation between ADC values
and outcome although metabolite data (e.g., lactate ratios)
did correlate with outcome [73].

Magnetic Resonance Spectroscopy
as a Biomarker of Treatment

It is clear that MRS data contribute to the objective assess-
ment of the extent and severity of brain injury in newborns
and a logical extension of this is to determine if MRS data
can also serve as a surrogate early biomarker of response to
treatment. In such instances, resolution of elevated lactate
peaks and normalization of NAA, Cr, GIx, and Ins might be
used to quantify an early therapeutic response. The value of
such an approach is to determine if such data could allow
early treatment modifications if no improvement of a neo-
nate’s metabolite status is observed or as an early indicator of
improved long-term neurological and neuropsychological
outcomes. This approach could have an enormous advantage
in clinical trials as it could shorten the length of time needed
to demonstrate improved functional outcomes.

This possibility is suggested in one of our recent studies
[74]. We examined the neuroprotective effects of opioids in
a group of 28 neonates (8 opioid-treated, 20 non-opioid
treated) with HII who had also undergone painful tissue-
damaging procedures (TDPs) such as endotracheal intuba-
tion and suctioning, arterial line placement and intramuscular
injections, commonly performed in the neonatal intensive
care unit (NICU) and known to result in cardiovascular stress
[75, 76]. Compared to neonates who received opioids, we
found that asphyxiated neonates not treated with opioids
showed significantly lower mean NAA/Cr due to lower NAA
measured quantitatively at short TE and had Lac in occipital
gray matter (OGM) (40% vs 0) suggesting that opioids may

provide a neuroprotective effect. Using long echo MRSI
(TE=144 ms) in the BG and Thal in the same cohort of
patients, trends of decreased NAA/Cr and NAA/Cho ratios
(neuronal loss or dysfunction), increased Cho/Cr (membrane
disruption) and increased Glx/Cr ratios were noted but were
not significant except between non-treated and control neo-
nates. The number of exposures to TDPs in the first 4 days of
life was correlated with brain metabolite data to examine the
hypothesis that exposure to pain and stress alters brain bio-
chemistry. We found that a higher TDP incidence was asso-
ciated with decreased Cr in the OGM suggesting altered
energy metabolism and decreased NAA/Cho in the BG.
These findings suggest that TDPs may increase the amount
of neonatal pain and stress augmenting neonatal brain injury
associated with hypoxia-ischemia. Spectra acquired within 7
days from the BG of neonates with HIE show the decrease of
NAA and Cr seen with increased severity of injury and out-
come (Fig. 8.3).

Hypothermia is now the only accepted treatment for neo-
natal HII, however, as recently reviewed there is a clear cut
need to do such studies to optimize hypothermia treatment
[77]. We recently had the opportunity to study 40 neonates
with HII of whom 21 underwent total body cooling and 19
did not and compared these metabolite data to a group of
neonatal controls (n=9) using both short-echo SVS in the
OGM and 2D MRSI of the BG and Thal within 2-14 days
(mean 6.9 +3.1 days) after birth and 1-6 days (mean 2.7+ 1.6
days) after hypothermia [78]. We found no significant differ-
ence in BG NAA/Cr (p=0.98) or NAA/Cho (p=0.59)
between the non-treated HII and hypothermia-treated HII,
with both groups showing significantly lower ratios com-
pared to the neonatal controls. However, in the Thal and
OGM, hypothermia-treated HII neonates had higher levels
of NAA/Cr compared to non-treated neonates with HII which
were not significantly different from neonatal controls (Thal,
p=0.39; OGM, p=0.15). These findings suggest that hypo-
thermia treatment may preserve neuronal energy metabolism
in the gray matter of HII neonates. Studies are currently
underway to determine the sensitivity and specificity of MRS
data to predict long-term outcome in these hypothermia-
treated HII neonates. Figure 8.4 shows spectra from the BG
and Thal that illustrate the spectral findings discussed above
in hypothermia-treated neonates compared to non-treated
neonates and controls.

Proton Magnetic Resonance Spectroscopy
and Arterial Ischemic Stroke

Few studies have examined MRS findings in neonates with
AIS. In one study of 4 neonates (3 term, 1 preterm), MRS
(SVS) was done 749 days postnatally and the distribution
of injury involved either the middle cerebral artery (n=3) or
the posterior cerebral artery [79]. As would be expected
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Fig. 8.3 MRSI (PRESS; TR/TE=3,000/144 ms) spectra from the basal
ganglia from three neonates with HIE showing (a) normal metabolite
ratios at 9 days in a neonate with a mild disability long-term outcome,

(b) markedly reduced NAA and Cr at 4 days in a neonate with moderate
disabilities at follow-up, and (¢) markedly reduced NAA and Cr and pres-
ence of Lac at 17 days in a neonate with severe long-term disabilities
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Fig. 8.4 MRSI (PRESS; TR/TE=3,000/144 ms) spectra from the basal
ganglia and thalami of (a, b) a healthy neonate, (¢, d) a neonate with HIE
treated with 72 h of whole body hypothermia, and (e, f) a neonate with
HIE and no hypothermia therapy. NAA/Cr is decreased in the basal gan-
glia of the hypothermia-treated neonate (c¢) and in the basal ganglia and

thalamus of the neonate with HIE and no hypothermia (e, f), compared to
the healthy neonate. Lactate is present in the basal ganglia and thalamus of
the neonate with HIE and no hypothermia (e, f). Note: The number beside
each peak is the integral (Integ.) measurement of the peak after baseline
fitting and represents a relative measure of metabolite concentration
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Fig. 8.5 (a) T2 weighted (T2W) image, (b) apparent diffusion
coefficient (ADC) map, and (¢) maximum intensity projection of a mag-
netic resonance angiography (MRA) study in a 7 week old infant with a
left middle cerebral artery stroke. (d) A metabolite image created from a
2D MRSI (PRESS; TR/TE=144 ms; 1.5 T) in which only voxels that
have abnormally low NAA/Cr ratios (below 2 standard deviations of

based on studies of neonatal HII, increased lactate and
reduced NAA/Cho were found. In a case study of a sus-
pected intrauterine stroke, no lactate was found on MRS [70].
Another report of 11 term neonates with stroke reviewed the
clinical and imaging findings and indicated that the MRI
(e.g., DWI data) was more helpful than spectroscopy in
defining the extent of injury [80]. The discrepancies between
outcome and MRS data after stroke may be a result of the
anatomic location sampled after stroke. Spectra taken within
the stroke volume would be expected to show decreased
NAA (neuronal loss or dysfunction) and increased Lac, the
degree of which depends on the severity of the injury and
the timing of the MRS, whereas spectra outside the involved
region may show normal metabolite levels and ratios. Long-
term outcomes of neonates with stroke depend not only on
the volume injured but also the volume of brain spared.
MR spectroscopic imaging which has the advantage of

normal for age) are colored in blue. Voxels with no coloring have normal
NAA/Cr ratios. Note: Metabolite images produced with manufacturers’
software will display the metabolite integrals or ratios for each voxel
with no comparison to control data. The metabolite image shown here
was created with custom software written in our laboratory and com-
pared to age-matched control data acquired at our institution

sampling large areas of brain may better show the extent of
injury compared to single voxel MRS. Figure 8.5 is an
example of an MRSI study of a 7 week old infant in which
only voxels with abnormally low NAA/Cr ratios are colored
demonstrating the extent of brain area affected after a left
MCA stroke.

Preterm Infants

The majority of MRS studies have involved term neonates
with HII but several have examined the role of MRS in pre-
term neonates. The few studies in preterm neonates is due in
large part to the increased technical difficulties in transport-
ing these neonates to the MRI scanner, the fact that they are
medically more unstable than their term counterparts, and
the lack of control normative data.



84

In one study of 18 preterm neonates, studies were done at
two postnatal weeks of age (i.e., 32.5 weeks) and again at
term (40 weeks) [81]. Changes in MRS metabolites were
noted in the preterm infants at term compared with full-term
infants suggesting a structural as well as a functional delay in
brain development.

Another study examined the hypothesis that intrauterine
growth retardation caused by placental insufficiency affected
MRS and was associated with adverse two-year neurodevel-
opmental outcomes [82]. Twenty-six appropriate for gesta-
tional neonates were compared with 14 small for gestational
neonates and had long and short echo time SVS (BG and in
the periventricular white matter) acquired at 32 and 41 weeks
postgestational age. NAA/Cho, Lac/Cho, mI/Cho, and GIx/
Cho ratios were not significantly different between the two
groups nor were there differences in neurodevelopment.

Other investigators have examined white matter injury in
the preterm neonate using MRS. In the study by Robertson
and colleagues, 30 preterm neonates (gestational age 27.9
weeks) were studied at postnatal age of 9.8 weeks [83]. Peak
area ratios of Lac/Cr, NAA/Cr, Ins/Cr, and Cho/Cr were mea-
sured with short echo time SVS in the posterior periventricular
white matter (WM). In the 12 infants with white matter injury,
Lac/Cr and Ins/Cr were higher than in those infants without
injury. The occurrence of germinal matrix hemorrhage (GMH)
can also affect brain MRS in preterm neonates [84]. Striatal
MRS in 12 preterm neonates found an increase in Lac and a
reduction in NAA which were more pronounced on the side
with the larger hemorrhage than contralaterally when the neo-
nates were first studied at 32 weeks gestation. Repeat studies
at 54.1 weeks showed that fewer neonates had lactate and that
the degree of NAA reduction was less evident. The authors
concluded that GMH is initially followed by Lac accumula-
tion and possibly a delay in maturation as indicated by the
transiently low Cr and NAA indices. Moreover, the presence
of increased Cho at the corrected age of 3 months indicates a
more persistent metabolic change after small GMH.

One caveat that should be noted is the observation that pre-
term neonates who undergo sedation with pentobarbital have
lower BG Lac/Cho and Lac/NAA ratios [85]. This is an impor-
tant consideration when trying to interpret metabolite data in
preterm neonates by comparison to term control or other treat-
ment groups. Whether pentobarbital sedation has an effect in
neonates treated with hypothermia has not yet been reported.

Two other clinical reports address the long-term effects of
prematurity on the developing nervous system as measured
with MRS. In one study of 36 very low birth weight preterm
neonates (gestational age <32 weeks), long echo time MRSI
through the level of the BG was acquired at 35-43 weeks.
Metabolite ratios from the BG and Thal showed no correla-
tion with Bayley scores at 18—24 months adjusted age [86]. A
second study of 21 adolescents who were all born prema-
turely found evidence of hippocampal atrophy and significantly
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lower NAA and Cr levels in the medial temporal lobe with
short echo time SVS compared to a control group [87].
Presumably, complications associated with prematurity
affected or injured the brain during the perinatal period and
resulted in long-term measurable sequelae.

Congenital Heart Disease

Neonatal brain insults secondary to congenital heart disease
(CHD) can occur by a variety of mechanisms related to
impaired cerebral blood flow causing reduced oxygen deliv-
ery to the brain either preoperatively, intraoperatively (asso-
ciated with profound hypothermia/circulatory arrest or
extended times of low-flow bypass) or postoperatively
[88-91]. In addition, some forms of congenital heart disease
may present with central nervous system malformations.
MRS has been reported in several small series of patients in
an attempt to define the extent of injury similar to that
described earlier for neonatal HII.

The first report was of nine infants with various forms of
CHD in whom single voxel occipital gray and parietal white
matter MRS was acquired 9 days after surgery [92]. Four
patients had cerebral insults before operation, one had both a
preoperative and a perioperative insult, three had perioperative
insults, and one had a prolonged cardiac arrest 2 days after
operation. The presence of Lac and markedly reduced NAA
ratios were predictive of severe outcomes at 6—12 month fol-
low-up whereas the absence of lactate and mild or no changes
in metabolite ratios suggested recovery to a mild disability.

A second study examined 24 term infants with CHD in
whom all had MRI and 19 had MRS [93]. Preoperative MRI
showed periventricular leukomalacia (PVL, n=4) and stroke
(n=2). Preoperative MRS revealed elevated Lac in 53%.
Early postoperative MRI (n=21) identified new PVL in 48%,
new infarct in 19%, and new parenchymal hemorrhage in
33%. New lesions or worsening of preoperative lesions
occurred in 67% of subjects. No patient or procedure-related
factors for the development of early postoperative lesions
were identified. A late postoperative MRI (n=17) demon-
strated resolution of early lesions in 8 and mild cerebral atro-
phy in 2.

In a third study, MRS was used to determine whether low
[10] versus high [20] perfusate hematocrits during bypass
resulted in changes in brain metabolites and whether this
correlated with neurologic injury [94]. Long and short echo
time single voxel MRS was acquired in the OGM preopera-
tively and 2 and 5 days postoperatively. No significant differ-
ences in metabolite ratios between the low versus high
hematocrit groups and the lower vs. higher flow rate groups
were noted. In all 11 children, MRS detected a significant
decrease in quantitatively measured brain NAA and increases
in Ins and Glx after surgery that returned to near baseline
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levels at 5 days. Furthermore, in infants in which a low flow
rate was maintained for more than 3 min, the NAA/Cho ratio
was significantly decreased (p=0.02) on day 2 and returned
to baseline on day 5.

In a fourth study, MRS was acquired preoperatively and
postoperatively in ten newborns with transposition of the
great arteries (TGA) at a median of 5 days and 19 days of age
[95]. Lac/Cho was higher in the TGA neonates compared to
controls and decreased postoperatively but remained ele-
vated. Those with preoperative brain injury on MRI had
lower NAA/Cho than those with normal MRIs and five new-
borns had a decline in NAA/Cho postoperatively. A larger
study from the same group of investigators involving 41 term
neonates with CHD (29 with transposition of the great arter-
ies; 12 with single-ventricle physiology) acquired MRS and
diffusion tensor imaging (DTI) preoperatively [96]. As com-
pared with control newborns, those with CHD had a 10%
decrease in NAA/Cho, a 28% increase in Lac/Cho, a 4%
increase in mean diffusivity and a 12% decrease in white
matter fractional anisotropy. Preoperative brain injury, as
seen on MRI, was not associated with MRS or DTTI findings.
The implication of this study was that term neonates with
CHD have widespread brain abnormalities before they
undergo cardiac surgery. Similar findings have been reported
by a separate group of investigators who studied 16 term
neonates with TGA examining NAA/Cr, Cho/Cr, and Ins/Cr
from parietal white matter and occipital gray matter and cor-
relating these findings with delayed neurodevelopmental
outcomes at one year [97].

Related indirectly to CHD is the use of extracorporeal
membrane oxygenation (ECMO) as a temporary procedure to
maintain neonatal oxygenation until the underlying pulmo-
nary or cardiac disease sufficiently improves. With this proce-
dure the right carotid artery is ligated and concerns about
preferential brain injury to that hemisphere despite an intact
circle of Willis have always been raised. Previous studies have
reported abnormal neuroimaging findings (e.g., right hemi-
spheric ischemic or hemorrhagic injury) in 28% to 52% of
neonates undergoing ECMO [98]. There is only one MRS
study that examined post-ECMO metabolite data. In this study
of nine neonates, no difference in BG metabolite ratios between
the two hemispheres were observed and no long-term neu-
rodevelopmental abnormalities were reported [41]. These are
hopeful findings but additional investigations using MRS in a
larger cohort of patients are necessary to confirm these
findings. In addition, using MRS with other MRI methods
(e.g., DWI, DTT) would be helpful to reexamine this issue.

Phosphorus Spectroscopy and Hypoxic

Ischemic Injury

The use of phosphorus-31 (*'P) MRS in HII neonates pre-
ceded that of ' H, with the first published reports appearing in
the early 1980s. *'P MRS can be used to measure the relative

concentrations of phosphorus containing metabolites associ-
ated with brain energy metabolism, such as ATP, phospho-
creatine (PCr), and inorganic phosphate (P,). PCr contains a
high-energy phosphate bond that exists in steady state
exchange with ATP and in situations of increased energy
demand, PCr will transfer its phosphate to ADP to maintain
cellular ATP levels. P, is produced by a number of phospho-
diesterases and its metabolic function is to participate as a
substrate for mitochondrial ATPase in the synthesis of ATP
and in substrate level phosphorylation by glyceraldehyde-3-
phosphate dehydrogenase [99]. Importantly, the intracellular
pH (pH,) also can be estimated as the resonance of P, is pH
dependent [100]. 3P MRS of the brain also reveals peaks
corresponding to the phosphomonoesters (PME), phospho-
rylethanolamine and phosphorylcholine and the phosphodi-
esters (PDE), glycerol 3-phosphorylethanolamine and
glycerol 3-phosphorylcholine. PME are considered to be
phospholipid precursors whereas PDE metabolites include
phospholipids themselves and their decomposition products
[101, 102]. While the advantage of *'P MRS in the measure-
ment of changes in oxidative phosphorylation following
injury remains important, the use of *'P in clinical practice
has lessened due to the need for a double resonant volume or
surface coil that operates at both hydrogen and phosphorous
frequencies, which is not standard on clinical MR scanners.
In addition "H MRS has a higher sensitivity than *'P MRS,
thus smaller regions can be studied using shorter acquisition
times. Most important, the changes in brain metabolism fol-
lowing HII that are detected by both 'H and *'P MRS occur
along a similar time course [44] and provide complimentary
information in the diagnosis and prognosis of outcome in
these neonates.

In a study by Buchli and colleagues [103], developmental
changes of phosphorus metabolite concentrations were mea-
sured in the neonate (mean post-conceptional age 42 weeks;
n=16), infant (mean age 11 months; n=17), and adult (mean
age 32 years; n=28) human brain. Compared to adults, neo-
nates and infants had higher concentrations (mmol/L) of
PME and lower concentrations of PDE which corresponds to
the development and maturation of the brain. The individual
metabolite concentrations of P,, PCr, ATP, and total phospho-
rous as well as the resultant PCt/ATP, PCt/P,, and PDE/PME
ratios also increased from birth to adulthood.

Early reports of *P MRS in neonates with HII identified
significant reductions in PCr/P, (ranging from 0.2-0.7),
PCr/total P, and ATP/total P ratios with increased pH in the
neonatal brain indicative of abnormal oxidative phosphory-
lation following birth asphyxia [104, 105]. Of note, these
findings were not seen on the first day of life but only became
apparent within the subsequent days following injury. This
suggested that *'P MRS observable changes in oxidative phos-
phorylation were related to secondary energy failure due to
biochemical and electrophysiology mechanisms including
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free radical activation, calcium influx, and excitatory neu-
rotransmitter toxicity.

Studies using *'P to determine the prognostic significance
of alterations in oxidative phosphorylation on survival and
12 month neurodevelopmental outcomes have been per-
formed [106, 107]. In a study of 61 newborns with suspected
HII [106], those neonates with PCr/P, ratios within the 95%
CI of normal had good neurodevelopmental outcomes with
neonates with PCr/P, ratios outside the 95% CI showing mul-
tiple major impairments or death [106]. In a later study of 23
asphyxiated neonates, the absolute concentration of PCr and
ATP showed a highly significant (»p<0.001) relationship to
the severity of the HIE, with Spearman correlation coefficients
of r=0.85 and 0.89, respectively [108]. Moreover, the accu-
racy of outcome prediction was significantly increased when
the results from the *'P MRS were added to the neurological
assessments.

Neonatal Metabolic Disorders
Common Metabolic Disorders

This section will review MRS studies in three common meta-
bolic disorders that affect the neonate including hyperbiliru-
binemia, hypoglycemia, and hypothyroidism. In contrast to
studies of neonatal HII or AIS, there are few clinical/MRS
studies of these conditions.

Hyperbilirubinemia

Although less commonly seen, hyperbilirubinemia remains a
serious disorder in the preterm and term infant as it can be
hard to detect particularly as newborns spend less time in the
hospital after birth. In addition, coexistent conditions (e.g.,
acidosis, hypoxia, hemorrhage, hypoglycemia) increase the
risk of developing kernicterus [109-111].

Several small case series have examined the effects of
elevated bilirubin levels on MRS. In one report of five neo-
nates with severe hyperbilirubinemia, the one neonate who
had MRI abnormalities and subsequently developed cere-
bral palsy had decreased NAA/Cho and elevated Lac/NAA
[112]. A second study, in six neonates, aged 3 days to 3
weeks, with hyperbilirubinemia and symptoms of kernict-
erus had MRS acquired from the BG [113]. Ratios of tau-
rine/Cr, GIx/Cr, and Ins/Cr were increased and the Cho/Cr
ratio was decreased. These findings were interpreted by the
investigators as characteristic for kernicterus. A third and
more recent study examined 24 neonates with bilirubin
encephalopathy [85]. Nineteen of the 24 patients had abnor-
mal T1 hyperintensity in the globus pallidus that appeared
normal on T2. BG NAA/Cho and NAA/Cr were significantly
decreased compared to controls however no long-term cor-
relation with outcomes was reported.
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Hypoglycemia

Hypoglycemia remains common in seriously ill newborns and
is frequently due to an inborn error of metabolism (IEM). Brain
injury secondary to hypoglycemia depends on many intrinsic
factors related to the overall health of the newborn, coexistent
medical problems, gestational age, associated metabolic distur-
bances (e.g., acidosis), etc. [114-116]. Hypoglycemia in the
newborn has traditionally been categorized into four subgroups:
(1) poor adaptation to extrauterine life; (2) hyperinsulinism; (3)
increased glucose consumption due to illness; and (4) inborn
errors of metabolism. The clinical signs and symptoms of neo-
natal hypoglycemia are protean and variable. Treatment regi-
mens and the need for careful monitoring are well established
although still somewhat controversial [117].

Considering how frequent and serious a problem hypo-
glycemia is, it is surprising that relatively few MRS studies
have been reported. In part this is due to the fact that many
neonates with hypoglycemia also have other coexistent con-
ditions or an inborn error of metabolism or hyperinsuline-
mia. In one report of two neonates with a “hypoglycemic
encephalopathy,” MRI, DWI, and MRS revealed a predomi-
nance of abnormalities in the parieto-occipital lobes and
underlying white matter including the splenium of the cor-
pus callosum [118]. MRS abnormalities included an increase
in the lactate-lipid peak and decreased NAA. Similar findings
were reported in a case report of one neonate [119].

Hypothyroidism

Hypothyroidism is increasingly rare in countries that have
implemented newborn screening programs but remains a
serious issue in developing countries [120]. In some situa-
tions, coexistent medical conditions in the newborn can
adversely affect thyroid hormone synthesis and this may
have long-term consequences [121]. Only one study has used
long echo time SVS in neonates with congenital hypothy-
roidism. This study examined eight neonates that were born
to mothers living in iodine-deficient areas [122]. Parietal
white matter and thalamic NAA/Cr and NAA/Cho levels
were lower in the neonates with hypothyroidism compared
to control but no differences were observed in the Cho/Cr
ratios. Treatment with thyroxine for 8 weeks was associated
with normalization of the initial spectral abnormalities.

Inborn Errors of Metabolism

Many IEMs have been studied using MRS and a detailed
discussion of these conditions and their spectral signatures
are beyond the scope of this chapter. Over the past two
decades, several reviews have been published that catalogue
these entities and provide algorithmic approaches to using
MRS to help establish a diagnosis and to monitor disease
evolution or the response to treatment [123—131]. Table 8.1
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Table 8.1 MRS findings in neonates and infants with inborn errors of metabolism*

Inborn error of metabolism

Argininosuccinate lyase
deficiency [149]

Canavan disease [150]

Cobalamin deficiency [151]
Creatine transporter deficiency [152]
Galactosemia [153, 154]

Glutaric acidemia type II [155, 156]

Isovaleric acidemia [157]
Maple syrup urine disease [158]

Methylenetetrahydrofolate reductase

deficiency [159]

Mitochondrial respiratory chain
deficiency [160, 161]

Nonketotic hyperglycinemia [162—167]

Propionic acidemia [168, 169]

Pyruvate dehydrogenase
deficiency [170]

Smith-Lemli-Opitz syndrome [171]
Sulfite oxidase deficiency [172, 173]

Sulfite oxidase deficiency
Urea cycle disorders [174]

Findings

MRS showed elevated cerebral guanidinoacetate signals indicating that increased levels of this
compound in brain are not limited to creatine deficiencies

Comprehensive report of 28 patients with aspartoacylase deficiency leading to increased NAA on
MRS that provides data on the natural history of brain metabolite changes as well as MRI
parameters (DWI, DTI)

3 of 7 patients showed increased lactate in the basal ganglia or periventricular white matter
9-day-old neonate had reduced creatine on MRS and is a carrier of the R514X nonsense mutation
MRS detected presence of 8 mmol galactitol per kilogram of brain tissue, an amount potentially
relevant to the pathogenesis of brain edema

12 patients (4 neonates, 8 patients on galactose-restricted diets, age 1.7-47 years). Results
demonstrated that a markedly elevated brain galactitol level may be present only in neonates who
exhibit massive urinary galactitol excretion

Neonate with hypoketotic hypoglycemia, metabolic acidosis, profound hypotonia, and progres-
sive cardiomyopathy. MRI revealed underdeveloped frontal and temporal lobes with delayed
myelination and hypoplasia of the corpus callosum. MRS showed elevated lactate and high Cho/
Cr suggestive of dysmyelination

Report of 4th case of combined D-and L-2-hydroxyglutaric aciduria presenting with neonatal
encephalopathy, subependymal cysts, and abnormal MRS

Initial abnormal MRS studies resolved with treatment and patient made a good recovery

6 patients with MSUD had an abnormal branched-chain amino acid and branched-chain
alpha-keto acids peak at 0.9 ppm on MRS and elevated lactate was seen in 4 patients

Presented in neonatal period with lethargy, poor feeding, and hypomethioninemia. Treated with
methionine and MRS at 5 months showed normal metabolites

49 children (newborn to 15 years old) divided into three groups (definite, 24; probable, 14;
possible,11) who had 81 MRI and 67 MRS studies. Significant differences in the frequency of
MRS abnormalities seen among three groups (81%; 31%; 0%)

11 patients of varying ages with cerebellar ataxia in whom MRS found a cerebellar lactate peak
in 9/11 cases, whereas no lactate was seen in the putamen in 8/11

MRS showed a markedly increased peak intensity at 3.55 ppm (glycine) and serial studies
indicated that glycine/Cho and glycine/Cr ratios correlated with the clinical course

MRS showed a glycine peak at 10 month and a repeat study at 13 month showed an increase in
this peak and a prominent GIx peak

Reported quantitative MRS absolute glycine concentrations in different brain regions

Neonate with encephalopathy who had intraventricular hemorrhage making cerebrospinal fluid
diagnosis improbably. MRS detected elevated glycine in brain parenchymal confirming diagnosis
Case report of neonate studied at 15 days and 6 months. MRI revealed progressive atrophy,
callosal thinning, and delayed myelination. Glycine peaks were shown by MRS at 3.56 ppm
Case report of two neonates with MRI and DWI. MRS showed characteristic glycine peaks. MRI
and MRS data felt to be helpful for management

Neonate who presented with feeding difficulties, hypotonia, and respiratory insufficiency. MRI
showed delayed myelination and atrophy. Basal ganglia MRS showed decreased NAA and Ins
and increased Glx

Five newborns and children in whom lactate was detected by MRS

Neonate demonstrated elevated pyruvate (at 2.37 ppm) on MRS

Disorder of cholesterol biosynthesis (7-dehydrocholesterol reductase deficiency). 16/18 patients
had MRS. Cho/NAA, lipid/NAA and lipid/Cho ratios correlated with disease severity and
progression

Elevated lactate, decreased NAA/Cho and NAA/Cr and increased Cho/Cr preceded development
of severe cystic encephalomalacia

MRS done in two neonates and one 5 month old infant and demonstrated reduced NAA and Cr
Two infants (citrullinemia and ornithine transcarbamylase deficiency) showed a prominent
increase of Glx and lipid/lactate complex. NAA, Cr, and Ins were decreased in the infant with
citrullinemia

“This list is likely not a complete list of MRS of all inborn errors of metabolism but catalogues the major reported entities that occur in the neonate.
Additional information can be obtained from online resources such as PUBMED (http://www.ncbi.nlm.nih.gov/pubmed/), GeneTests (http://www.
ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests), and subsequent chapters in this text
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Table 8.2 'H NMR spectroscopy findings in urine of neonates with
inborn errors of metabolism*

Inborn error of metabolism Findings

Aminoacylase 1 deficiency [175] Eight patients in which urine
accumulation of N-acetylated

amino acids was observed

'H NMR spectroscopy of urine
used to study metabolic
changes before and during
administration of oral and
intravenous L-carnitine

Propionic acidemia [176]

Multiple acyl-CoA dehydrogenase
deficiency [177]

The detection of dimethylgly-
cine and sarcosine, intermedi-
ates in the oxidative
degradation of choline, should
discriminate between multiple
acyl-CoA dehydrogenase
deficiency and related disorders
involving fatty acid oxidation

“This list is not a complete list of urinary MRS for all inborn errors of
metabolism but catalogues the major ones occurring in the neonatal
period. Additional information can be obtained from online resources
such as PUBMED (http://www.ncbi.nlm.nih.gov/pubmed/), GeneTests
(http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests), and
other chapters in this text

details MRS findings from some of the IEMs that have been
reported in the newborn which are present with neurological
symptoms that often mimic a neonatal encephalopathy asso-
ciated with HII. A full discussion of these can be found in
subsequent chapters of this text.

H NMR Spectroscopy of Urine

Over the past two decades there has been increasing interest
in the use of high field 'H NMR spectroscopy to study urine
for the purposes of detecting metabolites specific to IEMs
[132, 133] and in studying various acquired nervous system
insults to determine if there are biomarkers of injury present
in the urine [134-136].

Inborn Errors of Metabolism

Table 8.2 lists a number of studies of IEMs that have reported
the presence of metabolites specific to the disorder in urine.
In these case reports, representative spectra from the urine
are depicted.

Acquired Brain Injury

As reviewed by Brown and colleagues, high field 'H NMR
spectroscopy has been applied to study urine from premature
and sick newborn babies with a variety of clinical disorders.
These included severe birth asphyxia, necrotizing enterocoli-
tis, ketosis, and drug treatment [134]. Abnormal levels of
metabolites such as lactate, ketone bodies, betaine, dicarbox-
ylic acids, and 4-hydroxyphenolic acids have been detected.
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The field of metabonomics (the rapid identification of
metabolic profiles of biological fluids through the use
of high-throughput analytical techniques combined with
statistical pattern recognition tools) has been applied to
acquired neonatal brain diseases. Coen and colleagues
used this approach in a group of patients with suspected
CNS infections and their results demonstrated that such
spectroscopic profiling from cerebrospinal or ventricular
fluid (from patients with ventriculitis) could distinguish
patients with bacterial or fungal meningitis from patients
with viral meningitis and control subjects as well as those
with postsurgical ventriculitis from postsurgical control
subjects [137].

Other investigators have examined the association
between urine Lac/Cr ratios in neonates with HII and neu-
rodevelopmental outcome and also determined whether
hypothermia affected this ratio [138]. Lac/Cr was higher in
neonates who died or had moderate/severe neurodevelop-
mental disability. Lac/Cr decreased between 6-24 h and
48-72 h of age for all infants and was not affected by
hypothermia

Structural Disorders and Other Neonatal
Conditions

Hydrocephalus and Other Structural Disorders

Two studies have examined MRS findings in neonates with
hydrocephalus. The first study in 24 children and adults with
progressive, arrested, or normal pressure hydrocephalus
found that the metabolite ratios of patients were within the
95% confidence interval of controls and that a small Lac
resonance was detected in 20% of controls and patients with
hydrocephalus [139]. The authors concluded that MRS could
not detect cerebral metabolic abnormalities in patients with
hydrocephalus. The second study only examined preterm
and term neonates with hydrocephalus (n=13) and found
elevated Lac, GIx, and alanine compared with age-matched
controls [140] and the authors concluded that MRS was of
limited value in predicting outcome in these infants but that
MRS might be useful in identifying subsets of hydrocephalic
neonates that have severe neurologic disease and poor
prognosis.

Few studies have been done on other structural disorders
and all consist of case reports [141]. These include neonates
with subcortical heterotopias, megalencephaly [142], the
growth-restricted human fetus [143], incontinentia pigmenti
[144], brain tumors [145], Turner syndrome [146], and rhi-
zomelic chondrodysplasia punctata [147, 148]. It is likely
that other case reports are in the literature, particularly in
those neonates and infants who have epilepsy or other specific
neurological conditions.
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Proton Magnetic Resonance
Spectroscopy: Application
in Non-Accidental Trauma

Barbara Holshouser and Stephen Ashwal

Traumatic injury as a result of child abuse is known by several
terms including non-accidental trauma (NAT), inflicted injury,
shaken baby syndrome or battered child syndrome. The latter
term was introduced by C.H. Kempke in a 1962 paper that
served as the driving force that established national statutes
mandating identification and reporting of all suspected child
abuse and neglect to law enforcement and social services. [1]
Child abuse is widespread. In 2006, state and local child pro-
tective services in the USA investigated 3.6 million reports of
children being abused or neglected and classified more than
900,000 (12.1 per 1,000) of these children as victims with
approximately 144,000 due to physical abuse. [2] The
National Child Abuse and Neglect Data System (NCANDS)
data for 2007 demonstrated that children younger than 1 year
accounted for 42.2% of fatalities, while children younger than
4 years accounted for more than three-quarters (75.7%) of
fatalities [3]. While inflicted trauma to the brain is reported as
the leading cause of death in children younger than 2 years of
age, the non-fatal injuries can leave the victim with a lifetime
of neurologic deficits. [4, 5] Injuries to a younger child’s brain
are unique from those affecting older children. In younger
children, the skull is thinner which allows transfer of force
across a subarachnoid space that is shallow into a brain that is
still maturing. In addition, the neck muscles are underdevel-
oped and the head is relatively heavier compared to the body
which may cause sudden impacts or rotational movements to
result in enough force to produce diffuse axonal injury or
other injuries, such as, subdural, subarachnoid, and retinal
hemorrhages. Although, the term “shaken baby syndrome”
remains controversial, it is generally agreed that blunt force
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impact as well as vigorous shaking play a role in the patho-
genesis of abusive head injuries in children [6]. Neurotrauma
from NAT is complex and results from multiple types of
axonal injury that occur in the same brain including
hypoxic—ischemic injury designated as vascular axonal injury
and diffuse traumatic axonal injury resulting from accelera-
tion—deceleration forces [7, 8]. In general, outcomes after
non-accidental brain trauma are recognized to be worse
than in children with accidental traumatic brain injury (TBI).
[9, 10] This is thought to be a result of multiple factors includ-
ing a higher incidence of ischemic brain injury, skull frac-
tures, and subdural hemorrhages in a situation where
presentation for medical care is often delayed until symptoms
occur. Even when there is apparent early recovery from
inflicted head trauma, long-term developmental follow-up
frequently reveals neurocognitive deficits [11]. Thus, brain
injury as a result of non-accidental trauma is one of the most
important types of injury in terms of long-term disability.
Efforts have been made to develop tools that better assess
severity and correlate with outcome. The more commonly
used indicators for evaluating TBI include the Glasgow
Coma Scale (GCS) score [12, 13], duration of impaired con-
sciousness and posttraumatic amnesia [14], presence of non-
reactive pupils [15], standard brain imaging techniques [2, 9],
the presence of skull fractures [9, 13], and duration of
impaired consciousness [16]. Changes in these variables
have been associated with a poor neurodevelopmental out-
come. In addition to these indicators, external injuries, reti-
nal hemorrhages, and a wide range of neurological symptoms
are commonly used by clinicians when evaluating patients
for NAT [17]. Bilateral retinal and vitreous hemorrhage have
been associated with poor neurodevelopmental outcome in
multiple studies of NAT [13, 18, 19]. Many studies have
demonstrated that most children with NAT show develop-
mental delays, motor, cognitive, and emotional deficits [20-24].
Impairments such as learning disabilities might not manifest
until a child attends school [11] whereas behavioral problems,
reported to be present in 52% of children after NAT, begin to
manifest between the second and third years of life [20].
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Because deficits in preschool children are often underesti-
mated, sensitive techniques to recognize injury and thus the
potential for impairment at an early age are necessary to pro-
vide justification for extended follow-up evaluations.

Imaging is essential in the assessment of suspected NAT
and plays a role in outcome prognosis. Most infants are ini-
tially evaluated with skeletal X-rays and computed tomogra-
phy (CT) to determine whether fractures are present, the
severity of acute injury and the need for urgent neurosurgical
intervention. In children with NAT, retinal hemorrhage,
metaphyseal fractures, rib fractures, and subdural hemor-
rhage are more commonly found compared to children with
accidental trauma [10]. For neurotrauma, CT and magnetic
resonance imaging (MRI) are the imaging modalities of
choice to reveal subdural or subarachnoid hemorrhages, con-
tusions, and brain edema [25]. In addition, MRI can show
areas of ischemia on diffusion-weighted imaging (DWI)
[26, 27] as well as, parenchymal microhemorrhages (MH)
on 2D T2* weighted gradient recalled echo (GRE) imaging
[28]. A newer imaging technique, susceptibility weighted
imaging (SWI), detected MH in 29 of 101 patients (29%)
after NAT and showed that the presence of MH on SWI con-
tributed greatest in a logistic regression model for prediction
of long-term neurologic outcome followed by the presence
of ischemic injury, initial GCS score and age to achieve an
overall predictive accuracy of 92.5% [29]. Magnetic reso-
nance spectroscopy (MRS) can also play a role in the evalu-
ation of NAT and outcome prediction.

MRS offers a unique non-invasive method to quantify the
magnitude and regional distribution of injury as it is capable
of measuring N-acetylaspartate (NAA), a marker of neuronal
function and integrity [30]. Reduced NAA is commonly used
as a marker for neuronal loss after traumatic or hypoxic—
ischemic injury. However, since NAA is produced in neu-
ronal mitochondria and relies on ATP for synthesis,
mitochondrial dysfunction may contribute to the temporary
reduction in NAA seen after TBI. [31-33] It has been postu-
lated that a temporary drop in NAA following brain injury
may also be caused by accelerated lipid synthesis involved in
myelin repair or because NAA provides a temporary source
of cellular energy locally at the site of axonal injury produc-
ing a transient drop which could precede any loss of NAA as
aresult of axonal death. [34] Thus, NAA measurements may
serve as a sensitive and specific biomarker of neuronal injury,
dysfunction, loss, or repair.

Hypoxic—ischemic injury (HII) is more common after
NAT and may be an additional major factor causing poor out-
comes. [23, 35, 36] Some studies have shown that infants
with NAT are more likely to have HII as measured by meta-
bolic acidosis [37] and reduced cerebral perfusion pressure
[38]. A recent study of 30 children with NAT found that 37%
had HII on MRI diffusion weighted images compared to only
9% of children with accidental trauma [27]. Production of
lactate (Lac), from impaired aerobic glycolysis, is specifically
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amarker for HII that can be detected along with NAA changes
in MR spectra. In one study of 11 NAT victims, 45% had
cerebral Lac and all had worse discharge outcomes compared
to those without Lac [39]. Lactate presence has been related
to multiple factors including: excessive release of glutamate,
disordered mitochondrial and oxidative metabolism, and sys-
temic responses to trauma [40-42].

Victims of abuse are usually younger compared to chil-
dren who suffer TBI from accidental causes. Infants and
young children have less mature airway protective reflexes
placing them at higher risk of respiratory failure as reflected
in the higher rates of intubation after NAT compared to acci-
dental TBI [27]. Animal models have shown that TBI can
produce hyperacute central apnea and respiratory dysfunc-
tion [43]. Autopsy studies in victims of NAT have shown that
injuries to the lower brainstem and spinal cord are associated
with apnea and microscopic evidence of HII [44, 45]. Several
studies have associated the presence of lactate on MRS with
poor outcome [46, 47].

As reported in another chapter, MRS has been used to
examine brain metabolites following accidental TBI. MRS is
also useful for evaluating brain injury after NAT and pro-
vides insights into brain neurometabolism that differ from
accidental TBI, possibly because of the age of the patient or
the mechanism of injury. Due to the younger age of children
with NAT, evaluation of spectra must be carried out with
comparisons to age-matched controls because of spectral
changes associated with brain maturation that is also dis-
cussed in a previous chapter.

MRS in the Evaluation of NAT

Few studies have used MRS to evaluate brain injury after
NAT. Factors such as the optimal time after injury to acquire
MRS or the best technique or brain location to yield optimal
prognostic results have not been determined, therefore, we,
as well as, others have applied similar techniques used in
studies evaluating children with accidental TBI. The first
report examining spectroscopic data in infants with NAT was
published in 1997 and addressed the timing issue [48]. In
these case studies, follow-up data were available in three
infants with confirmed shaking injury, presence of subdural
hematomas, and severe bilateral retinal hemorrhages. Serial
single voxel MRS using a stimulated echo acquisition mode
sequence (STEAM; TR/TE/TM =1500/30/13.7 ms) in pari-
etal white matter was acquired in all three infants at various
times after injury (1 day—5 month). Near normal NAA and
creatine (Cr) levels were detected in the infant who recov-
ered, whereas in the two infants with poor neurologic out-
comes, spectra showed major abnormalities, with greatly
decreased NAA, lower Cr, and the appearance of peaks in the
lactate/lipid (1.33 ppm) and lipid (0.9 ppm) regions. Of par-
ticular interest in this study was the time course of metabolic
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Fig. 9.1 Single voxel MRS (STEAM; TR/TE/TM =3,000/20/13 ms;
1.5 T) of an 8-month-old confirmed NAT patient. MRI acquired 2
days after injury showed large bilateral subdural hematomas and
large bilateral areas of recent infarction in an extensive watershed
distribution. MRS (2 days after injury) showed a large lactate doublet

changes in one infant with a severe outcome. The metabolite
levels which were initially near normal at day 5 after injury,
decreased to 40% of normal with the appearance of Lac and
lipids doubling by day 12 after injury. The authors postulated
that these metabolic changes were the first stage in a cascade
of metabolic events triggered by the initial injury that may
include the release of enzymes that cause accelerated neu-
ronal damage. The effects which may be enhanced by imma-
ture brain may explain why the degree of neurological
damage suffered in children after NAT is greater than the
apparent severity of trauma.

In another study of 53 children, 26 were infants less than
18 months of age and were thus evaluated separately from
older children due to developmental MRS changes [49].
Injury in 20 of the 26 infants was due to NAT. In this series
of patients, single voxel MRS (STEAM; TR/TE =3000/20 ms,
TM=13.7 ms, 128 acquisitions, 8 cc volume) was acquired
subacutely (5+3 days) in the paramedian mid-occipital gray
matter and analyzed for quantitative metabolite levels and
ratios. Infants with poor neurological outcomes assessed at
6—12 months after injury were associated with significantly
decreased NAA and Cr levels, significantly decreased NAA/
Cr and NAA/choline (Cho) ratios and significantly increased
Cho/Cr ratios compared to children with good outcomes. In
addition, Lac was presentin 91% (10 of 11 infants) with poor
outcomes and in no infants with good outcomes. Imaging
showed evidence of global HII or infarcts in or near the

at 1.33 ppm, increased lipids at 0.9 ppm, and a marked decrease of
NAA, Cr, Cho, and myo-inositol. These spectral findings are consis-
tent with severe hypoxic—ischemic injury. At 2 years after injury,
neuropsychologic testing showed significant impairments in func-
tional skills

occipital region to explain lactate presence. Overall, the
mean NAA and Cr levels were markedly decreased (60 and
40% respectively) in infants with poor outcomes and the
presence of lactate and lipids was increased. The marked
decrease of NAA and Cr are associated with neuronal energy
disruption or failure, while the presence of lipids is associ-
ated with cell membrane breakdown leading to the release
and solubilization of phospholipids. An example of an NAT
patient with global HII illustrating these typical metabolite
changes is shown in Fig. 9.1. In this cohort of patients, the
presence of lactate used as the only input variable in a dis-
criminant analysis was able to determine long-term neuro-
logic outcome in 96% of the infants. Although this study was
not limited to NAT patients only, it illustrated the increased
incidence of HII after NAT, the association of HII with poor
outcomes and the utility of MRS to detect associated metab-
olite changes.

In a subsequent retrospective study, MR spectroscopic
imaging (MRSI) was acquired after NAT rather than single
voxel MRS. This allowed evaluation of a larger area of the
brain so that regional comparisons could be made. This study
included 44 children with confirmed NAT in whom MRSI
was acquired at a mean of 5 days after admission (range 1.30
days) [47] and included correlations between brain regions
to clinical and other imaging findings. In these patients, 2D
chemical shift imaging (CSI) using a point resolved spec-
troscopy sequence (PRESS; TR/TE=3,000/144 ms) was
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Fig. 9.2 MRI/MRS of a 7-month-old NAT patient done 2 days after
injury. (a) A T2 weighted image showing extra-axial fluid collection
along the bifrontal convexities is overlaid with the MRSI grid. No other
MRI abnormalities were noted. (b) A spectral map from an MRSI

o

Fig. 9.3 MRI/MRS of a 7-month-old NAT patient done 5 days after
injury. (a) A T2 weighted image showing a subacute subdural hematoma
on the right is overlaid with the MRSI grid. No focal diffusion abnor-
malities were noted. (b) A spectral map from an MRSI acquisition
(PRESS; TR/TE=3,000/144 ms; 1.5 T) shows a marked diffuse decrease

acquired through the level of the corpus callosum and
included frontal and parieto-occipital gray and white matter.
This level was chosen because the callosal region is an area
known to be vulnerable to shearing injury as seen with DAI
[50, 51]. We found that NAA/Cr and/or NAA/Cho ratios
were decreased significantly in children with poor outcomes
in four of the five regions analyzed (corpus callosum (CC),
frontal white matter (FWM), parieto-occipital white matter

NAA
Cho
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acquisition (PRESS; TR/TE=3,000/144 ms; 1.5 T) showing normal
spectra for age. (¢) A spectrum from the right frontal white matter is
also normal for age. The patient had a normal neurologic evaluation at
7 months after injury
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of NAA in all spectra. No lactate was detected. (¢) A spectrum from the
right frontal white matter shows a marked decrease in NAA. This spec-
trum can be compared to a normal spectrum for age in Fig. 9.2c. At 10
years of age, the patient is severely impaired, has spastic quadriplegic
cerebral palsy, seizures, and does not respond to or follow commands

(POWM), and parieto-occipital gray matter (POGM). The
mean total NAA/Cr and NAA/Cho ratios (an average of
ratios from all regions) were also significantly lower in children
with poor outcomes. The mean total Cho/Cr ratio tended to
be higher in children with poor outcomes but did not reach
significance. Figure 9.2 shows imaging and spectral data
from a patient with a good outcome and is compared to
spectral data from a patient with a poor outcome in Fig. 9.3.
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Fig. 9.4 (a) CSI (PRESS; TR/TE=3,000/144 ms; 1.5 T) grid overlaid
onto a T2 weighted MR image of an 8-month-old NAT patient who
presented with an initial GCS score of 6, skull and skeletal fractures,
retinal hemorrhages, and seizures. Note the extra-axial fluid collection
along the right frontal vertex and the subgaleal fluid collection over the

Fig. 9.5 (a) CSI grid overlaid onto a T2 weighted MR image of a
4-month-old NAT patient who presented with an initial GCS score of
13, retinal hemorrhages and bilateral large subdural hematomas with
hemorrhage of varying ages on MRI acquired 5 days after injury. MRSI

It was also observed that NAA ratios from areas suscep-
tible to shaking or impact such as the CC, FWM, and POGM
were significantly decreased and correlated with the pres-
ence of retinal hemorrhages. In addition, decreased mean
total metabolite NAA/Cr and NAA/Cho ratios were
significantly correlated with the presence of extra-axial hem-
orrhage and ischemic injury but not intra-axial hemorrhage,
skull fractures, or contusions. The decrease in NAA levels
observed in these areas were not always associated with focal
injuries and were often in areas of the brain that appeared
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right parietal vertex. MRSI (PRESS; TR/TE =3,000/144 ms; 1.5 T) was
acquired 1 day after injury. (b) Spectra from the left frontal white mat-
ter and (c) left parieto-occipital white matter show markedly decreased
NAA and increased choline. The neurologic outcome assessed at 30
months after injury showed mild neurologic deficits
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(PRESS; TR/TE=3,000/144 ms; 1.5 T) was also acquired 5 days after
injury. (b) A spectrum from the left frontal white matter shows mark-
edly decreased NAA and increased choline. The neurologic outcome
assessed at 3 months after injury showed mild neurologic deficits

normal on conventional MR images as shown in two differ-
ent patients in Figs. 9.4 and 9.5.

Similar to the previous study, many NAT victims had
evidence of HII as manifested by elevated lactate and reduced
NAA levels. Lactate was present in 10 of 12 (83%) children
with poor outcomes compared to 12 of 32 (38%) children
with good outcomes and was present in spectra from all chil-
dren with global injury and children with areas of infarction
that were included within the MRSI sampling volume. Also
of clinical relevance was that patients with global HII had
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Fig.9.6 (a—b) DWI images from a 10-month-old NAT patient taken 6
days after injury showing a left parieto-occipital acute infarction. (c)
CSI grid overlaid onto a T2 weighted MR image. MRI and MRSI
(PRESS; TR/TE=3,000/144 ms; 1.5 T) was acquired 6 days after
injury. The patient presented with an initial GCS score of 6, retinal
hemorrhages, and seizures. MRI also showed subdural and subarach-
noid hemorrhages. (d) A spectrum from the left parieto-occipital white

significantly lower mean total NAA/Cr and NAA/Cho and
higher Cho/Cr ratios than the patients with focal ischemic
injury (e.g., infarct) reflecting a significant diffuse injury that
led to poorer outcomes. Spectroscopic findings and neuro-
logic outcomes in a patient with a focal infarction (Fig. 9.6)
is compared to a patient with diffuse hypoxic—ischemic
injury (Fig. 9.7). The presence of lactate in 83% of NAT vic-
tims with poor outcome in this study suggests that the pres-
ence of lactate (a metabolic marker for HII) along with NAA
changes is integral in determining prognosis.

The results of outcome prediction comparing input param-
eters from MRS, clinical observations, and other radiological
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matter near the infarction shows markedly decreased NAA levels com-
pared to the contralateral hemisphere. Lactate is not clearly identified in
the spectrum. The patient was assessed as having a mild neurologic
outcome at 14 months after injury. Neuropsychologic testing performed
at 4 years after injury showed that the patient had significant visual and
visuospatial deficits and language and cognitive skills ranging from the
extremely low to borderline range

imaging findings in this study demonstrated that metabolite
changes were more predictive of outcome than other clinical
and imaging findings commonly seen in patients after NAT
[47]. Results of logistic regression analyses showed that mean
total NAA/Cr ratios were more predictive than lactate pres-
ence alone for long-term outcome prediction. In this cohort of
patients, unlike in the previous study, 38% of children with
good outcomes had lactate present. However, in these patients,
lactate was confined to smaller areas of focal injury that had
less impact on overall outcome than in patients with larger
infarcts or global HII. Thus, the extent of HII must be consid-
ered in determining outcome in addition to other metabolite
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Fig. 9.7 (a) CSI grid overlaid onto a T2 weighted MR image of a
3-month-old NAT patient who presented with an initial GCS score of 3,
retinal hemorrhages, and diffuse hypoxic—ischemic injury. MRSI
(PRESS; TR/TE=3,000/144 ms; 1.5 T) was acquired 1 day after injury.
(b). Spectral map shows a diffuse decrease of NAA and large lactate

information. The mean total NAA/Cr ratio reflects neuronal
loss or dysfunction over the entire area sampled and was more
predictive of outcome compared to measurements from any
one region or lactate presence. Furthermore, both ischemic
and/or traumatic brain injury can result in decreases of NAA
that may not be accompanied by increased lactate; therefore,
changes in NAA should better reflect overall injury. As shown
in Figs. 9.3 and 9.4, MRS can detect NAA decreases in areas
of brain that appear normal on conventional MRI. Reduction
of NAA in visibly injured brain is most likely caused by the
primary impact, whereas, reduction of NAA in normal-ap-
pearing brain may reflect DAI and Wallerian degeneration
[52]. Optimal timing of the MRS acquisition has not been
determined since serial studies on seriously ill children are
difficult to justify and carry out. In addition, it is likely that
timing may vary depending on such factors as severity of
injury, age of the infant, and type of injury. Our approach has
been to acquire the study at least 2-3 days after injury to allow
for metabolite concentrations to change enough to be detected
but within 2 weeks of injury to allow for early prognosis. This
often depends on whether the patient is medically stable or
whether there is urgent need for the MRI information. Long-
term MRS studies on pediatric accidental TBI patients have
shown correlation of early metabolite changes with neurobe-
havioral measures and initial GCS score [53] and also of pre-
sumed neurometabolic recovery [54].

Neuropsychologic Evaluations and NAT

Neuropsychological evidence suggests that there are
significant long-term consequences to NAT early in life.
Although, studies correlating various NAT related clinical
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(Lac) peaks (doublet at 1.33 ppm phased down). (¢). Spectrum from the
right parieto-occipital white matter shows markedly decreased NAA
and presence of Lac. This patient, assessed at 5 years after injury, had
severe neurologic deficits

and imaging parameters to neuropsychologic testing have
been published [20, 55], there have been no studies relating
early MRS findings to long-term neuropsychologic deficits.
In our own preliminary work (unpublished), we have evalu-
ated a subset of patients at 2—4 years after injury. All patients
were administered measures that assess the full range of func-
tional domains and adaptive skills, as well as, the Parenting
Stress Index (i.e., measures parents’ child-related and parent-
related distress). Two case studies are presented next.

The first case study of a child that was 2 months old at the
time of injury, illustrates that mild changes on MRS may be an
indication of future deficits. The child presented with skeletal
fractures, seizures but no retinal hemorrhages. The initial GCS
score was 14. MRI showed a thin left hemispheric convexity
subdural hemorrhage, a small right frontal subdural hemor-
rhage and minimal left parietal subarachnoid hemorrhage. No
diffusion abnormalities were seen. The MRSI showed decreased
NAA in the left frontal and parietal white matter (Fig. 9.8). The
neuropsychological evaluation done 3 years after injury
reported average performance on cognitive and language
scales; however, on the motor scales the patient’s performance
was in the low average range. Based on parental reports, the
patient showed difficulties in executive functioning skills and
behavioral problems were in the clinical range for concern.

The second case study is of a child who was 6 months old
at the time of injury and who presented with an initial GCS
score of 12, seizures and bilateral retinal hemorrhages. MRI
and MRS were acquired 1 day after injury to evaluate worsen-
ing right arm and leg weakness. MRI showed a left subdural
hemorrhage and a large infarct in the left hemisphere on DWI
(Fig. 9.9a). MRSI acquired through the level of the corpus
callosum showed a diffuse decrease of all metabolites in the
left hemisphere in the area of infarction indicating significant
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Fig. 9.8 (a) CSI grid overlaid onto a T2-weighted MR image of a
2-month-old NAT patient. MRSI (PRESS; TR/TE=3000/144 ms;
1.5 T) was acquired 2 days after injury. (b) A spectrum from the left
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Fig.9.9 (a) DWIimage of a 6-month-old NAT patient showing diffuse
left hemispheric ischemia and a small right frontal lobe infarct and (b)
corresponding apparent diffusion coefficient (ADC) map. (¢). MRSI
(PRESS; TR/TE=3,000/144 ms; 1.5 T) spectral map showing diffusely

neuronal loss or dysfunction. Lactate was detected in a few
voxels located in the left posterior white matter (Fig. 9.9b).
The fact that lactate was not detected diffusely throughout the
left hemisphere may be related to the early timing of the MRS
study (1 day after injury). Neuropsychological evaluation
done 3 years after injury reported that the patient’s visual
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frontal white matter shows normal metabolite ratios. (¢) A spectrum
from the left frontal white matter shows decreased NAA and creatine
levels compared to the right
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decreased NAA in the left hemisphere (ellipse). (d) A spectrum from
the right frontal lobe area of infarction shows a small lactate (Lac) peak.
e) A spectrum from the left hemisphere ischemic area shows a decrease
of all metabolites and presence of lactate

memory was in the average range, otherwise, all other mea-
sures were in the low average to impaired range and the Full
Scale IQ was in the borderline range. The patient’s behavioral
functioning skills were within normal limits as reported by
the parents, however, the adaptive (fine motor) and executive
functioning skills were in the low average range.
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Neuroimaging Mimics of NAT

Conditions such as coagulopathies and several inborn errors
of metabolism (IEMs) can present with clinical symptoms,
physical findings and neuroimaging abnormalities that can
mimic NAT. These conditions should be included in the dif-
ferential diagnosis when infants present with unexplained
subdural hematomas and NAT is suspected. The most com-
mon IEM disorders to consider include glutaric aciduria type
1 and Menke’s disease. Glutaric aciduria type 1 is an auto-
somal-recessive disorder caused by a glutatryl-CoA dehy-
drogenase deficiency which can be mistaken for NAT because
of the possible presence of subdural fluid collections, brain
atrophy and retinal hemorrhages [56]. Although non-specific,
MRS has shown reduced NAA/Cr and elevated Cho/Cr and
Ins/Cr in the frontal white matter and right lentiform nuclei
[57]. Menke’s disease is an X-linked inherited disorder of
intestinal copper absorption resulting in copper deficiency
[58]. Patients present with brain atrophy, uni- or bilateral
subdural hematomas, diffusion abnormalities on MRI and
lesions associated with femoral metaphysical spurs that can
be mistaken for nonaccidental injury. MRS has shown
reduced NAA/Cr that improved with treatment and presence
of lactate that resolved with treatment although neurological
symptoms did not improve [59].

Summary

Overall, the data from several studies suggest that MRS
performed early after injury can be used to evaluate injury
severity and more accurately predict long-term prognosis
in children with NAT. MRS provides complementary infor-
mation and frequently detects injury in brain regions that
appear normal with conventional MRI and may help better
understand the biomechanical forces and tissue changes
that cause specific clinical symptoms. A better understand-
ing of these relations is essential if we are to design thera-
pies that might salvage injured brain tissue in these infants
and children. All require further study to examine the
effects of age, severity and location of injury, gender, and
occurrence of ischemia or seizures on long-term neurologi-
cal, neuropsychological, and behavioral function. MRSI,
because it samples a larger area of the brain compared to
single voxel MRS, is useful for demonstrating that injury
after NAT is much more diffuse than what conventional
imaging may show and helps to explain why global neurop-
sychological deficits are often seen in patients with normal
or mild imaging findings. Future studies with higher field
strength scanners optimized to acquire 3D MRSI in less
time may be extremely useful for evaluating the full extent
of brain injury after NAT. It is also likely that the combined
use of MRS with newer techniques like diffusion tensor
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imaging may provide additional information than either
method alone and may also provide new insights regarding
the evolution of injury over time.
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The term “leukodystrophy” is generally reserved for those
conditions that are both progressive and genetically deter-
mined. While these conditions may eventually involve and
alter gray matter, the primary features impact the white mat-
ter. Leukodystrophies arise as a result of a gene defect that
manages production or metabolism of exclusively one com-
ponent of myelin. These defects cause imperfect growth and
development or maintenance of myelin sheaths.

For organizational purposes, the disorders described in
this chapter can be classified as primary leukodystrophies,
perioxisomal disorders producing a leukodystrophy and lys-
osomal disorders producing leukodystrophies. Table 10.1
summarizes the clinical, spectroscopic, and genetic features
of leukodystrophies.

The temporal course of the disease and the normal develop-
mental maturation in children influences not only the clinical
and imaging presentations, but also the spectroscopic. As these
diseases are progressive, the timing of the spectroscopic evalu-
ation will impact the spectral profile. Metabolic changes within
the earliest stages of a disease will often differ significantly
from those observed in the latest stages. Early assessment pro-
vides important differential diagnosis and prognostic informa-
tion, while later assessment offers the utility to monitor disease
progression and treatment response. Brain development, par-
ticularly myelination, may also be proceeding at a normal or
near-normal pace in less-affected regions. Interpretation of
metabolite changes require consideration of the evolving
developmental changes to the metabolic profile occurring in
the background in addition to pathologic changes.

A brief definition of additional terms is also necessary for
clarity of this discussion. Demyelination, dysmyelination, and
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hypomyelination are often used haphazardly. Unfortunately, as
the literature has relatively few reports of spectroscopy analyses
in patients with leukodystrophies, we often include in this
chapter the terms used in the original reports in this review. In
the absolute sense, these terms describing the state of myelin
are pathologic, rather than radiologic as conventional imaging
fails to differentiate these entities. The term “demyelination”
refers to the breakdown of normal existing myelin or an effect
on the ability of the oligodendrocytes to maintain normal
myelin structure. In contrast, dysmyelination occurs as a result
of an underlying metabolic defect in myelin formation. The
term “hypomyelination” is employed to describe a delay in the
formation of myelin observed in the pediatric imaging setting
as well as the abnormal appearance of myelin with an uncertain
etiology. Hypomyelination represents the generic and most
accurate radiological term to indicate abnormal myelination.

Biochemical Interpretation
for the Metabolites of Interest

The interpretation of an MR spectrum primarily relies on vari-
ations in chemical concentrations, which alter peak area for
the endogenous metabolites, and the appearance of pathologic
metabolites (i.e., lactate, alanine, etc.) and exogenous com-
pounds (i.e., propanediol, mannitol). The metabolites com-
monly observed when acquiring proton MRS of the brain are
listed in Table 10.2 accompanied by the chemical shift assign-
ment, which signifies their location on the x-axis relative to an
external reference standard. The locations of the metabolites
are stable, as the in vivo brain pH does not change sufficiently
to result in an alteration in peak assignment. Metabolites with
a single resonance, a singlet corresponding to a methyl (CH,)
group, do not change assignment with field strength variations.
However, metabolites with methylene (CH,) and methane
(CH) signals may produce a slightly different assignment and
splitting pattern at different field strengths. For this chapter,
the only metabolite to significantly alter its assignment is myo-
inositol (ml). At a field strength of 1.5 Tesla (T), four methine
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Table 10.2 Metabolite Resonances Observed on Proton MRS

Metabolite Assignment (ppm) Functional role

Lipids, macromolecules-Methyl 0.9 Mpyelin synthesis/degradation
Propanediol 1.1 Solvent for medications

Lipids, macromolecules-Methylene 1.25 Myelin synthesis/degradation
Lactate 1.3 Anerobic glycolysis

Alanine 1.4 Amino acid; Menigioma, Abscess
Acetate 1.9 Lipid, Myelin synthesis, Abscess
N-acetyl aspartate 2 Neuronal, axonal integrity
N-acetyl aspartylglutamate 2.1 Neurotransmitter

Glutamate, glutamine, aspartate, gamma 2.1-2.6 Composite of neurotransmitters
aminobutyric acid

Succinate 24 Abscess

Pyruvate 2.4 Cellular energetics

Creatine and phosphocreatine 3.0 Energetic buffer

Cholines (glycerolphosphocholine and 32 Myelin synthesis/degradation
phosphocholines)

Scyllo-inositol, taurine 3.4 Neurotransmitter

Myo-inositol 3.5 Glial marker, osmolytic marker
Glycine 35 Neurotransmitter

Glucose 3.6 Cellular energetics

Mannitol 3.8 Medication

Creatine (Methylene) 39 Energetic buffer

(CH) protons co-resonate at 3.57 ppm, while at field strength
of 3 T, two sets of two protons resonate at 3.5 and 3.6 ppm.
To detect ml levels, a short echo technique (i.e., echo time
(TE) <35 ms) must be employed for recognizing a resonance
appearing at 3.5 ppm. For MRS performed at 1.5 T, the ml
resonance normally is distinct with four of the molecule’s six
methine protons magnetically indistinguishable, thereby co-
resonating at the same location (3.5 ppm). However, increased
spectral dispersion inherent at higher field strengths (3 T)
produces two distinct resonances (3.5 and 3.6 ppm) for the
four protons, effectively reducing the signal by half. Normal
ml levels visually appear lower at higher field strengths in
contrast to 1.5 T. While some reports have found improved
detection of ml at high field strength arising from increased
signal to noise ratio (SNR), it may be problematic depending
on the acquisition conditions. The use of phased array coils
and parallel imaging offers tremendous advantages for imag-
ing. Unfortunately in the clinical setting, inadequate meth-
ods currently exist for optimally combining the elements of
the phased array coil for single-voxel spectroscopy applica-
tions. A single coil element with inadequate signal averaging
or improper reconstruction (combining channel arrays) can
result in low SNR, thereby limiting the ability to detect ml.
The three main metabolite entities, N-acetyl aspartate (NAA),
the composite of creatine and phosphocreatine (Cr), and the
composite of cholines (Cho), are commonly observed indepen-
dent of echo time (TE) and standard localization technique.
N-acetyl aspartate and N-acetyl aspartyl glutamate
(NAAG) comprise the resonance at 2 ppm. At higher field
strengths, NAAG can be distinguished from NAA, however,

for conventional clinical MRS (1.5 T) the two resonances
co-resonate. Although originally discovered in 1956 by
Tallan [1], the true function of NAA remains uncertain. NAA
is one of the most highly abundant free amino acids in the
adult human brain with a concentration of approximately
10 mM. NAA synthesis and storage occurs primarily in neu-
rons. Studies [2] indicate many possible roles for NAA:

(a) NAA may serve as a transporter of acetyl groups across the
mitochondrial membrane for myelin and lipid synthesis
during development

NAA may function as neuronal osmolyte serving as a
cotransport substrate for a molecular water pump removing
excess water from neurons

NAA supports neuronal energy metabolism of mito-
chondria and specific brain fatty acids

NAA supplies a reservoir for glutamate [3]

NAA offers a substrate for NAAG biosynthesis

NAAG, a dipeptide derivative of NAA and glutamate, is
the most abundant brain peptide. With a concentration of
approximately 1 mM, NAAG is found in neurons, oligoden-
drocytes, and microglia. NAAG signals astrocytes about the
state of neurostimulation of the neurons, the changing
requirements for vascular energy supplies and metabolic
waste removal.

For interpretation of proton MRS, NAA is widely regarded
as a marker for neuronal functioning with a contributing role
from neuronal and axonal cellular organization. Disorders
diminishing neuronal and axonal number and density, impair-
ing neuronal functioning or causing displacement and
destruction of neurons demonstrate reduced NAA. The one

(b)

()

(d
(e
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recognized condition of elevated NAA, Canavan’s disease, is
described below. White matter disorders that damage myelin
such that intra-axonal distances decrease may demonstrate
relatively high NAA levels as a simple effect of increased
axonal density within the sample, if accompanied by the
preservation of axons [4, 5].

Creatine and phosphocreatrine produce a composite
resonance at 3.0 and 3.9 ppm upon in vivo proton MRS.
For the interested reader, Wyss and Kaddurah-Daouk [6]
published a comprehensive review of creatine and creati-
nine metabolism. These chemicals are involved in the
regulation of cellular energy metabolism. The enzyme
creatine kinase converts creatine to phosphocreatine using
ATP. Phosphocreatine serves as a reserve for high-energy
phosphates in the cytosol of neurons and muscle, and it
buffers cellular ATP/ADP reservoirs. A recent study of
childhood white matter disorders found the Cr concentra-
tion the most important MR parameter for classification
of the disorder [5]. The implication from this study is that
semi-quantitative techniques relying on Cr as an internal
standard are inappropriate, especially in white matter
disorders.

Trimethylammonium residues comprise the Cho reso-
nance observed on proton MRS at 3.2 ppm. A number of
mobile choline-containing compounds contribute to the Cho
signal. These primarily include the intracellular pools of the
membrane precursor phosphocholine, membrane breakdown
product glycerophosphocholine, and a small portion (5%) of
free choline for an approximate total observable Cho con-
centration of 1-2 mM [7]. While phosphatyidylcholine is a
major membrane constituent produced in all cells, it does not
contribute significantly to the observable Cho signal. For
leukodystrophies, elevations of the resonance reflect the pre-
cursors of myelin synthesis as well as the degradation prod-
ucts upon myelin degradation and/or destruction. In contrast
to leukodystrophies, increased choline levels observed in
tumors arise from increased cellular density and prolifera-
tion of membrane phospholipids.

On short echo MRS (TE 35 ms or less) of leukodystro-
phies, elevations of lipids, macromolecules, neurotransmit-
ters, ml, and lactate levels can be as informative as those
for the primary metabolites, NAA, Cr, and Cho. Lipid sig-
nals are not usually observed in normal brain parenchyma
as they are tightly bound with myelin. However, in select
white matter pathologies, elevation of the lipid signal cor-
responds with myelin membrane degradation. Large mac-
romolecular proteins create a broad set of resonances
comprising a large portion of the spectral window (0.9—
2.6 ppm) with overlap of lipid signals and the methylene
signals of several neurotransmitters. Macromolecular pro-
teins include glutamate moieties. Gamma aminobutyric
acid (GABA), glutamate, and glutamine create a composite
set of multiple signals appearing around 2.1-2.6 ppm. For
many disorders, especially white matter diseases, the ml

K.M. Cecil and D.M. Lindquist

signals offer information about glial responses, typically
increasing in response to injury.

Lactate appears as a doublet resonance at 1.3 ppm.
Using long echo times, such as 144 and 288 ms, lactate can
be distinguished from lipid signals. Sampling with an echo
time of 144 ms inverts the resonance below the baseline
due to a property known as spin or “J-coupling”. While
this distinguishes the resonance from macromolecules and
lipids, the signal intensity is diminished, which is espe-
cially problematic at low concentrations (on the order of
5 mM or below) and within some technical circumstances
(i.e., errors in pulse generation and reception). The doublet
resonance emerges above the baseline at an echo time of
288 ms. The appearance of lactate is pathologic as it clas-
sically represents anaerobic glycolysis. Lactate signal may
also possibly reflect mitochondrial impairment, an
inflammatory response or macrophage infiltration depend-
ing upon the condition.

Primary Leukodystrophies
Alexander’s Disease

The genetic foundation for Alexander’s disease arises from
heterozygous and dominant, usually de novo, mutations in
the genes encoding for glial fibrillary acidic protein (GFAP).
The key histologic feature is a considerable amount of
Rosenthal fibers within the white matter as these fibers accu-
mulate in astrocytes. In biopsy specimens, Rosenthal fibers
label extensively for GFAP upon immunocytochemistry. The
current standard for diagnosis now relies on detection of
pathogenic mutation in the GFAP gene.

Generally, Alexander’s disease begins in the periventricu-
lar white matter, usually involving the frontal lobes and then
extending into the parieto-temporal and finally, the occipital
regions. Eventually, there is involvement of the cerebellar
white matter and spinal cord.

The most commonly encountered variant of Alexander’s
disease is the infantile form, presenting in the first 2 years of
life. The onset of symptoms appears at birth, with delay in
development, hypotonia, seizures, and progressive macro-
cephaly. Children with the infantile form of disease rarely
survive to the second decade. The juvenile form presents
after 4 years of age with speech and swallowing difficulties,
ataxia, and spasticity. Progression is slower, with a more pro-
longed survival. Adult onset disease has a more variable
clinical and imaging presentation, and is occasionally diag-
nosed incidentally at autopsy.

Conventional MRI findings for the infantile form demon-
strate macrocephaly with hyperintensity on T,-weighted
images involving the white matter areas, commonly seen in
the frontal areas with progression posteriorly to involve other
parts of the cerebral hemispheres. Van der Knaap et al. [8].
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identified five characteristics of Alexander’s disease on MR
imaging that can be applied to suspected cases in order to
make a presumptive diagnosis. These characteristics include
extensive cerebral white matter changes with frontal predom-
inance, a periventricular rim with high signal on T -weighted
images and low signal on T,-weighted images, signal abnor-
malities with swelling or volume loss in the basal ganglia and
thalami, brain stem signal abnormalities, and contrast
enhancement of one or more of the following structures: ven-
tricular lining, periventricular rim of tissue, white matter of
the frontal lobes, optic chiasm, fornix, basal ganglia, thala-
mus, dentate nucleus, or brain stem structures. Although
many of these abnormalities may be seen in other leukodystro-
phies, the association of four or more appears to be relatively
specific for Alexander’s disease. The extent and pattern of
contrast enhancement and the distinctive periventricular rim
of abnormal signal are not commonly encountered in other
leukodystrophies. This is one of the few leukodystrophies in
which the administration of contrast provides specific addi-
tional information that can lead to the proper diagnosis by
imaging. However, recent reports document patients with
Rosenthal fibers upon histological examination yet demon-
strating unusual and atypical imaging features and often dis-
crepant with a relatively benign clinical course [9-11].

Brockmann et al. [12]. used localized proton MRS to
assess metabolic abnormalities in gray and white matter,
basal ganglia, and cerebellum of four patients genetically
confirmed with infantile Alexander’s disease. Elevated
concentrations of ml in concert with normal or increased
choline compounds in gray and white matter, basal gan-
glia, and cerebellum point to astrocytosis and demyelina-
tion. Neuroaxonal degeneration, as reflected by a reduction
of N-acetylaspartate, was most pronounced in cerebral and
cerebellar white matter. The accumulation of lactate in
affected white matter supports the presence of infiltrating
macrophages. Recently, the linear discriminant analysis
approach for disease classification described by van der
Voorn [5] was applied to juvenile Alexander’s disease. The
model predicted demyelination as opposed to hypomyeli-
nation. However, sequential MRI studies in juvenile
Alexander’s disease do not support active demyelination
due to the often-discrepant clinical and imaging features.
This study suggested that spectral features might play a
stronger role in determining the nature of Alexander’s dis-
ease. The lactate elevation found on proton MRS could
arise from non-oxidative glycolysis due to the metabolic
disruption of disordered astrocytes. As the Rosenthal fibers
accumulate, the astrocytes demonstrate hyperplasia and
hypertrophy and produce ml elevations. Further study is
required to clarify how GFAP mutations, classified as
Alexander’s disease in infants, juveniles, and adults alter
brain white matter. Figure 10.1 provides an example of
imaging and spectroscopy findings associated with
Alexander’s disease.

Glx

1 L L 1
T T T T

Fig. 10.1 MRI and MRS findings from an 8-month-old female with a
novel mutation (A358V) of GFAP diagnosed with Alexander’s disease.
(a) Axial T,-weighted image shows hyperintense signal in the frontal
white matter; (b) Short echo (35 ms), and (¢) long echo (288 ms) MR
spectra sampling within the left inferior frontal white matter (black
voxel on a) show reduced NAA/Cr, with elevations of Cho/Cr and ml/
Cr. There is also a small lactate peak visible in ¢ at 1.3 ppm
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Canavan'’s Disease

Canavan’s disease is an autosomal recessive disorder arising
from a deficiency of the enzyme aspartoacyclase, a cytosolic
enzyme found in oligodendrocytes [13]. Aspartoacylase hydro-
lyzes NAA to acetate and aspartic acid. With this enzymatic
defect, an accumulation of NAA in the brain produces vacu-
olization in the lower layers of the cerebral cortex and subcorti-
cal white matter with intramyelinic swelling and myelin loss
[2]. On histologic examination, the disease initiates in a periph-
eral location, involving the U-fibers of the subcortical white
matter of the cerebral hemispheres. Later, the disease progresses
and involves the deep white matter structures of both cerebral
hemispheres, and eventually it extends to the cerebellum and
spinal cord. The involvement of the U-fibers of the white matter
is diffuse, with evidence of vacuoles within the subcortical white
matter and extending into the adjacent cortex.

Three clinical subtypes, infantile, juvenile, and adult, are
also recognized for Canavan’s disease. The most common is
the infantile type, which usually presents within the first 6
months of life with hypotonia, irritability, and enlarging head
size. The symptoms progress and lead to spasticity, blind-
ness, choreoathetoid movement, and myoclonic seizures.
There is no cure or standard course for treatment. However,
Matalon et al. described the creation of a mouse model to
improve understanding of the disease pathophysiology and
advance gene therapy for this disorder [14]. Recently, Assadi
et al. reported the findings of an open-label trial of lithium
citrate to reduce excessive NAA within the brain [15].

The MRI findings parallel the myelin degeneration of the
white matter tracts. The first change detected is hyperinten-
sity on T -weighted images of the subcortical U-fibers.
Eventually, diffuse involvement of the disease occurs in all
the white matter fiber tracts for both cerebral hemispheres. In
the later stages of the disease, there is volume loss of the
cerebral hemispheres.

Figure 10.2 illustrates imaging and spectroscopy findings
associated with Canavan’s disease. MRS performed within
cerebral white matter demonstrates marked elevation of the
NAA peak, essentially exclusive for Canavan’s disease [16—
23]. The NAA elevation is especially pronounced on long echo
MRS acquisitions. However, it is important to recognize that
on long echo, Cr T, relaxation values are much shorter than
those for NAA. This results in a significant reduction in signal
intensity levels for Cr at long echo times. Hence, an increased
NAA/Cr ratio on a 144 ms or 288 ms echo time MRS acquisi-
tion is not sufficient alone for diagnosing Canavan’s. Short
echo MRS acquisitions will also demonstrate a dramatic eleva-
tion of NAA/Cr or any NAA/metabolite ratio for Canavan’s.
Increased amounts of NAA in the brain, confirmed by multiple
short and long echo time acquisitions, urine, and plasma can
yield a definitive diagnosis for Canavan’s disease in accordance
with described imaging and clinical findings.

Cr

Fig. 10.2 MRI and MRS findings from a 12-month-old female diag-
nosed with Canavan’s disease. (a) Axial T,-weighted image shows
hyperintense signal throughout the white matter. (b) Short echo
(35 ms) and (¢) long echo (288 ms) MR spectra show significant ele-
vation of NAA sampling within the left frontal white matter (black
voxel on a) . Myo-inositol also appears elevated in (b), which sug-
gests ongoing gliosis. NAA accumulates in the mitochondria due to
the deficiency in aspartoacylase, which impairs myelin synthesis, as
evidenced in the image
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Childhood Ataxia with CNS Hypomyelination
or Leukoencephalopathy with Vanishing White
Matter

Childhood ataxia with central nervous system hypomyelina-
tion (CACH), also referred to as leukoencephalopathy with
vanishing white matter disease, is an autosomal recessive
disease caused by mutation in any of the five genes-encoding
subunits of the eukaryotic translation initiation factor 2B
(eIF2B) [24-26]. These genes are essential for initiation of
protein synthesis and its regulation in stress response [27,
28]. Patients survive only with residual activity of el2B,
reduced by 20-70% in patient-derived lymphoblasts or
fibroblasts [29].

CACH is primarily a brain disorder, with glial vulnerabil-
ity a key feature. The neuropathological findings consist of
severe, cystic white matter degeneration with only small
amounts of myelin breakdown products [28, 30]. Foamy oli-
godendrocytes, dysmorphic astrocytes and oligodendrocytes,
oligodendrocytosis, and apoptotic losses of oligodendrocytes
are present. The oligodendrocytes undergo apoptosis in
response to major neurologic crises with only a subset of
oligodendrocytes remaining functional. Selective vulnerabil-
ity of glia remains unexplained.

CACH is one of the most prevalent inherited leukodystro-
phies with more than 250 patients recognized [29]. Originally,
the disease was recognized only in young children. More
recently, adolescent and adult onset of the disorder has been
recognized. The age at onset inversely correlates with disease
severity. Stresses, such as acute fright, febrile infections, and
minor head trauma, can provoke onset of symptoms with rapid
and major neurologic deterioration. In childhood onset, CACH
can present in such crisis periods with hypotonia, epilepsy,
vomiting irritability accompanied by impaired consciousness
spanning from somnolence to coma, and in some patients,
death. Outside of these periods, the disease can present with
cerebellar ataxia, and less frequently, spasticity and optic atro-
phy with preservation of cognition. While eventually the dis-
ease is fatal, the course is slowly progressive outside of
episodes of major neurological deterioration. The adolescent
and adult forms of the disease have milder but more protracted
clinical courses with less prominent episodes of major deterio-
ration. The clinical symptoms in adults feature seizures, com-
plicated migraine, and psychiatric features.

Descriptions of this disease have been reported in the neu-
ropathologic literature since the 1960s; however, the authors
of the reports failed to recognize these cases as a single dis-
ease entity. CACH is now regarded as an axonopathy rather
than a “hypomyelination” or “demyelination” process [27].
The clinical and MRI findings in the classic childhood form
were sufficiently specific to enable recognition of this dis-
ease as a distinct entity, with subsequent genetic character-
ization [31]. Clinical diagnosis of the childhood form can be

m

narrowed with recognition of MRI features. CACH appears
on imaging as a diffuse cerebral hemispheric leukoencephal-
opathy, with abnormal white matter progressing over time
indicating rarefaction and cystic degeneration. Abnormal
white matter demonstrates hyperintense signal on fluid-
attenuated inversion recovery (FLAIR), proton density, and
T -weighted imaging sequences. FLAIR, proton density, and
T -weighted imaging reveal a radiating, stripe-like pattern
with remaining tissue strands. This feature corresponds with
widened blood vessels with reactive astrocytes. The U-fibers
can be affected; however, the fornix, optic tracts, anterior
commissure, the internal capsules, and the outer part of the
corpus callosum appear to be less affected. The cortical gray
matter, basal ganglia, and brainstem nuclei appear normal
[27, 29, 31]. There has been no evidence of contrast enhance-
ment with CACH as the disease lacks inflammatory changes.
The correlation between the MRI findings and the detection
of the mutations in elF2B1-5 genes is very high, but the gen-
otype—phenotype correlation is poor due to wide variations
in the phenotype.

The pathological course demonstrates different features
upon proton MRS. Initially, a normal spectral profile is
remarkably preserved. However, upon rarefaction and cystic
degeneration of the white matter, a marked decrease of NAA,
Cr, Cho, and lipids in white matter is reported. In the
advanced stages, there is a virtual absence of all parenchy-
mal metabolites with only the presence of CSF metabolites,
primarily lactate and glucose, described [27, 31-36].

Leukoencephalopathy with Brain-Stem and
Spinal Cord Involvement and Elevated White
Matter Lactate

Leukoencephalopathy with brain-stem and spinal cord
involvement and elevated white matter lactate (LBSL) arises
from compound heterozygous mutations on both alleles of
the DARS2 gene (1g25.1) [37]. The protein is a mitochon-
drial enzyme that specifically aminoacylates aspartyl-tRNA.
Mutations in the nuclear DARS2 gene affect only white mat-
ter and spare mitochondrial respiratory chain activities.

As a rare inherited disorder, the clinical presentation for
LBSL is defined from reports with individuals or small
numbers of patients. The disease is slowly progressive. For
many, initial child development is normal, with the deterio-
ration of motor skills beginning in childhood, adolescence
or for some, not until adulthood. In a few patient reports,
independent walking begins late and demonstrates instabil-
ity from the start. The pattern of involvement includes a
slowly progressive cerebellar ataxia, spasticity, and dorsal
column dysfunction with more involvement of the legs than
the arms. There is decreased position and vibration sense of
the legs compared to the arms. Tendon reflexes are main-
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tained. Manual dexterity may become impaired. Eventually,
dysarthria can develop. Most patients have normal cognitive
function, however, some may develop learning problems,
and experience mild cognitive decline. There are reports of
treatable epilepsy with some patients.

Since the clinical features resemble a spinocerebellar
ataxia, imaging findings can help distinguish LBSL from
other entities [38]. The MRI pattern is quite distinct as the
progressive white matter abnormalities, spotty or confluent,
spread from the periventricular region outward with sparing
of the subcortical U-fibers. The corpus callosum is affected
with posterior preference. The pyramidal tracts are affected
over their entire length from the posterior limb of the internal
capsule and brain stem into the lateral corticospinal tracts of
the spinal cord. The sensory tracts are involved from the dor-
sal columns in the spinal cord, the medial lemniscus through-
out the brain stem up to the level of the thalamus and the
corona radiata above the level of the thalamus. The cerebel-
lar involvement progresses over time to the point of significant
volume loss. These patterns suggest that defects in mito-
chondrial translation related to DARS2 mutation are respon-
sible for dysfunction of long tract-associated glia [39].

Proton MRS studies of affected white matter may dem-
onstrate a highly significant lactate elevation for patients.
For a pediatric patient at our institution, the elevated lactate
within regions of signal abnormality has been appreciated
for several years (Fig. 10.3). However, lactate elevation is
not a requirement for diagnosis as several case reports
describe adult patients without lactate elevation in affected
white matter [40, 41]. Cho and ml elevations with dimin-
ished NAA concentrations are also featured within regions
of signal abnormality [38, 42—45]. In regions without signal
abnormalities on imaging, the spectra can appear remark-
ably normal.

Megalencephalic Leukoencephalopathy
with Subcortical Cysts

Megaencephalic Leukoencephalopathy with subcortical

cysts (MLC) refers to a leukodystrophy that has been defined

by several names:

* Leukoencephalopathy with swelling and discrepantly
mild clinical course

* Leukoencephalopathy with swelling and subcortical cysts

e Van der Knaap Disease

e Vaculolating Leukoencephalopathy

¢ Infantile Leukoencephalopathy

Lactate

d Lactate
Cho

S

" "

Fig. 10.3 MRI and MRS findings from a 4-year-old girl with two
mutations of DARS2 diagnosed with Leukoencephalopathy with Brain-
Stem and Spinal Cord Involvement and Elevated White Matter Lactate
(LBSL). (a) Axial inversion recovery and (b) Axial FLAIR images
show significant signal abnormalities in the central white matter, the
corpus callosum, and the posterior aspects of the posterior limbs of the
internal capsule. (¢) Short echo (35 ms) and (d) long echo (288 ms) MR
spectra sampling within the left posterior parietal white matter (white
voxel on b) show significant reduction of NAA and elevation of Cho.
The most striking signals in the spectra are the large lactate resonances
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MLC is an autosomal recessive disorder with the primary
genetic source of the condition traced to a gene mutation on
the long arm of chromosome 22 (22qtel), the MLCI gene.
MLCI encodes a novel protein, MLC1, which is mainly
expressed in the brain and leukocytes [46]. Over 50 muta-
tions in the MLC gene have been found in patients diagnosed
with the condition. A second gene locus is suspected based
upon several reports of patients with clinical, pathologic, and
imaging features of MLC with no mutation for MLC1 gene
present [47—49]. Histopathologically, MLC features include
myelin splitting and intramyelinic vacuole formation.

MLC presents within the first year of life with macrocra-
nia and macrocephaly [50]. Initially, normal mental and
motor development occurs with almost all patients having
epilepsy at an early age. Epilepsy is usually controlled by
medication. Mild mental deterioration occurs late in the dis-
ease and is much milder than the motor symptoms. There is
a gradual onset of ataxia, spasticity, and extrapyramidal
findings. Severity of the disease varies with some patients
able to walk into the forties, while others lose their indepen-
dence after only a few years.

Diagnosis can be established based upon the clinical and
MRI findings. MR imaging demonstrates widespread signal
abnormalities throughout the white matter, with relative spar-
ing of deep structures [51]. Diffusely abnormal and swollen
white matter of the cerebral hemispheres and the presence of
subcortical cysts in the anterior-temporal region are strongly
suggestive of MLC. Cysts are typically identified in the sub-
cortical temporal lobes, and less frequently in the frontal,
parietal, or occipital lobes (see Fig. 10.4). Spectroscopic anal-
yses of affected white matter in patients with MLC revealed
marked reduction of N-acetylaspartate, Cr, and Cho with nor-
mal values for ml, consistent with axonal loss and astrocytic
proliferation, as seen in Fig. 10.4 [5, 52].

Pelizaeus-Merzbacher Disease

Pelizacus-Merzbacher Disease (PMD) arises from mutations
or duplications of the gene-encoding myelin proteolipid pro-
tein (PLP: Xq22) [53-55]. PMD can exhibit with variable
clinical manifestations resulting from alterations in this gene.
The more severe phenotypic manifestations have been tradi-
tionally characterized as PMD, and result in alterations of
multiple functional systems, with symptoms including nys-
tagmus, and compromises in respiratory function, with asso-
ciated severe disability and morbidity. The most common
presentation is that of the slowly progressive “classic” form
that presents in infancy with early nystagmus, poor head con-
trol, spasticity, ataxia or extrapyramidal movement disorders,
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Fig. 10.4 MRI and MRS findings from a 13-month-old male with two
heterozygous mutations of intron 3 (C.322-1 G>A) and intron 7
(c597+1 G>A) of MLC1 diagnosed with Megalencephalic
Leukoencephalopathy with Subcortical Cysts (MLC). (a) Sagittal T -
weighted and (b) axial T -weighted images show diffuse white matter
signal abnormalities (hypointense T, and hyperintense T,), decreased
sulcation pattern and thinning of cortical gray matter. The formation of
temporal cysts within the temporal lobes is noted on the sagittal view.
(¢) Short echo (35 ms) and (d) long echo (288 ms) MR spectra sampling
within the left frontal white matter (black voxel on b) show significant
reduction of all metabolites as noted by the overall low signal to noise
level within the spectrum
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and severe developmental delay. These findings slowly prog-
ress, usually leading to death in late adolescence or young
adulthood. A second pattern of PMD (connatal) begins in the
neonatal period and is more rapidly progressive with death
typically occurring in the first decade. There are also two
other transitional and adult subtypes, respectively. Spastic
Paraplegia Type 2 is characterized by lower limb spasticity
alone without neurological complications. “Complicated”
Spastic Paraplegia Type 2 exhibits cerebellar ataxia, nystag-
mus, and a pyramidal syndrome.

PMD manifests as a primary defect in myelin formation.
It is the prototypical hypomyelination syndrome. The imag-
ing appearance is of an otherwise normal brain, well-con-
served neurons and their processes including axons, which is
severely delayed in its formation of myelin. Imaging demon-
strates a marked delay in myelination from the onset with
homogeneous high T, signal intensity of cerebral white mat-
ter. While many metabolic or neurodegenerative processes
are associated with delayed myelination, the absence of other
imaging findings is characteristic of the early stages of the
PLP gene disorders. The characteristic normal progression
of myelinaton observed on MR imaging is entirely absent or
severely slowed in the PLP gene disorders. Patients with the
SPG2 phenotype show fewer MRI signal abnormalities.
Thus, the levels of myelination assessed by imaging findings
obtained after 2 years of age generally correlate with disease
severity. Myelination that does occur tends to be patchy,
without the characteristic distribution within the white mat-
ter tracts. In the later stages of disease, white matter volume
may decrease with thinning of the corpus callosum and
excess mineralization in the basal ganglia.

Hanefeld et al. [56] evaluated five patients with geneti-
cally confirmed duplication of PLP using proton MRS and
LCModel [57, 58] quantification. The spectral profile of the
affected white matter resembled more closely a pattern con-
sistent with cortical gray matter instead of white matter by
demonstrating reduced choline concentrations but increased
concentrations of NAA, NAAG, glutamine, ml, and Cr. The
spectral profiles within the basal ganglia and parietal gray
matter were statistically normal, with a trend toward elevated
NAA, NAAG, glutamine, and ml. Enhanced neuroaxonal
density, revealed by NAA and NAAG elevations, would
occur with the absence of oligodendrocytic tissue and nor-
mal myelin sheaths between axons. The absence of myelin
sheaths would also produce choline reductions. Reduced sig-
nal linewidths were found in the spectra. Since oligodendro-
cytes possess a significant amount of iron, improved
homogeneity can occur in the absence of oligodendrocytes.
Finally, elevations of ml, glutamine, and Cr remain consis-
tent with astrogliosis. Takanashi also found increased NAA,
Cr, and ml concentrations in the posterior centrum semiovale
for pediatric patients with PLP1 duplications using a similar
quantitative approach [59]. In contrast, others have reported
decreases in NAA levels [59-61]. Bonavita et al. used proton
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MRSI to evaluate nine patients with PLP mutations [60].
The patients varied in age (range from 6 to 43 years), most
had point mutations (8 out of 9) and varied appearance of
imaging abnormalities. Clinical scores indicated patients
ranged from unaffected to moderately affected (maximum
clinical score of 12/25). Compared with age-matched control
participants, patients demonstrated significant and wide-
spread (cortex, white matter, and basal ganglia) declines in
NAA/Cr and NAA/Cho levels. Garbern et al., examined
patients with null PLP mutations with single voxel and spec-
troscopic imaging techniques [62]. Neuropathology from
affected relatives of one of the patients examined by MRSI
was also performed to extend the significance of the MRS
finding of decreased NAA ratio levels in gray and white mat-
ter. The absence of PLP expression produces axonal degen-
eration, likely from disruption of oligodendrocyte—axonal
interactions, which accounts for the decline of NAA. Pizzini,
et al., also found reduced white matter NAA ratios in MRSI
studies of three pediatric patients with point mutations of
PLP [61].

Differences in the mutation, duplications versus point
mutations, and the spectroscopic quantification could poten-
tially account for the discrepant NAA findings. Another
potential explanation may be attributed to NAAG elevations.
Mochel, et al., reported an elevation of CSF NAAG for
patients with hypomyelination disorders, such as PMD,
Pelizacus-Merzbacher-like disease and Canvan’s Disease,
obtained with in vitro proton NMR spectroscopy [63, 64].
NAAG was significantly elevated in the CSF of all patients
(19/19) with PLP duplication; however, for patients (6/7)
with PLP point mutations, normal NAAG levels were found
in the CSF [63]. Unfortunately, no one has specifically
examined brain NAAG and its contribution to total NAA
levels in PMD.

Lysosomal Disorders Producing
Leukodystrophies

Lysosomes are organelles within a cell that contain acid
hydrolase enzymes responsible for breaking up waste mate-
rials and cellular debris. There are approximately 40 rare
inherited disorders affecting metabolism of lipids, glycopro-
teins, and mucopolysaccharides that result from defects in
lysosomal function. This chapter discusses three lysosomal
disorders, which can also be classified as leukodystrophies.

Cerebrotendinous Xanthomatosis

Cerebrotendinous Xanthomatosis (CTX) is an autosomal
recessive disease that arises from mutations in the gene,
CYP27A1, on human chromosome 2 at the q35 interval. The
mitochondrial enzyme product of this gene, sterol
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27-hydroxylase, is important for intestinal fat absorption as
it converts cholesterol into bile acids. Abnormal deposition
of cholestanol and cholesterol with the CNS and other matter
(plasma, urine, feces, etc.) occurs with the disease. The clini-
cal manifestations of the disease are variable, but arise from
the abnormal metabolism of cholestanol. The classical triad
of the disease includes tendon xanthomas, juvenile cataracts,
and progressive neurological impairment. Chronic diarrhea
from infancy is one of the earliest manifestations of the dis-
ease. In the first decade of life, cataracts appear. The neuro-
logic presentation can include cerebellar ataxia, spasticity of
the limbs, seizures, and neurobehavioral disorders. MRI
examination can reveal focal or diffuse white matter abnor-
malities with varying degrees of cerebral and cerebellar atro-
phy. The findings are often non-specific, but, abnormal signal
around the dentate nuclei and adjacent white matter is highly
suggestive of the disease [65].

De Stefano used proton MRSI to investigate adult patients
with CTX [66]. The findings suggested widespread axonal
damage revealed by a decrease in N-acetylaspartate and dif-
fuse brain mitochondrial dysfunction with an increase in lac-
tate. A correlation between levels of the putative axonal
marker N-acetylaspartate and patients’ disability scores sug-
gests that proton MR spectroscopy can provide a useful mea-
sure of disease outcome in CTX.

Globoid Cell Leukodystrophy (Krabbe Disease)

Globoid Cell Leukodystrophy (GLD) arises from a deficiency
in the enzyme, B-galactocerebrosidase, leading to the accu-
mulation of cerebroside and galactosylsphingosine within the
lysosome and inducing apotosis in the oligodendrocyte cell
lines. Also known as Krabbe Disease, this autosomal reces-
sive disorder, localized to chromosome 14q31, is seen pre-
dominantly in young children with the most common form,
infantile, presenting with irritability between 3 and 6 months
after birth. The disease progresses with symptoms mimicking
encephalitis with motor deterioration, difficulties in feeding
and atypical seizures. At the end stage of the disease, the child
exists in a vegetative state with decerebrate posturing.

The disease predominantly involves the white matter of
the cerebral hemispheres, cerebellum, and spinal cord.
Pathologic changes include a marked toxic reduction in the
number of oligodendrocytes. Multinucleated globoid appear-
ing cells, as well as reactive macrophages with cerebroside,
are scattered throughout the white matter and around blood
vessels [67]. Hypomyelination may be extensive leading
eventually to gliosis and scarring in the white matter. Gray
matter involvement in the basal ganglia region can be found
accompanied by punctate calcification.

Delayed myelination may be the first finding noted on MRI
in infants with this disease. The appearance features one
of two patterns. Patchy hyperintense periventricular signal on
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T,-weighted imaging, consistent with hypomyelination, may
eventually evolve into a more diffuse pattern in the white mat-
ter. In this form, there is often involvement of the thalami with
hyperintense T,-signal as well. A second pattern is patchy low
signal on T,-weighted images representing a paramagnetic
effect arising from calcium deposition, which can also be
appreciated on brain computed tomography (CT). Additional
early changes include abnormal signal in the thalami, cerebel-
lum, caudate heads, and brainstem that may precede the
changes in the white matter of the centrum semiovale.
Symmetric enlargement of the optic nerves is presumed to
reflect accumulation of proteolipid in globoid cells. At times,
changes within the cerebellar white matter have also been
reported, with hyperintensity noted on T,-weighted images.
The findings within the spinal cord are visualized as atrophic
changes. Diffuse volume loss and periventricular white matter
abnormalities predominate in the later stages of this disease.

Reduced NAA with elevated Cho and ml have been
reported in this disease. Diminished NAA is expected with
neuroaxonal loss but spectroscopy has also revealed distur-
bances in glial cell metabolism associated with hypomyeli-
nation. Brockmann [68] found different metabolic profiles
dependent upon the presentation (infantile, juvenile, and
adult onset) consistent with recognized histopathologic fea-
tures. For infantile presentation of Krabbe, pronounced Cho
and ml elevations in affected white matter reflected demyeli-
nation and glial proliferation with reductions in NAA repre-
senting neuroaxonal loss, as seen in Fig. 10.5. For juvenile
onset patients, the white matter MRS reflected metabolic
changes consistent with neuroaxonal loss and astrocytosis.
In an adult onset patient, white matter spectroscopy approxi-
mated normal metabolic concentrations.

Metachromatic Leukodystrophy

Metachromatic leukodystrophy (MLD) arises from a
deficiency in the enzyme arylsulfatase A, which cleaves
the sulfate from sulfate-containing lipids, resulting in the
accumulation of cerebroside sulfate within the lysosome.
This disorder is transmitted in an autosomal-recessive pat-
tern with the arylsulfatase A gene localized to chromo-
some 22q [67].

There are four subtypes of MLD (1) congenital; (2) late
infantile; (3) juvenile; and (4) adult. The most common form,
late infantile subtype, presents from around 14 months to 4
years of age. The early presentation begins with an unsteady
gait that eventually progresses to severe ataxia and flaccid
paralysis, dysarthia, mental retardation, and decerebrate pos-
turing. Genotype—phenotype correlation occurs with the late
infantile form homozygous for alleles with no expression of
enzyme activity (null allele), heterozygosity for null and
non-null alleles in the juvenile form, and homozygosity for
non-null alleles in the adult form.
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Fig. 10.5 MRI and MRS findings from a 4-year-old girl diagnosed
with globoid cell leukodystrophy (Krabbe Disease). (a) Axial T,-
weighted image shows hyperintense signal in the parietal white matter;
(b) Axial FLAIR image shows significant signal abnormalities in the
central white matter; (¢) Axial Apparent Diffusion Coefficient map

Histologic analysis of affected white matter demonstrates
a complete loss of myelin with evidence of axonal degenera-
tion. Metachromatic granules are reported within engorged
lysosomes in white matter, neurons, and on peripheral nerve
biopsies. Oligodendrocytes are reduced in number, and areas
of demyelination predominate throughout the deep white
matter region. Macrophages with vacuolated cytoplasm con-
taining crystalloid sulfatide structures are scattered in the
white matter [67]. Early sparing of the subcortical arcuate
white matter fibers (U- fibers) occurs until late in the disease
process. An inflammatory response is typically absent, which
accounts for the lack of contrast enhancement in this disor-
der, but eventually, myelinated white matter is replaced by
astrogliosis and scarring. On T -weighted imaging, there is
marked hyperintensity of the white matter fiber tracts involv-
ing the cerebral hemispheres extending to the cerebellum,
brainstem, and spinal cord. The findings are initially focal
and patchy, but later develop into diffuse, hyperintense T,
signal of the centrum semiovale. On T -weighted imaging,

H 3 2 1 0

shows increased diffusion signal (arrowheads) within the central white
matter; (d) Short echo (35 ms) and (e) long echo (288 ms) MR spectra
sampling within the right parietal white matter (black voxel on a) show
reduced NAA/Cr, with elevations of Cho/Cr and mI/Cr. There is also a
small lactate peak visible ind at 1.3 ppm

the white matter fibers may be isointense with or hypoin-
tense to gray matter. Over time, a diffuse volume loss of all
regions emerges with marked compensatory enlargement of
the ventricles and extra-axial fluid spaces. At this end-stage,
differentiation of this condition from diffuse hypoxic/isch-
emic injury or other late-stage neurodegenerative/metabolic
diseases is difficult from imaging findings alone.

Proton MRS investigations of patients with MLD have
demonstrated reduced NAA as expected from axonal degen-
eration and neuroaxonal loss, as seen in Fig. 10.6. Disturbances
in glial cell metabolism indicated by elevated ml and Cho
may reflect the loss of myelin. In one study, Kruse posits that
in contrast to other leukodystrophies, late infantile and juve-
nile MLD patients demonstrate two-to-three fold increases in
brain ml. This elevation may reflect a specific aspect of the
pathophysiology of demyelination associated with MLD [69].
The study by van der Voorn supports this finding, with highly
significant elevations of mI and Cho as useful for classification
of demyelinating disorders [5].
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Fig.10.6 MRI and MRS findings from 7-year-old male diagnosed with
metachromatic leukodystrophy. (a) Axial T,-weighted image and (b)
coronal FLAIR image show hyperintense signal in periventricular white
matter with sparing of subcortical U-fibers (arrowheads on a); (¢) Short
echo (35 ms) and (d) long echo (288 ms) sampling within the left poste-
rior parietal white matter (white voxel on b) feature reduced NAA and
Cr, elevated Cho and from the short echo MRS an elevated ml level

Perioxisomal Disorders Producing
Leukodystrophies

Peroxisomes are organelles within a cell that contain enzymes
responsible for critical cellular processes, including biosynthe-
sis of membrane phospholipids (plasmalogens), cholesterol,

and bile acids, conversion of amino acids into glucose, oxida-
tion of fatty acids, reduction of hydrogen peroxide by catalases,
and prevention of excess oxalate synthesis. Peroxisomal disor-
ders are subdivided into two major categories (1) biogenesis
disorders arising from a failure to form viable peroxisomes,
resulting in multiple metabolic abnormalities and (2) disorders
resulting from the deficiency of a single peroxisomal enzyme.

Four different disorders comprise the genetically hetero-
geneous PBD group: Zellweger syndrome (ZS), infantile
Refsum’s disease (IRD), neonatal adrenoleukodystrophy
(NALD), and rhizomelic chondrodysplasia punctata (RCDP).
X-linked adrenoleukodystrophy (ALD) is the prototypical
peroxisomal disorder in which the morphology of the organ-
elle is found to be normal on electron microscopy, but a sin-
gle enzyme defect leads to the accumulation of very
long-chain fatty acids and progressive CNS deterioration in
the form of a chronic progressive encephalopathy.

Zellweger Syndrome

ZS is an autosomal recessive disease characterized by defective
peroxisomal functions. Infants are symptomatic early, with
hypotonia, seizures, large liver size, and limb and facial anoma-
lies that are easily recognizable at birth. Neuroimaging is rela-
tively specific, correlating well with pathologic appearances of
the brain. There is a diffuse lack of myelination throughout the
white matter combined with cortical dysplasia. The gyri are
broad, with shallow intervening sulci found mainly in the ante-
rior frontal and temporal lobes but also over the convexities in the
perirolandic area. Variants of ZS have also been described that do
not follow the typical prototype, but demonstrate many common
features to ZS. Clinical overlap may occur with other conditions
including NALD, IRD, and hyperpipecolic acidemia.

The difference among ZS, NALD, and IRD is one of sever-
ity. ZS is the most severe, with death occurring in the first
year of life, whereas survival for NALD is limited to child-
hood, and patients with IRD can survive into adulthood.

MRS performed in older patients with ZS and IRD finds
similar features with dramatic lipid and choline elevations,
minor ml elevations, and reduced NAA levels for sampled
white matter. ZS presents with cortical dysplasia and neu-
ronal heterotopia on imaging. Proton MRS illustrates the
neuropathologic aspects of ZS, which include neuronal
degeneration, abnormal myelination, and compromised liver
function. Bruhn, et al., reported MRS of infants (N=4) with
impaired peroxisomal function classified as variants of ZS
revealed a marked decrease of N-acetylaspartate in white and
gray matter, thalamus, and cerebellum with two patients also
demonstrating an increase of cerebral glutamine and a
decrease of the cytosolic ml in gray matter and striatum
reflecting impaired hepatic function [70]. Two subjects in the
Bruhn study exhibited a notable elevation of mobile lipids
and/or cholesterol in white matter. In an unpublished study,



118

K.M. Cecil and D.M. Lindquist

b Lactate,
Lipids
Cho

NAA

n 1 it 1 L
t t t t t

Fig. 10.7 MRI and MRS findings from 3-year-old male diagnosed
with Zellweger Syndrome. (a) Axial FLAIR shows diffuse periventric-
ular white matter hyperintensities (arrowheads). (b) Short echo (35 ms)
MR spectrum shows elevated lactate and lipids, as well as increased
choline. NAA also appears reduced

MRS performed in older patients with ZS (3 years old) dem-
onstrates similar features with dramatic lipid and choline
elevations, minor ml elevations with reduced NAA levels for
sampled white matter (Fig. 10.7).

Neonatal Adrenoleukodystrophy

NALD is characterized by the presence of multiple recogniz-
able enzyme deficiencies with grossly normal, but deficient
numbers of peroxisomes. Specific conditions include pipe-
colic and phytanic acidemia and a deficiency of plasmalogen
synthetase. This condition also presents with hypotonia in
the first months of life, but without many of the facial fea-
tures of ZS. Cortical abnormalities in the form of a dysplasia
can be found in this condition as well with hypomyelination
in cerebral white matter. An example of proton MRS in
NALD is shown in Fig. 10.8.
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Fig. 10.8 MRI and MRS findings from a 12-month-old male diag-
nosed with neonatal adrenoleukodystrophy. (a) Axial T,-weighted
image shows diffuse white matter signal abnormalities. (b) Short echo
(35 ms) MR spectrum shows elevated glutamate+ glutamine signal
(Asterisk), as well as a small amount of lipids and lactate (double asterisk).
(c) Long echo (144 ms) MR spectrum clearly shows the reduced NAA
and slight elevation of Cho
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X-Linked Adrenoleukodystrophy

For X-linked ALD, the morphology of the organelle is found
to be normal on electron microscopy; however, a single
enzyme defect, acyl-CoA synthetase, and a failure of the
incorporation into cholesterol esters for myelin synthesis
leads to the accumulation of very long-chain fatty acids and
progressive CNS deterioration in the form of a chronic pro-
gressive encephalopathy. The “classic” form of ALD is an
X-linked disorder (Xq28) with a clinical onset between the
ages of 5-7 years, which includes behavioral problems, fol-
lowed by a rapidly progressive decline in neurologic function,
and death within the ensuing 5-8-year period. The first indi-
cation of this condition may include mental status changes or
a decline in school performance. Clinical symptoms may
begin with subtle alterations in neurocognitive function, but
eventually progress to severe spasticity and visual deficits,
ultimately leading to a vegetative state and death.

X-linked ALD demonstrates a loss of myelin with relative
preservation of the subcortical U-fibers along with lympho-
cytic inflammation and gliosis [67]. It has been described
with a typical appearance on MR with predominately poste-
rior involvement that over time progresses from posterior to
anterior into the frontal lobes, and from the deep white mat-
ter to the peripheral subcortical white matter. The involve-
ment appears symmetrical in a butterfly distribution across
the splenium of the corpus callosum, surrounded on its
periphery by an enhancing zone. Three zones are readily dis-
tinguished on MR: an inner zone of astrogliosis and scarring
that appears hypointense on T -weighted imaging and hyper-
intense on T,-weighted sequences; an intermediate zone of
active inflammation that appears isointense on T -weighted
images and iso- or hypointense on T -weighted imaging; and
an outer zone of active demyelination that appears minimally
hypointense on T -weighted images and hyperintense on T,-
weighted imaging. Rarely, involvement can be entirely ante-
rior in a butterfly distribution; however, unilateral and
asymmetrical involvement has also been described. Following
a bone marrow transplant, the first imaging finding is often
the disappearance of gadolinium contrast enhancement
within the intermediate zone of inflammation. The progres-
sion of disease from posterior to anterior and from deep
white matter to the periphery of the brain may be slower
compared to its previous course; however, hyperintense sig-
nal changes are not significantly reversed.

X-linked ALD patients evaluated with proton MRS dem-
onstrate abnormal spectra within regions of abnormal imag-
ing signal as well as normal appearing white matter NAWM)
(Fig. 10.9) [70-88]. The spectral profile for NAWM of neuro-
logically asymptomatic patients is characterized by slightly
elevated concentrations of choline compounds, with an
increase of Cho and mlI reflecting the onset of demyelination.
Markedly elevated concentrations of Cho, ml, and glutamine
in affected white matter suggest active demyelination and
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Fig. 10.9 MRI and MRS findings from a 15-year-old diagnosed with
X-linked adrenoleukodystrophy, approximately 6 months post-bone mar-
row transplant. (a) Axial FLAIR image shows diffuse signal hyperinten-
sities in the parietal white matter. (b) The short echo (35 ms) spectrum
reveals decreased NAA associated with neural dysfunction, volume loss,
and elevated ml consistent with gliosis. (¢) The long echo (288 ms) spec-
trum shows decreased NAA and elevated lactate; however, the low signal
to noise reflects contribution of CSF from the adjacent lateral ventricle.
The patient imaging was stable, with no abnormal contrast enhancement
or abnormal diffusion signal, for at least one year on follow-up studies
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glial proliferation. A simultaneous reduction of the concen-
trations of NAA and glutamate is consistent with neuronal
loss and injury. Elevated lactate is consistent with inflammation
and/or macrophage infiltration. The more severe metabolic
disturbances in ALD correspond to progressive demyelina-
tion, neuroaxonal loss, and gliosis leading to clinical
deterioration and eventually death. The detection of MRS
abnormalities before the onset of neurological symptoms may
help in the selection of patients for bone marrow transplanta-
tion and stem cell transplant. Stabilization and partial reversal
of metabolic abnormalities is demonstrated in some patients
after therapies. The spectral profiles can be used to monitor
disease evolution and the effects of therapies.

Adrenomyeloneuropathy

A milder form of ALD, known as adrenomyeloneuropathy,
occurs in both males and females (heterozygous) that com-
monly manifests in adulthood. Adrenomyeloneuropathy is
thought to represent a form of X-linked ALD or an auto-
somal recessive form of ALD that does not manifest until
later in life. It may arise in families with a previous history
of “classic” X-linked ALD. Clinical manifestations include
the slow onset of neuromuscular weakness, yet overt CNS
manifestations secondary to demyelination are less com-
mon, and may not manifest until very late in the disease
process. Clinical progression does not necessarily corre-
spond with the severity of imaging findings at the time of
initial diagnosis.

For patients with adrenomyeloneuropathy, the MRI is often
within normal limits for age. High signal on T -weighted imag-
ing representing demyelination can be identified in the corti-
cospinal and spinocerebellar tracts of the brainstem. Abnormal
signal may eventually extend into the midbrain and posterior
limb of the internal capsule; however, the typical deep white
matter involvement as seen in ALD is less common. When
present, it is less extensive than in ALD, and is generally only
seen very late in the disease process. Demyelination of cerebel-
lar deep white matter can be found, primarily centered about
pontocerebellar tracts of the middle cerebellar peduncles, pon-
tocerebral tracts, and the medial lemniscus.

Ratai and colleagues employed MRSI at 7 T in adults
with adult cerebral ALD, adrenomyeloneuropathy, and
females heterozygous for X-linked ALD [88]. Patients with
adrenomyeloneuropathy demonstrated lower NAA/Cr and
Glu/Cr ratios compared to healthy controls. No significant
differences were found between patients with adrenomy-
eloneuropathy and female heterozygotes. In NAWM of those
with adult cerebral ALD, the mI/Cr and Cho/Cr levels were
46% and 21% higher than patients with adrenomyeloneu-
ropathy, respectively.

K.M. Cecil and D.M. Lindquist

Summary

Leukodystrophies are associated with substantial morbid-
ity and mortality in children [89]. In a recent retrospective
review of a regional children’s hospital in the US over an
8-year period, the incidence of leukodystrophies was esti-
mated at 1 in 7,663 live births. Unfortunately, much of our
understanding of these disorders is limited by individual or
small case series. Magnetic resonance imaging and spec-
troscopy have assisted in the diagnosis of leukodystro-
phies; however, greater clinical and research efforts toward
diagnosing these disorders and monitoring therapies is
sorely needed.
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Magnetic resonance spectroscopy (MRS) provides a powerful
tool in narrowing the differential diagnosis in pediatric brain
disorders. The foremost utility of MRS should be the recogni-
tion of metabolic disorders, especially within the context of
early detection, as the specificity of imaging is limited until
macroscopic structural changes have occurred. Unfortunately,
the literature provides only a limited number of case reports and
small patient series employing MRS in the diagnosis and moni-
toring of metabolic diseases. This is likely because many meta-
bolic disorders are rare, and tend to present during childhood as
well as the inherent limitations of MRS, which include the abil-
ity to only primarily detect cellular events (neuronal dysfunc-
tion, lactic acidemia abnormal myelination, gliosis, etc.) and
low signal to noise ratio (SNR). This chapter will describe dis-
eases such as lysosomal storage diseases, mitochondrial disor-
ders, amino acidurias, organic acidurias, urea cycle defects,
creatine disorders, and other miscellaneous metabolic disorders.
Table 11.1 provides a succinct yet fairly comprehensive sum-
mary of the disease features. The goal of the chapter is to intro-
duce the reader to the defect, its genetic origins, common
symptoms, treatment options, and findings upon magnetic reso-
nance imaging (MRI) and spectroscopy with an emphasis on
the pediatric population. Very few disorders or diseases have an
MRS profile that is disease specific. Most disorders require inte-
gration of clinical symptoms, family histories, laboratory (meta-
bolic and molecular) test results, MRI interpretation and the
now more commonly acquired MRS results to formulate dis-
ease diagnosis. Understanding the role that MRS can provide
will facilitate patient care and ultimately improve our collective
knowledge of pediatric metabolic brain disorders.
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Lysosomal Storage Diseases

Many neurodegenerative diseases are characterized by the
accumulation of nondegradable molecules in cells or at extra-
cellular sites in the brain. One such class of diseases is the
lysosomal storage disorders, which arise from defects in lyso-
somal function. The lysosomes are intracellular organelles
responsible for degrading lipids, proteins, and complex carbo-
hydrates. For many lysosomal disorders, the genetic mutation
resulting in the absence or partial deficiency of an enzyme or
protein is known and functionally understood. For most of the
lysosomal diseases, the substrate for the defective enzyme
builds up to produce intra-lysosomal storage. While the dis-
eases are complex, mechanical disruption of the cell due to the
storage of undegradable material leads to cellular dysfunction.
In general, the pathology primarily involves neuronal dysfunc-
tion rather than loss, with the exception of differential loss of
Purkinje cells that characterize several storage diseases,
including Niemann-Pick disease type C (NPC) and the mas-
sive cell loss that occurs in the neuronal ceroid lipofuscinoses
(NCL). Unknown is whether the storage material affects cel-
lular function only when it begins to accumulate in extra-lyso-
somal sites or if problems in cell homeostasis are triggered
while the material is still confined to the lysosome.

Lysosomal disorders are typically inherited as auto-
somal recessive traits, usually afflict infants and young
children, involve brain pathology and are untreatable.
However, adult-onset forms do exist. The collective fre-
quency of lysosomal storage diseases is estimated to be
approximately 1 in 8,000 live births, with some occurring
at high frequency in select populations. The common bio-
chemical hallmark of these diseases is the storage of mac-
romolecules in the lysosome.

Lysosomal disorders primarily impacting gray matter
include the neuronal ceroid lipofuciscinoses, gangliosidoses,
and mucopolysaccharidoses. Two of the more common lyso-
somal disorders, metachromatic leukodystrophy and
Krabbe’s disease, demonstrate abnormalities in white matter
as described in this book’s chapter on leukodystrophies.
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However, broader involvement of gray and white matter
often occurs in later stages of lysosomal disease progression.
The following sections discuss several lysosomal storage
disorders with published reports employing MRS.

Neuronal Ceroid Lipofuscinosis

NCL, one of the most common neurodegenerative syndromes,
is a disorder or group of disorders characterized by striking
volume loss of brain parenchyma. NCL can be divided into
six subtypes based upon age at onset. The various subtypes
are associated with different mutations in the CLN genes, and
have similar clinical manifestations occurring at different
ages. These include seizures and abnormal eye movements,
with subsequent vision loss, dementia, hypotonia, speech and
motor deficits. Upon pathology, these disorders are character-
ized by distinctive granular inclusions in neuronal lysosomes,
referred to as granular osmiophilic deposits. Imaging findings
lag behind the clinical presentation in all subtypes, with the
exception of the infantile form of NCL, and feature progres-
sive cerebral and cerebellar volume loss. Later disease stages
are characterized by development of a band of hyperintense
signal in the periventricular white matter on T2-weighted
images. Proton MRS has shown progressive decreases in
N-acetyl aspartate (NAA) and relative increases in myo-inos-
itol (mlI) in NCL. An example from a 9-month-old patient
with NCL is demonstrated in Fig. 11.1.

Confort-Gouny et al. reported MRS findings from the basal
ganglia of a 4-year-old patient with infantile NCL demonstrat-
ing an unusual increase of ml and taurine levels with a reduc-
tion of NAA [1]. The patient demonstrated extensive cerebral
atrophy. Brockmann et al. described a series of five patients
with NCL using proton MRS [2]. Juvenile NCL demonstrated
normal metabolite levels, while infantile NCL was character-
ized by a complete loss of NAA, marked reductions of creatine
(Cr) and cholines (Cho), and increases of ml and lactate in both
gray and white matter. Reduced NAA and elevated lactate were
also detected in gray and white matter of late-infantile NCL;
however, in this case, not only ml but also Cr and Cho were
increased in white matter. Sietz et al. sampled predominately
parietal lobe white matter in three patients with late-infantile
NCL and compared the findings with healthy control partici-
pants [3]. Again, reduced NAA with elevated ml levels relative
to Cr were reported. Vanhanen et al. examined eight infantile
patients with MRI, MRS acquired in the thalamus and parietal-
occipital white matter, and perfusion single photon emission
computed tomography [4]. The disease presentations varied
from preclinical to late stage. While not specific for infantile
NCL, MRS revealed cerebral abnormalities before symptoms,
structural changes or blood flow changes appeared in the
patients. Patients between 3 and 5 months of age, classified as
stage 0, demonstrated reduced NAA and elevated Cho levels to
Cr. By 17 months, classified as stage 2, decreased NAA and

.

NAA
Lipids
—
: LS : H §
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Fig. 11.1 Figures from a 9-month-old twin male followed for a neuro-
pathic form of osteopetrosis who presented with MRI and MRS findings
consistent with neuronal ceroid lipofuscinosis. (a) Axial T2-weighted
image reveals hyperintense signal from CSF-associated supratentorial
volume loss; (b) Axial FLAIR image confirming volume loss and CSF
signal; (¢) Short echo (35 ms), and (d) Intermediate echo (144 ms) MR
spectra sampling within the right parietal lobe demonstrate reduced
NAA, with elevations of lipids and mI/Cr

Cho were accompanied by increased ml in the thalamus and
parietal white matter. By Stage 4, NAA and Cho levels declined
significantly with lipids, lactate and ml increased. Reduction of
NAA in the thalamus and white matter was thought to reflect
neuroaxonal damage or possibly changes in the function of the
remaining cells. As Cho mainly represents structural compo-
nents of the cell membrane, especially myelin sheaths in white
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matter, an increase of Cho and Cho/Cr reflected demyelination.
High Cho and increasing ml indicated progression of demyeli-
nation with glial proliferation. Increased levels of ml, lipids,
and lactate also indicated gliosis, cell loss and abnormal anaer-
obic metabolism of the macrophages, and possibly, atrophic
thalamic astrocytes filled with abnormal storage material [4].
At the latest stage, the spectrum was dominated by the lipid
signals, which could serve as markers of myelin breakdown
product. The complete absence of NAA, barely detectable Cho
and Cr, and relatively high mlI and lipids indicated almost com-
plete neuroaxonal loss, ongoing demyelination, and gliosis.

Sitter et al., employing principal component analysis of
ex vivo spectra obtained from infantile NCL autopsy brain
tissue found decreased NAA, gamma amino butyric acid
(GABA), glutamate and glutamine with increased ml. Ex
vivo spectra obtained from juvenile NCL autopsy brain tis-
sue did not differ from controls [5].

Niemann Pick Type C (NPC)

NPC is an autosomal-recessive, neurovisceral, lysosomal lipid
storage disorder that results from defective cholesterol
esterification and is associated with impaired intracellular lipid
trafficking leading to accumulation of cholesterol and gly-
cosphingolipids in the brain, the liver, the spleen, and lung. It is
estimated to occur with a minimal incidence of 1 in 120,000 live
births [6]. NPC has a very heterogeneous clinical presentation
from a neonatal rapidly fatal disorder to an adult-onset chronic
neurodegenerative disease. The initial presentation is visceral,
with systemic signs of cholestatic jaundice in the neonatal
period. Presentation during infancy or childhood can feature
isolated splenomegaly or hepatosplenomegaly. In the early-
infantile, late-infantile and juvenile period, a wide range of
nonspecific and progressive neurologic symptoms varies accord-
ing to the age at onset. The first neurologic symptoms may
include delay in developmental motor milestones (early infan-
tile period), falls, clumsiness, cataplexy, and academic difficulties
(late infantile and juvenile period). Seizures, dysarthria, dys-
phagia, ataxia, and psychiatric disturbances can occur within
the disease course. The most characteristic sign is vertical supra-
nuclear gaze palsy. The prognosis largely correlates with the age
at onset of the neurological manifestations. NPC is transmitted
in an autosomal recessive manner and is caused by mutations of
either the NPCI (95% of families) or the NPC2 genes.
Confirmation of the diagnosis requires molecular genetic test-
ing of NPCI and NPC2 genes from living skin fibroblasts to
demonstrate accumulation of unesterified cholesterol in peri-
nuclear vesicles (lysosomes) after staining with filipin [6]. NPC
is currently described as a cellular cholesterol trafficking defect,
but in the brain, the prominently stored lipids are gangliosides.
Tedeschi et al. evaluated ten patients with NPC using
proton spectroscopic imaging (MRSI) and compared the
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findings with those obtained from 15 healthy controls [7].
NAA/Cr levels were significantly decreased in the frontal and
parietal cortices, centrum semiovale, and caudate nucleus.
Cho/Cr levels were significantly increased in the frontal cortex
and centrum semiovale. Significant correlations were found
between clinical staging scale scores and MRSI abnormalities.

Cholesterol-lowering agents effectively decrease hepatic
lipids in NPC patients. Sylvain et al. described the effects of
such agents on neurologic features using proton MRS in a
9-month-old boy with progressive hepatosplenomegaly and
neurodevelopmental delay [8]. MRS acquired within a
supraventricular volume of central white and gray matter
revealed an abnormal lipid signal. The patient was treated
with cholesterol-lowering agents (i.e., cholestyramine, lovas-
tatin). Repeat standardized neurodevelopmental assessments
(Peabody and Griffith scales) at 13 and 19 months were nor-
mal. The MRS no longer detected the previously observed
abnormally elevated lipid resonance.

Miglustat (N-butyl-deoxynojirimycin), an inhibitor of
glycosphingolipid synthesis, has been approved to treat
patients in the USA and Europe, but questions remain regard-
ing its efficacy. Galanaud et al. acquired proton MRS in three
locations (centrum semiovale, basal ganglia, and cerebel-
lum) for three adults with NPC treated with Miglustat for 24
months [9]. All patients reported mild clinical improvement
or stabilization. With multiple timepoints assessed, the Cho/
Cr levels within the parietal white matter (centrum semio-
vale) were observed in all three patients to decrease over
time. Although these results were preliminary, there was evi-
dence that Miglustat had some beneficial effect on brain dys-
function in NPC.

Salla Disease

Mutations in the SLCI7A5 gene encoding the lysosomal
transport protein, sialin, result in defective free sialic acid
transport out of lysosomes. The resulting increased lyso-
somal storage of free sialic acid produces a neurodegenera-
tive disorder with varying phenotypes: Salla Disease,
Intermediate-severe Salla disease or Infantile free sialic acid
storage disease.

Salla disease, the mildest phenotype, is characterized by
normal appearance and neurologic findings at birth followed
by slowly progressive neurologic deterioration resulting in
mild-to-moderate psychomotor retardation, spasticity, atheto-
sis, and epileptic seizures. Varho et al. examined eight pediat-
ric and adult patients with Salla disease using quantitative
single voxel MRS [10]. The study found 34% higher NAA,
47% higher Cr, and 35% lower Cho concentrations in the
parietal white matter and 53% higher Cr in the basal ganglia
of patients with Salla disease compared with the age-matched
control subjects. The patients had 22% higher water content
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in their parietal white matter, whereas in the basal ganglia, the
water concentrations did not differ significantly. The authors
attributed the high NAA signal from accumulated lysosomal
N-acetylneuraminic acid, which offsets the possible loss of
NAA. The high Cr agrees with an increased glucose uptake
found in their earlier 2-fluoro-2-deoxy-D-glucose-positron
emission tomography study, reflecting increased energy
demand [11].

Gangliosidoses

Gangliosides are glycolipids within the central nervous sys-
tem (CNS), which are key components of the neuronal cell
membranes and myelin, and are responsible in part for cel-
lular recognition and communication. The gangliosidoses
are divided into two groups referred to as the GM, and GM,,.
In GM , the primary enzyme deficiency is that of -galacto-
sidase. For GM,, an abnormal accumulation of gangliosides
results from a hexosaminidase deficiency. The most common
forms of GM2 gangliosidoses are autosomal recessive and
include Tay-Sachs disease and Sandoff disease. Affected
individuals undergo progressive neurodegeneration in
response to the glycosphingolipid storage.

Tay-Sachs Disease

Tay-Sachs disease arises with f—N-acetylhexosaminidase-A
isoenzyme deficiency (HEXA, chromosomal locus 15g23-
g24). Several phenotypes exist depending on age at presenta-
tion (acute infantile, juvenile, chronic, and adult-onset) and
activity of hexosaminidase A. Infantile onset occurs usually
before 6 months of age and typically includes developmental
regression, especially motor skills, weakness, increased star-
tle response, decreased attentiveness, blindness, and bilateral
cherry-red spots on the macula in 90% of patients, but may
also feature irritability, hypotonia, myoclonic seizures, and
macrocephaly. Death usually results by 3 years of age.
Juvenile Tay-Sachs can begin between 2 and 10 years of age.
Symptoms manifest as ataxia, loss of coordination, cognitive
decline, with seizures and spasticity by the end of the first
decade of life. By 15 years, patients are usually in a vegeta-
tive state. Although this disease is often associated with
Ashkenazi Jewish heritage, Tay-Sachs disease has been
reported in all ethnic, racial, and religious groups. Populations
that are relatively isolated genetically have been found to
carry HEXA mutations. Carrier screening programs in per-
sons with Ashkenazi Jewish heritage in North America have
reduced the incidence of the disease by over 90% [12, 13].
Aydin et al. employed MRI with MRS within the basal
ganglia three children aged 10, 20, and 21 months diagnosed
with Tay-Sachs disease [14]. On T2-weighted MR images,
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abnormal hyperintense signal changes in the basal ganglia
and cerebral white matter were appreciated. Compared with
healthy controls, an increase in mI/Cr and Cho/Cr levels was
found with a decrease in the NAA/Cr level.

Imamura et al. reported the clinical findings and proton
MRS of 4-year-old monozygotic female twins with a mild
presentation of early onset Tay-Sachs disease [15]. The
young twins demonstrated similar, slowly progressive clini-
cal symptoms and deterioration; however, the younger sister
also demonstrated intractable myoclonus in the right leg.
Serial MR images showed abnormal hyperintensity on
T2-weighted images in bilateral white matter, but no signal
changes in the basal ganglia and thalamus during any of the
phases of the disease. NAA/Cr levels were decreased in the
both white matter lesions and the basal ganglia, with elevated
ml/Cr levels in regions of signal abnormality. An elevated
resonance, described as lactate, was appreciated in the basal
ganglia of the younger twin with myoclonus; however, its
appearance is more suggestive of lipids with an uncertain
lactate contribution. These features would be consistent with
a process of demyelination with breakdown products or pos-
sibly fatty acid chains of accumulated sphingosine.

The juvenile phenotype of Tay-Sachs disease is mainly
characterized by motor neuron and spinocerebellar dysfunc-
tion as gangliosides accumulate in the neurons, axons and
glia. Felderhoff-Muesser et al. used phosphorus MRS to
examine the metabolic changes of a 16-year-old patient with
juvenile Tay-Sachs disease [16]. A decreased amount of
phosphodiesters and membrane-bound phosphates was dem-
onstrated, suggesting an activation of phosphodiesterases by
accumulating gangliosides. Severe changes in phosphorus
metabolism corresponded well with clinical findings.

Sandhoff’'s Disease

Sandhoff’s disease is due to a deficiency of A and B isoen-
zymes of hexosaminidase. The clinical course is similar to
Tay-Sachs disease. There is visceral involvement, including
hepatomegaly, cardiac and renal tubular abnormalities.
Cerebral MRI in the early stages demonstrates increased T,
signal in the basal ganglia, particularly with the enlarged
caudate nuclei. Later, cortical and deep gray matter volume
loss occurs with patchy increases in T, signal in the white
matter. Thalamic involvement is more indicative of
Sandhoff’s disease.

Wilken et al. described MRI and quantitative proton MRS
findings for a girl with an enzymatically established diagno-
sis of Sandhoff’s disease [17]. MRI of the brain showed sig-
nal changes in the periventricular white matter, pyramidal
tract, basal ganglia, and cerebellar hemispheres. Proton MRS
at the age of 13 months revealed a reduction of total NAA,
with elevated ml and scyllo-inositol in white matter, gray
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matter, and thalamus. Cr was elevated in the white matter,
but reduced in the basal ganglia. Cho concentrations were
normal for all regions. A new resonance at 2.07 ppm was
detected in all regions and ascribed to N-acetylhexosamine
with the highest regional concentrations obtained in white
matter and thalamus. While conventional MRS findings cor-
respond with neuroaxonal damage and pronounced astrocy-
tosis, the observation of N-acetylhexosamine appears as a
specific marker of Sandhoff’s disease indicating accumula-
tion of hexosamine-containing oligosaccharides. Support for
the interpretation of this novel resonance was obtained by an
in vitro MRS study of a Sandhoff mouse model. Lowe et al.
found that perchloric acid extracts of the Sandhoff mouse
brain exhibited several resonances around 2.07 ppm on spec-
tra that were not present in the corresponding spectra from
extracts of wild-type mouse brain [18]. Ex vivo MRS of
intact brain tissue with magic angle spinning also showed
additional resonances around 2.07 ppm. High-performance
liquid chromatography and mass spectrometry of Sandhoff
extracts after MRS analyses identified the presence of
N-acetylhexosamine-containing oligosaccharides. These
resonances appeared to increase with disease progression
and are likely to arise from the stored glycosphingolipids.

Sjorgen-Larsson Syndrome

Sjorgen-Larsson Syndrome (SLS) is an autosomal reces-
sively inherited neurocutaneous disorder caused by a
deficiency of the microsomal enzyme fatty aldehyde dehy-
drogenase (FALDH) arising from mutations in the ALDH3A2
gene on chromosome 17 (17p11.2). The deficiency of the
enzyme impairs the oxidation of medium and long-chain
fatty aldehydes. The classical triad of severe clinical abnor-
malities includes ichthyosis, mental retardation, and spastic-
ity. MRI of the brain shows hypomyelination, with a zone of
periventricular signal abnormalities consistent with gliosis in
white matter and mild ventricular enlargement.

Miyanomae et al. first described the proton MRS (single
voxel and MRSI) findings in a 25-year-old male with
confirmed SLS [19]. An elevated lipid resonance appearing
at 1.3 ppm was accompanied by reduced NAA/Cr level.
Mano et al. extended this finding by employing short echo
time (18 ms) stimulated echo acquisition mode (STEAM)
MRS localization in two patients, a 6-year-old female and
5-year-old male, homozygous for SLS, noting two lipids
resonances at 1.3 and 0.9 ppm within abnormal signal inten-
sity white matter and normal appearing basal ganglia [20].
These lipid resonances could represent accumulated fatty
alcohols or their metabolites. Williamsen et al. conducted
quantitative MRS in 18 SLS patients, ranges 5 months to 45
years, with 14 returning for follow-up [21]. Upon compari-
son with healthy controls, proton MRS of gray matter was
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normal. Proton MRS of white matter revealed a prominent
peak at 1.3 ppm, normal levels of NAA, and elevated levels
of Cr (+14%), Cho (+18%), and ml (+54%). Abnormalities
on MR imaging and proton MR spectroscopy emerge during
the first years of life and then stabilize such that they were
similar in all patients with SLS, but with varying severity.
The changes are confined to cerebral white matter and sug-
gest an accumulation of lipids, periventricular gliosis,
delayed myelination, and a mild permanent myelin deficit.
Several other articles replicating the MRS findings and mon-
itoring lipid resonance levels upon therapeutic intervention
have been reported [22-27].

Kaminaga et al., subsequently examined four, asymptom-
atic, heterozygous SLS parents of homozygous SLS children
[28]. An abnormal lipid resonance, centered at 0.9 ppm, was
present on the spectra for each heterozygote. A moderate
decrease in fatty alcohol:NADI oxidoreductase complex
activity has been reported in persons heterozygotic for SLS.
While the significance of the resonance in SLS heterozygotes
is uncertain, the breakdown of myelin and accumulation of
branched-chain fatty alcohol, possibly phytol, in cerebral
parenchyma may also be possible.

Mitochondrial Diseases

Mitochondrial diseases arise from mutations in nuclear and
mitochondrial DNA, which alter the functions of proteins
(~20,000 distinct) or RNA molecules within the mitochon-
dria. This heterogeneous group of genetic disorders (>150
recognized pathogenic mutations for maternally inherited
syndromes) can produce a variety of complicated clinical
presentations and can present at any age with a minimum
prevalence estimated at 1 in 5000 [29]. Common neurologi-
cal features described for patients include developmental
delays, seizures, encephalopathy, ataxia, spasticity, migraine,
and stroke-like episodes. Liver failure, gastrointestinal disor-
ders, cardiac disease, ptosis, external ophthalmoplegia, prox-
imal myopathy, and exercise intolerance are also found in
some patients. Patients with the same genetic mutation can
give rise to multiple clinical phenotypes. Alternatively, an
identical clinical phenotype can result from diverse genetic
mutations within nuclear or mitochondrial genes.
Mitochondria have many roles in cellular maintenance. The
classic role is to generate cellular energy in the form of ade-
nosine triphosphate (ATP) via a process known as oxidative
phosphorylation. Dozens of metabolic pathways are housed
within the mitochondria including the citric acid cycle, heme
biosynthesis, calcium homeostasis, fatty acid/amino acid
oxidation, pyrimidine biosynthesis, and apoptosis. Tissues
heavily reliant on aerobic metabolism, such as the CNS,
heart, liver, skeletal muscle, kidney and the endocrine and
respiratory systems are sensitive to mitochondrial defects.
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While mitochondrial diseases are not curable, treatment to
alleviate symptoms and slow down disease progression may
be beneficial to patients.

Some of the more commonly recognized and described
mitochondrial diseases include MELAS (mitochondrial
myopathy, encephalopathy lactic acidosis, and stroke-like
episodes), Leigh Syndrome, Kearns-Sayre Syndrome,
Pearson syndrome, MNGIE (mitochondrial neurogastroin-
testinal encephalomyopathy), Alpers Syndrome, and the
respiratory chain disorders. The respiratory chain disorders
are characterized biochemically by defective oxidative phos-
phorylation. These disorders as a group are among the most
common inborn errors of metabolism. The mitochondrial
respiratory chain is composed of five macromolecular com-
plexes, encoded by 13 mtDNA and ~77 nuclear genes. It is
the only metabolic pathway in the cell that is under dual con-
trol of both the mtDNA and nDNA. By convention, mito-
chondrial disorders refer only to respiratory chain disorders.
However, given the larger role of mitochondria beyond
“energy factories,” newer published literature now makes
reference to mitochondrial diseases in broader terms to
reflect dysfunction in other metabolic pathways located in
the mitochondria. Many of the disorders described elsewhere
in this chapter (i.e., organic acidurias), and other chapters
within this book (i.e., Leukoencephalopathy with Brain-
Stem and Spinal Cord Involvement and Elevated White
Matter Lactate (LBSL in the Leukodystrophy chapter)) could
now be considered mitochondrial-based disorders. While
most neuroimaging abnormalities in patients with mitochon-
drial diseases are nonspecific, MRI and MRS can play an
important supporting role aiding diagnosis of a mitochon-
drial disease, and directing additional workup. There are
numerous case reports and series of heterogeneous patients
with mitochondrial diseases described within the literature
[30-37]. Key neuroimaging features for respiratory chain
disorders can include cerebral and cerebellar volume loss,
focal lesions in deep gray matter structures, delay in myeli-
nation and leukodystrophy. These features are consistent
with findings from pathology which indicate a gray matter
pattern with neuronal loss and vasculo-necrotic multifocal
lesions and a white matter pattern consisting of spongy
degeneration and demyelination with gliosis present; both
patterns in varying severity within gray and white matter
[38]. Analogous to blood lactate levels, not all patients with
mitochondrial disease demonstrate lactate elevations in the
CNS. Proton MRS often reveals an elevation of lactic acid
especially within acute or sub-acute focal lesions, CSF and
during a period of clinical exacerbation, such as an infection.
This is illustrated in Fig. 11.2. Chronic lesions and normal
appearing brain parenchyma do not necessarily reveal ele-
vated lactate for most patients with mitochondrial diseases.
Care must also be taken not to confuse signals originating
from the propanediol solvent used in seizure medication,
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especially when incorporated with large doses of phenobar-
bital. The solvent appears as a doublet resonance located at
1.1. ppm, to the right just upfield of the lactate signal. There
is evidence propanediol itself metabolizes to lactate.

Deficient activity in a macromolecular complex can be
measured, but may produce different clinical and imaging
presentations arising from distinct defects in sub-compo-
nents. This is illustrated upon comparing the MRI and MRS
findings of two patients both diagnosed with deficient
Complex I activity in Figs. 11.2 and 11.3.

Reduction of NAA/Cr levels has been reported in the lit-
erature for respiratory chain disorders, with some demon-
strating a measure of reversibility. For patients with complex
II deficiency, deficient electron transport chain activity results
in significant increases in succinate. Succinate is normally
not appreciated on proton MRS as it arises at 2.4 ppm with
the methylene resonances of glutamate and other amino
acids. However, Brockmann reported a very large succinate
resonance accompanied by elevated lactate and reduced
NAA/Cr within the white matter of three patients diagnosed
with complex II deficiency [39].

Amino Acidurias

Nonketotic hyperglycinemia (NKH), also referred to as gly-
cine encephalopathy, is an autosomal recessive disorder of
glycine metabolism. The defective glycine cleavage enzyme
produces elevated concentrations of glycine in plasma, urine,
CSEF, and CNS, instead of the normal conversion to serine.
Confined to the mitochondria, the glycine cleavage enzyme
is composed of four protein components: P protein (a pyri-
doxal phosphate-dependent glycine decarboxylase, chromo-
some 9p22), H protein (a lipoic acid-containing protein,
chromosome 16q24), T protein (a tetrahydrofolate-requiring
enzyme, aminomethyltransferase, chromosome 3p21.2-
p21.1), and L protein (a dihydrolipoamide dehydrogenase,
chromosome 7q31-q32). Mutations in the P, H, and T pro-
teins are known to produce glycine encephalopathy, with a
majority (70-80%) arising from glycine decarboxylase
defects. Historically, NKH was biochemically diagnosed
from an elevated glycine CSF-to-plasma ratio. Confirmation
with an enzyme assay of liver tissue or mutational analysis
can be definitive for diagnosis.

The toxic effects of glycine accumulation become clini-
cally apparent quickly, with the majority of patients present-
ing in the neonatal period. Approximately 85% of NKH
patients have the severe neonatal form of the disorder.
Patients can present with hiccups, poor feeding, lethargy,
severe hypotonia, and early infantile seizures with myoclo-
nic jerks associated with burst-suppression pattern on elec-
troencephalography. Most will have repeated episodes of
severe and prolonged apnea that can lead to death. Surviving
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Fig. 11.2 MRI and MRS findings obtained from an 8-year-old female
with Complex I deficiency presenting during a period of febrile illness.
(a) Axial T2-weighted image shows hyperintense signal bilaterally
within the caudate and putamen in the pattern characteristic of Leigh
syndrome. (b) Short echo (35 ms) and (¢) long echo (288 ms) MR spec-

infants usually have profound intellectual disabilities and
intractable seizures. Some patients can present with atypical,
milder forms of the disorder if residual enzyme activity
remains present. Patients are treated with sodium benzoate to
reduce glycine levels in the blood and CSF, and with dex-
tromethorphan to counteract the neurostimulatory effect of
high glycine levels on N-methyl-D-aspartate (NMDA) recep-
tors. Unfortunately, these pharmacologic therapies often fail
suggesting that irreversible glycine-induced brain damage
occurs in utero.

The glycine cleavage enzyme maintains extracellular gly-
cine concentrations as glycine serves as an excitation modula-
tor of NMDA receptors in the brain. The excessive activation
of these receptors produces neuronal and axonal injury.
NMDA receptors also play an important role in neurogenesis.
Thus, the excess glycine concentration can potentially impair
neurogenesis and produce cellular neurotoxicity.

Imaging features support this notion of fetal injury with
abnormalities demonstrated on neonatal MRI, which gener-
ally include thinning or agenesis of the corpus callosum with
hypomyelination. Pathology in nonketotic hyperglycinemia

tra show significant elevation of lactate sampling within the left basal
ganglia. Three months later, upon returning to baseline, (d) axial
T2-weighted image shows no change, however, the lactate levels
returned to the patient’s baseline status as shown in the (e) short echo
(35 ms) and (f) long echo (288 ms) MR spectra

is characterized by vacuolation, astrocytosis, and demyelina-
tion, also called vacuolating myelinopathy. Because these
changes only occur in myelinated white matter, in the neo-
nate they are restricted to the dorsal limbs of the internal cap-
sule, dorsal brainstem, pyramidal tracts in the coronal radiata,
and lateral thalamus. Significant volume loss is also appreci-
ated with enlarged ventricles and prominent sulci.

Heindel et al. first employed proton MRS to describe the
findings from two children suffering from nonketotic hyperg-
lycinemia [40]. In a 2-month-old female, the signal of the
inhibitory neurotransmitter glycine was present with equal
signal intensity and prominence in the parieto occipital white
matter and in the basal ganglia region. In a 10-day-old female
with follow-up studies performed within the first 4 months of
life, a reduction of glycine in brain tissue corresponded more
reliably with clinical findings than the stable values in plasma
and cerebrospinal fluid. Gabis et al. monitored the course of
treatment with sodium benzoate and detromethophan in a
male child at 10 and 13 months of age [41]. Over the period, a
small increase in glycine coupled with a dramatic elevation of
the composite glutamate and glutamine (Glx) was observed.
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Fig. 11.3 MRI and MRS findings obtained from a 4-year-old female
with Complex I deficiency presenting with encephalomyopathy and
choreoathetosis. (a) Axial T2-weighted images reveal abnormal hyper-
intense signal with U fiber involvement and sparing the internal cap-

These findings were in agreement with glycine and glutamine
levels monitored in the blood. Choi et al. monitored a patient
with neonatal presentation of NKH at 6, 12, and 17 days of life
before expiration at 20 days. Proton MRS aided initial diagno-
sis with the prominent glycine resonance, reflected improve-
ment at 12 days with reduced glycine, and indicated distress
with the appearance of a lactate resonance at 17 days. These
three studies described elevated glycine in terms of a ratio to
brain Cr. Huisman et al. employed quantitative proton MRS
approach which allowed for the determination of elevated gly-
cine concentrations in the basal ganglia, cerebellar, parietal—
occipital, and frontal white matter for a male at 7 days of life
[42]. Results were in agreement with findings obtained at day
9 upon autopsy conducted 12 h postmortem. Other metabolite
concentrations were within normal limits for the site. This
contrasts an in vitro study of the blood, CSF and in vivo brain
from patients with NKH. Viola et al. reported elevated Cr
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sule. (b) Short echo (35 ms), and (c) long echo (288 ms) reveal
significant lactate, ml and Cho elevations with low NAA within the
affected frontal white matter. (d) Long echo MR spectra sampling
within unaffected the calcarine fissure

levels in addition to elevations of glycine for blood, fluids, and
brain [43]. Increased lactate, pyruvate, alanine, proline, and
sulfur amino acids were also observed in the blood and CSF.
These elevations were thought to represent the consequence of
glycine disposal via several metabolic pathways. With longi-
tudinal monitoring of two patients, the in vivo elevation of
creatine was noted by comparing the individual metabolite
area with the total area of all measured metabolites. Comparing
two patients with in vivo MRS acquired, a low NAA/glycine
level was found in the fatal case suggesting it may represent a
prognostic marker for poorer outcomes. For these two patients,
vigabatrin was part of a medication regimen to control sei-
zures. However, Tekgul et al. reported vigabatrin-associated
deterioration in two infants with NKH [44].

Figure 11.4 illustrates the MRI and MRS findings in a
patient with a neonatal NKH presentation. On short echo pro-
ton MRS performed at 1.5 T, mI and glycine co-resonate at
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Fig. 11.4 MRI and MRS findings from a neonate diagnosed with nonke-
totic hyperglycinemia. (a) Axial T2-weighted image, (b) Short Echo MRS
and (c) Intermediate Echo (144 ms) MRS. The short echo spectrum dem-
onstrates a composite myo-inositol and glycine resonance at 3.5 ppm. The
intermediate echo spectrum demonstrates the elevated signal at 3.5 arises
from glycine. (Imaging and spectroscopy courtesy of Dr. Charles Glasier)
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3.5 ppm as 4 of the 6 mI methine protons contribute to the
resonance signal. In adults, the resonance at 3.5 ppm is com-
posed of approximately ml (75%), mI-monophosphate (15%),
and the o-protons of glycine (15%). At 3 T, the spectral pat-
tern for mI complicates as only two methine protons contrib-
ute to the resonance at 3.5 ppm. (Since glycine is a singlet,
there is no change in the chemical shift or pattern.) Thus, the
apparent signal intensity drops upon qualitative assessment
due to the mI contribution at 3 T. Estimates for adults indicate
normal levels of glycine range from 0.4 to 1 mM in the brain.
On short echo MRS, the resonance at 3.5 ppm is one of the
most prominent in neonates. The contribution of ml and gly-
cine components to the resonance varies with age, particu-
larly in the first months and years of life. High quality,
normative proton MRS data obtained from a range of neo-
nates, infants and children is required for discrimination of
ml and glycine in vivo. Normally, the resonance at 3.5 ppm
on short echo MRS declines to near adult values by 4-6
months of age. Clinically, by sampling a combination of short
(echo times less than 35) and long echo (echo times of 135,
144, 270, 288 ms), one can discriminate ml from glycine
[45, 46]. The difference in T2 relaxation times can be exploited
to discriminate these two amino acids as the multiplet mI has
a shorter T2 value compared to that of the glycine singlet. For
research purposes, advanced echo time averaging sequences
can be employed for discrimination of glycine [47]. Care
must be taken to avoid confusion with other metabolites,
some as complex multiplets with relatively low concentra-
tions, which occur between 3.5 and 4.0 ppm. For example,
Manley et al. erroneously reported an elevation of glycine
arising from intracerebral blood in a female patient with an
apparent transient form of NKH [48]. Proton MRS sampling
of parenchyma with blood or blood products is plagued with
artifacts. Thus, the water suppression and spectral localiza-
tion would have likely failed to distortions of the local mag-
netic field due to iron products. The short echo spectrum
presented in the study may suggest an elevation of mI-Gly, if
not corrected for age and location. The assigned glycine reso-
nance on the good quality long echo (echo time 270 ms) spec-
trum was incorrect as the location of the prominent resonance
was further downfield (to the left of the spectrum) from the
3.5 ppm resonance location of glycine.

Organic Acidurias
Glutaric Acidurias

Glutaric Aciduria type 1 (GA-I), an autosomal recessive inborn
error of lysine, hydroxylysine and tryptophan metabolism,
occurs as a result of glutaryl-CoA dehydrogenase deficiency,
with the responsible gene, GCDH, located at chromosome
19p13.2. The disorder usually manifests between birth and 18
months of life with acute striatal degeneration with neurologic
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dysfunction characterized by encephalopathy, subtle neurologic
signs in infancy (irritability or hypotonia), to dystonia, chore-
oathetosis, loss of milestones and seizures. The diagnosis of
GA-I is made by the presence of increased urinary glutaric acid
and 3-hydroxyglutaric acid. The disorder is confirmed by a
deficiency or absence of glutaryl-CoA dehydrogenase in cul-
tured fibroblasts. Hoffman et al. found that 20-30% of patients
had “chronic” subdural effusions and hematomas identified on
neuroimaging studies [49]. The presence of subdural effusions
on imaging in GA-I can mimic abusive head trauma; however,
appropriate biochemical and imaging can usually distinguish
the two entities. Another prominent clinical feature of infants
and children with GA-I is macrocephaly, but not megaenceph-
aly. Hoffman et al. found that 70% of the patients with GA-I
studied had either macrocephaly or increasing head circumfer-
ence past the 97th percentile [49]. Common features on neu-
roimaging include widened or enlarged Sylvian fissures,
increased spaces anterior to the frontotemporal lobes but no evi-
dence of frontotemporal atrophy. Enlargement of the Sylvian
fissure has been correlated with severity of the enzyme
deficiency. Basal ganglia and white matter signal abnormalities
have also been noted.

Early case reports employing proton and phosphorus MRS
in GA-I were discrepant in their findings. Several reported
cases with no spectral abnormalities. [S0-52] However, the
lack of rigorous quantification and appropriate control groups
or the examinations conducted during stable periods could
explain the discrepancy with later case reports and series.
Kurul, Cakmakci and Dirik [53] reported findings in a
19-month-old male with GA-I. Short echo MRS of right fron-
tal white matter and right lentiform nuclei revealed decreased
NAA/Crlevels, slightly increased Cho/Cr levels, and increased
ml/Cr levels, compared with the age-matched control patients.
Oguz, Ozturk and Cila [54] described widespread restricted
diffusion in the white matter and increased diffusion in bilat-
eral putamen in a 11-month-old male diagnosed with GA-I.
The MRS showed decreased NAA/Cr levels found on MRSI
performed with a TE of 135 ms compared with a sex- and
age-matched control with no significant change in Cho/Cr
levels. Elevated lactate levels were noted in affected basal
ganglia and in normal appearing regions of brain parenchyma.
Sijens et al [55]. employed a MRSI approach in two patients
with GA-I and reported reductions in the white matter NAA
signal, in the more severe case accompanied by a loss of glu-
tamate and the appearance of lactate signals. In the largest
case series to date, Perez-Duenas [150] examined symptom-
atic pediatric patients and asymptomatic siblings with GA-I
with proton MRS at an echo time of 135 ms. For the symp-
tomatic patients, the MRI and MRS were performed between
three and 8 days after the onset of acute encephalopathic cri-
sis. For the encephalopathic patients, isotropic diffusion
images showed high signal changes with corresponding low
apparent diffusion coefficient (ADC) values within the
putamen, caudate nuclei and globus pallidus, and for one
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patient, the cerebral peduncles including the substantia nigra.
The imaging for the asymptomatic siblings appeared normal.
MRS showed decreased NAA/Cr levels at the basal ganglia in
encephalopathic patients when compared to a group of sex-
and age-matched controls.

Glutaric aciduria type IT (GA-II), also referred to as mul-
tiple acyl CoA dehydrogenase deficiency, is an autosomal
recessive, mitochondrial electron transport chain disorder that
impairs electron transfer flavoprotein (ETF) or electron trans-
fer flavoprotein-ubiquinone oxidoreductase (at coenzyme Q).
Three genes, ETFA (alpha polypeptide), ETFB (beta polypep-
tide), and ETFDH (dehydrogenase), provide instructions for
generating two enzymes. These enzymes are normally active
in the mitochondria and assist in metabolizing proteins and
fats to provide energy for the body. If an enzyme is defective,
absent, or partially functioning, then the unprocessed nutri-
ents accumulate and damage cells, causing the signs and
symptoms of GA-II. The complete loss of either enzyme pro-
duced from the ETFA, ETFB, or ETFDH genes generally pro-
duce the most severe symptoms in patients. Mutations that
allow the enzyme to retain some activity may result in milder
forms of the disorder. The brain involvement is often revealed
with abnormal T2 prolongation within the basal ganglia,
periventricular white matter and the splenium of the corpus
callosum. Firat et al [56]. examined a 12-year-old female
patient with GA-II and compared her results with data
obtained from four healthy age- and sex-matched volunteers.
During clinical exacerbation, frontal lobe Cho/Cr level was
greater than the levels reported for the comparison partici-
pants. The NAA/Cr level was lower than normal limits. After
successful riboflavin treatment and dietary restriction for pro-
teins, the NAA/Cr level normalized, however, the Cho/Cr
level remained below the normal range, suggesting riboflavin-
responsive multiple acyl-coA dehydrogenase deficiency. An
elevated Cho/Cr ratio and decreased NAA/Cr ratio appeared
consistent with a demyelinating process in the active phase of
glutaric aciduria type II. MRS aided in monitoring the prog-
ress of the disease and the efficacy of treatment by demon-
strating changes in NAA/Cr and Cho/Cr levels.

L-Hydroxyglutaric Aciduria

L-2-Hydroxyglutaric aciduria (LHG) arises from mutations
in L-2-hydroxyglutarate dehydrogenase gene (L2ZHGDH)
localized on chromosome 14q21.3. Two independent groups
simultaneously identified the first pathogenic mutations [57,
58]. Elevated levels of L-2-hydroxyglutaric acid (L2HG) in
urine, CSF and to a lesser extent, plasma, are found in
patients with the disorder. Most patients experience a slowly
progressive clinical course. The most common presenting
signs include developmental delay, hypotonia, epilepsy,
hypotonia, spascticity, extrapyramidal symptoms, behavioral
problems, and cerebellar ataxia. Hypotonia and spasticity
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may be dependent on disease duration, with hypotonia in the
earlier stages and spasticity in the later stages.
Accumulation of L2HG is toxic to the human brain, pro-
ducing an appearance similar to a leukoencephalopathy and
increasing the susceptibility of a patient to develop tumors.
The MRI pattern of signal abnormalities of the subcortical
cerebral white matter, putamen, caudate nucleus, globus pal-
lidus, and dentate nucleus has been described [59-62].
Hanefeld et al. first described the spectroscopic findings in
LHG with a case report of a 16-year-old female [63]. Using
quantitative, short echo proton MRS, the study found 50%
decrease of NAA, a 75% increase of ml and a 40% decrease
of Cho in white matter relative to age-matched controls. MRS
findings upon follow-up 2 years later demonstrated further
declines in NAA and increases in ml. Sener et al. reported the
detection of a singlet resonance at 2.50 ppm, suspected to rep-
resent L2HG, in a 10-month-old male with urinary levels of
L2HG greater than 80 times normal [64]. Aydin reported a
multiplet within the region of 2.1 and 2.5 ppm, for two male
siblings (ages 10 and 12 years), which potentially could rep-
resent L2ZHG, coupled by the commonly observed GIx reso-
nances [65]. Further study is needed to clarify these findings.

Branched Chain Organic Acidurias

Branched chain organic acidurias are disorders that arise due
to abnormal enzymes primarily involving the catabolism of
branched-chain amino acids. These enzymes are necessary
for the proper metabolism of the amino acids leucine, isoleu-
cine, and valine. The most commonly encountered disorders
include maple syrup urine disease, propionic aciduria, and
methylmalonic aciduria.

Maple Syrup Urine Disease

Maple syrup urine disease (MSUD) is a rare autosomal reces-
sive disorder caused by defective oxidative decarboxylation
of the branched-chain amino acids valine, isoleucine, and leu-
cine. The accumulation of metabolites in the urine leads to
the characteristic odor resembling maple syrup. While cere-
bral imaging may initially be unremarkable, diffuse cerebral
edema develops in the deep cerebellar white matter, posterior
limb of the internal capsule, periorlandic white matter, dorsal
brainstem and pons. Imaging studies have shown reversible
brain edema during acute metabolic decompensation.

Proton MRS of the brain appears to be useful for examin-
ing patients suffering from MSUD in different metabolic
states. Felber et al. demonstrated the appearance of a previ-
ously unassigned resonance in a 3-year-old male with MSUD
[66]. This peak disappeared with normalization of branched-
chain amino acids and oxoacids in the plasma and cerebrospi-
nal fluid. In vitro spectroscopy of these acids at 1.5 T

135

confirmed the chemical shift position of the acid methyl
components. The duration of lactate elevation correlated with
the presence of brain edema and coma. Heindel et al. repli-
cated the finding of accumulation of branched-chain amino
acids and their corresponding 2-oxo acids in the brain of a
9-year-old girl suffering from classical MSUD [67]. During
acute metabolic decompensation, the compounds appeared as
a resonance located at 0.9 ppm. The brain tissue concentra-
tion of these acids could be estimated as 0.9 mmol/l. Six
patients with MSUD were evaluated by Jan et al., during acute
presentation with metabolic decompensation [68]. Follow-up
examinations were performed after clinical and metabolic
recovery. Diffusion-weighted imaging (DWI) demonstrated
marked diffusion restriction compatible with cytotoxic or
intramyelinic sheath edema in the brainstem, basal ganglia,
thalami, cerebellar and periventricular white matter and the
cerebral cortex. Long echo MRS was performed in four of the
six patients revealing the abnormal branched-chain amino
acids and branched-chain alpha-keto acids peak at 0.9 ppm as
well as elevated lactate on proton MRS. The changes were
reversed with treatment without evidence of volume loss or
persistent tissue damage. The presence of cytotoxic or intramy-
elinic edema as evidenced by restricted water diffusion on
DWI, with the presence of lactate on spectroscopy, appear
worrisome for irreversible injury, however, in the context of
metabolic decompensation in MSUD, it appears that changes
in cell osmolarity and metabolism can reverse completely after
metabolic correction. An example of MRI and MRS findings
in an infant diagnosed with MSUD is shown in Fig. 11.5.

Propionic Aciduria

Propionic aciduria occurs due to a mutation in the genes
encoding proprionyl-CoA carboxylase, a mitochondrial bio-
tin-dependent enzyme. Untreated, propionic aciduria leads
to metabolic decompensation and toxic encephalopathy.
Chemelli et al. described MRS findings for four children,
who diagnosed early in life, suffered at most one period of
metabolic decompensation and were properly treated by pro-
tein restriction and carnitine supplementation, during a phase
of clinically and metabolically stable conditions [69]. Two
children with the longest delay before onset of therapy
showed cerebral volume loss. MRS yielded elevated lactate
peaks in all of the children. The presence of lactate could
arise from aerobic oxidation within the citric acid cycle due
to elevated intracellular propionic metabolites. Bergman et al.
studied three patients with elevated urinary 3-hydroxy-propi-
onic acid concentrations diagnosed with propionic aciduria
using a short echo single voxel STEAM approach [70].
While not appropriate for lactate quantification, the STEAM
method allowed for quantification of the key metabolites.
The study found decreased NAA, decreased ml, and elevated
Glx levels. Cho levels were elevated for one patient.
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Fig. 11.5 MRI and MRS findings from an infant diagnosed with
Maple Syrup Urine Disease. (a) Axial T2-weighted image, (b) Axial
FLAIR, (c¢) Short Echo MRS (d) Intermediate Echo (144 ms) MRS and
(e) Long Echo (288 ms). On short echo MRS, a composite of branched
chain amino acids (0.9 ppm) with lactate (1.35 ppm). The lactate reso-
nance becomes inverted on intermediate echo and upright on long echo
MRS. A reduction in lactate signal intensity is found with the inversion
at TE 144 with partial restoration of the signal intensity at TE 288

Methylmalonic Aciduria

In all forms of methylmalonic aciduria, the conversion of

methylmalonate-CoA to succinyl-CoA is impaired which

causes an accumulation of methylmalonic acid.

Methylmalonic aciduria can arise from a genetically hetero-

geneous group of autosomal recessively inherited metabolic

disorders affecting methylmalonate and cobalamin (cbl)

(Vitamin B ,) metabolism. While methylmalonic aciduria is

classified as a relatively rare disorder, it remains important to

recognize genetic distinctions for imaging and MRS as small
case series typically combine data from small numbers of
patients, as the clinical presentations are similar.

“Isolated” methylmalonic aciduria arises from one of
three causes:

1. Mutations in the gene located on chromosome 6p12.3,
MUT, which produces a complete (MUT’) or partial
(MUT) deficiency of the enzyme methylmalonyl-CoA
mutase;

2. Mutations in adenosyl-cobalamin (AdoCbl), a coenzyme
form of vitamin B, , that produce a defect in the synthesis
or transport.

(a) MMAA on chromosome 4q31.21; complementation

group cblA

(b) MMAB on chromosome 12q24.11; complementation

group cblB

3. mutations in the gene located on chromosome 2p13.3,
MCEE, responsible for deficiency of the enzyme methyl-
malonyl-Co epimerase

Phenotype varies from severe neonatal-onset forms with
poor outcome and high mortality to milder forms with infant
and adult onset. All phenotypes demonstrate periods of rela-
tive health and intermittent metabolic decompensation asso-
ciated with intercurrent infections, stress, etc. Disease
features within the neonatal period include recurrent vomit-
ing, dehydration, respiratory distress, hypotonia, progressive
lethargy, seizures and coma, leading to death if not promptly
treated. In the later-onset forms, the clinical picture is more
variable, ranging from acute life-threatening encephalopathy
to intermittent or chronic symptoms of various degrees.

The diagnosis of MMAs relies on the detection of charac-
teristic compounds in body fluids employing urine organic
acid analysis and blood acylcarnitine profiling. Patients dem-
onstrate significantly increased urinary excretion of methyl-
malonic acid accompanied by increased excretion of
methylcitric acid, 3-hydroxypropionic acid, and other deriv-
atives of propionyl-CoA. In blood, propionyl and methylma-
lonyl carnitine are the key abnormal carnitine esters.
Treatment currently relies on patients maintaining a low-
protein high-energy diet, carnitine supplementation, and
metronidazole. Patients with a B, -responsive phenotype
respond favorably to pharmacological doses of vitamin B,,.

Neurologic signs arise from the accumulation of toxic
compounds proximal to the metabolic block. Methylmalonic
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aciduria acts as a competitive inhibitor to succinate dehydro-
genase, a key enzyme in mitochondrial aerobic oxidation. As
energy is depleted, anaerobic and lactic acid production pro-
ceeds to compensate, but produces injury to the basal ganglia.
The neurological picture includes an acute and progressive
dystonic syndrome resulting from basal ganglia lesions. These
are localized bilaterally in the globus pallidus and usually
occur following acute episodes of metabolic decompensation.
Radmanesh et al. described the imaging findings of 52
Iranian children (37 males, age at scanning 1 month-—11 years)
diagnosed with methylmalonic aciduria and 33 of 52 treated
with standard therapy [71]. Diagnosis of methylmalonic aci-
duria was confirmed from increased plasma methylmalonyl
carnitine or increased urine methylmalonic acid as detected by
gas chromatography—mass spectrometry and the propionate
incorporation test. Fourteen children had unremarkable imag-
ing. Among the 38 with findings, ventricular dilation (17 stud-
ies), cortical atrophy (15), periventricular white matter
abnormal signal (12), thinning of the corpus callosum (8), sub-
cortical white matter abnormal signal (6), cerebellar volume
loss (4), calcification of the basal ganglia (3), and delay in
myelination (3) were noted. Harting et al. noted in four chil-
dren with isolated methylmalonic aciduria demonstrated a
complex spectrum of pallidal lesions, delay in myelination,
incomplete opercularization, immature gyral pattern, white
matter abnormalities, brainstem and cerebellar changes [72].
In 1998, Lam et al. published as a compilation the findings
of early MRS studies in children with metabolic disorders
[73]. Examining the basal ganglia with a single voxel short
echo STEAM approach, three patients with either methylma-
lonic aciduria (5 y male), cblC (2.3 month female) or cobala-
min deficiency with methylmalonic aciduria and
homocysturina (1.7 y female) are described. While not
appropriate for lactate quantification, the STEAM method
allowed for quantification of the key metabolites. For the
patients with methylmalonic aciduria and cblC, NAA was
significantly reduced compared to control patients. In 2001,
Trinh et al. employed a MRSI approach to evaluate a 14-year-
old male with a MUT mutation and a 16-month-old female
with a cobalamin synthesis defect during an episode of meta-
bolic decompensation [74]. The male patient with partial
enzyme deficiency demonstrated normal metabolite levels
within the brain parenchyma, however, dramatic elevations
of lactate levels were appreciated within the lateral ventricles
and other prominent CSF filled spaces. The female patient
during the period of illness exacerbation demonstrated
reduced levels of NAA and elevated lactate within lesions,
which were confirmed on single voxel short echo MRS.
However, normal metabolite levels were appreciated on nor-
mal appearing brain parenchyma. Takeuchi et al. employed
MRI, including DWI, and single voxel PRESS MRS to mon-
itor carnitine and vitamin B12 therapy on a 13-month-old
male with methylmalonic aciduria described by high levels
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of methylmalonic acid, however, the specific defect was not
reported [75]. At baseline, imaging revealed abnormal hyper-
intense signal on T2, DWI (ADC hypointense) bilaterally
within the caudate, putamen, and globus pallidus with ele-
vated lactate and diminished NAA/Cr levels. At 2 weeks, 1
month, 4 months and 9 months, repeat imaging and MRS
monitored improvement of signal abnormalities within the
basal ganglia and normalization of metabolite levels. Michel
et al. describes a 5-year-old child with B12 responsive
methylmalonic aciduria who presented during a metabolic
crisis despite maintenance on a low protein and carnitine-
supplemented diet [76]. MRI demonstrated abnormal signal
(hyperintense T2, FLAIR, DWI, hypointense ADC) within
the globus pallidus bilaterally. Single voxel MRS within the
globus pallidus demonstrated reduced NAA and elevated
lactate (details not specified in the report). Ten weeks later,
when the child was asymptomatic, follow-up MRI and MRS
indicated interval improvement.

Longo et al. described MRI and MRS findings in patients
with early onset cbl-C/D deficiency determined based upon
urinary methylmalonic acid and plasma homocysturina lev-
els [77]. The cbl-C/D deficiency varies from classical, iso-
lated methylmalonic aciduria. Vitamin B12 is a co-factor
required by two enzymes, MUT and methinone synthase.
Patients with cblC/D deficiency exhibited methylmalonic
aciduria and homocysturina. Proton MRS was performed in
five patients, using CSI in three patients and single voxel
MRS for two. There were no MRS abnormalities appreciated
in the spectra for two patients evaluated at 4 years of age.
However, for two patients (ages 7 month and 28 month) lac-
tate elevations within the basal ganglia were detected and for
one patient (17 month) lactate elevations were noted in the
periventricular white matter.

Mitochondrial Encephalomyopathy with
Elevated Methylmalonic Aciduria

Mild methylmalonic aciduria has been described in cases of
succinate-ligase alpha subunit (SUCLG mutations) and suc-
cinate-ligase ADP-forming beta subunit (SUCLA2 muta-
tions) associated with mitochondrial DNA depletion
presenting with severe lactic acidosis and encephalomyopa-
thy. Patient characteristics include hypotonia, muscle atro-
phy, dystonia, a “Leigh-like” syndrome, mitochondrial DNA
depletion in muscle, and a decreased life span surviving usu-
ally up to 21 years. This disorder needs to be distinguished
from the classic, isolated methylmalonic aciduria despite
common shared features. Valayannopoulos et al. described
elevated lactate levels and decreased NAA within the basal
ganglia of two out of three patients with SUCLGI mutations
[78]. Carrozzo et al. noted increased lactate in the basal ganglia
of one patient with a SUCLA2 mutation [79].
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Table 11.2 Brief summary of urea cycle nomenclature and genetics

Urea cycle Disease name
Enzymes

Ornithine Carbamoyl- Ornithine Transcarboxylase

transcarboxylase Deficiency

Carbamoylphosphate Synthetase Carbamoylphosphate Synthetase
1 I Deficiency

Argininosuccinate Synthase Citrullinemia Type I
Argininosuccinate Lyase Argininosuccinicaciduria
Arginase Arginase deficiency

CoFactor

N-acetyl glutamatesynthetase NAGS Deficiency

Transporters®

Citrin Citrin deficiency-Citrullinemia

Type I
Ornithine Transporter HHH (hyperornithine, hyperam-
monemia, homocitrullinuria)

syndrome

K.M. Cecil and D.M. Lindquist

Gene symbol Chromosomal locus Mode of inheritance

OTC Xpll4 X-linked

CPS1 2q34 Autosomal recessive
ASS 9q34.11 Autosomal recessive
ASL 7ql1.21 Autosomal recessive
ARG1 6q23.2 Autosomal recessive
NAGS 17q21.31 Autosomal recessive
SLC25A13 7q21.3 Autosomal recessive
ORNT1 (SLC25A15) 13ql14.11 Autosomal recessive

“Defects in the transporter proteins are clinically distinct from the classic urea cycle diseases.

Urea Cycle Defects

The urea cycle is responsible for the clearance of nitrogen, a
waste product arising from protein metabolism. Normally
nitrogen, accumulated in the form of ammonia, is removed
from the blood and converted to urea. Urea is then trans-
ferred into the urine and excreted. Five catalytic enzymes, a
cofactor, and at least two transport proteins comprise the
urea cycle. This cycle is also responsible for endogenous
synthesis of arginine. Inherited molecular defects compro-
mising the clearance of nitrogen are listed in Table 11.2.
Severe deficiency or the complete absence of an enzyme
or cofactor activity results in the accumulation of ammonia
and other precursor metabolites within the first days of life.
Initially, infants with a urea cycle disorder are born without
disease symptoms. However, a rapid deterioration occurs
with acute onset of cerebral edema, lethargy, seizures, neu-
rologic posturing, hyper- or hypoventilation, coma and
potentially death. In persons with partial enzyme
deficiencies, a milder form can manifest later with less
severe hyperammonemia and subtle symptoms (psychiatric
symptoms-hyperactive, self-injurious behaviors, autistic
features; vomiting, learning disorders, stroke-like episodes,
etc.). Hyperammonemia can be exacerbated by illness or
stress. Treatment regimes for patients with urea cycle
defects include many approaches (dialysis, low protein-
dietary restrictions, IV administration of glucose, arginine
chloride, and nitrogen scavengers) for reducing ammonia
concentrations and minimizing neurologic damage.
Diagnosis relies on clinical, biochemical, and molecular

genetic analyses. As with all disorders, early diagnosis is
important as late-onset urea cycle diseases carry the risk of
neurological damage and encephalopathy.

The acute and sub-acute imaging appearances of these dis-
orders mimic hypoxic—ischemic encephalopathy with edema.
The insular cortex, perirolandic cortex, basal ganglia, espe-
cially the globus pallidi and putamina, demonstrate swelling
and abnormal signals with T1 and T2 prolongation. The sub-
cortical white matter, including the U-fibers, is also involved.
With prolonged durations of hyperammonemia, cortical vol-
ume loss and cystic changes are also appreciated.

Connelly et al. first reported in 1993 an elevation of glu-
tamine with reduction of NAA, Cr, and Cho levels found
upon long echo proton MRS examinations within the white
matter of two female infants partial ornithine transcarboxy-
lase (OTC) defects hospitalized with encephalopathy associ-
ated with hyperammonemia [80]. Elevated glutamine had
been described by Kreis et al. in patients with chronic hepatic
encephalopathy [81]. Ross et al. reported reduced mlI levels
in a 14-year-old male patient with partial OTC effectively
treated with oral benzoate [82]. Takanashi et al. later
expanded the findings in OTC with a study of six patients
with late-onset OTC using a short echo MRS approach [83].
Upon comparison with age-matched controls, glutamate and
glutamine levels within the centrum semiovale were increased
in four patients, proportionally to clinical stage of the dis-
ease; choline levels were reduced in the two patients with
more severe disease; ml levels were reduced in five of six
patients to undetectable levels for five symptomatic patients.
NAA and Cr levels were normal for all four patients.
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Fig. 11.6 MRI and MRS findings from a 10-day-old female diagnosed
with carbamoylphosphate synthetase I. (a and b) Axial proton density
weighted images at two levels demonstrate hyperintense signal and
swelling within the cortex and deep gray matter, (c¢) Short Echo and

Takanashi et al. suggested a spectroscopic pattern of disease
involvement with ml depletion, glutamine accumulation, fol-
lowed by choline depletion.

Kojic et al. described a 16-year-old female patient with
well-controlled CPSI who presented with hyperammonemia,
which was corrected over 2 days [84]. Despite maintenance
of near normal ammonia levels, the patient suffered further
neurologic deterioration. After being comatose for 5 days,
short echo proton MRS was acquired within the occipital

(d) Long Echo MRS acquired from the frontal white matter, (e) Short Echo
and (f) Long Echo MRS acquired from the basal ganglia. The short echo
MRS demonstrates elevated glutamine, lactate and lipids with reduced
NAA. The long echo confirms the lactate elevation and NAA declines

gray and parietal white matter. The resonances within alpha
(3.65-3.8 ppm), beta and gamma (2.02-2.5 ppm) regions
corresponding to glutamate and glutamine levels were ele-
vated, especially in gray matter. After 5 weeks and therapeu-
tic efforts to reduce glutamine levels, the patient emerged
from the coma. Five months after presentation, when the
patient had made an essentially complete recovery, a repeat
MRS study indicated a decrease of glutamate and glutamine
levels, but without normalization of the levels (Fig. 11.6).
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Three urea cycle defects are based within the mitochondria:
OTC, carbamoylphosphate synthetase I (CPSI), and N-acetyl
glutamate synthetase (NAGS). Other enzymatic defects, argin-
inosuccinate synthase (ASS), argininosuccinate lyase (ASL)
and arginase (ARG), plus the ornithine and citrin transporters,
function within the cytosol. OTC and CPSI tend to present
with the highest risk for acute neurological injury, thought to
arise from severe hyperammonemia. ARG and hyperornithine,
hyperammonemia and homocitrullinuria (HHH) syndrome
(from the ornithine transporter) tend not to have as dramatic
elevations of ammonia. However, the major neurological
symptoms for ARG and HHH are spastic diplegia/quadriple-
gia. There are a limited number of case studies reporting the
proton MRS findings in patients with ARG and ASL
deficiencies [85-88]. These reports have somewhat contradic-
tory findings and uncertain metabolite assignments for argin-
ine and guanidinoacetate (GAA), but raise interesting points
about neurological injury arising from entities other than
hyperammonemia, such as secondary creatine deficiency with
possibly abnormal concentrations of GAA and Cr that may
relate to the synthesis defects occurring within the brain.

MRS studies using [13]C- and [15] N-labeled compounds
in animal models have revealed mechanistically how the
brain detoxifies ammonia and synthesize glutamate, glu-
tamine and GABA via neurotransmitter cycling [§9-101].

Miscellaneous Metabolic Disorders
Galactosemia

Galactosemia is an autosomal recessive disorder arising from
mutations in the GALT gene located on chromosome 9p13.
Defects in the gene alter the galactose-1-phosphate uridylyl-
transferase protein responsible for proper metabolism of car-
bohydrates, specifically galactose. Diagnosis of GALT
enzyme activity is necessary to differentiate classic galac-
tosemia (<5% controls) from Duarte variant galactosemia
(5-25% control values). Infants with classic galactosemia
have no GALT enzyme activity and cannot oxidize galactose
to CO,. Within days of ingesting breast milk or lactose-con-
taining formulas, affected infants develop life-threatening
complications including poor feeding, hypoglycemia, jaun-
dice, hepatocellular damage, failure to thrive, bleeding diath-
esis, and hyperammonemia. If untreated, a bulging anterior
fontanel and pseudotumor cerebri have been described. Also,
sepsis with Escherichia coli, shock and death may occur.
During the first 3—10 days of life, if a lactose-galactose-re-
stricted diet is initiated, the symptoms resolve quickly
and prognosis is good for prevention of liver failure,
Escherichia coli sepsis, neonatal death, and intellectual
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disability. If treatment is delayed, complications such as
intellectual disability, speech abnormalities, ocular cataracts,
growth retardation, and primary ovarian failure in females
are likely [102]. Due to the failure of the primary galactose
metabolic pathway, an alternative enzyme activates in which
aldose reductase catalyzes the conversion of galactose to
galactitol. Excretion of abnormal quantities of galactitol in
the urine is characteristic of galactosemia.

Berry et al. first reported detection of galactitol with in vivo
proton MRS acquired in the basal ganglia and occipital cortex
of a 10-day-old infant patient with galactosemia [103]. At 1.5
Tesla, galactitol resonates with two resonance peaks were
located at 3.67 and 3.74 ppm. NAA, Cho and mI/Cr levels
were reduced in both regions upon comparison with metabo-
lite levels from age-matched healthy control participants. In a
subsequent study of 12 patients diagnosed with galactosemia,
Wang et al. demonstrated a correlation existed between the
MRS-detected galactitol/Cr level acquired within the basal
ganglia and the urine galactitol levels for the four neonates
[104]. For eight patients (ages 1.3—47 years) who had been on
galactose-restricted diets since the neonatal period, cerebral
galactitol was undetectable by proton MRS for six of the
patients, with a small elevation observed for the remaining
two. This suggested that in order to detect galactitol on in vivo
brain proton MRS examination, high galactitol levels are req-
uisite in the patient’s urine. Galactosemic patients, who have
been following a restricted diet for several years and maintain
controlled levels of galactitol in the urine, do not demonstrate
galactitol in the brain by in vivo MRS. Otaduy et al. further
confirmed this with proton MRS revealing a doublet at
3.7 ppm indicating elevated galactitol in an undiagnosed
6-month-old female [105]. In vitro proton MRS of the
patient’s urine confirmed the elevations of galactose and
galactitol. Follow-up MRS performed at 2 years was within
normal limits and did not reveal galactitol as the patient was
treated with a restricted lactose-free diet. These findings
explains the early negative MRS findings in controlled
patients described by Moller et al. in 1995 [106].

Wilson’s Disease

Wilson’s disease, also known as hepatolenticular degenera-
tion, is an autosomal recessive disorder arising from muta-
tions in the ATPase Copper (2+) Transporting, Beta
Polypeptide, ATP7B gene located on chromosome 13q14.3.
Defects in the gene alter the protein responsible for the trans-
port of copper from the liver to other parts of the body. This
protein regulates the elimination of excess copper from the
body. With its dysfunction, copper accumulates in the liver,
eyes, and brain, particularly the globus pallidus. Signs and
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symptoms usually begin between 3 and 40 years of age, with
liver disease occurring first, and most beginning after puberty.
Neurologic dysfunction includes movement disorders, rigid
dystonia, and psychiatric disturbances such as depression,
anxiety and mood disorders. Diagnosis depends upon the
detection of low serum copper and ceruloplasmin concentra-
tions, increased urinary copper excretion, the presence of
Kayser-Fleisher rings in the cornea, and/or increased hepatic
copper concentration. Lifelong treatment with chelating
agents is initiated with symptomatic diagnosis. Copper
chelating agents (penicillamine or trientine) increase urinary
excretion of copper. High-dose oral zinc reduces with absorp-
tion of copper from the gastrointestinal tract and is most
effective after initial treatment with a chelating agent.
Antioxidants, such as vitamin E, may be used with a chelator
or zinc to prevent tissue damage, particularly to the liver.
Foods high in copper are also restricted. Orthotopic liver
transplantation can be performed for individuals who fail to
respond or are unable to tolerate medical therapy.

Pathologic changes noted in the brain include atrophy,
cavitations, spongy softening, neuron loss, and the presence
of Opalski cells [107, 108]. On MRI, brain involvement with
Wilson’s disease usually presents with bilateral and symmet-
ric lesions within the globus pallidus, putamen, thalamus,
mesencephalon, pons, and dentate nucleus. The basal gan-
glia are hyperintense on T1-weighted images and the first
echo of the T2-weighted sequence, as seen in other causes of
hepatic dysfunction. The same areas are typically hyperin-
tense on T2 weighted and FLAIR images early in the course
of the disease, but the hyperintense signal may decrease late
in the disease associated with an increase in signal on the
T1-weighted images. White matter abnormalities are also
detected including abnormal signal within the splenium of
the corpus callosum [108]. The white matter demonstrates
progressive increase in T2 signal due to demyelination and
gliosis. Cerebral cortical, and brainstem volume loss have
also been described.

Van den Heuvel et al. was the first to explore metabolic
changes caused by portosystemic shunting via proton MRS
in a study of patients with Wilson’s disease [109]. Twenty-
two adult patients with biochemically proven Wilson’s dis-
ease and 13 age-matched adult control subjects underwent
MRI and short echo, single voxel MRS sampling within the
right and left globi pallidus. NAA/Cr and Cho/Cr levels were
decreased in patients with Wilson’s disease compared with
control subjects. The patients with portosystemic shunting
demonstrated lower ml/Cr levels than did patients without
portosystemic shunting. Several MRS studies reported in
adults with Wilson’s disease found no differences upon com-
parison with control participants [110, 111]. However, these
reports often employed large volumes of interest in different
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locations within the brain, conducted different stages of the
disease with variability in the periods of treatment, and in
patient populations with and without liver dysfunction.
Recent studies in adults have improved the characterization
of patients and conditions for spectral acquisition. Page et al.
employed short echo single voxel proton MRS within the
striatum of patients with Wilson’s disease [112]. Upon deter-
mining metabolite concentrations, reductions of NAA and
N-acetylaspartylglutamate were found in those patients with
neurologic features but not in patients without clinical neuro-
logic involvement upon comparison with age-matched nor-
mal control subjects. Choline was also reduced in both
patient groups compared with age-matched controls. Lucato
et al. recognized the effects of metals (iron, copper) on spec-
tral linewidths by altering metabolite relaxation times [113].
Copper deposition within the brain, especially the globus
pallidus, can produce distortions in the linewidths of the
metabolites within the spectrum due to the paramagnetic
properties of the copper (2+) ion. Compared with control
subjects, treated patients with Wilson’s disease (mean age 25
years with mean duration of treatment 5 years) had
significantly decreased NAA/Cr levels in the basal ganglia,
frontal white matter and the parietal-occipital cortex and
increased ml/Cr levels in the basal ganglia obtained using a
short echo single voxel approach. Cho/Cr and Glx/Cr did not
differ between the groups in any location. Using a long echo
single voxel approach, Algin et al. examined frontal white
matter, thalamus and pons in treated patients with Wilson’s
disease (mean age 29 years with mean disease duration of
7.9 years) [114]. Measurements in the thalamus and pons
showed significantly lower NAA/Cho and NAA/Cr levels in
the Wilson’s disease group than in the control group.
Thalamic and pontine Cho/Cr levels in the patient group
were significantly higher than those of the control group.
There was no significant difference between treated patients
and controls for any metabolite in the frontal white matter. In
a series of articles, Tarnacka and colleagues have examined
newly diagnosed patients with Wilson’s disease, those treated
for 1 year and even heterozygote carriers of the disease with
proton MRS [115-118]. The patients were classified based
on symptoms (neurologic and hepatic involvement) and the
response when treated.

Reported within the first article, the globus pallidus and
thalamus of 37 patients newly diagnosed with Wilson’s dis-
ease were examined bilaterally with MRS [117]. Patients
demonstrated decreased ml/Cr and NAA/Cr levels and an
increased Lip/Cr level in the pallidum. In the pallidum of
neurologically impaired patients, Cho/Cr, GIx/Cr and Lip/
Cr levels were higher than in control subjects, and the NAA/
Cr was significantly lower. In hepatic patients, the mI/Cr,
Cho/Cr and NAA/Cr levels were lower than in controls.
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In the thalamus, increased GIx/Cr and Lip/Cr levels were
observed. The Cho/Cr and Lip/Cr levels were higher in the
thalami of neurologically impaired patients, and Lip/Cr lev-
els were higher than controls in hepatic patients.

Tarnacka et al. then followed 17 newly diagnosed
patients with Wilson’s disease for a 1-year period [118].
During this observation period, six neurological and 9nine
hepatic patients improved, while two neurological patients
deteriorated. The baseline pretreatment MRS examination
found lower mI/Cr, NAA/Cr, and higher Lip/Cr levels in all
patients with improvement compared with controls. In
patients with hepatic signs, an increase of mI/Cr and GIx/
Cr was observed 1 year post-treatment. In patients with
neurological improvement after treatment, an increase of
NAA/Cr levels was noted. During neurological deteriora-
tion, a decrease of GIx/Cr and NAA/Cr levels was observed.
However, in a neurologically impaired patient with liver
failure exacerbation, a decrease of mI/Cr and increase of
Glx/Cr levels was observed.

Tarnacka et al. also examined 27 Wilson’s disease patients
treated more than 6 years [115]. All patients with marked
improvement demonstrated higher levels of Cho/Cr, GIx/Cr,
and Lip/Cr levels compared with control participants. No
abnormalities with respect to NAA/Cr levels were observed
for patients with marked improvement. All patients without
marked improvement had lower NAA/Cr and higher Lip/Cr
levels compared to controls. Summarizing, the alternations of
NAA/Cr levels in neurologically impaired patients and mI/Cr
and GIx/Cr levels in patients with liver failure appear to be
sensitive markers of the clinical recovery and deterioration in
Wilson’s disease patients. Asymptomatic, heterozygote carri-
ers demonstrated higher mean ratio levels of Glx/Cr and Lip/
Cr in both the pallidum and thalami compared to control sub-
jects suggesting abnormal copper metabolism as well [116].

Proton MRSI and image selected in vivo spectroscopy
(ISIS) phosphorus MRS was performed with 40 patients
diagnosed with Wilson’s disease (treated, 29; untreated, 11)
and 30 controls [119]. The mean durations of illness and
treatment were 6.2+7.4 and 4.8+5.9 years, respectively.
Proton MRS revealed a reduction of NAA/Cho and NAA/Cr
levels in striatum of treated patients compared to controls.
The mean values of phosphomonoesters (PME), phosphodi-
esters (PDE), and total phosphorus (TPh) were elevated in
patients compared to controls. Elevated levels of PME/PDE
observed in the striatum were noted in treated patients as
compared to controls in the phosphorus MRS study. The
PME/PDE ratio was elevated in the treated group compared
to untreated group. The increased duration of illness corre-
lated with increased PME/PDE PME/TPh, and PDE/TPh,
and decreased NAA/Cho levels. NAA/Cho levels also cor-
related with measures of disease severity.
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Only two groups have reported proton MRS findings in a
total of four children with Wilson’s disease. Jayasundar et al.
compared the spectral findings of three treated children, ages
8, 12, and 16 years with the oldest child having only 5 days
of treatment before demise [120]. Juan et al. reported on a
12-year-old male diagnosed with Wilson’s disease without
hepatic dysfunction or corneal copper deposition that pre-
sented with hemichorea and subnormal copper metabolism
[121]. Within the unusual presentation of asymmetrical
edematous putaminal lesions, long echo MRS demonstrated
lactate accumulation and decrease of the NAA/Cr levels with
a markedly increased ADC value on diffusion imaging. For a
child in the early stage of Wilson’s disease, these findings
were suggestive of acute necrosis with anaerobic metabolism
of glucose leading suggesting a poor clinical outcome later
confirmed at follow-up.

Inborn Errors of Creatine Metabolism: Cerebral
Creatine Deficiency Syndromes

Creatine (o-methyl-guanidinoacetic acid) plays an important
role in energy metabolism. In humans, Cr is synthesized in
the liver, kidney, and pancreas where it is taken up via a
sodium- and chloride-dependent Cr transporter (SLC6AS
protein) and ultimately transported via the blood to the mus-
cles, heart, and nervous system, which are rich in creatine
kinase. Creatine kinase is an essential enzyme to catalyze
phosphorylation of Cr to provide a high-energy phosphate
buffer system.

Creatine deficiency syndromes arise from one of three
distinct defects, two involving Cr biosynthesis and one
involving Cr transport. On proton MRS within the brain, all
three disorders demonstrate a severely diminished or com-
pletely absent signal at 3.0 ppm for the composite reso-
nance of creatine and phosphocreatine. Some degree of
discrimination between synthesis and transporter defects
could potentially be afforded from the MRS determination
of Cr levels within skeletal muscle. Cr levels in the muscle
of some patients with Cr biosynthesis defects are low.
However, evidence suggests additional Cr transport mecha-
nisms exist allowing passage of dietary sources of Cr (foods
rich in Cr, creatine monohydrate supplements) into the
muscle. Cr levels were described within normal limits for
muscle in one patient with a transporter defect [122, 123].
However, the urine and plasma measurement of guanidi-
noacetic acid (GAA), Cr and the excreted form creatinine
are the most cost-efficient approaches for narrowing the
diagnostic differential. The next tier of testing includes
molecular genetic testing; however, it too can be inconclu-
sive. Finally, enzyme activity and Cr uptake can discrimi-
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nate among the three disorders. Diagnosis remains important

as patients with synthesis defects can benefit from dietary

Cr supplementation.
Creatine biosynthesis relies on two enzymatic reactions:

1. Arginine glycine amidino transferase (AGAT). The GATM
gene located on chromosome 15g21.1 15q15.3 catalyzes
the transfer of the amidino group from arginine to glycine
yielding ornithine and GAA;

2. Guanidinoacetate methyl transferase (GAMT). The GAMT
gene located on chromosome 19p13.3 catalyzes the meth-
ylation of the amidino group in GAA yielding Cr.

Creatine Synthesis Defect: Arginine:Glycine
Amidinotransferase Deficiency

AGAT deficiency has been described in seven individuals:
three from one Italian family, two from a family of Chinese
descent within the USA, and two from Yemenite Jewish
descent [124-127]. This autosomal recessive disorder can
present with mild-to-moderate intellectual disability, psy-
chomotor delay, language delay, failure-to-thrive and autis-
tic-like behavioral features. Patients with AGAT deficiency
appear to respond favorably to creatine monohydrate dietary
supplementation with dramatic improvement in neurological
abnormalities [128].

Creatine Synthesis Defect: Guanidinoacetate
Methyltransferase Deficiency

GAMT deficiency was the first creatine deficiency syndrome
recognized and now reportedly affects about 40 individuals
worldwide [128, 129]. This autosomal recessive disorder can
present with variable clinical features and include mental
retardation, language and developmental delay, muscular
hypotonia, weakness, extra-pyramidal signs, epilepsy, autis-
tic and in some, hyperactivity and self-aggressive behavior
[128]. In many patients, but not all with GAMT deficiency,
abnormal hyperintense T2 signal appears within the globus
pallidus, which is thought to reflect neuronal injury from
GAA accumulation.

If early treatment is implemented, especially in the neo-
natal period, patients with GAMT defects demonstrate
favorable response to creatine monohydrate dietary supple-
mentation (Fig. 11.7). A dietary restriction of arginine in
combination with ornithine supplementation reduces the
accumulation of GAA by competitive inhibition of AGAT
activity. In older patients, the prolonged accumulation of
neurotoxic GAA limits the neurological benefits of Cr
supplementation [130-135].
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Creatine Transporter Defect: SLC6A8 Deficiency

The discovery of the X-linked creatine transporter defect
began with the absence of Cr resonance noticed upon proton
MRS acquired within the basal ganglia and frontal lobes of
a 6-year-old male being evaluated for language delay and a
head circumference at the 95th percentile [136]. Imaging
was unremarkable (Fig. 11.7). Metabolic testing revealed
elevated serum and urine Cr levels with normal substrates
and products involved in Cr synthesis and excretion (gly-
cine, ornithine, GAA, and creatinine). Upon exclusion of a
synthesis defect, a novel mutation in the human Cr trans-
porter gene, SLC6AS, located on Xq28 was hypothesized.
Fibroblast from the 6-year-old male confirmed a hemizy-
gous nonsense mutation (R514X) [137]. The maternal
female relatives were heterozygous for the mutation. The
nonsense mutation most likely results in an unstable and/or
inappropriately folded protein that is completely inactive,
thereby inhibiting transport of Cr. Reports indicate that over
150 patients have been diagnosed with this disorder. It is
now estimated that an incidence of creatine transporter
deficiency ranges from 0.25 to 3.5%, making its diagnosis
frequency second only to Fragile X syndrome in X-linked
mental retardation syndromes [126, 138—146]. There is vari-
ability in the clinical presentation; however, common fea-
tures include speech delay, intellectual disabilities and
epilepsy. Epilepsy can usually be controlled with medica-
tion. Some patients with creatine transporter deficiency,
especially older ones, demonstrate volume loss on MR
imaging. At this time, there is no definitive therapy that can
allow passage of Cr across the blood—brain barrier to restore
brain Cr for patients with creatine transporter deficiency.
Chilosi et al. reported neurological improvement in two
patients with Cr transporter deficiency treated with arginine
supplementation to promote cerebral Cr synthesis [147].
However, this finding was not replicated in four patients
supplemented with arginine [148].

Secondary Creatine Transporter Deficiency

Ornithine delta-aminotransferase (OAT) deficiency causes
gyrate atrophy of the retina due to high plasma ornithine con-
centrations. Since Cr synthesis requires the conversion of
arginine and glycine into ornithine and guanidinoacetate,
high ornithine concentration inhibits this reaction thereby
producing a secondary Cr deficiency. Valayannopoulos et al.
evaluated with proton MRS seven patients with OAT
deficiency [149]. All patients demonstrated profound cerebral
Cr deficiency, which was further accompanied with decreased
levels of Cr and/or GAA in plasma and urine.
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Fig. 11.7 MRI and MRS findings obtained from two patients with cre-
atine deficiency syndromes. The first patient (images a—e) suffers from a
creatine transporter deficiency. (a) Axial T2-weighted image obtained at
15 years of age is unremarkable. (b) Short and (¢) Long echo MRS
obtained from the left frontal white matter demonstrates the absence of
creatine signal at 3.0 and 3.9 ppm. (d) Short and (e) Long echo MRS were
obtained after the male patient suffered an increase in seizure frequency
at 15 years of age. A depletion of creatine is again appreciated. The second

patient (images (f-h) suffers from a creatine synthesis defect known as
GAMT deficiency. (f) Axial T2-weighted imaging demonstrates no sig-
nal abnormality with the globus pallidus. The patient was diagnosed after
a female sibling was diagnosed at 7 years of age. The presented at 18
months of age with creatine deficiency diagnosed from the long echo
MRS acquired within the basal ganglia on a 3 Tesla MR system shown in
(g). Figure h demonstrates long echo MRS acquired on a 1.5 T MR sys-
tem at 2 years of age following dietary supplementation of creatine
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Conclusions

Examples of several metabolic disorders have been presented
in this chapter. In determining a differential diagnosis, it is
critical to integrate the information obtained from the MRS
examination with clinical symptoms, family history, results
from MRI and any other imaging, laboratory, metabolic and
genetic testing. Because the MRS presentation of these dis-
eases varies with age at onset, the progression of the illness,
and effects from treatment, it is crucial that the MRS data be
interpreted with this timing-specific information in mind.
Thus, the descriptions and data shown in this chapter are
intended to be illustrative rather than definitive. It is our
intention that the information presented here will serve to
guide the reader in interpreting the MR spectra from these
and other metabolic disorders.
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Phenylketonuria (PKU) is an autosomal recessive genetic
disorder caused by a defect in the hepatic enzyme phenylala-
nine hydroxylase (PAH) characterized by elevated levels of
blood phenylalanine (Phe) leading to severely impaired brain
development. In addition to poor neurological outcomes,
untreated PKU can lead to microcephaly, tremor of hands,
epilepsy, spastic paraparesis, behavioral problems, and
schizophrenia. Early diagnosis and inception of a Phe-
restricted diet after the newborn period prevents mental
retardation and other neurological symptoms in PKU
patients. With PKU, various mutations of the PAH gene have
been identified along with their severity based on their
enzyme activity [1]. One of the main motivations for measur-
ing brain Phe levels is that new drugs may limit/reduce the
transport of Phe into the brain. Thus, plasma Phe levels might
be insufficient surrogate markers for brain Phe levels.
However, the detection and quantitation of brain Phe with
in vivo MR spectroscopy is uniquely challenging due to its
low concentration and the position of Phe resonance
(7.36 ppm) in a part of the spectrum that is generally not look
at. Thus for measuring Phe accurately, a high level of exper-
tise for acquiring high-quality data and advanced processing
methods are required. It is for that reason, albeit phenylketo-
nuria is a comparably frequently encountered metabolic
disease, that only few groups have attempted to explore the
value of MRS in PKU.

Dr. Koch was a pioneer in providing medical services to the disabled
and led the efforts that resulted in routine newborn screening for PKU
and other inborn errors. We are grateful for his willingness to put
together a chapter about MRS and PKU. Dr. Koch passed away on
September 24th, 2011, at the age of 89.
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PKU was discovered in 1934 by Asbjorn Folling [2] after
noticing excessive urinary excretion of phenylpyruvic acid.
Subsequently, in 1953, Horst Bickel introduced a Phe-
restricted diet that treated PKU patients but could not coun-
ter irreversible damage caused by the disease prior to
treatment [3]. Ten years later, Robert Guthrie [4] described a
simple technique to determine Phe concentrations in large
populations using blood spot testing, a test currently rou-
tinely used for newborn screening in advanced societies.
Blood Phe concentrations are considered normal within
40-80 umol/l and are categorized as hyperphenylalaninemia
(HPA) if higher than 240 pmol/l (>4 mg/dl). Severe HPA
with concentrations greater than 1,200 pmol/l due to gene
mutation for PAH enzyme is classified as classical PKU.
A milder and less common form of HPA occurs when the
PAH enzyme is normal but there is a deficiency in cofactor
tetrahydrobiopterin (BH,). In every case, the most effective
treatment involves adherence to a severely Phe-restricted
diet aiming at lowering plasma Phe concentrations thus brain
Phe concentrations and preventing mental retardation.
Additional Phe-free amino acid supplemental formulas are
prescribed to provide other necessary amino acids and nutri-
ents. In patients with BH, deficiency, BH, is orally admin-
istered to maintain plasma Phe concentrations within
acceptable limits. It is preferable for women with PKU to
maintain their plasma Phe levels between 120 and 240 umol/l
before and during pregnancy for the health of the fetus since
higher blood Phe may lead to cardiac abnormalities, micro-
cephaly, and mental retardation.

Numerous methodologies have been applied in the fields
of radiology, electrophysiology, and cognitive neuroscience
for evaluating impairments in PKU. Bone mineral density is
decreased in children with PKU despite following dietary
recommendations [5, 6]. Risk for Vitamin B-12 deficiency is
elevated in PKU patients on relaxed diets [7]. The principal
goal of imaging studies is the quantifying of brain Phe with
respect to plasma Phe and clinical indicators such as
Intelligence Quotient (IQ) in order to understand the impact
of plasma Phe on neurological development. Transport of
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Fig. 12.1 (a and b) Molecular structure of Phe is shown. Resonances
for 'TH MRS have been adapted from Govindaraju et al. [23]. Prominent
chemical shift at 7.37 ppm is from the phenyl ring in the molecule.

large neutral amino acids (LNAA), like Phe, from blood into
the brain can probably be explained by selective absorption
by the blood-brain barrier (BBB) whereas intraindividual
variability indicates otherwise [8]. Transport mechanisms
have been widely studied by various technologies [9—-12].
Standard MR images as well as by diffusion tensor imaging
(MR/DTI) showed that negligence in following a strict
dietary regimen can lead to white matter abnormalities [13].
MR spectroscopy has been used for many years to noninva-
sively determine brain Phe levels [14]. The blood and brain
Phe relationships have been studied widely but there are
many inconsistencies reported with respect to the correlation
between these concentrations [15-22]. Albeit the challenges
of measuring brain Phe levels in individual patients accu-
rately, MRS of the brain can still be used to measure average
Phe levels in groups of subjects with PKU and might thus be
a useful tool to research the impact of novel therapeutic
interventions aiming to lower brain Phe levels.

MR Spectroscopy of PKU

Phenylalanine is an essential amino acid with the formula
HO,CCH(NH,)CH,C H, (Fig. 12.1) with a prominent reso-
nance at=7.37 ppm in proton spectrum [23]. Normally, Phe
is metabolized to tyrosine using the PAH enzyme along with
the cofactor BH,. In PKU patients, this reaction is absent and
hence an accumulation of Phe leads to a deficiency of
tyrosine. Excess Phe is converted to phenylacetate, phenyl-
lactate, phenylpyruvate, and phenylethylamine detected in
urine [24]. Although plasma Phe has been a primary marker
in determining intellectual outcome of PKU patients, various
studies [15-21] indicating inconsistencies in correlation
between plasma and brain Phe as well as neurological abnor-
malities in PKU patients despite following diet control have
driven researchers to devise new methodologies in measur-
ing cerebral Phe effectively.

ppm Lactate

7.32 [elele}
7.42 |

7.37 HO-C-H
3.2 |

3.97 CH,

(Adapted from Govindaraju V, Young K, Maudsley AA. Proton NMR
chemical shifts and coupling constants for brain metabolites. NMR
Biomed 2000 May;13[3]:129-153, with permission.)

Cerebral Phe concentrations are closely related to clinical
outcomes. Localized WM abnormalities associated with
PKU have been shown on T2-weighted images as well as
FLAIR (Fig. 12.2). Previous studies [14, 16, 20, 21] have
used various quantitation methodologies in determining
brain Phe using MRS (Table 12.1). Methodological
approaches are summarized below:

1. Sequence Selection

Selection of sequences is important in determining effective

time as well as patient management in data acquisition.

(a) Regular sequences (PRESS or STEAM)

PRESS signals have better signal to noise ratio (SNR)
than STEAM

Advanced sequences (CSI, COSY, etc.)

Although the purpose of advanced spec sequences is
to enhance understanding, they are not very effective
in measuring Phe since it is a small signal concentra-
tion at higher-end of the 'H spectrum. Independently,
CSI requires a large voxel size. COSY or other
advanced editing sequences increase acquisition time
substantially and hence are impractical.

2. Parameter Determination

Within an MRS sequence, it is important to choose

appropriate protocol parameters, which would aid in Phe

measurement. Important considerations include:

(a) Echo time, TE=20-35 ms

(b) Repetition time, TR =2,000-3,000 ms

(c) Voxel Location and Placement (discussed below)

(Figs. 12.3 and 12.4)

(d) Volume within the voxel (discussed below)

(e) Water Suppressed and Unsuppressed (water refer-

ence) signal acquisitions
3. Volume of Interest

Many voxel locations have been investigated in prior

PKU studies [14, 20, 21]. Large voxels with volumes

of about 80 cm? placed in the supraventricular location

(Fig. 12.3) encompassing mostly GM and surrounding

(b)
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Fig. 12.2 WM abnormalities associated with PKU patients on
T2-weighted and FLAIR sequences. Black arrows indicate extensive
damage caused by high brain Phe levels. (Adapted from Leuzzi V,
Tosetti M, Montanaro D, et al. The pathogenesis of the white matter

Table 12.1

Study group
Leuzzi et al., Italy

Pietz et al., Rupp
et al., Switzerland
and Germany

Moller et al. USA
and Germany

Novotny et al. USA

Moats et al., USA

MRS studies of PKU

Reference

J Inherit Metab Dis (2007)

30:209-216

J Cereb. Blood Flow Metab

(2001) 3:276-284

Brain Research 778 (1997)

329-337

Pediatr. Res (1995)

2:244-249.

J Inherit Metab Dis, 23:

7-14, 2000

Method

Press

TE=30ms, TR=2s
ROI=8 cc, N=128

PRESS

TE=20ms, TR=3s
ROI=84 cc, N=128
STEAM

TE=20 ms, TR=1.6s

abnormalities in phenylketonuria. A multimodal 3.0 tesla MRI and
magnetic resonance spectroscopy (‘H MRS) study. J Inherit Metab Dis,
30: 209-216, 2007, with permission.)

ROI=27-36 cc, N=512

ISIS

TE=10-20 ms, TR=3-6s

ROI=15-32 cc, N=128

STEAM

TE=20ms, TR =2 s ROI=72 Weak correlation

cc, N=128-256

Brain-blood Phe
correlations

Linear<1,200 pmol;

Location(s) Notes

1. Deep periven-  Brain Phe not

Intraindividual tricular WM significantly
Variability > 1,200 pmol different between
normal and

mentally retarded
1. Supraventricular
and 2. Posterior-
ventricular WM

Linear<1,800 pumol;
Intraindividual
Variability > 1,800 pmol

1. Posterior-
ventricular brain

Linear<1,500 pmol;
Intraindividual
Variability >1,500 pmol 2. Frontal brain
3. Cerebellum
Intraindividual variability 1. Temporal lobe/
Weak correlation parietal brain

2. Occipital cortex

Intraindividual variability 1. Supraventricular
mixed WM/GM

PRESS point-resolved spectroscopy, STEAM stimulated echo acquisition mode, /SIS image-selected in vivo spectroscopy, TE echo time, TR repeti-
tion time, ROI region of interest, N number of signal averages, WM white matter, GM gray matter

peripheral WM tissue is effective in determining Phe
concentrations. Presence of WM abnormalities in PKU
patients has motivated researchers [14] to use a smaller
voxel (20-30 cm?) in the posterior periventricular WM
region (Fig. 12.4). With either region, the popularly
used upper part of the 'H spectrum with resonances
from Cr, Cho, mI and NAA is normal in PKU patients.
Preference to any particular volume or MRS sequence
depends on a compromise in SNR individuals are will-

4.

ing to take while aiming to understand the underlying
pathology.

Postprocessing

Standard quantitation procedures are inadequate in mea-
suring Phe since they usually process chemical shifts until
water signal, from O to 4.4 ppm. Consequently, investiga-
tors have their own custom-designed automatic process-
ing approaches. For example, Kreis et al. [14] used the
following methodology:
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Fig. 12.3 Mixed GM/WM Location showing a large volume of inter-  Phe peak. Signal with resonances from Cr, Cho, ml, and NAA are
est used for Phe measurement using MRS. Upfield section as well as  found normal in PKU patients
the lower part of 'H MR spectrum is depicted. Black arrow indicated

W
I TR ad—

Fig. 12.4 Due to abnormalities on MRI, another region frequently studied in PKU patients is parietal WM

(a) Scaling Control spectrum was then subtracted from patient
Spectra were divided by a fit to water signal decay. spectrum to determine residual Phe amplitude.
This aimed at eliminating contributions from metabo- (c) Smoothing and Fitting
lites other than Phe in brain tissue. Lower-end of 'H spectrum was smoothed. Signal
(b) Subtraction with chemical shifts beyond the water signal was
Cr linewidths were matched using exponential line fitted to a Lorentzian line plus a quadratic

broadening on either the control or patient spectrum. baseline.
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(d) Phe concentration

Total peak area was calculated as the ratio between
total Phe signal from difference spectrum after all cor-
rections and fit to water signal decay. Extensive calcu-
lations were performed to account for Phe contributions
from CSF and blood within the volume of interest.
Cerebral Phe for healthy patients determined to be
0.05 mM [25] was added to the final concentration.

Correlation of Brain and Blood Phenylalanine

Characteristics of Phe transport through BBB under various
conditions were investigated [8]. Blood and brain Phe mea-
surements were recorded simultaneously at specific times
and a relationship curve of these results were obtained. Kreis
et al. [8] showed a linear regression while likening Moller
et al.’s [22] nonlinear relationship for blood—brain Phe to a
selection of atypical PKU patients. Several inconsistencies
have been reported in blood—brain ratios as well as the level
of blood Phe which leads to a saturation of the brain. Possible
explanation is the presence of intraindividual variability in
Phe transport mechanism.

Clinical implications from various Phe transport mecha-
nisms can be interpreted effectively by MRS along with 1Q.
Relationship between physiological factors and clinical out-
come is still unclear. Recent advances in PKU treatment
including LNAA therapy [10—12] are based on the rationaliza-
tion that brain control and function is influenced by an imbal-
ance in Phe transport through BBB. Not only do some amino
acids block Phe through BBB, but they also block Phe at the
gut from entering plasma. Modern alternative therapies also
include treatment of specific causes of deficiency such as oral
intake of biopterin,