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     Foreword 

    For each generation new vistas appear that were almost inconceivable to that which went 
before. Nuclear magnetic resonance, a physical technique  fi rst 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  fi eld 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 con fi ned them to the brains of adults where exposure to ionizing radiation or radioactive 
isotopes can usually be justi fi ed. 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. Blüml and Panigrahy offer us not another textbook 
of pediatric MRI but what must qualify as the  fi rst 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 pro fi ling. It is this property of NMR that  fi rst 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  fl uid. 
As  fi rst 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 con fi rmed 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, Blüml 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 de fi ne what MRS can and cannot do, naming peaks and de fi ning 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 de fi ne—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  
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   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  fi ngerprint. 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 pro fi le 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 
 fi ndings 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 Blüml  
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 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  fi ve 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  fi rst 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 

 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- fi fth of the body’s energy. The 
developing brain is just the opposite. The newborn brain, 
representing only one- fi fth body mass, expends four- fi fths 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 con fi rmation, that is, autopsy 
veri fi cation of imaging  fi ndings. 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 speci fi c 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 speci fi city and their use 
as outcomes is of little value in epidemiologic, statistical, or 
functional imaging studies. In neuroimaging, terms are often 
con fl ated to mean something else, such as  periventricular 
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leucomalacia  (multiple focal white matter necroses, as origi-
nally de fi ned  [  2–  4  ] ) to mean diffuse white matter astrocyto-
sis, or diffuse neuroimaging changes. 

 Labels used as antecedents or  causes  need to be speci fi c. 
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 de fi nitions of any of these condi-
tions. This suggests the possibility of having overlooked 
other risk factors which might have been potentially 
modi fi able 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 
de fi ning  normal  brain weight as a ratio relative to some other 
body parameter (allometric relationship) continues. If brain 
weight is de fi ned as a ratio to body weight alone, adverse 
in fl uences affecting both the brain and body are likely to be 
missed because both might be in fl uenced 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 in fl ection can be estimated. Growth rate is the percentage 
increase in weight and spatial dimensions per unit of time, 
which varies over time, particularly for speci fi c brain parts. 
In fl ection points re fl ect 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  fi rst 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  fi rst in cervical 

region  [  8,   9  ] . The neurohypophysis evaginates at approximately 
37 days, and 4 days later olfactory bulb and  fi rst amygdaloid 
nuclei become evident and a deep longitudinal interhemispheric 
 fi ssure 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  fi rst 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  fi rst and second Gompertz 
function derivatives provide prenatal brain instantaneous and 
maximum growth rate and acceleration. The prenatal brain 
growth model is

      
−−=

(1.99 0.0437 )

1,190
XeY e   

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 con fi rmed the Dobbing and Sands original 
smaller study  [  12  ]  and was corroborated in a second larger 
fetal brain population  [  11  ] . The in fl ection 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 speci fi c week. The signi fi cant implication is 
that most postnatal brain growth is completed within the  fi rst 
2 postnatal years, similar to other reports  [  13,   14  ] .  

   New Tissue Addition 

 If one assumes a large  fi gure for the ultimate human neuronal 
number (for instance, estimated at 10 11 —L. Swanson, per-
sonal communication, 2009), then during the  fi rst 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 

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. Speci fi cally, in 
brain behind the central sulcus, the  fi rst 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 

  Fig. 1.1    ( a ) Nonlinear Gompertz ( b ) Sigmoid growth curve       
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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 re fl ect 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 re fl ects the use-dependent selective 
elimination of synapses that could re fi ne 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  fl exibility, 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  fi re 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 

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 6–8 
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 
 fi bers, 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  fi bers 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, 
 fi mbria, fornix, extreme capsule, temporal subcortical asso-
ciation  fi bers, 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 de fi cit, 
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 
by delays in myelination and 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 con fl ict, and whether edema occurs without 
necrosis remains in dispute. This confusion resulted from 
supposed analogies to adult swelling, poorly de fi ned criteria, 
and high fetal brain water content relative to myelinated 
adult brain. Furthermore, the fetal and neonatal brain adds 
weight during  fi xation, often attaining a post fi xation weight 
30% greater than fresh weight  [  47  ] . What some call edema in 
 fi xed fetal or neonatal brain (cerebral hemisphere enlarge-
ment, sulcal and ventricular narrowing) likely re fl ects initial 
high brain water content plus  fl uid accumulated during 
 fi xation. 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 

2
 . As expected with cellular death, shifts in sodium 

and potassium occur concomitantly with water shift. Whether 
the  fl uid 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, de fi ning brain swelling as cerebral hemisphere 
enlargement, gyral  fl attening, 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  fl attened 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 suf fi ciently 
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 scienti fi c 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-

age and disrupting neurotransmitter transport). With higher 
concentrations, unbound bilirubin accumulates in neurons 
and glial cells in several speci fi c brain regions resulting in 
kernicterus. Unconjugated bilirubin accumulation in cere-
brospinal  fl uid 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  fl uid barrier, regional blood  fl ow, 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  fi rst half or two-thirds of the  fi rst 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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 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 ( 1 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 ( 31 P), carbon-13 ( 13 C), or 
 fl uorine-19 ( 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,  1 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. 

   What Can Be Measured with Magnetic 
Resonance Spectroscopy? 

 MR imaging maps the distribution and interaction of water (its 
hydrogen atoms) with tissue. In contrast,  1 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 3 , which is a thousand times larger 
than what is typically achieved for MRI (1–10 mm 3 ).  

 Only small, mobile chemicals (see Chap.   3    ) with concen-
trations of >  »  0.5  m mol/g tissue can be observed with in vivo 
MRS. This leaves most neurotransmitters out of reach for 
this method. Exceptions may be glutamate, g-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 identi fi cation of a previously selected 
region of the brain, and the imperfect stability of MR 
 hardware. The biochemical  fi ngerprint of tissue will be 
abnormal when there is structural damage (trauma, tumor, 
degenerative diseases, gliosis, etc.), altered physiological 
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conditions (interruption of blood  fl ow, etc.), and biochemi-
cal or genetic problems. The metabolic  fi ngerprint 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  fi eld (B 

0
 ) created by a superconducting 

magnet. A net magnetization will develop in any tissue 
brought into the magnet  fi eld. The magnetization can be envi-
sioned as a vector pointing, if undisturbed, along the mag-
netic  fi eld. For any MR sequence, a radiofrequency pulse, 
which is an additional time-dependent magnetic  fi eld, 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  fi rst approxima-
tion a function of the main magnetic  fi eld strength. However, 

the electronic environments of molecules cause a small mod-
ulation of the main magnetic  fi eld. If the electrons are close 
to the proton, there is a  shielding  effect and the proton  sees  a 
minimally smaller magnetic  fi eld (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.   

  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 

signal. The position on the  x -axis (or chemical shift axis) measures the 
chemical shift relative to a reference (tetramethylsilane (TMS) at 0 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       

  Fig. 2.2    Left: Hydrogen atom with nucleus (proton) and single elec-
tron. The electron  modi fi es  the magnetic  fi eld  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 

3
  

group of lactate resonate at 1.33 ppm whereas the CH proton resonates 
at 4.1 ppm       
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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 

0
   fi eld 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  fl uid 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 

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 simpli fi es spectra because the number of detect-
able peaks is reduced and the remaining peaks are more read-
ily identi fi ed. Historically, long TE (typically TE > 135 ms) 
has been easier to use in clinical practice because of a  fl at 
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, 
signi fi cant 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 

  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 

3
  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 

2
  are in close proximity in the molecule and do interact via 

J-coupling (indicated by dashed arrows in above  fi gure). 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       
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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 > 3× 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-

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  fi le 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  fi nal 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 identi fi cation of overlapping 
signals from different molecules due to their different 
J-modulation. Metabolite editing confers some speci fi city on 
the process of peak identi fi cation 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  fi lter for lactate edit-
ing is accomplished with a 2:1 signal loss; simple short-echo 
time sequences without metabolite-speci fi c 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 

  Fig. 2.4    Three single-voxel PRESS spectra of the same ROI acquired 
with echo times of TE = 288 ms ( top ), 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 (Gln), 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       
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calci fi cations, 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  fi eld 
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  1 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.  

   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 signi fi cantly 
larger volume selected than for single-voxel MRS. CSI is a 
very ef fi cient 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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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 ef fi cient 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 
 fi eld homogeneity resulting in less well-de fi ned peaks and 
nonuniform water suppression.  

   Signal-to-Noise Ratio 

 Insuf fi cient signal-to-noise ratio (S/N) is the most signi fi cant 
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 de fi nition 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 ). 

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

   Rules (and Quali fi ers) 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 

  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,  fi eld of view = 160 bmm, 20 × 20 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 

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        
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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 
ROIs. (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.)  

    4.    To compensate for a volume reduction by a factor of two 
the scan time needs to be increased by a factor of four.  

    5.     But:  A good shim (= process of optimizing the homoge-
neity of the magnetic  fi eld 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.  

    6.     But:  Another  fi ner 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-

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).  

    7.    The S/N decreases with increasing echo times (TE) due 
to the T2-decay of the signal. Shorter repetition times 
(TR) cause T1-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  fi eld 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.  

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

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

    10.    Increasing the  fi eld 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  fi eld of 3T magnets does not reach the 

  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 

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 c have become 
undetectable in simulation ( d )       
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 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 suf fi cient 
quality, minimizing partial volume with surrounding tissue, 
avoiding proximity to skull/bone/air transitions (negatively 
impact quality), avoiding blood and calci fi cations, and limit-
ing the amount of cerebrospinal  fl uid (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  fi eld within the region of interest is further re fi ned 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 

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 calci fi cations, 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, calci fi cations distort the magnetic 
 fi eld 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  fi eld 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  fi le that contains the  raw  
result of the spectroscopy study would be stored somewhere 
on the computer that controls the MR scanner. That  fi le 
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  fi ltering 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  fi lter 
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 signi fi cantly 
improved automatic assignment and quantitation of metabo-
lites in in vivo MR spectra. Processing of spectra is accom-
plished by  fi tting 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, mI) 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 
ROI. 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 
quanti fi ed 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 

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/l × 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  fi elds are applied in MRS:
   Static magnetic  fi eld B • 

0
   

  Gradient  fi elds for localization purposes  • 
  RF  fi elds to excite the magnetization    • 
 These static  fi elds 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 
identi fi ed 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  1 H MRS.  

   Magnetic Resonance Spectroscopy at 3T 

 The main bene fi t of higher  fi eld strength for MRS is the 
increased SNR. MR spectroscopy also bene fi ts from the 
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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  fi eld 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  fi eld (Fig.  2.8 ). 

Finally, one has to consider that T1-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 bene fi ts 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.     

  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 = 4 × 65 Hz at 
1.5 T) whereas the 3 T spectrum would cover 520 Hz (4 ppm = 4 × 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 

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 (mI) is different for the two 
 fi eld strength (see also Fig.  2 – 8 )       

  Fig. 2.8    Spectra of chemicals are generally different at different  fi eld 
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  fi eld strength       
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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 
suf fi cient?, how do I know it is an artifact?”, etc. are asked. 
These questions do have in common that there is no de fi nitive 
answer and, consequently, no de fi nitive 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 de fi nitive 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 insuf fi cient 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 
calci fi cations. These areas should be avoided to the extent 
possible. Check the size of the ROI. If the volume is less than 
1cc 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-

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  fi nal 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  fi ndings. 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 signi fi cant 
overlap but are not identical. The problem of chemical shift 

  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 3  p  where  r  is the radius of the lesion. The volume of a cubic ROI 
enclosing the lesion is 8  r  3 . 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       
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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  fi eld 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 
speci fi city 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 signi fi cantly 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  1 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 quanti fi ed in 

  Fig. 2.10    Spectra obtained from 
a patient with seizures ( top trace ) 
and a patient with hepatic 
encephalopathy, a disorder 
associated with increased 
glutamine ( bottom trace ). Spectra 
of model solutions of glutamate 
and glutamine are shown for 
comparison ( middle traces ). 
Note, that in the hepatic 
encephalopathy spectrum the 
pattern of the b, g-Glx region 
follows the glutamine signal 
whereas in the seizure case the 
pattern is more consistent with 
glutamate. All spectra: Single-
voxel PRESS, TE 35 ms, 1.5 T       
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  individual  patients at 1.5 T. Also, it is advised to use sophis-
ticated software, such as LCModel (Provencher 1993) that 
 fi ts 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 

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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  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 ( bottom ). 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       
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 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 pro fi le with brain 
maturation. As expected, these changes are most dramati-
cally (illustrated below) at early brain development. 
Unfortunately, it is also very dif fi cult 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 justi fi cation, MR spectroscopy 
scans are rarely performed in small children, as they often 
require sedation to ensure studies with suf fi cient 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 0 (term) to 18 years (young adults) that were ret-
rospectively considered to be  closest-to-normal  based on the 
MRI  fi ndings (negative) and unremarkable clinical follow-
up. These spectra have recently been reviewed and results 
are provided in this chapter. 

   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 speci fi c 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  fi nal 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  fi rst-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 
MRI), as explicitly stated on the MRI report, and unremark-
able clinical follow-up (where available) were identi fi ed. 
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 
classi fi ed as febrile seizures), suspicions of encephalitis or 
hypoxic–ischemic episodes, suspected but not con fi rmed 
tumor, subdural bleeds, hypotonia, meningitis, and others. All 
spectra were reviewed for quality and spectra of insuf fi cient 
quality (large linewidth or insuf fi cient 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  fi rst 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 signi fi cant 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 con fi ned 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 
signi fi cant challenge. Consequently, concentrations reported 
by MRS of the same chemical in the same brain region have 
varied widely in the past. Due to signi fi cant hardware 
improvements and much iteration to  fi nd 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 

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  fi eld 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 out on a 1.5 T MR 
system (Signa LX, GE Healthcare, Milwaukee, Wis). Patients 
of age 5 years and below were anesthetized with 100–200 mg/

  Fig. 3.1    MR image indicating typical parietal white matter (WM) and 
parietal/occipital gray matter (GM) locations       
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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 × 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  fl uid (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 signi fi cant differences were 
noted and data were thus pooled. Metabolite concentrations 
measured in each brain region were  fi tted to empirical func-
tions using the least-squares  fi t routine provided by MatLab. 
The    functions were minimum   c   2  was determined are reported. 
Fit functions and  fi tted parameters (± standard deviation of  fi t 
parameters) are summarized in Table  3.1 . The standard devia-
tions of the  fi tted 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 

  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       
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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  fi tted to determine to what extent 
experimental uncertainty could alter  fi t parameters. This pro-
cedure was typically repeated 2,000 times for each data set 
and the distribution of the  fi t parameters was analyzed. 
Generally, parameters showed a close to Gaussian distribution 
and the reported uncertainties of the  fi tted parameters are the 
standard deviations of the distributions.   

   Metabolites of  1 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  1 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 
speci fi c for a disease or disease process, the extent of neu-
ronal or axonal loss for an already diagnosed disorder can be 
quanti fi ed. 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  ] . Signi fi cantly increased NAA is observed only 
in Canavan disease, where aspartoacylase de fi ciency, 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 

   Table 3.1    Summary of  fi tted parameters and  fi t functions for metabolites with signi fi cant changes during brain maturation   

 Fit function  A 
1
  (mmol/kg)  A 

2
   A 

3
  (1/years)  A 

4
  (1/years)  A 

5
  (years) 

 NAA  WM 
 GM 

  f  
1
    9.29 ± 0.10 

  9.87 ± 0.05 
 0.27 ± 0.02 
 0.35 ± 0.03 

 0.22 ± 0.03 
 0.44 ± 0.06 

 15.1 ± 1.2 
 9.1 ± 0.8 

 0.812 ± 0.004 
 0.840 ± 0.005 

 Cr  WM 
 GM 

  f  
2
  

  f  
1
  

  5.13 ± 0.03 
  7.01 ± 0.06 

 – 
 0.13 ± 0.02 

 5.83 ± 0.46 
 0.24 ± 0.10 

 3.7 ± 0.3 
 7.2 ± 1.4 

 0.848 ± 0.006 
 0.686 ± 0.018 

 Cho  WM 
 GM 

  f  
1
    1.64 ± 0.01 

  1.24 ± 0.01 
 −0.30 ± 0.01 
 −0.50 ± 0.02 

 0.41 ± 0.05 
 1.17 ± 0.09 

 10.9 ± 1.5  0.544 ± 0.035 
 16.2 ± 1.5  0.667 ± 0.013 

 mI  WM 
 GM 

  f  
2
    4.85 ± 0.02 

  5.89 ± 0.02 
 −0.65 ± 0.01 
 −0.62 ± 0.02 

 3.00 ± 0.10 
 3.72 ± 0.12 

 46.4 ± 2.4  0.737 ± 0.002 
 67.3 ± 8.5  0.748 ± 0.004 

 Glu  WM 
 GM 

  f  
2
  

  f  
3
  

  8.08 ± 0.07 
 11.86 ± 0.06 

 – 
 – 

 5.70 ± 0.51 
 9.90 ± 6.19 

 3.6 ± 0.4  1.005 ± 0.012 
 6.4 ± 4.7  0.805 ± 0.009 

 Tau  WM 
 GM 

  f  
4
    24.1 ± 0.9 

  2.36 ± 0.05 
 0.015 ± 0.001 
 0.32 ± 0.04 

 2.72 ± 0.04 
 0.17 ± 0.02 

 – 
 – 

 – 
 – 
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    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 

a TR = 1.5 s. Spectra were quanti fi ed as described in detail in the text. The standard deviations of the  fi tted parameters were derived by Monte Carlo 
simulation as explained in more detail in the text. For functions  f  

1
 ,  f  

2
 , and  f  

3
  the parameter  A  

1
  is equal to the concentration in young adults. 

For function  f  
4
 ,  A  

1
  ×  A  

2
  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  
1
  ( f  

1
 ,  f  

2
 ,  f  

3
 ) or by  A  

1
  ×  A  

2
  ( f  

4
 ). 

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  fi tted with the same function.  
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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. 

 Very closely linked with NAA is  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 

NAAG be separated from NAA. In the past, most investiga-
tors have quanti fi ed/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.   

  Fig. 3.3    Shown are the measured NAA ( a ,  b ), Cr ( c ,  d ), Cho ( e ,  f ), 
and mI ( 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  fi ts. Albeit, the curves for white matter and gray matter 
regions appear to be similar, there were signi fi cant differences in the 

 fi tted 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,  mI  
myo-inositol         
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   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 ( » 125% of normal) within the 
 fi rst 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 

contrast, in parietal/occipital GM, a transient maximum for 
Cr was not observed. Instead, Cr increased from  »  50 to 75% 
of normal within the  fi rst 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  1 H MRS and (phosphorous)  31 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  1 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 

Fig. 3.3 (continued)
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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 re fl ected 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  fi rst 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 quanti fi ed in 
long  echo time  (TE) MR spectroscopy. Short TE acquisition 
methods are necessary for reliable quantitation of  myo-inos-
itol  (mI). Myo-inositol is a little-known sugar-like molecule 
that resonates at 3.6 ppm in the proton spectrum. It has been 
identi fi ed 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  fi rst few years of live. Being a marker for astro-
cytes, mI 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 mI is hepatic encephalopathy. When interpreting 
the mI signal in MR spectra, it is important to remember that 
its signal looks different at different  fi eld strengths (cf. Fig. 
2.8). Glycine (see below) co-resonates with mI and cannot 
be distinguished from mI 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 signi fi cantly dur-
ing maturation  [  1  ] . 

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

   Ratios of NAA, Cho, and mI 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 speci fi c 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  1 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  1 H spectra. Both, glutamate and glutamine 
have two groups of resonances: The  fi rst group (a-Glu and 
a-Gln) has three peaks between 3.6 ppm and 3.9 ppm 
whereas the second group (b,g-Glu and b,g-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  fi ts 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  fi rst year of life. A transient maximum was not 
observed for parietal/occipital GM where Glu increased 
from  »  25% to adult levels within the  fi rst 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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neurons and the maximum density of their axon/dendrite net-
work, in each location studied are reached within the  fi rst 
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  fi t parameter A 

5
  in 

Table  3.1 ). No signi fi cant age-dependent changes were 
observed for Gln. Consequently, the sum of glutamate + glu-
tamine (Glx) showed a time course similar to that of Glu.   

   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 dif fi cult 
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  fi eld strength (see 
Fig. 2.8). Taurine levels decreased in both WM and GM 

  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 signi fi cant tran-
sient maximum was not observed. Taurine can be detected in white mat-

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       
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locations. Whereas Tau fell below the limits of detection in 
WM locations within the  fi rst 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  fl uid (CSF) is approximately 1 mmol/l. 
Consequently, a spectrum acquired from a voxel with a 
signi fi cant 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  fl uid, 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 signi fi cant age-dependent changes were 
observed in our control subjects.   

   Lipids and Macromolecules 

 The protons of the methyl groups (−CH 
3
 ) of lipid molecules 

resonate at 0.9 ppm whereas protons of the methylene groups 
(−CH 

2
 −) resonate at 1.3 ppm in the  1 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.  3.2  shows that there are little 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  ] . 

  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       
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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, sI is a singlet arising from six equivalent protons 
of this molecule. The sI peak is usually very weak and can 
thus not be quanti fi ed reliably in individual spectra. 
Occasionally, prominent sI is observed in tumors and other 
conditions. The causes and signi fi cance of elevated sI 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  1 H Magnetic 
Resonance Spectroscopy 

 Several other metabolites can be detected with  1 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. 

  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       
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 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 pro fi le that is comparable with parietal WM spectra (cf. 
Fig.  3.2 ). Basal ganglia (BG) spectra of a 4-week-old baby 
(Fig.  3.8c ) 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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 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  fl ow 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 

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 speci fi c 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  fi eld 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 suf fi cient 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 modi fi ed to accommodate a smaller  fi eld 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 speci fi cally, 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  fi nd 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 bene fi t 
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  fi eld MR 
systems (e.g., 3 T) have become almost commonplace in 
pediatric settings, alongside 1.5 T MR systems. These higher 
 fi eld 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 

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  fi t 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 speci fi cally designed for the pediatric population. 
This includes speci fi cally 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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  Fig. 4.1    Term infant imaged using a standard T2-weighted Fast Spin Echo (FSE) sequence ( left ) 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 
same day using a standard transmit-receive (bird cage) adult head coil 
and a commercially available transmit-receive neonatal coil. Note that 

the enhanced contrast between the cortex and the underlying white mat-
ter as well as the hyperintense lesions apparent in the SPGR sequence 
obtained with the neonatal head coil       
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intervention by MR technologists or staff. In the near future, 
dedicated modi fi ed 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 

modi fi cations 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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   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 

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 signi fi cant 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 neuro fi bromatosis 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 con fi rmed 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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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 re fi ned 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 Bene fi ts of Magnetic Resonance 
Spectroscopy 

 The emergence of high resolution imaging,  fi rstly 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 
con fi rm 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 signi fi cant 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 
identi fi cation of prognostic factors, which have improved 
tumor characterization and allow strati fi cation 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 

   Table 5.1    WHO grade and approximate relative incidence of the most common pediatric brain tumors   

 Diagnosis  WHO grade  Location  Relative frequency 

 Medulloblastoma  IV  Posterior fossa   » 20% 
 Pilocytic astrocytoma  I  Posterior fossa, hypothalamic/third ventricular region, 

optic nerve, and chiasmal region 
  » 20% 

 Astrocytoma  Anywhere in the brain   » 20–25% 
  low-grade astrocytoma  II 
  Anaplastic astrocytoma  III 
  Glioblastoma  IV 
 Ependymal tumors  Mostly posterior fossa   » 10–15% 
  Ependymoma  II 
  Anaplastic ependymoma  III 
 Choroid plexus tumors  Mostly intraventricular, growing out from choroid 

plexus tissue 
  » 3% 

  Papilloma  I 
  Carcinoma  III 
 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 Classi fi cation of Tumors of the Central Nervous System  
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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 
speci fi c interest and expertise. In part, this is due to the 
dif fi culty 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 classi fi cation 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 arti fi cial neu-
ral networks and support vector machines, have also been 
used and also shown to have high accuracy  [  15  ] . The 
classi fi er is strengthened by the use of MRS in combination 
with imaging, clinical, and other information  [  16  ] . 
Classi fi cation 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 signi fi cantly 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 insuf fi ciently perfused 
tumor tissue  [  22  ] .   

   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 ef fi ciently by 
using CSI. This technique also has the advantage that data 
can be collected from surrounding regions, giving informa-
tion on the presence of in fi ltrating 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 identi fi ed 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  ] . CSI data 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 identi fi ed on color maps should 
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always be veri fi ed 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 
quanti fi cation of metabolite concentrations (e.g., using 
LCModel     [  27  ] , TARQUIN  [  28  ] , or jMRUI  [  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 simpli fi es the implementa-
tion of fully automated absolute quantitation of MR spectra.   

   Metabolic Pro fi les 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 

2
 w images, 

indicating a  hyper cellular tumor, there are instances in which 
ependymoma may present with similar features. It is com-
mon that ependymoma involve the fourth ventricular  fl oor 
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-

blastoma with extensive nodularity, have not been studied 
suf fi ciently 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 
signi fi cantly different for all three pair-wise comparisons 
with highest mean values in ependymomas and lowest in cer-
ebellar pilocytic astrocytomas (higher mI 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 signi fi cantly lower and NAA signi fi cantly 
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 signi fi cantly higher whereas glutamine 
(Gln) was signi fi cantly 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 suf fi cient numbers of subjects and follow-up 
dif fi culty. 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 pro fi les comparable with that observed in medullo-
blastoma (Fig.  5.3 ), albeit this has not been formally investi-
gated. There is also no established metabolic pro fi le 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  (mI) 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 pro fi les 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. ( c ) Classic 
medulloblastoma. All spectra were acquired from lesions with no partial 
volume of surrounding tissue using a single-voxel PRESS sequence with 

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

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 

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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tion and MR imaging  [  4,   38–  40  ] . Spectra of DIPG often 
resemble spectra of low-grade (WHO II) astrocytoma with 
prominent citrate at presentation  [  41,   42  ]  (Fig.  5.6 ). In the 
vast majority of the cases, conventional MRI and clinical 
symptoms are suf fi cient 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 
pro fi les of pilocytic astrocytoma and pontine gliomas are 
readily distinguishable.  

 Choroid plexus papilloma (WHO I) do have a highly 
characteristic metabolic pro fi le (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 

unremarkable myo-inositol (Fig.  5.7a, b )  [  21  ] . Atypical 
choroid plexus papillomas have a very low incidence and 
their metabolic pro fi le 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 ( b -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 calci fi cations which 
are well visualized on CT images. However, since surgery is 

  Fig. 5.2    Representative (average of individual spectra) MR spectra of 
classic ( a ), desmoplastic ( b ), anaplastic ( c ), and large cell ( d ) 
medulloblastoma       

  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       
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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 Strati fi cation 

 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 subclassi fi cation 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 strati fi cation, as it is well known 
that the microenvironment plays a signi fi cant 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 

  Fig. 5.4    Typical MR 
spectra of supratentorial 
( a ) and infratentorial ( b ) 
juvenile pilocytic 
astrocytoma. Myo-inositol 
(mI) appears to be slightly 
more prominent in the 
supratentorial pilocytic 
astrocytomas       
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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 
 fi nding 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 con fi rmed in a prospective study. Still, overall, 
very few studies have been carried out to determine the 
signi fi cance of MRS in predicting overall and progression 
free survival. One of the reasons might be that MR physicists 

(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  fi ndings in gliomas in children? MRS 
studies of biopsy con fi rmed 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 signi fi cantly higher in patients 
with poor outcome  [  63  ] . Prominent citrate may be used for 

  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       
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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 speci fi c 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 pro fi les 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 signi fi cantly lower 

myo-inositol at initial MRS than those with stable disease. 
Furthermore, myo-inositol levels decreased signi fi cantly 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 classi fi ed 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 
signi fi cant. Similarly, albeit mean Cr was not signi fi cantly 
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 con fi rmed to have high 

  Fig. 5.6    A representative 
spectrum of diffuse intrinsic 
pontine glioma at initial 
presentation       
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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 signi fi cant 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 quanti fi ed 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 signi fi cantly elevated in the 

high-grade tumors. Logistical regression revealed that both 
biomarkers were signi fi cant 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 quanti fi ed due to the 
relatively long echo time used. Overall, systematic studies 
are required which incorporate MRS into multicenter clini-
cal trials where speci fi c patient groups are treated in a uni-
form manner with robust follow-up data  [  68  ] .   

  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 (mI) 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 ( c )       

  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       
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   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. 

Results demonstrated that lesions in the recurrence or resid-
ual tumor group had signi fi cantly higher Cho/Cr than those 
with radiation injury and in turn the radiation injury group 
had signi fi cantly higher Cho/Cr ratios than normal appearing 
white matter. The lesions in the tumor group also had 
signi fi cantly higher Cho/NAA ratios than those in the radia-
tion injury group and signi fi cantly higher Cho/NAA ratios 
than normal appearing white matter. NAA/Cr ratios were 
signi fi cantly 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 classi fi ed 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 signi fi cant 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 calci fi cations. 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  fi ndings 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 dif fi culties of conducting 

  Fig. 5.9    Representative spectra for cystic ( a ) and solid ( b ) 
craniopharyngioma       
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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 signi fi cant variations of the metabolic pro fi les 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 

with stable disease >5 years (ii). ( c ) 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 in fl ammatory 
myo fi broblastic tumor (ii),  fi brous histocytoma (iii)       
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clinical research in children. Current basic research focuses 
on identifying speci fi c 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 in fl uence 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 

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 signi fi cantly in the  fi eld of 
pediatric (and adult) brain tumors in the future.  

   Summary 

 MR spectroscopy can provide noninvasive metabolite pro fi les 
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-speci fi c 
classi fi ers are required. Despite the strong dependence of the 
MRS metabolite pro fi le 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 speci fi c tumor groups.      
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 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 de fi nitive 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, 
re fl ecting the in fi ltrative 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. 

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 
bene fi ts 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 signi fi cant impact on the 
quality of life of a patient. Whether advanced MR methods 
such as MR spectroscopy can be used for early substrati fi cation 
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 in fi ltrative 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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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 in fi lt-
rative capacity  [  10  ] . Brainstem tumors associated with 
neuro  fi bromatosis 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  fi ve 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 
signi fi cantly 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 

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, de fi ned 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 pro fi les 
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 re fl ected by an altered metabolic pro fi le 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 signi fi cant differences of sur-
vival times in individual patients. One may wonder whether 
the metabolic pro fi le at diagnosis and/or the metabolic pro-
gression of patients with signi fi cant 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 

  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       
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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 pro fi le  [  19  ] , MRS can be very useful for 
reaf fi rming diagnoses (Figs.  6.4  and  6.5 )  [  20  ] .   

 Transformation to higher grade gliomas is exceedingly 
rare in children in the setting of neuro fi bromatosis 1 (NF1) 
 [  21  ] . Although the diagnosis of neuro fi bromatosis has gener-
ally already been made, one may wonder whether the meta-
bolic pro fi le 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 

  Fig. 6.2    Shown in this  fi gure are typical metabolic pro fi les of diffuse 
intrinsic pontine gliomas ( a ,  b ) and of biopsy-con fi rmed 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 signi fi cantly 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 

con fi rmed grade II–IV 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       

  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 signi fi cant 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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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 

also detected in biopsy-proven grade II,III 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 

  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 pro fi le 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       

  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 con fi rmed by biopsy which was suggestive for a grade II 
or III astrocytoma (Case courtesy of Dr. Giulio Zuccoli, Pittsburgh 
Children’s Hospital.)       
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  Fig. 6.6    Shown is an MRI ( a ) of a patient with neuro fi bromatosis 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 signi fi cantly as the disease pro-
gressed (Fig.  6.8 ).     

  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 )       

  Fig. 6.8    Citrate concentrations decrease signi fi cantly over time in DIPG       
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   Conclusions 

 The majority of DIPG have metabolic  fi ngerprints 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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 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 pro fi le 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 re fl ecting 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 “ fi nger print” for trauma. As studies emerge, 
it appears that the brain biochemistry is re fl ective 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. 

   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 quali fi er, “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 dif fi cult 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  fi bers into the 

spaces once occupied by damaged axons. This increases 
the partial volume of healthy axons and will thus increase 
the measured NAA concentration. This mechanism would 
predict a more substantial recovery in  fi brous 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  fl ux 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 

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 mI and Cr  [  12–  14  ] . Indeed, Ross et al.  [  15  ]  observed 
in some subjects elevated mI, tCho, and Cr persistently 
in white matter even 18 months after injury. In that study 
mI, 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 signi fi cantly increased at 1.5 
months for both gray and white matter and remained 
elevated 3 and 6 months after injury, with a trend (not 
signi fi cant) to lower tCho concentrations  [  5  ] .  

  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 ( left ) and 2½ 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 mI 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 

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 
Signi fi cantly 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 
(SIADH) is a frequently observed feature of head injury. 
Because the metabolites of the  1 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 con fi rms that traumatic brain injury is associated with 
damage at the microscopic level throughout the brain. This 
has been—unintentionally—con fi rmed 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 ). 

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.  

  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)       
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 Returning to the question of where to measure, the added 
value of measuring the metabolic pro fi le 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 
 fi ngerprint 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  fi eld 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  fi eld 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 CSI 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. Signi fi cant reduction of NAA, the presence 

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 1½ 
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 Glx/Cr from the posterior white matter with 

  Fig. 7.3    NAA concentrations at 1.5 months after injury versus the 
composite neuropsychological z-score. A signi fi cant correlation was 
found. Patients with lower NAA concentration have signi fi cantly 
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.)       
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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 Glx/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 de fi ned 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  • 
  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 de fi cit(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 signi fi cant, resulting in 
symptoms such as headache, dif fi culty thinking, memory 
problems, attention de fi cits, 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  fi nd 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 
de fi nitive axonal/neuronal loss particularly in the WM where 
 fi ber tracts are found which correlates well with diffusion ten-
sor imaging studies that have found similar results  [  29  ] . 
Secondary  fi ndings 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 dif fi cult to assess if changes in 
ratios is due to the metabolite of interest or Cr itself.  

   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, 
TE = 31 ms 

 9 days—several years  Splenium (WM)  ↓NAA/Cr 

 Garnett et al. 2000  [  53  ]   1.5 T; STEAM SV, 
TE = 30 ms 

 3–35 days  Centrum semiovale 
(WM) 

 ↓NAA/Cr, ↑Cho/Cr, ↓NAA/Cho 

 Govindaraju et al. 2004  [  54  ]   1.5 T; volumetric CSI, 
TE = 70 ms 

 2–30 days  WM regions  ↓NAA/Cr, ↑Cho/Cr, ↓NAA/Cho 

 Kirov et al. 2007  [  55  ]   3 T, PRESS CSI, 
TE = 135 ms 

 6 days–8 years  Thalamus  ↓[NAA], ↓[Cr], ↓[Cho] 

 Cohen et al. 2007  [  56  ]   1.5 T, Whole brain NAA, 
TE = 0 ms 

 1 day–8 years  Whole brain  ↓[NAA] 

 Nakabayashi et al. 2007  [  57  ]   1.5 T, STEAM SV, 
TE = 144 ms 

 1week, 1 month  Frontal and temporal 
WM 

 ↓NAA/Cr early 
 ↑Cho/Cr late 

 Vagnozzi et al. 2008  [  37  ]   3 T, PRESS SV, TE = 144 ms  3, 15, and 30 days  Frontal WM  ↓NAA/Cr 
 Gasparovic et al. 2009  [  58  ]   3 T, PRESS SV and CSI, 

TE = 40 ms 
 4–19 days  GM, WM, Splenium  ↑Cr in WM, Spl 

 ↓Glx 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,  Spl  
splenium  



72 A.P. Lin and S. Blüml

   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, 10–15 
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 speci fi cally 
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 signi fi cant 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 

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 signi fi cant 
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 identi fi ed 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, super fi cial 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-

  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  fi rst insult) either provoked a further slight NAA 
decrease or signi fi cantly delayed the process of NAA restoration, 

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.)       
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alized atrophy and enlarged ventricles; speci fi c atrophy of the 
frontal and medial temporal lobes; degenerations of white 
matter  fi ber bundles; cavum septum pellucidum, often with 
fenestrations; thinning of the hypothalamic  fl oor and shrink-
age of the mammillary bodies; and a relative absence of beta-
amyloid (A b ) 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  fi ndings suggest that CTE 

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 
 fi ve professional athletes, ages 31–54 years, with histories of 
concussions and subconcussive trauma. The higher Cho and 
Glx are statistically signi fi cant. 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 ). 

  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       
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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 Glx 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  ] .  
  Possibly threonine (Thr): A structural amino acid that • 
appears to be released when tissue is damaged  [  48  ] .  
  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  ] .  
  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 
ef fl ux of potassium into extracellular space that triggers the 
calcium-dependent release of excitatory amino acids, further 
stimulating potassium ef fl ux 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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 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 de fi cits. 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. 

   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 de fi cits  [  15  ] . One report found delayed mental and 
motor development (88%), epilepsy (50%), spastic hemipare-
sis (88%), and major cognitive de fi cits (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  fl ow 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 in fl ammatory pathways that can cause 
delayed secondary injury. Depending on innumerable factors 
including local differences in regional cerebral blood  fl ow 
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 identi fi cation 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/speci fi city 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 
dif fi culties 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 

MRI study found that diffusion abnormalities in the posterior 
limb of the internal capsule in newborns after AIS correlated 
with subsequent development of hemiplegia  [  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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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 con fi rms that lactate is not present.  

 Conversely, short echo time MRS allows the study of Ins 
and Glx 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 Glx 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- a  peak detected at 3.75 ppm. In particular, 
the Glx- a /Cr ratio in basal ganglia had a signi fi cant 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  ] .  

   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% 
speci fi city (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% speci fi city (95% CI: 85– 98%). They 
also compared MRI and MRS and found that Lac/NAA had 
a signi fi cantly higher speci fi city 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 

  Fig. 8.1    ( a ) Short echo time SVS (STEAM; TR/TE/TM = 3,000/20/13 ms) 
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/

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       
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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-ful fi lling 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 speci fi city 
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 re fl ects increased anaerobic glycolysis associ-
ated with disruption of the mitochondrial electron transport 
chain and oxidative phosphorylation; but macrophage 
in fi ltration or an altered redox state may also contribute  [  55  ] . 
Therefore many studies in neonates have concentrated on 

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 signi fi cantly until beyond 48 h  [  40  ] . 
As lactate changes may resolve over the  fi rst 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 re fl ected 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  ] . 

  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 

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       
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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 signi fi cantly improved 
the sensitivity but not the speci fi city in term neonates  [  53  ] . In 
contrast another study did not  fi nd 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  fi nd 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, Glx, 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 modi fi cations 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 signi fi cantly 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 signi fi cant except between non-treated and control neo-
nates. The number of exposures to TDPs in the  fi rst 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  fi ndings 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 signi fi cant 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 signi fi cantly 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 signi fi cantly different from neonatal controls (Thal, 
 p  = 0.39; OGM,  p  = 0.15). These  fi ndings 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 speci fi city 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  fi ndings 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  fi ndings in neonates with 
AIS. In one study of 4 neonates (3 term, 1 preterm), MRS 
(SVS) was done 7–49 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 



  Fig. 8.4    MRSI (PRESS; TR/TE = 3,000/144 ms) spectra from the basal 
ganglia and thalami of ( a ,  b ) a healthy neonate, ( c ,  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 
 fi tting and represents a relative measure of metabolite concentration       

  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 ( c ) 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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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  fi ndings and indicated that the MRI 
(e.g., DWI data) was more helpful than spectroscopy in 
de fi ning 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 

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 dif fi culties 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. 

  Fig. 8.5    ( a ) T2 weighted (T2W) image, ( b ) apparent diffusion 
coef fi cient (ADC) map, and ( c ) 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 

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       
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 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 insuf fi ciency 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 Glx/
Cho ratios were not signi fi cantly 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  fi rst 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 signi fi cantly 

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  fl ow causing reduced oxygen deliv-
ery to the brain either preoperatively, intraoperatively (asso-
ciated with profound hypothermia/circulatory arrest or 
extended times of low- fl ow 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 de fi ne the extent of injury similar to that 
described earlier for neonatal HII. 

 The  fi rst 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) identi fi ed 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 identi fi ed. 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 signi fi cant differ-
ences in metabolite ratios between the low versus high 
hematocrit groups and the lower vs. higher  fl ow rate groups 
were noted. In all 11 children, MRS detected a signi fi cant 
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  fl ow 
rate was maintained for more than 3 min, the NAA/Cho ratio 
was signi fi cantly 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  fi ve 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 DTI  fi ndings. 
The implication of this study was that term neonates with 
CHD have widespread brain abnormalities before they 
undergo cardiac surgery. Similar  fi ndings 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  fi ndings 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 suf fi ciently 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  fi ndings (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  fi ndings but additional investigations using MRS in a 
larger cohort of patients are necessary to con fi rm these 
 fi ndings. In addition, using MRS with other MRI methods 
(e.g., DWI, DTI) would be helpful to reexamine this issue. 

   Phosphorus Spectroscopy and Hypoxic 
Ischemic Injury 
 The use of phosphorus-31 ( 31 P) MRS in HII neonates pre-
ceded that of  1  H, with the  fi rst published reports appearing in 
the early 1980s.  31 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 

i
 ). 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 

i
  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 

i
 ) also can be estimated as the resonance of P 

i
  is pH 

dependent  [  100  ] .  31 P 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  31 P MRS in the measure-
ment of changes in oxidative phosphorylation following 
injury remains important, the use of  31 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  1 H MRS has a higher sensitivity than  31 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  1  H and  31 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 

i
 , PCr, ATP, and total phospho-

rous as well as the resultant PCr/ATP, PCr/P 
i
 , and PDE/PME 

ratios also increased from birth to adulthood. 
 Early reports of  31 P MRS in neonates with HII identi fi ed 

signi fi cant reductions in PCr/P 
i
  (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 
 fi ndings were not seen on the  fi rst day of life but only became 
apparent within the subsequent days following injury. This 
suggested that  31 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 in fl ux, and excitatory neu-
rotransmitter toxicity. 

 Studies using  31 P to determine the prognostic signi fi cance 
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

i
 ratios within the 95% 

CI of normal had good neurodevelopmental outcomes with 
neonates with PCr/P

i
 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 signi fi cant ( p  < 0.001) relationship to 
the severity of the HIE, with Spearman correlation coef fi cients 
of  r  = 0.85 and 0.89, respectively  [  108  ] . Moreover, the accu-
racy of outcome prediction was signi fi cantly increased when 
the results from the  31 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  fi ve 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, Glx/Cr, and Ins/Cr were increased and the Cho/Cr 
ratio was decreased. These  fi ndings 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 signi fi cantly 
decreased compared to controls however no long-term cor-
relation with outcomes was reported.  

   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  fi ndings 
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-de fi cient 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  fi ndings in neonates and infants with inborn errors of metabolism a    

 Inborn error of metabolism  Findings 

 Argininosuccinate lyase 
de fi ciency  [  149  ]  

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

 Canavan disease  [  150  ]   Comprehensive report of 28 patients with aspartoacylase de fi ciency leading to increased NAA on 
MRS that provides data on the natural history of brain metabolite changes as well as MRI 
parameters (DWI, DTI) 

 Cobalamin de fi ciency  [  151  ]   3 of 7 patients showed increased lactate in the basal ganglia or periventricular white matter 
 Creatine transporter de fi ciency  [  152  ]   9-day-old neonate had reduced creatine on MRS and is a carrier of the R514X nonsense mutation 
 Galactosemia  [  153,   154  ]   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 

 Glutaric acidemia type II  [  155,   156  ]   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 

 Isovaleric acidemia  [  157  ]   Initial abnormal MRS studies resolved with treatment and patient made a good recovery 
 Maple syrup urine disease  [  158  ]   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 
 Methylenetetrahydrofolate reductase 
de fi ciency  [  159  ]  

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

 Mitochondrial respiratory chain 
de fi ciency  [  160,   161  ]  

 49 children (newborn to 15 years old) divided into three groups (de fi nite, 24; probable, 14; 
possible,11) who had 81 MRI and 67 MRS studies. Signi fi cant 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 

 Nonketotic hyperglycinemia  [  162–  167  ]   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 Glx peak 
 Reported quantitative MRS absolute glycine concentrations in different brain regions 
 Neonate with encephalopathy who had intraventricular hemorrhage making cerebrospinal  fl uid 
diagnosis improbably. MRS detected elevated glycine in brain parenchymal con fi rming 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 

 Propionic acidemia  [  168,   169  ]   Neonate who presented with feeding dif fi culties, hypotonia, and respiratory insuf fi ciency. 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 

 Pyruvate dehydrogenase 
de fi ciency  [  170  ]  

 Neonate demonstrated elevated pyruvate (at 2.37 ppm) on MRS 

 Smith-Lemli-Opitz syndrome  [  171  ]   Disorder of cholesterol biosynthesis (7-dehydrocholesterol reductase de fi ciency). 16/18 patients 
had MRS. Cho/NAA, lipid/NAA and lipid/Cho ratios correlated with disease severity and 
progression 

 Sul fi te oxidase de fi ciency  [  172,   173  ]   Elevated lactate, decreased NAA/Cho and NAA/Cr and increased Cho/Cr preceded development 
of severe cystic encephalomalacia 

 Sul fi te oxidase de fi ciency  MRS done in two neonates and one 5 month old infant and demonstrated reduced NAA and Cr 
 Urea cycle disorders  [  174  ]   Two infants (citrullinemia and ornithine transcarbamylase de fi ciency) showed a prominent 

increase of Glx and lipid/lactate complex. NAA, Cr, and Ins were decreased in the infant with 
citrullinemia 

   a 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  

http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests
http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests
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details MRS  fi ndings 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.   

    1 H NMR Spectroscopy of Urine 

 Over the past two decades there has been increasing interest 
in the use of high  fi eld  1  H NMR spectroscopy to study urine 
for the purposes of detecting metabolites speci fi c 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 speci fi c 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  fi eld  1  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. 

 The  fi eld of metabonomics (the rapid identi fi cation of 
metabolic pro fi les of biological  fl uids 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 pro fi ling from cerebrospinal or ventricular 
 fl uid (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  fi ndings in neonates with 
hydrocephalus. The  fi rst study in 24 children and adults with 
progressive, arrested, or normal pressure hydrocephalus 
found that the metabolite ratios of patients were within the 
95% con fi dence 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, Glx, 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 speci fi c 
neurological conditions.       

   Table 8.2     1 H NMR spectroscopy  fi ndings in urine of neonates with 
inborn errors of metabolism a    

 Inborn error of metabolism  Findings 

 Aminoacylase 1 de fi ciency  [  175  ]   Eight patients in which urine 
accumulation of N-acetylated 
amino acids was observed 

 Propionic acidemia  [  176  ]     1   H NMR spectroscopy  of urine 
used to study metabolic 
changes before and during 
administration of oral and 
intravenous L-carnitine 

 Multiple acyl-CoA dehydrogenase 
de fi ciency  [  177  ]  

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

   a 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  

http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests
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 Traumatic injury as a result of child abuse is known by several 
terms including non-accidental trauma (NAT), in fl icted 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 identi fi cation 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 classi fi ed 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 in fl icted 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 de fi cits.  [  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 

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 
in fl icted head trauma, long-term developmental follow-up 
frequently reveals neurocognitive de fi cits  [  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 de fi cits  [  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 de fi cits 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 justi fi cation 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 
a result of axonal death.  [  34  ]  Thus, NAA measurements may 
serve as a sensitive and speci fi c 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 speci fi cally 

a marker 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 re fl exes 
placing them at higher risk of respiratory failure as re fl ected 
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  fi rst 
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 con fi rmed 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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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  fi rst 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 signi fi cantly 
decreased NAA and Cr levels, signi fi cantly decreased NAA/
Cr and NAA/choline (Cho) ratios and signi fi cantly increased 
Cho/Cr ratios compared to children with good outcomes. In 
addition, Lac was present in 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 

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 con fi rmed 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  fi ndings. In these patients, 2D 
chemical shift imaging (CSI) using a point resolved spec-
troscopy sequence (PRESS; TR/TE = 3,000/144 ms) was 

  Fig. 9.1    Single voxel MRS (STEAM; TR/TE/TM = 3,000/20/13 ms; 
1.5 T) of an 8-month-old con fi rmed 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 

at 1.33 ppm, increased lipids at 0.9 ppm, and a marked decrease of 
NAA, Cr, Cho, and myo-inositol. These spectral  fi ndings are consis-
tent with severe hypoxic–ischemic injury. At 2 years after injury, 
neuropsychologic testing showed signi fi cant impairments in func-
tional skills       
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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 signi fi cantly in children with poor outcomes 
in four of the  fi ve regions analyzed (corpus callosum (CC), 
frontal white matter (FWM), parieto-occipital white matter 

(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 signi fi cantly 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 
signi fi cance. 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 .   

  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  fl uid collection 
along the bifrontal convexities is overlaid with the MRSI grid. No other 
MRI abnormalities were noted. ( b ) A spectral map from an MRSI 

acquisition (PRESS; TR/TE = 3,000/144 ms; 1.5 T) showing normal 
spectra for age. ( c ) 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       

  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 

of NAA in all spectra. No lactate was detected. ( c ) 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       
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 It was also observed that NAA ratios from areas suscep-
tible to shaking or impact such as the CC, FWM, and POGM 
were signi fi cantly decreased and correlated with the pres-
ence of retinal hemorrhages. In addition, decreased mean 
total metabolite NAA/Cr and NAA/Cho ratios were 
signi fi cantly 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 

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 

  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  fl uid collection 
along the right frontal vertex and the subgaleal  fl uid collection over the 

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 de fi cits       

  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 

(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 de fi cits       
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signi fi cantly lower mean total NAA/Cr and NAA/Cho and 
higher Cho/Cr ratios than the patients with focal ischemic 
injury (e.g., infarct) re fl ecting a signi fi cant diffuse injury that 
led to poorer outcomes. Spectroscopic  fi ndings 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 

imaging  fi ndings in this study demonstrated that metabolite 
changes were more predictive of outcome than other clinical 
and imaging  fi ndings 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 con fi ned 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 

  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 

matter near the infarction shows markedly decreased NAA levels com-
pared to the contralateral hemisphere. Lactate is not clearly identi fi ed 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 signi fi cant visual and 
visuospatial de fi cits and language and cognitive skills ranging from the 
extremely low to borderline range       
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information. The mean total NAA/Cr ratio re fl ects 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 re fl ect 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 re fl ect DAI and Wallerian degeneration 
 [  52  ] . Optimal timing of the MRS acquisition has not been 
determined since serial studies on seriously ill children are 
dif fi cult 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 
signi fi cant long-term consequences to NAT early in life. 
Although, studies correlating various NAT related clinical 

and imaging parameters to neuropsychologic testing have 
been published  [  20,   55  ] , there have been no studies relating 
early MRS  fi ndings to long-term neuropsychologic de fi cits. 
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  fi rst 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 de fi cits. 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 dif fi culties 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 signi fi cant 

  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 

(Lac) peaks (doublet at 1.33 ppm phased down). ( c ). 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 de fi cits       
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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 

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 ( fi ne motor) and executive 
functioning skills were in the low average range.  

  Fig. 9.9    ( a ) DWI image of a 6-month-old NAT patient showing diffuse 
left hemispheric ischemia and a small right frontal lobe infarct and ( b ) 
corresponding apparent diffusion coef fi cient (ADC) map. ( c ). MRSI 
(PRESS; TR/TE = 3,000/144 ms; 1.5 T) spectral map showing diffusely 

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       

  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 

frontal white matter shows normal metabolite ratios. ( c ) A spectrum 
from the left frontal white matter shows decreased NAA and creatine 
levels compared to the right       
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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  fi ndings 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 de fi ciency which can be mistaken for NAT because 
of the possible presence of subdural  fl uid collections, brain 
atrophy and retinal hemorrhages [ 56 ]. Although non-speci fi c, 
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 de fi ciency 
[ 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 speci fi c 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 de fi cits are often seen in patients with normal 
or mild imaging  fi ndings. Future studies with higher  fi eld 
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 

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 classi fi ed 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 in fl uences 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 pro fi le. Metabolic changes within 
the earliest stages of a disease will often differ signi fi cantly 
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 pro fi le occurring in 
the background in addition to pathologic changes. 

 A brief de fi nition of additional terms is also necessary for 
clarity of this discussion. Demyelination, dysmyelination, and 

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 signi fi es 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 suf fi ciently 
to result in an alteration in peak assignment. Metabolites with 
a single resonance, a singlet corresponding to a methyl (CH 

3
 ) 

group, do not change assignment with  fi eld strength variations. 
However, metabolites with methylene (CH 

2
 ) and methane 

(CH) signals may produce a slightly different assignment and 
splitting pattern at different  fi eld strengths. For this chapter, 
the only metabolite to signi fi cantly alter its assignment is myo-
inositol (mI). At a  fi eld strength of 1.5 Tesla (T), four methine 
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(CH) protons co-resonate at 3.57 ppm, while at  fi eld strength 
of 3 T, two sets of two protons resonate at 3.5 and 3.6 ppm.  

 To detect mI 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 mI 
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  fi eld strengths (3 T) 
produces two distinct resonances (3.5 and 3.6 ppm) for the 
four protons, effectively reducing the signal by half. Normal 
mI levels visually appear lower at higher  fi eld strengths in 
contrast to 1.5 T. While some reports have found improved 
detection of mI at high  fi eld 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 mI. 

 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  fi eld 
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  

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

   (c)    NAA supports neuronal energy metabolism of mito-
chondria and speci fi c brain fatty acids  

   (d)    NAA supplies a reservoir for glutamate  [  3  ]   
   (e)    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 

   Table 10.2    Metabolite Resonances Observed on Proton MRS   

 Metabolite  Assignment (ppm)  Functional role 

 Lipids, macromolecules-Methyl  0.9  Myelin 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 
aminobutyric acid 

 2.1–2.6  Composite of neurotransmitters 

 Succinate  2.4  Abscess 
 Pyruvate  2.4  Cellular energetics 
 Creatine and phosphocreatine  3.0  Energetic buffer 
 Cholines (glycerolphosphocholine and 
phosphocholines) 

 3.2  Myelin synthesis/degradation 

 Scyllo-inositol, taurine  3.4  Neurotransmitter 
 Myo-inositol  3.5  Glial marker, osmolytic marker 
 Glycine  3.5  Neurotransmitter 
 Glucose  3.6  Cellular energetics 
 Mannitol  3.8  Medication 
 Creatine (Methylene)  3.9  Energetic buffer 



108 K.M. Cecil and D.M. Lindquist

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 classi fi cation 
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 signi fi cantly to the observable Cho signal. For 
leukodystrophies, elevations of the resonance re fl ect 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, mI, 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 mI 

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 re fl ect mitochondrial impairment, an 
in fl ammatory response or macrophage in fi ltration 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  fi brillary acidic protein (GFAP). 
The key histologic feature is a considerable amount of 
Rosenthal  fi bers within the white matter as these  fi bers accu-
mulate in astrocytes. In biopsy specimens, Rosenthal  fi bers 
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  fi nally, 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  fi rst 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 dif fi culties, 
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  fi ndings for the infantile form demon-
strate macrocephaly with hyperintensity on T 

2
 -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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identi fi ed  fi ve 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 

1
 -weighted 

images and low signal on T 
2
 -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 
speci fi c 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 speci fi c addi-
tional information that can lead to the proper diagnosis by 
imaging. However, recent reports document patients with 
Rosenthal  fi bers 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 
con fi rmed with infantile Alexander’s disease. Elevated 
concentrations of mI 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 re fl ected 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 in fi ltrating 
macrophages. Recently, the linear discriminant analysis 
approach for disease classi fi cation 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  fi bers 
accumulate, the astrocytes demonstrate hyperplasia and 
hypertrophy and produce mI elevations. Further study is 
required to clarify how  GFAP  mutations, classi fi ed as 
Alexander’s disease in infants, juveniles, and adults alter 
brain white matter. Figure  10.1  provides an example of 
imaging and spectroscopy  fi ndings associated with 
Alexander’s disease.   

  Fig. 10.1    MRI and MRS  fi ndings from an 8-month-old female with a 
novel mutation (A358V) of  GFAP  diagnosed with Alexander’s disease. 
( a ) Axial T 

2
 -weighted image shows hyperintense signal in the frontal 

white matter; ( b ) Short echo (35 ms), and ( c ) 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 mI/
Cr. There is also a small lactate peak visible in  c  at 1.3 ppm       
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   Canavan’s Disease 

 Canavan’s disease is an autosomal recessive disorder arising 
from a de fi ciency 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- fi bers 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- fi bers 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  fi rst 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  fi ndings of an open-label trial of lithium 
citrate to reduce excessive NAA within the brain  [  15  ] . 

 The MRI  fi ndings parallel the myelin degeneration of the 
white matter tracts. The  fi rst change detected is hyperinten-
sity on T 

2
 -weighted images of the subcortical U- fi bers. 

Eventually, diffuse involvement of the disease occurs in all 
the white matter  fi ber 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  fi ndings 
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 

2
  relaxation values are much shorter than 

those for NAA. This results in a signi fi cant 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 suf fi cient 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, con fi rmed by multiple 
short and long echo time acquisitions, urine, and plasma can 
yield a de fi nitive diagnosis for Canavan’s disease in accordance 
with described imaging and clinical  fi ndings.   

  Fig. 10.2    MRI and MRS  fi ndings from a 12-month-old female diag-
nosed with Canavan’s disease. ( a ) Axial T 

2
 -weighted image shows 

hyperintense signal throughout the white matter. ( b ) Short echo 
(35 ms) and ( c ) long echo (288 ms) MR spectra show signi fi cant 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 de fi ciency 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  fi ve 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 eI2B, 
reduced by 20–70% in patient-derived lymphoblasts or 
 fi broblasts  [  29  ] . 

 CACH is primarily a brain disorder, with glial vulnerabil-
ity a key feature. The neuropathological  fi ndings 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  fi ndings in the classic childhood form 
were suf fi ciently speci fi c 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 

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  fl uid-
attenuated inversion recovery (FLAIR), proton density, and 
T 

2
 -weighted imaging sequences. FLAIR, proton density, and 

T 
1
 -weighted imaging reveal a radiating, stripe-like pattern 

with remaining tissue strands. This feature corresponds with 
widened blood vessels with reactive astrocytes. The U- fi bers 
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 in fl ammatory changes. 
The correlation between the MRI  fi ndings and the detection 
of the mutations in  eIF2B1-5  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 pro fi le 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 (1q25.1)  [  37  ] . The protein is a mitochon-
drial enzyme that speci fi cally 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 de fi ned 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 re fl exes 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  fi ndings can help distinguish LBSL from 
other entities  [  38  ] . The MRI pattern is quite distinct as the 
progressive white matter abnormalities, spotty or con fl uent, 
spread from the periventricular region outward with sparing 
of the subcortical U- fi bers. 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 signi fi cant 
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 signi fi cant 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 mI 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 de fi ned 
by several names:

   Leukoencephalopathy with swelling and discrepantly • 
mild clinical course  
  Leukoencephalopathy with swelling and subcortical cysts  • 
  Van der Knaap Disease  • 
  Vaculolating Leukoencephalopathy  • 
  Infantile Leukoencephalopathy    • 

  Fig. 10.3    MRI and MRS  fi ndings 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 signi fi cant signal abnormalities in the central white matter, the 
corpus callosum, and the posterior aspects of the posterior limbs of the 
internal capsule. ( c ) 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 signi fi cant 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  MLC1  gene. 
 MLC1  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  fi rst 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 
 fi ndings. 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  fi ndings. 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 identi fi ed 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 mI, consistent with axonal loss and astrocytic 
proliferation, as seen in Fig.  10.4   [  5,   52  ] .   

   Pelizaeus-Merzbacher Disease 

 Pelizaeus-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, 

  Fig. 10.4    MRI and MRS  fi ndings from a 13-month-old male with two 
heterozygous mutations of intron 3 (C.322-1 G > A) and intron 7 
(c.597 + 1 G > A) of MLC1 diagnosed with Megalencephalic 
Leukoencephalopathy with Subcortical Cysts (MLC). ( a ) Sagittal T 

1
 -

weighted and ( b ) axial T 
2
 -weighted images show diffuse white matter 

signal abnormalities (hypointense T 
1
  and hyperintense T 

2
 ), decreased 

sulcation pattern and thinning of cortical gray matter. The formation of 
temporal cysts within the temporal lobes is noted on the sagittal view. 
( c ) Short echo (35 ms) and ( d ) long echo (288 ms) MR spectra sampling 
within the left frontal white matter ( black  voxel on  b ) show signi fi cant 
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  fi ndings 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  fi rst 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 

2
  signal intensity of cerebral white mat-

ter. While many metabolic or neurodegenerative processes 
are associated with delayed myelination, the absence of other 
imaging  fi ndings 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  fi ndings 
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  fi ve patients with geneti-
cally con fi rmed duplication of PLP using proton MRS and 
LCModel  [  57,   58  ]  quanti fi cation. The spectral pro fi le 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, mI, and Cr. The 
spectral pro fi les within the basal ganglia and parietal gray 
matter were statistically normal, with a trend toward elevated 
NAA, NAAG, glutamine, and mI. 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 signi fi cant amount of iron, improved 
homogeneity can occur in the absence of oligodendrocytes. 
Finally, elevations of mI, glutamine, and Cr remain consis-
tent with astrogliosis. Takanashi also found increased NAA, 
Cr, and mI 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 

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 signi fi cant 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 signi fi cance of the MRS 
 fi nding 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 quanti fi cation could poten-
tially account for the discrepant NAA  fi ndings. 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, 
Pelizaeus-Merzbacher-like disease and Canvan’s Disease, 
obtained with in vitro proton NMR spectroscopy  [  63,   64  ] . 
NAAG was signi fi cantly 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 speci fi cally 
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 classi fi ed 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  fi rst 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  fi ndings are often non-speci fi c, 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  fi ndings 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 de fi ciency 
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, dif fi culties 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 calci fi cation. 

 Delayed myelination may be the  fi rst  fi nding noted on MRI 
in infants with this disease. The appearance features one 
of two patterns. Patchy hyperintense periventricular signal on 

T 
2
 -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 

2
 -signal as well. A second pattern is patchy low 

signal on T 
2
 -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 
re fl ect accumulation of proteolipid in globoid cells. At times, 
changes within the cerebellar white matter have also been 
reported, with hyperintensity noted on T 

2
 -weighted images. 

The  fi ndings 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 mI 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 pro fi les 
dependent upon the presentation (infantile, juvenile, and 
adult onset) consistent with recognized histopathologic fea-
tures. For infantile presentation of Krabbe, pronounced Cho 
and mI elevations in affected white matter re fl ected 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 re fl ected 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 
de fi ciency 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  fl accid 
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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 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  fi bers (U-  fi bers) occurs until late in the disease 
process. An in fl ammatory 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 

2
 -weighted imaging, there is 

marked hyperintensity of the white matter  fi ber tracts involv-
ing the cerebral hemispheres extending to the cerebellum, 
brainstem, and spinal cord. The  fi ndings are initially focal 
and patchy, but later develop into diffuse, hyperintense T 

2
  

signal of the centrum semiovale. On T 
1
 -weighted imaging, 

the white matter  fi bers 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  fl uid spaces. At this end-stage, 
differentiation of this condition from diffuse hypoxic/isch-
emic injury or other late-stage neurodegenerative/metabolic 
diseases is dif fi cult from imaging  fi ndings 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 mI and Cho 
may re fl ect 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 mI. This elevation may re fl ect a speci fi c aspect of the 
pathophysiology of demyelination associated with MLD  [  69  ] . 
The study by van der Voorn supports this  fi nding, with highly 
signi fi cant elevations of mI and Cho as useful for classi fi cation 
of demyelinating disorders  [  5  ] .    

  Fig. 10.5    MRI and MRS  fi ndings from a 4-year-old girl diagnosed 
with globoid cell leukodystrophy (Krabbe Disease). ( a ) Axial T 

2
 -

weighted image shows hyperintense signal in the parietal white matter; 
( b ) Axial FLAIR image shows signi fi cant signal abnormalities in the 
central white matter; ( c ) Axial Apparent Diffusion Coef fi cient map 

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       
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   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 de fi ciency 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 speci fi c, 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  fi rst 
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  fi nds 
similar features with dramatic lipid and choline elevations, 
minor mI 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 classi fi ed 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 mI in gray matter and striatum 
re fl ecting 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, 

  Fig. 10.6    MRI and MRS  fi ndings from 7-year-old male diagnosed with 
metachromatic leukodystrophy. ( a ) Axial T 

2
 -weighted image and ( b ) 

coronal FLAIR image show hyperintense signal in periventricular white 
matter with sparing of subcortical U- fi bers ( arrowheads  on  a ); ( c ) 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 mI level       
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MRS performed in older patients with ZS (3 years old) dem-
onstrates similar features with dramatic lipid and choline 
elevations, minor mI 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 de fi ciencies with grossly normal, but de fi cient 
numbers of peroxisomes. Speci fi c conditions include pipe-
colic and phytanic acidemia and a de fi ciency of plasmalogen 
synthetase. This condition also presents with hypotonia in 
the  fi rst 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 .   

  Fig. 10.7    MRI and MRS  fi ndings 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       

  Fig. 10.8    MRI and MRS  fi ndings from a 12-month-old male diag-
nosed with neonatal adrenoleukodystrophy. ( a ) Axial T 

2
 -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  fi rst 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 de fi cits, 
ultimately leading to a vegetative state and death. 

 X-linked ALD demonstrates a loss of myelin with relative 
preservation of the subcortical U- fi bers along with lympho-
cytic in fl ammation 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 butter fl y 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 

1
 -weighted imaging and hyper-

intense on T 
2
 -weighted sequences; an intermediate zone of 

active in fl ammation that appears isointense on T 
1
 -weighted 

images and iso- or hypointense on T 
2
 -weighted imaging; and 

an outer zone of active demyelination that appears minimally 
hypointense on T 

1
 -weighted images and hyperintense on T 

2
 -

weighted imaging. Rarely, involvement can be entirely ante-
rior in a butter fl y distribution; however, unilateral and 
asymmetrical involvement has also been described. Following 
a bone marrow transplant, the  fi rst imaging  fi nding is often 
the disappearance of gadolinium contrast enhancement 
within the intermediate zone of in fl ammation. 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 signi fi cantly 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 pro fi le for NAWM of neuro-
logically asymptomatic patients is characterized by slightly 
elevated concentrations of choline compounds, with an 
increase of Cho and mI re fl ecting the onset of demyelination. 
Markedly elevated concentrations of Cho, mI, and glutamine 
in affected white matter suggest active demyelination and 

  Fig. 10.9    MRI and MRS  fi ndings 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 mI consistent with gliosis. ( c ) The long echo (288 ms) spec-
trum shows decreased NAA and elevated lactate; however, the low signal 
to noise re fl ects 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 in fl ammation 
and/or macrophage in fi ltration. 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 pro fi les 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  fi ndings at the time of 
initial diagnosis. 

 For patients with adrenomyeloneuropathy, the MRI is often 
within normal limits for age. High signal on T 

2
 -weighted imag-

ing representing demyelination can be identi fi ed 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 signi fi cant 
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.   

   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 speci fi city 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  fi ndings upon magnetic reso-
nance imaging (MRI) and spectroscopy with an emphasis on 
the pediatric population. Very few disorders or diseases have an 
MRS pro fi le that is disease speci fi c. 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.      

   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 de fi ciency 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 con fi ned to the lysosome. 

 Lysosomal disorders are typically inherited as auto-
somal recessive traits, usually af fl ict 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 de fi cits. Upon pathology, these disorders are character-
ized by distinctive granular inclusions in neuronal lysosomes, 
referred to as granular osmiophilic deposits. Imaging  fi ndings 
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 (mI) in NCL. An example from a 9-month-old patient 
with NCL is demonstrated in Fig.  11.1 .  

 Confort-Gouny et al. reported MRS  fi ndings from the basal 
ganglia of a 4-year-old patient with infantile NCL demonstrat-
ing an unusual increase of mI and taurine levels with a reduc-
tion of NAA  [  1  ] . The patient demonstrated extensive cerebral 
atrophy. Brockmann et al. described a series of  fi ve 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 mI 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 mI 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  fi ndings with healthy control partici-
pants  [  3  ] . Again, reduced NAA with elevated mI 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 speci fi c for infantile 
NCL, MRS revealed cerebral abnormalities before symptoms, 
structural changes or blood  fl ow changes appeared in the 
patients. Patients between 3 and 5 months of age, classi fi ed as 
stage 0, demonstrated reduced NAA and elevated Cho levels to 
Cr. By 17 months, classi fi ed as stage 2, decreased NAA and 

Cho were accompanied by increased mI in the thalamus and 
parietal white matter. By Stage 4, NAA and Cho levels declined 
signi fi cantly with lipids, lactate and mI increased. Reduction of 
NAA in the thalamus and white matter was thought to re fl ect 
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 

  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  fi ndings 
consistent with neuronal ceroid lipofuscinosis. ( a ) Axial T2-weighted 
image reveals hyperintense signal from CSF-associated supratentorial 
volume loss; ( b ) Axial FLAIR image con fi rming volume loss and CSF 
signal; ( c ) 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       
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matter, an increase of Cho and Cho/Cr re fl ected demyelination. 
High Cho and increasing mI indicated progression of demyeli-
nation with glial proliferation. Increased levels of mI, lipids, 
and lactate also indicated gliosis, cell loss and abnormal anaer-
obic metabolism of the macrophages, and possibly, atrophic 
thalamic astrocytes  fi lled 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 mI 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 mI. 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 
esteri fi cation and is associated with impaired intracellular lipid 
traf fi cking 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 
nonspeci fi c and progressive neurologic symptoms varies accord-
ing to the age at onset. The  fi rst neurologic symptoms may 
include delay in developmental motor milestones (early infan-
tile period), falls, clumsiness, cataplexy, and academic dif fi culties 
(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  NPC1  (95% of families) or the  NPC2  genes. 
Con fi rmation of the diagnosis requires molecular genetic test-
ing of  NPC1  and  NPC2  genes from living skin  fi broblasts to 
demonstrate accumulation of unesteri fi ed cholesterol in peri-
nuclear vesicles (lysosomes) after staining with  fi lipin  [  6  ] . NPC 
is currently described as a cellular cholesterol traf fi cking 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 

 fi ndings with those obtained from 15 healthy controls  [  7  ] . 
NAA/Cr levels were signi fi cantly decreased in the frontal and 
parietal cortices, centrum semiovale, and caudate nucleus. 
Cho/Cr levels were signi fi cantly increased in the frontal cortex 
and centrum semiovale. Signi fi cant 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 Grif fi th 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 ef fi cacy. 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 bene fi cial effect on brain dys-
function in NPC.  

   Salla Disease 

 Mutations in the  SLC17A5  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  fi ndings 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 signi fi cantly. 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- fl uoro-2-deoxy- d -glucose-positron 
emission tomography study, re fl ecting 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  

 1 
  and  GM  

 2 
 . 

In  GM  
 1 
 , the primary enzyme de fi ciency is that of  b -galacto-

sidase. For  GM  
 2 
  an abnormal accumulation of gangliosides 

results from a hexosaminidase de fi ciency. 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  b − N -acetylhexosaminidase-A 
isoenzyme de fi ciency ( HEXA , chromosomal locus 15q23-
q24). 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  fi rst 
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, 

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  fi ndings 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 
mI/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  fi ndings.  

   Sandhoff’s Disease 

 Sandhoff’s disease is due to a de fi ciency 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 

2
  

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 

2
  signal in the white 

matter. Thalamic involvement is more indicative of 
Sandhoff’s disease. 

 Wilken et al. described MRI and quantitative proton MRS 
 fi ndings 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 mI 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  fi ndings cor-
respond with neuroaxonal damage and pronounced astrocy-
tosis, the observation of  N -acetylhexosamine appears as a 
speci fi c 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 identi fi ed 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 
de fi ciency of the microsomal enzyme fatty aldehyde dehy-
drogenase (FALDH) arising from mutations in the  ALDH3A2  
gene on chromosome 17 (17p11.2). The de fi ciency 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.  fi rst described the proton MRS (single 
voxel and MRSI)  fi ndings in a 25-year-old male with 
con fi rmed SLS  [  19  ] . An elevated lipid resonance appearing 
at 1.3 ppm was accompanied by reduced NAA/Cr level. 
Mano et al. extended this  fi nding 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 

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 mI (+54%). Abnormalities 
on MR imaging and proton MR spectroscopy emerge during 
the  fi rst years of life and then stabilize such that they were 
similar in all patients with SLS, but with varying severity. 
The changes are con fi ned to cerebral white matter and sug-
gest an accumulation of lipids, periventricular gliosis, 
delayed myelination, and a mild permanent myelin de fi cit. 
Several other articles replicating the MRS  fi ndings 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:NAD1 oxidoreductase complex 
activity has been reported in persons heterozygotic for SLS. 
While the signi fi cance 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 bene fi cial 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  fi ve 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 
re fl ect 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 nonspeci fi c, 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  fi ndings 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, 

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 up fi eld of the lactate signal. There 
is evidence propanediol itself metabolizes to lactate.  

 De fi cient 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 
 fi ndings of two patients both diagnosed with de fi cient 
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 de fi ciency, de fi cient electron transport chain activity results 
in signi fi cant 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 de fi ciency  [  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, 
CSF, and CNS, instead of the normal conversion to serine. 
Con fi ned 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. Con fi rmation 
with an enzyme assay of liver tissue or mutational analysis 
can be de fi nitive 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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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 

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. Signi fi cant volume loss is also appreci-
ated with enlarged ventricles and prominent sulci. 

 Heindel et al.  fi rst employed proton MRS to describe the 
 fi ndings 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  fi rst 4 months of 
life, a reduction of glycine in brain tissue corresponded more 
reliably with clinical  fi ndings than the stable values in plasma 
and cerebrospinal  fl uid. 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. 

  Fig. 11.2    MRI and MRS  fi ndings obtained from an 8-year-old female 
with Complex I de fi ciency 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 ( c ) long echo (288 ms) MR spec-

tra show signi fi cant 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       
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These  fi ndings 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, re fl ected 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  fi ndings 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 

levels in addition to elevations of glycine for blood,  fl uids, 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  fi ndings 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 

  Fig. 11.3    MRI and MRS  fi ndings obtained from a 4-year-old female 
with Complex I de fi ciency presenting with encephalomyopathy and 
choreoathetosis. ( a ) Axial T2-weighted images reveal abnormal hyper-
intense signal with U  fi ber involvement and sparing the internal cap-

sule. ( b ) Short echo (35 ms), and ( c ) long echo (288 ms) reveal 
signi fi cant lactate, mI and Cho elevations with low NAA within the 
affected frontal white matter. ( d ) Long echo MR spectra sampling 
within unaffected the calcarine  fi ssure       
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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 mI (75%), mI-monophosphate (15%), 
and the  a -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 mI and gly-
cine components to the resonance varies with age, particu-
larly in the  fi rst 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 
mI 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 mI 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  fi eld 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 down fi eld (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 de fi ciency, 
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 

  Fig. 11.4    MRI and MRS  fi ndings 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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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 con fi rmed by a 
de fi ciency or absence of glutaryl-CoA dehydrogenase in cul-
tured  fi broblasts. Hoffman et al. found that 20–30% of patients 
had “chronic” subdural effusions and hematomas identi fi ed 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  fi ssures, 
increased spaces anterior to the frontotemporal lobes but no evi-
dence of frontotemporal atrophy. Enlargement of the Sylvian 
 fi ssure has been correlated with severity of the enzyme 
de fi ciency. 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  fi ndings. Several reported 
cases with no spectral abnormalities.  [  50–  52  ]  However, the 
lack of rigorous quanti fi cation 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  fi ndings 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/Cr levels, slightly increased Cho/Cr levels, and increased 
mI/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 signi fi cant 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 coef fi cient (ADC) values within the 
putamen, caudate nuclei and globus pallidus, and for one 

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 II (GA-II), also referred to as mul-
tiple acyl CoA dehydrogenase de fi ciency, is an autosomal 
recessive, mitochondrial electron transport chain disorder that 
impairs electron transfer  fl avoprotein (ETF) or electron trans-
fer  fl avoprotein-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 ribo fl avin treatment and dietary restriction for pro-
teins, the NAA/Cr level normalized, however, the Cho/Cr 
level remained below the normal range, suggesting ribo fl avin-
responsive multiple acyl-coA dehydrogenase de fi ciency. 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 ef fi cacy 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 ( L2HGDH ) 
localized on chromosome 14q21.3. Two independent groups 
simultaneously identi fi ed the  fi rst 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.  fi rst described the spectroscopic  fi ndings 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 mI and a 40% decrease 
of Cho in white matter relative to age-matched controls. MRS 
 fi ndings upon follow-up 2 years later demonstrated further 
declines in NAA and increases in mI. 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 L2HG, coupled by the commonly observed Glx reso-
nances  [  65  ] . Further study is needed to clarify these  fi ndings.   

   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  fl uid. In vitro spectroscopy of these acids at 1.5 T 

con fi rmed 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  fi nding 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  fi ndings 
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  fi ndings 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 quanti fi cation, the STEAM 
method allowed for quanti fi cation of the key metabolites. 
The study found decreased NAA, decreased mI, and elevated 
Glx levels. Cho levels were elevated for one patient.  
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   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 

12
 ) metabolism. While methylmalonic aciduria is 

classi fi ed 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   0  ) or partial 
( MUT   -  ) de fi ciency of the enzyme methylmalonyl-CoA 
mutase;  

    2.    Mutations in adenosyl-cobalamin (AdoCbl), a coenzyme 
form of vitamin B 

12
  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 de fi ciency 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  fl uids employing urine organic 
acid analysis and blood acylcarnitine pro fi ling. Patients dem-
onstrate signi fi cantly 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 

12
 -responsive phenotype 

respond favorably to pharmacological doses of vitamin B 
12

 . 
 Neurologic signs arise from the accumulation of toxic 

compounds proximal to the metabolic block. Methylmalonic 

  Fig. 11.5    MRI and MRS  fi ndings 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       
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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  fi ndings 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 con fi rmed 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  fi ndings, 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), calci fi cation 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  fi ndings 
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 de fi ciency with methylmalonic aciduria and 
homocysturina (1.7 y female) are described. While not 
appropriate for lactate quanti fi cation, the STEAM method 
allowed for quanti fi cation of the key metabolites. For the 
patients with methylmalonic aciduria and cblC, NAA was 
signi fi cantly 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 de fi ciency demonstrated normal metabolite levels 
within the brain parenchyma, however, dramatic elevations 
of lactate levels were appreciated within the lateral ventricles 
and other prominent CSF  fi lled spaces. The female patient 
during the period of illness exacerbation demonstrated 
reduced levels of NAA and elevated lactate within lesions, 
which were con fi rmed 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 

of methylmalonic acid, however, the speci fi c 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 speci fi ed 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  fi ndings in patients 
with early onset cbl-C/D de fi ciency determined based upon 
urinary methylmalonic acid and plasma homocysturina lev-
els  [  77  ] . The cbl-C/D de fi ciency 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 de fi ciency exhibited methylmalonic 
aciduria and homocysturina. Proton MRS was performed in 
 fi ve 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 ( SUCLG1  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  SUCLG1  mutations 
 [  78  ] . Carrozzo et al. noted increased lactate in the basal ganglia 
of one patient with a  SUCLA2  mutation  [  79  ] .   
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   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 de fi ciency or the complete absence of an enzyme 
or cofactor activity results in the accumulation of ammonia 
and other precursor metabolites within the  fi rst 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 
de fi ciencies, 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- fi bers, is also involved. 
With prolonged durations of hyperammonemia, cortical vol-
ume loss and cystic changes are also appreciated. 

 Connelly et al.  fi rst 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 mI levels 
in a 14-year-old male patient with partial OTC effectively 
treated with oral benzoate  [  82  ] . Takanashi et al. later 
expanded the  fi ndings 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; mI levels were reduced in  fi ve of six 
patients to undetectable levels for  fi ve symptomatic patients. 
NAA and Cr levels were normal for all four patients. 

   Table 11.2    Brief summary of urea cycle nomenclature and genetics   

 Urea cycle  Disease name  Gene symbol  Chromosomal locus  Mode of inheritance 

 Enzymes 
 Ornithine Carbamoyl-
transcarboxylase 

 Ornithine Transcarboxylase 
De fi ciency 

 OTC  Xp11.4  X-linked 

 Carbamoylphosphate Synthetase 
I 

 Carbamoylphosphate Synthetase 
I De fi ciency 

 CPS1  2q34  Autosomal recessive 

 Argininosuccinate Synthase  Citrullinemia Type I  ASS  9q34.11  Autosomal recessive 
 Argininosuccinate Lyase  Argininosuccinicaciduria  ASL  7q11.21  Autosomal recessive 
 Arginase  Arginase de fi ciency  ARG1  6q23.2  Autosomal recessive 
 CoFactor 
  N -acetyl glutamatesynthetase  NAGS De fi ciency  NAGS  17q21.31  Autosomal recessive 
 Transporters a  
 Citrin  Citrin de fi ciency-Citrullinemia 

Type II 
 SLC25A13  7q21.3  Autosomal recessive 

 Ornithine Transporter  HHH (hyperornithine, hyperam-
monemia, homocitrullinuria) 
syndrome 

 ORNT1 (SLC25A15)  13q14.11  Autosomal recessive 

   a Defects in the transporter proteins are clinically distinct from the classic urea cycle diseases.  
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Takanashi et al. suggested a spectroscopic pattern of disease 
involvement with mI 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 

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 ).  

  Fig. 11.6    MRI and MRS  fi ndings 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 

( 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 con fi rms the lactate elevation and NAA declines       
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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  fi ndings in patients with ARG and ASL 
de fi ciencies  [  85–  88  ] . These reports have somewhat contradic-
tory  fi ndings 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 de fi ciency 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 detoxi fi es ammonia and synthesize glutamate, glu-
tamine and GABA via neurotransmitter cycling  [  89–  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, speci fi cally 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 

2
 . 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  fi rst 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 

 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.  fi rst 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 
con fi rmed 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 con fi rmed 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  fi ndings 
explains the early negative MRS  fi ndings 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  fi rst, 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  fi rst 
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  fi rst 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 mI/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 

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 
signi fi cantly decreased NAA/Cr levels in the basal ganglia, 
frontal white matter and the parietal–occipital cortex and 
increased mI/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 signi fi cantly 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 signi fi cantly higher than those of the control group. 
There was no signi fi cant 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 classi fi ed based 
on symptoms (neurologic and hepatic involvement) and the 
response when treated. 

 Reported within the  fi rst 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 mI/Cr and NAA/Cr levels and an 
increased Lip/Cr level in the pallidum. In the pallidum of 
neurologically impaired patients, Cho/Cr, Glx/Cr and Lip/
Cr levels were higher than in control subjects, and the NAA/
Cr was signi fi cantly 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 Glx/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 Glx/
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 Glx/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, Glx/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 Glx/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. 

 Only two groups have reported proton MRS  fi ndings in a 
total of four children with Wilson’s disease. Jayasundar et al. 
compared the spectral  fi ndings 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  fi ndings 
were suggestive of acute necrosis with anaerobic metabolism 
of glucose leading suggesting a poor clinical outcome later 
con fi rmed at follow-up.   

   Inborn Errors of Creatine Metabolism: Cerebral 
Creatine De fi ciency Syndromes 

 Creatine ( a -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 (SLC6A8 
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 de fi ciency 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-ef fi cient 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 bene fi t from dietary 
Cr supplementation. 

 Creatine biosynthesis relies on two enzymatic reactions:
    1.    Arginine glycine amidino transferase (AGAT). The  GATM  

gene located on chromosome 15q21.1 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 De fi ciency 

 AGAT de fi ciency 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 de fi ciency 
appear to respond favorably to creatine monohydrate dietary 
supplementation with dramatic improvement in neurological 
abnormalities  [  128  ] .  

   Creatine Synthesis Defect: Guanidinoacetate 
Methyltransferase De fi ciency 

 GAMT de fi ciency was the  fi rst creatine de fi ciency 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 de fi ciency, 
abnormal hyperintense T2 signal appears within the globus 
pallidus, which is thought to re fl ect 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 bene fi ts of Cr 
supplementation  [  130–  135  ] .   

   Creatine Transporter Defect: SLC6A8 De fi ciency 

 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,  SLC6A8 , located on Xq28 was hypothesized. 
Fibroblast from the 6-year-old male con fi rmed 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 
de fi ciency 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 de fi ciency, 
especially older ones, demonstrate volume loss on MR 
imaging. At this time, there is no de fi nitive therapy that can 
allow passage of Cr across the blood–brain barrier to restore 
brain Cr for patients with creatine transporter de fi ciency. 
Chilosi et al. reported neurological improvement in two 
patients with Cr transporter de fi ciency treated with arginine 
supplementation to promote cerebral Cr synthesis  [  147  ] . 
However, this  fi nding was not replicated in four patients 
supplemented with arginine  [  148  ] .  

   Secondary Creatine Transporter De fi ciency 

 Ornithine delta-aminotransferase (OAT) de fi ciency 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 de fi ciency. Valayannopoulos et al. 
evaluated with proton MRS seven patients with OAT 
de fi ciency  [  149  ] . All patients demonstrated profound cerebral 
Cr de fi ciency, 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  fi ndings obtained from two patients with cre-
atine de fi ciency syndromes. The  fi rst patient (images  a – e ) suffers from a 
creatine transporter de fi ciency. ( a ) Axial T2-weighted image obtained at 
15 years of age is unremarkable. ( b ) Short and ( c ) 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 de fi ciency. ( 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 de fi ciency 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-speci fi c information in mind. 
Thus, the descriptions and data shown in this chapter are 
intended to be illustrative rather than de fi nitive. 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 identi fi ed 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 insuf fi cient 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. 

 PKU was discovered in 1934 by Asbjörn 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  m mol/l and are categorized as hyperphenylalaninemia 
(HPA) if higher than 240  m mol/l (>4 mg/dl). Severe HPA 
with concentrations greater than 1,200  m mol/l due to gene 
mutation for PAH enzyme is classi fi ed as classical PKU. 
A milder and less common form of HPA occurs when the 
PAH enzyme is normal but there is a de fi ciency in cofactor 
tetrahydrobiopterin (BH 

4
 ). 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 

4
  de fi ciency, BH 

4
  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  m mol/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  fi elds 
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 de fi ciency 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 

      Phenylketonuria       

     Arabhi   Nagasunder       and    Richard   Koch               

  12

    A.   Nagasunder, M.S.   (*)
     Childrens Hospital Los Angeles ,   Los Angeles ,  CA   90027 ,  USA  

   Rudi Schulte Research Institute ,   Santa Barbara ,  CA ,  USA    
e-mail:  anagasunder@chla.usc.edu  

     R.   Koch ,  M.D.  
     Professor Emeritus ,   USC Keck School of Medicine, Los Angeles , 
 CA,   USA        

 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. 



150 A. Nagasunder and R. Koch

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 

2
 CCH(NH 

2
 )CH 

2
 C 

6
 H 

5
  (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 

4
 . In PKU patients, this reaction is absent and 

hence an accumulation of Phe leads to a de fi ciency 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.  

 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  

   (b)    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  1 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 3  placed in the supraventricular location 
(Fig.  12.3 ) encompassing mostly GM and surrounding 

  Fig. 12.1    ( a  and  b ) Molecular structure of Phe is shown. Resonances 
for  1 H MRS have been adapted from Govindaraju et al.  [  23  ] . Prominent 
chemical shift at 7.37 ppm is from the phenyl ring in the molecule. 

(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.)       
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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 3 ) in the posterior periventricular WM 
region (Fig.  12.4 ). With either region, the popularly 
used upper part of the  1 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-

ing to take while aiming to understand the underlying 
pathology.  

    4.    Postprocessing 
 Standard quantitation procedures are inadequate in mea-
suring Phe since they usually process chemical shifts until 
water signal, from 0 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:

  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 

abnormalities in phenylketonuria. A multimodal 3.0 tesla MRI and 
magnetic resonance spectroscopy ( 1 H MRS) study.  J Inherit Metab Dis , 
30: 209–216, 2007, with permission.)       

   Table 12.1    MRS studies of PKU   

 Study group  Reference  Method 
 Brain–blood Phe 
correlations  Location(s)  Notes 

 Leuzzi et al., Italy   J Inherit Metab Dis  (2007) 
30:209–216 

 Press  Linear  £  1,200  m mol; 
Intraindividual 
Variability > 1,200  m mol 

 1. Deep periven-
tricular WM 

 Brain Phe not 
signi fi cantly 
different between 
normal and 
mentally retarded 

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

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

  J Cereb. Blood Flow Metab  
(2001) 3:276–284 

 PRESS  Linear  £  1,800  m mol; 
Intraindividual 
Variability > 1,800  m mol 

 1. Supraventricular 
and 2. Posterior- 
ventricular WM 

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

 Möller et al. USA 
and Germany 

  Brain Research  778 (1997) 
329–337 

 STEAM  Linear  £  1,500  m mol; 
Intraindividual 
Variability > 1,500  m mol 

 1. Posterior-
ventricular brain  TE = 20 ms, TR = 1.6 s 
 2. Frontal brain  ROI = 27–36 cc,  N  = 512 
 3. Cerebellum 

 Novotny et al. USA   Pediatr. Res  (1995) 
2:244–249. 

 ISIS  Intraindividual variability 
Weak correlation 

 1. Temporal lobe/
parietal brain  TE = 10–20 ms, TR = 3–6 s 
 2. Occipital cortex  ROI = 15-32 cc,  N  = 128 

 Moats et al., USA   J Inherit Metab Dis , 23: 
7–14, 2000 

 STEAM  Intraindividual variability 
Weak correlation 

 1. Supraventricular 
mixed WM/GM  TE = 20 ms, TR = 2 s ROI = 72

 cc,  N  = 128–256 

   PRESS  point-resolved spectroscopy,  STEAM  stimulated echo acquisition mode,  ISIS  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  
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  Fig. 12.3    Mixed GM/WM Location showing a large volume of inter-
est used for Phe measurement using MRS. Up fi eld section as well as 
the lower part of  1 H MR spectrum is depicted.  Black arrow  indicated 

Phe peak. Signal with resonances from Cr, Cho, mI, and NAA are 
found normal in PKU patients       

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

   (a)    Scaling 
 Spectra were divided by a  fi t to water signal decay. 
This aimed at eliminating contributions from metabo-
lites other than Phe in brain tissue.  

   (b)    Subtraction 
 Cr linewidths were matched using exponential line 
broadening on either the control or patient spectrum. 

Control spectrum was then subtracted from patient 
spectrum to determine residual Phe amplitude.  

   (c)    Smoothing and Fitting 
 Lower-end of  1 H spectrum was smoothed. Signal 
with chemical shifts beyond the water signal was 
 fi tted to a Lorentzian line plus a quadratic 
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  fi t 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  fi nal 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 speci fi c times 
and a relationship curve of these results were obtained. Kreis 
et al.  [  8  ]  showed a linear regression while likening Möller 
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 IQ. 
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 in fl uenced 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 speci fi c causes of de fi ciency such as oral 
intake of biopterin, ammonia lyase therapy, and gene therapy. 
The overall purpose is to maintain moderate Phe levels to 
improve patient’s quality of life. 

 A wide spectrum of severity of PKU leads to challenges 
in effective patient treatment strategies. Primary target of 
treatment is ensuring normal brain development. Although 
introducing dietary restrictions during the neonatal periods 
is carried out now universally, the duration of these restric-
tions or follow a diet for life is a topic of constant debate 
 [  26  ] . Previous arguments show that MRI changes may not be 
indicative of clinical parameters such as IQ or long-term 
dietary control but rather of the most recent event of dietary 
treatment  [  26  ] . Therefore, current goals of patient manage-
ment include maintaining or improving the individual 
patient’s quality of life by removing dietary restrictions. 
Particularly, pharmaceutical products that either prevent and 
reduce Phe uptake or accelerate Phe breakdown in the brain 
could be used. Periodic MRS is instrumental in measuring 
brain Phe decoupled from plasma Phe. It needs to be 
 mentioned that most studies were carried out in adults or 
adolescents. It is possible that ratio of plasma to brain Phe 

is signifi cantly different in newborns or small children. 
The newborn brain could be less protected by the blood-
brain-barrier from excessive Phe than the mature brain.      
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 Magnetic resonance spectroscopy (MRS) serves as a power-
ful tool in narrowing the differential diagnosis in pediatric 
brain disorders. Unfortunately, the literature provides only a 
limited number of case reports and larger patient series 
employing this technique in the diagnosis and monitoring of 
infectious and in fl ammatory conditions. For these conditions 
producing encephalitis, MRS often demonstrates a more 
benign spectral appearance, with minor changes in metabo-
lite levels, which contrasts to the typically more dramatic 
and often aggressive spectral features recognized in neo-
plasms and metabolic disorders. One key exception is frank 
abscess, as this process depletes the metabolites found in 
normal brain parenchyma and replaces them with distinct 
amino acids. This chapter  fi rst describes some practical and 
technical concerns associated with conducting neurological 
MRS studies in the pediatric patients to con fi rm the diagno-
sis of an infectious and/or in fl ammatory process. A brief 
description of infectious disorders and in fl ammatory condi-
tions with illustrative imaging and spectroscopy examples 
from our center and the literature will provide important 
information in diagnosing these conditions. 

   Practical and Technical Concerns 

 MRS performed in pediatric patients with suspected infec-
tious encephalopathies requires the clinicians, radiologists, 
nurses, and technical staff to  fi rst recognize the effects of 
exogenous agents on the spectra. Exogenous agents used in 
the formulations of medications can contaminate the spectra, 

if present in relatively high concentrations. For example, 1,2-
propane-diol (propylene glycol) is a vehicle used in the intra-
venous formulations of both pentobarbital (trade name, 
Nembutal) and phenobarbital to sedate, control seizures, and 
relieve anxiety, respectively. Propylene glycol may be con-
fused with lactate, as it appears at 1.1 ppm on the spectrum, 
adjacent to where lactate resonates at 1.3 ppm. There is evi-
dence that propylene glycol is metabolized via hepatic alco-
hol and aldehyde dehydrogenases to lactate  [  1  ] . Another 
agent, Lactated Ringer’s solution is often used instead of 
saline in the administration of general anesthesia. Depending 
on the dosage in some patients, there is the potential to con-
taminate the proton MR spectrum with exogenous lactate. 
While it is necessary to sedate pediatric patients for imaging 
procedures and provide treatment for seizures, it is important 
to document exogenous agents which may contribute to the 
proton MRS spectrum and if possible, use alternative medi-
cations without propylene glycol, lactate, etc., when using 
MRS to diagnose and monitor therapy in pediatric patients. 

 Most imaging centers that perform MRS employ either 
single- or multivoxel (also referred to as spectroscopic imag-
ing) acquisitions for proton MRS studies. No special 
sequences are necessary in the evaluation of patients for 
infectious or in fl ammatory disorders. However, it is always 
advisable to utilize at least two echo times to facilitate the 
detection and positive identi fi cation of metabolites, espe-
cially amino acids such lactate, alanine, glycine, etc. 

 Lactate is an important diagnostic feature provided by 
proton MRS. Many infectious processes have dramatically 
elevated concentrations of lactate, e.g., frank abscess. 
However, the elevated lactate levels for encephalitis are gen-
erally much lower than the levels detected for metabolic dis-
orders or neoplasms. For the identi fi cation of lactate, proton 
MRS acquisition requires either sampling with a dedicated 
lactate editing sequence or using routine MRS localization 
techniques employing intermediate echo times on the order 
of 135–144 ms. This is necessary to separate macromolecule 
and lipid resonances found on short echo MRS. However, at 
higher  fi elds such as 3 T, anomalous J-modulation can occur 
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which limits detection of lactate  [  2,   3  ] . Liu et al. have also 
shown that alanine (doublet appearing at 1.4 ppm) experi-
ences greater effects of signal cancellation compared with 
other amino acids  [  4  ] . Combinations of short (35 ms or less), 
intermediate (135–144 ms), and long echo (270–288 ms) can 
be used to reliably delineate lactate and other amino acid 
elevations in the absence of a specialized editing sequence. 
Short echo acquisitions are important for other markers of 
infection such as glutamate, glutamine, and myo-inositol, 
besides the standard  N -acetyl aspartate (NAA), creatine and 
phosphocreatine (Cr), and cholines (Cho).  

   Abscess 

 Brain abscesses form as an immune response to a bacterial or 
fungal infection or other foreign substance. In fl ammation and 
swelling occur as a membrane forms around the infected brain 
cells, white blood cells, live and dead bacteria or fungi, col-
lectively referred to as pus. Cytosolic amino acids are the end 
products of proteolysis by enzymes released from neutrophils 
in pus. The presence of cytosolic amino acids, such as isoleu-
cine, leucine, and valine (0.9 ppm), with or without lactate 
(1.3 ppm), lipids (0.9–1.3 ppm), acetate (1.92), and succinate 
(2.4 ppm), represent a characteristic MRS pro fi le for brain 
abscess (Fig.  13.1 ). Most of the spectroscopic literature of 
abscess is in adults; however, there are some large studies that 

include pediatric patients. Individual pediatric case reports 
have also been published. Age may in fl uence the types of 
infections an individual may be vulnerable to in their life. The 
authors of this chapter know of no spectroscopic differences 
associated in abscess with age of the individual. The age of the 
abscess does in fl uence the spectra as older, necrotic cores, and 
those patients treated with antibiotics usually demonstrate 
only a lactate resonance on proton MRS.  

 In a retrospective study of 194 patients (aged 3–60 years), 
Pal et al. evaluated pyogenic brain abscesses in vivo with pro-
ton MRS. After imaging and MRS were completed, pus 
aspirates were obtained for all patients to determine causative 
organisms  [  5  ] . For the majority (80%) of the abscesses, cytoso-
lic amino acid resonances were detected on proton MRS. 
Obligate aerobes or facultative anaerobes demonstrated cyto-
solic amino acids and lactate with variable lipid content. 
Obligate anaerobes and some facultative anaerobes showed the 
presence of cytosolic amino acids, lactate, lipids, acetate with 
or without succinate. Acetate with or without succinate usually 
supports an anerobic bacterial origin, but not exclusively. 

 Fifty patients (aged 5–71 years) with intracranial cystic 
lesions ( N  = 21 pyogenic abscesses, 23 tumor cysts, three 
epidermoid cysts and three arachnoid cysts) were evaluated 
with MRI and MRS  [  6  ] . The diagnostic accuracy of conven-
tional MRI, DWI, and MRS, alone and in combinations, 
were determined to distinguish brain abscess or nonabscess 
cystic tumor. As in the previous study, the majority of 

  Fig. 13.1    MRI and MRS  fi ndings from a 13-year-old female patient 
diagnosed with a brain abscess. ( a ) T1-weighted pre-contrast image; 
( b ) T1-weighted post-contrast image; ( c ) T2-weighted image; ( d ) 
FLAIR image; these sample images reveal the abscess core and wall 
accompanied with surrounding edema. ( e ) Short TE (35 ms) spectrum 

showing clear succinate and acetate peaks and a series of complicated 
peaks from alanine, lactate, and the cytosolic (leucine, isoleucine, 
valine) amino acids, which become clearer at long TE (288 ms,  f ). 
There is an absence of common brain metabolites (NAA, Cr, Cho) 
when sampling within the center of the abscess       
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abscesses demonstrated elevated lactate and cytosolic amino 
acids. DWI demonstrated high signal intensity, with low 
ADC values for abscesses indicating restricted diffusion. 
Combining the modalities, the diagnosis was accurately pre-
dicted in 96% of patients. 

 Luthra et al. retrospectively evaluated 110 patients (aged 
3–55 years) for morphological features, ADC values, and 
metabolite features to discriminate surgically proven pyogenic, 
tubercular, and fungal brain abscesses  [  7  ] . Fungal abscesses 
demonstrated irregular walls with intra-cavitary projections. 
The wall and projections demonstrated low ADC, but the cavity 
high ADC. On MRS, the fungal abscess showed lipids (4/8), 
lactate (7/8), amino acids (4/8), and multiple peaks between 3.6 
and 3.8 ppm assigned to trehalose (5/8). Pyogenic abscesses had 
smooth (55/91) and lobulated (36/91) walls, low ADC values in 
the wall and cavity, and elevated cytosolic amino acids (89/91), 
acetate (25/91), and succinate (18/91). Tubercular abscesses had 
smooth (4/11), lobulated (6/11), or crenated (1/11) walls with 
no intra-cavitary projections, low ADC values in the wall and 
cavity, and elevated lipids and lactate (11/11). 

 In an unusual presentation, Vajro et al. described the 
 fi ndings of an adolescent boy with a brain abscess due to 
 Klebsiella pneumoniae  11 years postorthotopic liver trans-
plantation  [  8  ] . The child was hospitalized for headache, 
weakness and mental confusion. Imaging (CT and MRI) 
revealed a cystic lesion with vasogenic edema. MRS revealed 
a very large lactate resonance suggestive of an in fl ammatory 
condition, which was con fi rmed poststereotactic drainage 
and antibiotic treatment. Chronic immunosuppression 
blunted the clinical and laboratory signs of in fl ammation. 

   Amoebic Mengioencephalitis 

 A previously healthy, 9-month-old female infant presented 
with acute onset of lethargy, fever, and development of seizure 
activity. MR imaging with diffusion-weighted imaging dem-
onstrated a diffuse multifocal lesion pattern that revealed 
hypo-intense lesions on T1 weighted imaging predominately 
in cortical and deep gray matter, hyper-intense lesions on T2 
weighted and diffusion weighted images (Fig.  13.2 ). The 
apparent diffusion coef fi cient map revealed hypo-intense 
lesions re fl ecting restricted diffusion. There was no apprecia-
ble contrast enhancement within the lesions. The proton MRS 
revealed elevated lactate and composite resonances for gluta-
mate and glutamine. In the acute setting, the key metabolites, 

  Fig. 13.2    MRI and MRS  fi ndings from a 9-month-old female with 
autopsy determined granulomatous amoebic encephalitis. ( a ) 
T1-weighted pre-contrast image; ( b ) T2-weighted image; ( c ) Diffusion-
weighted image; ( d ) ADC map; these sample images demonstrate dif-
fuse lesions throughout the brain, but primarily localized in cortical and 
deep gray matter. ( e ) Short TE (35 ms) spectrum showing normal levels 

Fig. 13.2 (continued) of Cr, Cho, especially striking the preserved 
NAA levels, but elevated signal in the GLX region ( arrow ) as well as 
the presence of lactate, which was con fi rmed by its inversion at an inter-
mediate TE (144 ms,  f ). The spectra were acquired within the left basal 
ganglia. (Patient imaging and information are courtesy of Charles M. 
Glasier, MD, and Arkansas Children’s Hospital.)       
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NAA, Cr, and Cho were preserved. The lactate could arise 
from the immune response as well as the seizure activity, 
which is likely the source of the glutamate and glutamine ele-
vation. Unfortunately, the child succumbed to the infection. 
An autopsy revealed the organism,  Balamuthia mandrillaris . 
This deadly neurological condition is known as granuloma-
tous amoebic encephalitis (GAE) (Courtesy of Charles M. 
Glasier, MD and Arkansas Children’s Hospital).    

   Fungal Infections 

 Jain et al  [  9  ] . published a review of imaging features associ-
ated with CNS fungal infections. Their analyses indicated 
that fungal cranial infections (aspergillosis, cryptococcosis, 
mucomycosis, blastomyocosis, coccidioidomycosis, histo-
plasmosis, candidiasis) are known to produce a brain abscess 
secondary to the fungal infection. Fungal abscess show ele-
vated lipids, lactate, alanine, acetate, succinate, choline, and 
a multiple resonances between 3.6 and 3.8 ppm thought to be 
unique for fungal origins. This resonance has been assigned 
to trehalose sugars.  

   Parasitic Infections 

   Neurocysticercosis 

 Cysticercosis is an infection caused by the pork tapeworm, 
 Taenia solium . Infection occurs when the tapeworm larvae 
are ingested via contaminated food, water, or surfaces with 
contaminated feces. The larvae form cysticeri (cysts), which 
when found in the brain, are referred to as neurocysticerco-
sis. Despite being the most common parasitic infection for 
children and young adults in developing nations, there are 
few MRS studies of patients with neurocysticercosis in the 
literature. As with many conditions, imaging features depend 
on the stage of infection and where the primary site of infec-
tion is located. For neurocysticercosis, four stages of cysts 
(vesicular, colloidal, nodular/granular, and calci fi ed granulo-
mas) within the brain parenchyma produce distinct imaging 
characteristics. The viable larval cyst represents a vesicular 
cyst with little to no host immune response and thus affords 
minimal signal change. The scolex can be distinguished as a 
nodule. As the cyst degenerates,  fl uid from the larval cyst 
leaks into the parenchyma, generating an in fl ammatory 
immune response recognized on imaging with contrast 
enhancement. Finally, the degenerating cyst produces a 
calci fi ed granuloma. Cysts that lodge within or adjacent to 
the ventricles or cisterns may differ in their spectral appear-
ance compared to the solitary parenchymal lesions. Detection 
of amino acids within large clusters of cysts is more easily 
afforded than in solitary cysts. 

 Kingsley reviewed MRS reports from adults with neuro-
cysticercosis that describe spectral presentations with the 
elevation of Cho/Cr, pyruvate, alanine, lactate, and succinate 
 [  10  ] . The spectral variability may also arise from partial vol-
ume effects with adjacent brain parenchyma. For a patient 
who presented at the authors’ institution, the lesion’s cystic 
component is relatively small, so partial volume affects from 
adjacent parenchyma are observed. The ratios of NAA and 
Cho to Cr appear within normal limits (Fig.  13.3 ). However, 
lactate, lipids and possibly other amino acids appear elevated 
on the spectra.   

   Toxoplasmosis 

 Toxoplasmosis occurs after ingestion of a single-cell parasite 
known as  Toxoplasma gondii . According to the US Centers 
for Disease Control, more than 60 million people in the USA 
may be infected with the parasite. For most healthy persons, 
the normal immune system prevents the parasite from caus-
ing illness. However, persons with compromised immune 
systems and pregnant women are more vulnerable to toxo-
plasmosis. In a retrospective review of MRS studies per-
formed in pediatric and adult patients (aged 10–80 years), 
Ferraz-Filho et al  [  11  ] . found Cho/Cr and NAA/Cr levels 
were useful in discriminating toxoplasmosis ( N  = 42) from 
WHO Grade III and IV glial neoplasms ( N  = 39). The spec-
tral pattern for glial neoplasms differs from toxoplasmosis 
by having greater elevations of Cho/Cr and lower levels of 
NAA/Cr. Upon analysis of the Receiver Operator 
Characteristics (ROC) curve, a discriminatory boundary for 
Cho/Cr alone was noted and used to detect neoplasms with 
77% sensitivity and 79% speci fi city. Adding NAA/Cr to the 
model, speci fi city can be increased to nearly 98%.   

   Viral Processes 

   HIV and AIDS 

 The human immunode fi ciency virus (HIV) is the virus that 
can lead to acquired immune de fi ciency syndrome (AIDS). 
HIV destroys the CD4+ T cells, which enable the body to 
 fi ght disease. AIDS is the late stage of HIV infection. Proton 
MRS has been employed primarily in adult populations to 
differentiate tumor or progressive multifocal leukoencephal-
opathy from infectious processes in adults. Table  13.1  illus-
trates the utility of proton MRS in  adult  patients to distinguish 
multiple processes  [  12  ] .  

 Outside of aiding differential diagnosis, other adult pro-
ton MRS studies monitor cognitive changes associated with 
HIV infection. However, few proton MRS studies examining 
cognitive or developmental changes in  pediatric  HIV and 
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AIDS have been reported. Keller and colleagues examined 
 fi ve brain regions including the frontal white matter, frontal 
gray matter and basal ganglia in HIV-infected children  [  13  ] . 
They found decreased choline in left frontal white matter of 
HIV-infected children compared with control subjects. For 
those children with higher viral loads (>5,000 HIV RNA 
copies/mL), decreased right basal ganglia Cr and Cho were 
found also compared to control subjects. Comparison within 
the HIV-infected children found higher Cho in frontal gray 
and lower mI in the right basal ganglia for children with 
higher viral loads. Correlating these metabolite  fi ndings with 
further analyses and with neuropsychological testing, Keller 
at al. suggested that normal brain development is affected in 
children with HIV at birth.  

   Cytomegalovirus 

 Cytomegalovirus (CMV) is a common viral infection, which 
is generally silent with no symptoms. However, in persons 
with weakened immune systems and babies prior to birth, 
CMV can cause serious injury. Congenital CMV infection 
causes birth defects, long-term brain, liver, lung, spleen 
problems, and even death. In the brain, congenital CMV 
infection and periventricular leukomalacia (PVL) affect the 
cerebral white matter in the same developmental period when 
immature oligodendrocytes are especially vulnerable to 
injury. In a study evaluating white matter lesions with diffu-
sion tensor imaging, magnetization transfer imaging and 
proton MRS, pediatric patients with documented congenital 

  Fig. 13.3    MRI and MRS  fi ndings from a 16-year-old female diag-
nosed with neurocysticercosis. ( a ) Pre-contrast T1-weighted image; ( b ) 
T2-weighted image; ( c ) Post-contrast T1-weighted image; ( d ) FLAIR 
image; ( e ) Diffusion-weighted image; ( f ) ADC map; these representa-
tive images show the cyst formed from the tapeworm with associated 

edema. ( g ) Short TE (35 ms) spectrum shows apparently normal NAA/
Cr and Cho/Cr from partial volume effects arising from sampling adja-
cent parenchyma; however, elevated lactate and lipids are appreciated 
as arising from the lesion. ( h ) Long TE (288 ms) spectrum clearly 
shows the lactate doublet       

   Table 13.1    Spectroscopy  fi ndings summarized for HIV and AIDS lesions in adult studies   

 Lesion in AIDS  NAA  Creatine  Choline  Myo-inositol  Lactate  Lipids 

 HIV WML  ↓ in late stages  Mild elevation 
in early stages 

 ↑  ↑  May increase during 
acute encephalitis 

 – 

 PML  May decrease  –  ↑  Variable  ↑  ↑ 
 CMV  May decrease  –  ↑  ↑  May increase  – 
 Cryptococcoma  ↓  ↓  ↓  ↓  May increase  ↑ 
 Toxoplasmosis  ↓  ↓  ↓  ↓  ↑  ↑ 
 Tuberculoma  Depleted  Depleted  Depleted  Depleted  –  ↑ 
 Lymphoma  ↓  ↓  ↑  ↓  ↑  ↑ 

   AIDS  acquired immunode fi ciency syndrome,  NAA  N-acetyl aspartate,  HIV  human immunode fi ciency virus,  WML  white matter 
lesions,  DEC  decreased,  INC  increased,  PML  progressive multifocal encephalopathy,  CMV  cytomegalovirus  
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cytomegalovirus infection were compared to patients with 
periventricular leukomalacia (mean group ages: 2.8 and 2.9 
years, respectively)  [  14  ] . No differences were appreciated 
between the two populations. For both groups, increased 
ADC and myo-inositol concentrations were noted along with 
reduced FA, MTR, NAA, and Cho concentrations. van der 
Voorn et al. speculate that axonal losses, lack of myelin 
deposition and astrogliosis occur in both entities  [  14  ] .  

   Encephalitis Versus Brainstem Neoplasm 

 Infectious encephalitis in humans can include herpes sim-
plex viruses, arboviruses, lymphocytic choriomeningitis, 
measles virus, mumps, CMV, Epstein Barr virus (EBV), 
varicella-zoster virus 1, human herpes virus 6, and entero-
viruses. However, the epidemiology of encephalitis in the 
USA is predominately unknown in origin  [  15,   16  ] . In a sur-
vey of pediatric brainstem lesions, Porto et al. reported the 
case of a 5-year-old male with left-sided horizontal and 
vertical nystagmus, double vision, and disequilibrium after 
coryzal illness  [  17  ] . The patient demonstrated isolated pro-
longation of T2 hyperintensity in the tegmentum of the 
pons and mesencephalon without contrast enhancement. 
Intermediate echo proton MRS at 1.5 T with PRESS local-
ization revealed a normal spectrum. The child was treated 
with corticosteroids and showed clinical improvement. A 
repeat MRI 1 week later showed complete regression of the 
abnormal T2 signal. A presumptive diagnosis of encephali-
tis was made. After 4 years, there was no further clinical 
relapse reported.  

   Herpes Family of Viral Infections 

 Herpes encephalitis is the most common sporadic viral 
encephalitis. It favors manifestation in the temporal lobes. 
For adults, herpes simplex virus type 1 (HSV 1) is the pri-
mary source for fatal cases in adults. Sporadic cases of 
human herpes virus 6 (HHV6) have been described in those 
with lymphoproliferative disorders or immunocompromised 
patients. In neonates and children, herpes simplex virus type 
2 (HSV 2) accounts for almost all congenital infections. Two 
historic case reports from the 1990s describe proton MRS 
features, speci fi cally neuronal dysfunction, in pediatric her-
pes simplex encephalitis (HSE). Menon et al. reported the 
reduction of NAA/Cho in an 11-year-old boy that persisted 
at 8 and 16 weeks after the onset of symptoms  [  18  ] . Another 
HSE report described the restoration of NAA/Cr levels in an 
11-year-old girl who fully recovered over the course of 1 
year  [  19  ] . Patients with HSE from our institution demon-
strate declines in NAA consistent with neuronal dysfunction, 
but also elevations of lactate, choline, and the composite 

neurotransmitters (glutamate, glutamine, etc.) (Figs.  13.4  
and  13.5 ). Seizure activity alone may be associated in part 
with these additional  fi ndings.    

  Fig. 13.4    MRI and MRS  fi ndings from a 12-month-old female diag-
nosed with herpes simplex encephalitis. ( a ) Proton density image; ( b ) 
T2-weighted image; ( c ) FLAIR image; ( d ) Post-contrast T1-weighted 
image; images feature abnormal signal within the left hippocampus and 
amygdala. ( e ) Short TE (35 ms) spectrum showing elevated signal in 
the GLX region ( arrow ), as well as elevated lipid and lactate. NAA/Cr 
appears slightly reduced on this spectrum acquired in the left hippocam-
pus at 3 Tesla       
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   Epstein Barr Virus 

 EBV is among the most common human viruses and is also 
a member of the herpes virus family. Most persons become 
infected with EBV sometime in their life. In the USA, as 
much as 95% of adults between 35 and 40 years of age have 
been infected. In other developed countries, many persons 
are  not  infected with EBV in their childhood years. When 
infection with EBV occurs during adolescence or young 
adulthood, it causes infectious mononucleosis 35–50% of 
the time. Infants become susceptible to EBV as soon as 
maternal antibody protection (present at birth) disappears. 
Many children become infected with EBV, and these infec-
tions usually cause no symptoms or are indistinguishable 
from the other mild, brief illnesses of childhood. However, 
Cecil et al. reported imaging and proton MRS of a 12-month-
old child with a 10-day history of fever and cough who pre-
sented with altered responsiveness, and opisthotonic 
posturing indicating seizure activity  [  20  ] . The child’s CSF 
demonstrated no white cells, four red cells, 10 mg/dL pro-
tein; 75 mg/dL glucose and no culture growth. Serologic 
studies revealed acute EBV antibody titers and EBV IgM 
antinuclear antigen levels. Serum lactate and pyruvate were 
normal. Her CT images demonstrated symmetrically 
decreased attenuation in the basal ganglia. Subsequent MRI 
also demonstrated the bilateral signal abnormalities of the 
basal ganglia. The lesions revealed no contrast enhancement 
on either CT or MRI. The imaging appearance suggested 
many etiologies, such as hypoxic/ischemic injury, metabolic 
disorders, mitochondrial diseases, or toxin exposure as the 
primary considerations. Proton MRS was added to the imag-
ing protocol, with the expectation that it would con fi rm a 
lactate resonance consistent with either the hypoxic-ischemic 
or metabolic etiologies. However, the resulting spectra from 
the basal ganglia indicated no evidence of lactate. Instead, 
minor declines in NAA with elevations of myo-inositol, 
lipid, macromolecules, and composite amino acids such as 
glutamate were found (Fig.  13.6 ). This more benign proton 
MRS pattern appeared to provide evidence supporting infec-
tion and in fl ammation in the acute setting.    

   Para- and Post-Infectious Encephalomyelitis 

   Acute Disseminated Encephalomyelitis 

 Acute disseminated encephalomyelitis (ADEM) is a post-in-
fectious or post-immunization in fl ammatory disorder of the 
central nervous system (CNS) that is mediated by an immuno-
logic response against myelin. By de fi nition, ADEM is 
classi fi ed as a monophasic disease; however, reports of a 
remitting and relapsing course are referred to as multiphasic 
disseminated encephalomyelitis (MDEM). Children and 

  Fig. 13.5    MRI and MRS  fi ndings from a 20-month-old female diagnosed 
with herpes simplex encephalitis. ( a ) T1-weighted image; ( b ) T2-weighted 
image; ( c ) Post-contrast T1-weighted image; ( d ) Post-contrast T2-weighted 
image; these imaging examples show abnormal signal and leukomalacia 
within the left temporal lobe. ( e ) Short TE (35 ms) spectrum shows ele-
vated lipid and lactate signals as well as elevated choline when sampled 
within the temporal lobe. ( f ) Long TE (288 ms) spectrum shows elevated 
lactate and severely reduced NAA and Cr       
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adolescents are mainly affected with less frequent presenta-
tion in adults. The clinical and imaging features of ADEM are 
heterogeneous; however, the diagnosis relies on imaging and 
the analysis of cerebrospinal  fl uid. Most patients are previ-
ously healthy, with a history of a vaccination or minor infec-
tion occurring several days before the sudden onset of 
neurological symptoms that may include fever, altered mental 
state, headache, vomiting, ataxia, and seizures. Additional 
 fi ndings such as pyramidal and brainstem signs with cranial 
neuropathy, slurred speech, weakness, hemiplegia, and abnor-
mal re fl exes have also been described. Characteristic neuroim-
aging  fi ndings include multifocal regions of increased 
T2-weighted and FLAIR signal intensity with perifocal edema. 
Focal lesions usually demonstrate contrast enhancement. 
White matter lesions often appear in an asymmetric fashion 
adjacent to the ventricles and in subcortical regions. However, 
the cerebellum and deep gray matter regions such as the thal-
ami, basal ganglia and brainstem may also be affected. Elevated 
CSF protein levels and pleocytosis are found in only half of 
suspected ADEM patients. With these variable patterns, 

proton MR spectroscopy can provide additional information 
to help distinguish ADEM from neoplasms. 

 Mader et al. described two distinct presentations of pediat-
ric ADEM whose diagnosis was assisted using diffusion 
weighted imaging and proton MRS  [  21  ] . Their  fi rst described 
patient demonstrated a typical ADEM presentation. A 6-year-
old girl with a history of an upper airway infection 10 days 
prior presented with fever, impaired consciousness, reduced 
motor movements, pyramidal signs, and aphasia. MRI studies 
revealed multiple hyperintense lesions in both hemispheres, in 
the thalami, pons, and the middle cerebellar peduncles, with-
out contrast enhancement. Proton MRS of the lesions in the 
parietal lobe and pons demonstrated only a subtle elevation of 
lactate, as a sign of in fl ammation. Therapy with corticoster-
oids provided resolution of lesions and good clinical recovery. 
In another patient, Mader describes a more complicated pic-
ture of ADEM. In this case, a 13-year-old girl suffered minor 
head trauma followed by headaches, vomiting, adynamia, 
ataxia, paresthesia, and blurring of vision. CSF revealed ele-
vated protein, but no pleocytosis, no oligoclonal banding and 

  Fig. 13.6    MRI and MRS  fi ndings from a 12-month-old female diag-
nosed with Epstein Barr encephalitis. ( a ) T1-weighted image; ( b ) 
Proton density image; ( c ) T2 weighted image; ( d ) FLAIR image; abnor-
mal signals are noted bilaterally in the caudate, globus pallidus and 
putamen. ( e ) Short TE (35 ms) spectrum showing elevated signal in the 

GLX region ( arrow ), with minimally elevated lipids and macromole-
cules. NAA/Cr appears slightly reduced on this spectrum acquired in 
the left basal ganglia. ( f ) Long TE (288 ms) spectrum shows no detect-
able elevation of lactate       
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a normal IgG ratio with normal serological  fi ndings. An occip-
ital lesion with hyperintense T2 signal with a peripheral rim of 
contrast enhancement without restricted diffusion was appre-
ciated on MRI. Proton MRS revealed reduced NAA with 
increased levels of lactate, as well as macromolecules and lip-
ids at 0.9, 1.2 and 1.4 ppm. The patient improved with corti-
costeroid therapy, but several relapses occurred with focal 
lesions appearing in the cerebellum and cerebral hemispheres, 
however, without localization in the periventricular white mat-
ter suggestive of multiple sclerosis. 

 At our institution, a 5-year-old girl presented with a 2-week 
history of headaches and emesis. The imaging revealed mul-
tifocal regions of abnormal signal with a large lesion within 
the right frontal lobe. The proton MRS revealed elevated lac-
tate, glutatmate with glutamine, and choline with relatively 
good preservation of NAA and Cr. The preservation of NAA 
and Cr accompanied by low to normal mI suggested a demy-
elinating process over a neoplastic one. However, there were 
other features on imaging (i.e., mass effect, enhancement, 
edema) and clinical course that made a prospective diagnosis 
ADEM dif fi cult. Ultimately, a biopsy was performed to pro-
vide a de fi nitive diagnosis of ADEM (Fig.  13.7 ).   

   Acute Necrotizing Encephalopathy 

 Acute necrotizing encephalopathy is a rare neurological com-
plication of viral infections such as in fl uenza A and B, HHV6, 
varicella zoster, and mycoplasmal infection. This acute enceph-
alopathy follows a viral febrile illness that manifests a rapid 
deterioration in the level of consciousness and produces sei-
zures. On CT and MRI, symmetric focal brain lesions always 
involve the bilateral thalami, with lesions also commonly found 
in the cerebral periventricular white matter, internal capsule, 
putamen, upper brain stem tegmentum, and cerebellar medulla 
without other CNS involvement  [  22  ] . Due to the similarity of 
imaging presentation with mitochondrial disorders, it remains 
important to exclude mitochondrial and other metabolic dis-
eases. Edema, perivascular hemorrhage, and necrosis are 
reported. The terminal branches of the intracerebral arteries 
generally supply the affected areas  [  22  ] . Histologic examina-
tions of CNS lesions from patients with ANE demonstrate 
necrotic central neurons and glial cells  [  23,   24  ] . 

 In a presumed diagnosis of ANE, a 16-month-old male 
child who presented with seizures, fever, and diarrhea at our 
institution had MR imaging with single voxel proton MRS 
acquired in the thalamus, basal ganglia, and white matter. The 
spectra obtained within the lesion located in the thalamus 
demonstrated a dramatically elevated lactate resonance with 
elevation of the glutamate and glutamine group of resonances, 
and choline coupled with a decline of NAA. MRS spectra 
acquired in lobar white matter and basal ganglia (caudate, 
putamen with internal capsule) revealed a similar pattern to 
that of the thalamus, but to a lesser extent (Fig.  13.8 ).   

  Fig. 13.7    MRI and MRS  fi ndings from a 5-year-old female with 
biopsy proven acute disseminated encephalitis (ADEM). (a) Pre-
contrast T1-weighted image; ( b ) T2-weighted image; ( c ) FLAIR image; 
( d ) Post-contrast T1-weighted image; abnormal heterogeneous signal 
primarily within a large lesion in the right frontal lobe is observed. ( e ) 
Short TE (35 ms) spectrum showing normal levels of Cr, and Cho, 
diminished NAA levels, elevated signal in the GLX region ( arrow ) as 
well as the presence of lactate and lipids; ( f ) Long TE (288 ms) spec-
trum reveals a highly signi fi cant elevation of lactate       

 



  Fig. 13.8    MRI and MRS  fi ndings from a 16-month-old male diag-
nosed with acute necrotizing encephalopathy (ANE). ( a ) Pre-contrast 
T1-weighted image; ( b ) T2-weighted image; ( c ) FLAIR image; ( d ) 
ADC map; ( e ) Post-contrast T1-weighted image; abnormal signals are 
noted in the thalamus bilaterally, and within the white matter adjacent 
to the ventricles and external capsule. ( f ) Short TE (35 ms) spectrum of 

the thalamus; ( g ) Short TE (35 ms) spectrum of the left frontal lobe 
including cortical lesion (not seen on displayed level of images); ( h ) 
Short TE (35 ms) spectrum of the left basal ganglia. All spectra demon-
strate elevated lactate, and GLX region ( arrow ) with amounts depen-
dent upon lesion involvement       
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   Post-Treatment Infection 

 Patients with compromised immune systems or chronic 
medical histories following cancer treatment, or post-bone 
marrow transplants for genetic disorders are at risk for oppor-
tunistic infections and their complications. From a diagnos-

tic standpoint, distinguishing recurrent illness from infection 
can be challenging with imaging alone. Proton MRS can 
often provide relevant information useful for narrowing the 
diagnostic differential. 

 A 10-year-old female was diagnosed with leukemia, under-
went a bone marrow transplant 15 months post-diagnosis. She 

  Fig. 13.9    MRI and MRS 
 fi ndings from a 13-year-old 
female who presented with 
respiratory alkalosis and mental 
status changes following a 
history of a bone marrow 
transplant for leukemia and 
subsequent fungal infections. Her 
relapse of acute lymphoblastic 
leukemia was treated with 
chemotherapy. ( a ) FLAIR images 
from April 14, April 26, May 1, 
May 10, May 20 and July 12 
reveal an evolution of signal 
abnormalities beginning within 
the thalamus bilaterally and 
surrounding the lateral ventricles 
and expands to involve the 
caudate, internal and external 
capsule without signi fi cant 
volume loss. ( b – d ) FLAIR image 
from May 10 and short TE 
(35 ms) and long TE (288 ms) 
MRS obtained within the left 
thalamus demonstrate a dramatic 
elevation of lactate and glutamate 
with diminishment of NAA. 
( e – g ) FLAIR image from May 20 
indicates improvement of signal 
abnormalities, and there is 
signi fi cant clearance of lactate 
with restoration of NAA on short 
and long TE spectroscopic 
acquisitions. The evolving 
patterns on imaging and 
spectroscopy were most 
consistent with the diagnosis of 
acute disseminated encephalitis       
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was subsequently followed for disseminated fungal infections 
and relapsed acute lymphoblastic leukemia (ALL) treated with 
chemotherapy (9- b - d -arabinofurnaosylguanine (Ara-G)) over 
the course of 2 years. During a period from April to July, the 
now 13-year-old female demonstrated on imaging multifocal 
areas of signal abnormality centered within the basal ganglia, 
thalami, and mid-brain (Fig.  13.9 ). The appearance of the lesions 
evolved over a short period of time. On spectroscopy, short and 
long echo voxels acquired within the left thalamus demonstrated 
dramatic elevation of lactate and diminution of NAA. Nineteen 
days later, the spectra demonstrated signi fi cant improvement 
with reduction of the lactate levels and improvement of NAA. 
This dramatic shift is most consistent with an infectious or para-
infectious etiology. The patient was diagnosed during this period 
with ADEM. Unfortunately, the patient succumbed several 
months later to a relapse of leukemia.    

   Infections in the Masticator Space 

 Differentiating infection from malignant neoplasms can be 
very challenging with conventional imaging in the mastica-
tor space. In an exploratory study evaluating the utility of 
proton MRS to characterize lesions within the masticator 
space in pediatric and adult patients, there were a total of 
24 lesions with pathologic outcomes de fi ned  [  25  ] . From 
this group of 18 men and 6 women whose mean age was 
40.6 years with ages ranging from 3 to 82 years, the patho-
logic analysis identi fi ed 7 chronic infections and 17 malig-
nant neoplasms. Using criteria based on choline signal to 
noise levels, the mean value for chronic infections was 
2.31 ± 0.19 compared to 5.76 ± 3.29 ( p  < 0.01) for malignant 
neoplasms. The chronic infections had absent or low cho-
line levels; however, there was an overlap in low choline 
levels for some malignant neoplasms. For the two pediatric 
patients in the series, choline was detected in both infec-
tious lesions.      
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 Hepatic encephalopathy (HE) is a neurocognitive disorder 
associated with either acute or chronic liver disease (CLD). 
HE is also found in patients with either spontaneous or surgi-
cally created portosystemic shunts. The severity of HE spans 
from a mild neuropsychological impairment, detectable only 
at a psychometric evaluation, to coma. HE is a potentially 
reversible process. However, cirrhosis-associated neurologi-
cal de fi cits may persist after liver transplant thus, supporting 
the hypothesis that HE may lead to irreversible neurological 
impairment  [  1  ] . 

   Acute Liver Failure in Children 

 Acute liver failure (ALF) is characterized by a sudden and 
severe hepatic injury  [  2–  4  ]  followed by encephalopathy 
within 8 weeks of appearance of the symptoms  [  5  ] . 
However, in the pediatric population ALF is not always 
associated with HE, which may develop very late during 
the course of the disease  [  3  ] . Thus, ALF in children is 
considered a multisystem disorder with severe liver func-
tion impairment associated with signi fi cant coagulopathy 
with no sepsis or disseminated intravascular coagulation 
that is not correctable by the administration of parenteral 
vitamin K within 8 h. A detailed de fi nition of ALF in chil-
dren has been proposed in 2004 by the Working Group 
report of the second World Congress of Pediatric 
Gastroenterology. All de fi nitions mentioned below imply 
the absence of previous liver disease  [  6  ] . 

   Hyperacute 

 Coagulopathy due to acute liver dysfunction of 10 days or 
less of total duration by clinical criteria. In the hyperacute 
phase encephalopathy is variable.  

   Acute 

 Coagulopathy due to acute liver dysfunction of more than 10 
days or less than 30 days of total duration by clinical criteria. 
Encephalopathy is absent or impossible to recognize, espe-
cially in younger patients. When present, encephalopathy 
tends to be preterminal.  

   Subacute 

 Coagulopathy due to acute liver dysfunction of more than 31 
days but less than 6 months of total duration by clinical cri-
teria. Jaundice is almost always present. Encephalopathy 
often marks preterminal deterioration. Subacute ALF is seen 
in association with autoimmune liver disease, Wilson dis-
ease, medications, and idiopathic causes. The idiopathic 
cases are characterized by poor prognosis. 

 Classi fi cation of HE of ALF in children differs from that 
of adults. In adults ALF is classi fi ed based on the severity of 
the encephalopathy in grades from 1 to 3  [  7,   8  ] . In children, 
HE of ALF ranges from grade 1, characterized by confusion 
and mood changes, to grade 4A and B, the latter character-
ized by deep coma. HE patients with grades from 3 to 4B are 
likely candidates for liver transplantation  [  3,   9  ] .   

   Etiology of ALF in Children 

 The cause of ALF varies according to patient’s age, geo-
graphic distribution, medical, and social practices. Underlying 
metabolic condition represents the most frequent cause in 
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Europe and North America while the hepatitis A virus (HAV) 
is the commonest etiology in Asia and South America  [  3  ] . 
Cochran and Loseck  [  10  ]  classi fi ed the etiology of ALF in 
children according to patient’s age (Figs.  14.1  and  14.2 ).   

   Infective Etiology 

 Icterus and raised serum transaminase levels are usually 
found in children affected by ALF of viral origin. The most 
common virus associated with ALF is HAV. Association 
between underlying liver disease and HAV represents a pre-
disposing factor to develop ALF in children. The hepatitis B 
virus (HBV) infection is less commonly seen in children 
than in adults with ALF. Infants born to mothers positive for 
the antibody to hepatitis B e antigen are a special group of 
patients that may present with ALF. The hepatitis C virus 
(HCV) infection and hepatitis D virus (HDV) are unlikely to 
be a cause of ALF in children. HCV and HDV infections are 
diagnosed by detecting anti-HCV antibody or HCV RNA in 
the serum and anti-HDV antibody in serum. The hepatitis E 
virus (HEV) infection is a common cause of ALF in chidren 
and the association between HAV and HEV infection has 
been reported in children affected by ALF in India, Pakistan, 
South Asia and Africa  [  2,   11  ] . Similar to HAV, HEV is trans-
mitted via the fecal–oral route. Seronegative (Non-A-E) 
hepatitis may also be seen in ALF patients  [  11,   12  ] . Herpes 
simplex virus types 1 and 2, human herpes virus 6, varicella 
zoster virus, Epstein-Barr virus, cytomegalovirus, and parvo-
virus B19 may cause ALF in neonates and immunocompro-
mised. Echovirus, Coxsackieviruses, and adenoviruses are 
other viruses that can cause ALF, particularly in newborns. 
Among bacteria, Salmonella, mycobacterium tuberculosis 
may cause ALF in the pediatric population. Zoonotic infec-
tions such as malaria, bartonella, and leptospirosis may be 
also responsible for ALF in children  [  2,   3  ] .  

   Metabolic Etiology 

 The metabolic causes of ALF in children and infants com-
prise a special group. Timely diagnosis and prompt correc-
tive treatment can be life saving. Urgent intervention with 
dietary manipulation for some cases is mandatory as liver 
transplantation may be contraindicated. 

 Neonatal hemochromatosis is associated with excess in 
iron deposition in the reticuloendothelial cells. Fetal liver 
injury, hepatic and extrahepatic siderosis occurs in NH. This 
can be fatal in >60 % of patients and future recurrence in 
siblings may be as high as 80 %  [  12,   13  ] . Neonatal hemo-
chromatosis is the most common cause of ALF requiring 
liver transplantation in the perinatal period  [  14  ] . The severity 
of NH varies from asymptomatic to ALF. Prompt diagnosis 

and treatment are effective in prolonging survival. Serum 
Alfa Feto Protein and ferritin are the most sensitive tests for 
the diagnosis of NH. However, these tests are not speci fi c 
 [  14  ] . Punch biopsy of the salivary glands and demonstration 

  Fig. 14.1    Etiology of ALF in children younger than 1 year. (Modi fi ed 
from Cochran JB, Losek JD. Acute liver failure in children. Pediatr 
Emerg Care 2007; 23:129–35, with permission)       

  Fig. 14.2    Etiology of ALF in children 1 year and older (Modi fi ed from 
Cochran JB, Losek JD. Acute liver failure in children. Pediatr Emerg 
Care 2007; 23:129–35, with permission)       
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of iron is known to be useful for the diagnosis of NH  [  3  ] . 
Treatment includes administering iron chelating agents and 
antioxidants of debatable ef fi cacy. Non-responders are can-
didates for early liver transplantation. Maternal treatment 
with immunoglobulins in subsequent pregnancies is known 
to decrease the incidence of NH in subsequent siblings  [  15  ] . 

 Galactosemia is a disorder of galactose metabolism 
inherited in an autosomal-recessive pattern. Typical bio-
chemical abnormalities include elevated galactitol, galac-
tose-1-phosphate, and galactose in serum and urine analysis. 
Galactosemia is characterized by accumulation of these 
metabolic byproducts in the brain with development of 
mental retardation  [  16  ] . 

 Tyrosinemia type I is a rare autosomal-recessive disor-
der affecting the liver, kidneys, and peripheral nerves. 
Symptomatology is varied and can range from ALF in 
infancy to CLD in later life. Regional predominance in 
areas like Quebec, Scandinavian countries, and the Indian 
subcontinent has been reported. When the disease mani-
fests as ALF in infancy it is associated with bleeding diath-
esis and hepatomegaly. Increased association with 
hepatocellular carcinoma later in life has been reported. 
Biochemical markers include elevated serum and urine suc-
cinylacetone levels and decreased activity of fumarylace-
toacetate hydrolase enzyme. Liver transplantation is 
curative. Treatment with NTBC 2-(2-nitro-4-
tri fl uoromethylbenzoyl)-1, 3-cyclohexanedione) is also a 
clinical option and is known to diminish risk of ALF  [  17  ] . 

 Wilson’s disease is an autosomal-recessive disorder typi-
cally presenting in older kids in which copper accumulates in 
tissues. Biliary excretion of copper is reduced in Wilson dis-
ease, resulting in the accumulation of copper by the hepato-
cyte. Biochemical diagnosis includes a demonstration of low 
serum ceruloplasmin levels and increased serum copper lev-
els, though the two may be normal in some patients. 
Opthalmological documentation of Kayser-Fleisher rings is 
helpful in diagnosis. Hemolytic anemia may be associated. 

 Other less common causes of ALF of metabolic origin in 
kids include enzyme disorders involving fatty chain oxida-
tion, bile acid synthesis, mitochondrial respiratory chain dis-
orders, and infantile fructose intolerance  [  3  ] .  

   Chronic Liver Disease in Children 

 Numerous disorders are known to cause CLD in children. 
CLD is associated with a wide spectrum of diseases, includ-
ing malformations, viruses, genetic metabolic, drug-
induced, vascular and autoimmune hepatitis. CLD may 
present with hepatomegaly or splenomegaly, elevated liver 
enzymes, coaghulopathy, ascites, gastrointestinal bleeding 
or jaundice. They may also present with pulmonary arterio-
venous shunting and pulmonary hypertension, bacterial 

peritonitis or rarely with HE. Hepatitis B, hepatitis D virus, 
enteroviruses, cytomegalovirus, rubella virus, and herpes 
simplex are the predominant organisms implicated in CLD. 
Cirrhosis represents the end stage of any CLD. On histopa-
thology, cirrhosis is characterized by regenerative nodules 
surrounded by  fi brous bands  [  18  ] . Metabolic disorders 
associated with CLD in childhood are Alpha-1-antitrypsin 
de fi ciency, galactosemia, fructosemia, tyrosinosis, glyco-
gen storage disease types III and IV, Niemann-Pick disease, 
Wolman disease, cystic  fi brosis, and Wilson’s disease  [  18  ] . 
More than 900 drugs, toxins, and herbal compounds have 
been described to cause acute and chronic liver damage. 
Apart from accidental exposure, drug-related hepatitis is 
rare in children. Drugs may directly affect the liver or medi-
ate an autoimmune response. Autoimmune hepatitis (AIH) 
occurs in adults and children. The etiology of autoimmune 
hepatitis is unknown. Several factors, including viruses, 
drugs, and environment, may trigger autoimmunity. In the 
pediatric population AIH often presents acutely and has a 
more aggressive course than in adults. The peak of inci-
dence of AIH in children is 10–20 years. Approximately 
one half of patients suffering from AH are younger than 20 
years with a peak of incidence seen in premenstrual girls. 
Autoimmune hepatitis has also been reported in infants. 
Clinical  fi ndings in children with AIH are listed in Fig.  14.3  
 [  19  ] . Three different types of autoimmune hepatitis have 
been described: AIH type-1 characterized by the presence 
of circulating anti smooth muscle antibodies and or anti-

  Fig. 14.3    Clinical  fi ndings in children with AIH (Modi fi ed from 
Oettinger R, Brunnberg A, Gerner P, et al. Clinical features and bio-
chemical data of Caucasian children at diagnosis ofautoimmune hepati-
tis. J Autoimmun. 2005;24:79–84, with permission)       
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nuclear antibodies, AIH type-2 characterized by circulating 
liver-kidney microsomal type 1 antibody or anti-liver cyto-
sol 1 antibody and AIH type-3 characterized by autoanti-
bodies to soluble liver proteins or liver-pancreas antigen. 
AIH-2 shows a peak of incidence in younger patients. In 
fact 80 % of patients with AIH-2 are children. Type 2 AIH 
may be part of the autoimmune polyendocrinopathy-can-
didiasis-ectodermal dystrophy (APECED) syndrome, 
which is an autosomal-recessive monogenic disorder  [  19  ] .   

   Mechanism Implicated in the Development of HE 

 HE is associated with ALF, CLD as well as portosystemic 
shunts bypassing liver. Many mechanisms have been impli-
cated in the pathogenesis of HE. Clinically subtle HE which 
become apparent on psychometric testing alone is catego-
rized into minimal HE. Acute HE is associated with acute 
hepatic insult. Episodic and persistent HEs are the other clin-
ical presentation types of HE and are typically associated 
with persistent or long-standing liver insult. Mechanism and 
pathophysiology of neurocognitive impairment in HE can be 
better understood by sequentially considering the role of the 
major implicated toxins and their effects on brain neuronal 
function. 

   Role of Ammonia 
 Results of neuropathologic, spectroscopic, and neurochemi-
cal studies continue to support a major role for ammonia in 
the pathogenesis of the central nervous system injury of both 
acute and chronic liver failure. Ammonia remains central to 
the pathophysiology of HE since the late nineteenth century. 
Ammonia is normally detoxi fi ed in the liver. High ammonia 
levels in the arterial blood are related to increased risk of 
intracranial hypertension. The cause and effect relationship 
with ammonia is more de fi nitive for acute liver insult. In cir-
rhosis the relationship between ammonia levels and HE 
severity are not as de fi nitive.  

   Changes in Brain Astrocytes 
 Astrocytes are the most vulnerable glial cells to changes in 
blood ammonia levels. The reason for this is the presence of 
glutamine synthetase within astrocytes. This enzyme is 
absent in other neuronal cells. Glutamine synthetase takes up 
ammonia and converts it to glutamate and glutamine. 
Excessive glutamine can cause cell swelling, edema, and 
intracranial hypertension.  

   Damage to Blood–Brain Barrier 
 In liver failure the blood–brain barrier becomes more perme-
able. Ammonia levels may be partly related for this rather 
complex mechanism of increased permeability. The result of 
uncontrolled movement of plasma and water to extracellular 

space may lead to vasogenic edema in the brain. Several 
other factors may act synergistically and contribute to the 
clinical picture of HE.  

   Proin fl ammatory Markers 
 Systemic in fl ammation produces cytokines, which by brain 
capillary endothelial activation can increase the permeabil-
ity of blood–brain barrier and may induce changes in brain-
signaling mechanisms. The brain produces proin fl ammatory 
cytokines in ALF. This theory is also supported by the pre-
cipitation of ALF by sepsis, Systemic in fl ammatory 
response, and drug-induced ALF. Cirrhosis complicated by 
infective or systemic in fl ammation is a common precipitat-
ing factor for HE.  

   Oxidative Stress 
 Uptake of ammonia and excess glutamine production ele-
vates mitochondrial glutamine levels and stimulates produc-
tion of reactive oxygen species (ROS). This is implicated in 
the increase of oxygen free radicals which can compromise 
membrane integrity of neighboring neurons as well  [  4  ] . A 
single mechanism has not been postulated for HE changes. 
In varied clinical scenarios, simultaneous presence of one or 
more of the above implicating factors may act in a synergis-
tic manner in the pathogenesis of HE.  

   Neuroimaging Findings of HE 
 Pathogenic mechanisms responsible for HE are thought to be 
related to accumulation in the blood of several compounds 
that are ef fi ciently metabolized by the liver under normal cir-
cumstances. These substances include manganese and 
ammonia, which can modify astrocyte and neuron function 
 [  20–  23  ] . The hypermanganesemia exerts a neurotoxic effect, 
thus inducing reactive gliosis and selective neuronal loss in 
the basal ganglia and the midbrain structures  [  24  ] . Ammonia 
is the most important toxin implicated in the pathogenesis of 
hepatic encephalopathy causing disturbance in the glutamin-
ergic, GABAergic and benzodiazepine transmission. In HE 
there is proliferation of Alzheimer type-II cells in the gray 
matter  [  20  ] . Neuropathological changes in children affected 
by acquired hepato-cerebral degeneration may also show 
focal areas of spongiosis and neuronal loss, diffuse gliosis, 
and Alzheimer type II cells. Patients affected by acquired 
hepato-cerebral degeneration clinically may resemble val-
proate-associated hepatotoxicity  [  25  ] . Changes in MR imag-
ing of the brain parenchyma in children and adults with HE 
include increased T1-weighted signal intensity in the basal 
ganglia, particularly in the globus pallidus atrophy, normal 
T2-weighted signal intensity  [  26,   27  ] . The paramagnetic 
properties of manganese are felt to be responsible for the 
increase in the signal intensity in T1-weighted images 
extending from the globus pallidus, putamen, internal cap-
sule, pituitary gland, midbrain surrounding the red nucleus, 
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and the white matter (Fig.  14.4 )  [  26,   27  ] . However, normal 
T2-weighted decreased intensity caused by iron accumula-
tion does not allow identifying manganese accumulation on 
T2-weighted images. In acute HE increased T2-weighted 
signal intensity in the cerebral cortex may be observed in 
children (Fig.  14.5 )  [  28  ] .   

 Diffusion properties of the brain in hepatic encephal-
opathy in children have not been evaluated. Few studies 
have been performed in adult patients. Patients with acute 
hepatic encephalopathy may exhibit characteristic regions 

of involvement on T2-wehighted images with DWI\ADC 
 fi ndings that can be reversible  [  29  ] . Extent of the signal 
intensity alteration seen on T2-weighted images and on 
DWI\ADC images correlates with the plasma ammonia 
levels. In acute hyper-ammoniemic encephalopathy typi-
cal symmetric increased T2 signal and restricted diffusion 
may be observed in the posterior limb of the internal cap-
sule, periventricular white matter, thalamus, dorsal brain-
stem, cerebellar white matter, basal ganglia, and 
cerebellum (Figs.  14.6  and  14.7 )  [  29  ] .   

  Fig. 14.4     (a–c ) A 3-year-old boy suffering from hepatic encephalopa-
thy. Increased signal intensity alteration is noted in the bilateral cerebral 
peduncle ( a ) and globus pallidus ( b ,  c ) on T1-weighted images ( arrows ). 

( d ) Diffuse increased T1 signal involves the pituitary gland ( arrows ) in 
a 3-year-old child suffering from hepatic encephalopathy       

  Fig. 14.5    ( a–b ) Increased 
T2-FLAIR signal is noted in the 
thalami ( arrows ) and cortex 
( empty arrows ) in a 12-year-old 
female affected by hepatic 
encephalopathy       

  Fig. 14.6    ( a–b ) Bilaterally 
increased signal on T2-weighted 
images is noted in the cerebellum 
( a ,  arrows ) and in the cortex, 
supratentorially ( b ,  empty 
arrows )       
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 In chronic liver disease and minimal hepatic encephalop-
athy as well as ALF, the apparent diffusion coef fi cient (ADC) 
is increased in frontal and parietal white matter, dorsal 
brain stem, internal capsule, thalamus, and cerebral cortex 
 [  29–  31  ] . Fractional anisometry is reduced in the periventric-
ular white matter  [  30,   31  ] . High mean diffusivity in cortical 
gray matter as well as subcortical white matter is seen in 
minimal hepatic encephalopathy  [  31–  33  ] . These  fi ndings 
support the hypothesis that in HE interstitial cerebral edema 
plays an important role. 

 In a unique study by Mardini et al.  [  34  ]  where a hyperam-
monemic state was induced in patients with cirrhosis, inter-
esting  fi ndings were revealed. The study used diffusion 
tensor images to generate ADC maps. They found an increase 
in ADC values, which correlated with increase in blood 
ammonia levels. These  fi ndings con fi rm the theory of ammo-
nia leading to brain edema and subsequent changes in brain 
diffusion properties. Following treatment of hepatic enceph-
alopathy reversal of these changes may be observed  [  35  ] . 

 MR Spectroscopy (MRS) shows different  fi ndings in 
patients with minimal hepatic encephalopathy, acute 
encephalopathy, and chronic liver disease (Figs.  14.8  and 

 14.9 ). In MRS total creatine, which is composed of reso-
nances from creatine and phosphocreatine, is used as an 
internal reference. Changes in metabolite ratios are often 
measured as ratios with creatine as the denominator. This is 
because total creatine (Cr) remains stable in size despite 
bioenergetic abnormalities. Glutamine (Gln) is a precursor 
of glutamate (Glu) in the brain. Glutamine is located in 
astrocytes. The two are structurally similar and their sum 
resonance in MRS is commonly denoted as Glx  [  36  ] . In 
patients with HE there is an increase in Glutamine content 
of gray and white matter with a decrease in choline and 
myoinositol levels. Myo-inositol, which is seen at short TE 
MRS, is believed to be essential for cell growth  [  36  ] . The 
increased glutamine in white matter correlates with 
increased plasma ammonia levels  [  37  ] . In ALF with HE in 
children there is an increase in glutamine and lactate in 
white matter  [  38  ] . Lactate is produced by anaerobic metab-
olism, and it measures glucose utilization  [  36  ] .   

 In children with MHE there is a decrease in myo-inositol 
levels in gray and white matter. The decrease in myo-inositol 
correlates with plasma branched chain and aromatic amino 
acid ratios  [  37  ] . This ratio of amino acids is raised in patients 

  Fig. 14.7    ( a–b ) Bilaterally 
increased signal on DWI ( a ) and 
decreased signal on ADC map 
( b ) consistent with cytotoxic 
edema is noted in the brain 
cortex       

  Fig. 14.8    MR Spectroscopy 
(MRS) shows different  fi ndings 
in patients with minimal hepatic 
encephalopathy, acute 
encephalopathy, and chronic liver 
disease       
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with impaired liver function. Increased glutamine/creatine 
ratios and decreased myo-inositol/creatine are also seen in 
adults with ALF and HE  [  39  ] .  N -acetylaspartate (NAA)/cre-
atine ratios are also decreased in patients with chronic liver 
disease and HE (Verma A et al. 2008) .  NAA is found in neu-
rons and serves as a marker of neuronal density  [  36  ] . 

 Reversal of these changes may be demonstrated by MRS 
after treatment of hepatic encephalopathy. Usually, clinical 
improvement precedes MRS changes. Reversal of the ele-
vated glutamine/creatine to baseline and reversal of decreased 
choline/creatine to normal levels are seen following clinical 
improvement in patients with ALF. Persistent decrease in 
choline/creatine points toward poor prognosis  [  40  ] . 

 Following liver transplantation the sequence of reversal 
of MRS changes was studied by Cordoba and colleagues 
 [  41–  43  ] . The  fi rst peak to normalize is choline/creatine, 
within 6–8 weeks. Glutamine/creatine normalizes next after 
8–9 weeks. Myo-inositol/creatine reverses last, taking up to 
3–7 months.        
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 Magnetic Resonance Spectroscopy (MRS) enables us to 
assess the metabolic changes in the brain of patients with epi-
lepsy. Therefore it can provide complementary information to 
structural imaging. Structural MRI plays an important role in 
identifying the underlying epileptogenic substrate responsible 
for epilepsy. MRS identi fi es metabolic changes in the epilep-
togenic brain, which could be used to lateralize seizure focus, 
detect bilateral brain abnormalities such as bilateral temporal 
lobe epilepsy, identify the metabolic abnormalities in the 
epileptic brain, assess metabolic abnormalities in the epilep-
togenic zone that appears normal on structural MRI, predict 
surgical outcome, and improve our understanding of the 
pathophysiology of epileptogenic substrate. 

 The neuronal marker  N -acetylaspartate (NAA) has been 
shown to be reduced in epilepsy  [  1  ]  (Fig.  15.1 ), and this 
could be related to neuronal metabolite dysfunction or neu-
ronal loss. Experimental and clinical studies have suggested 
that reduced NAA values can return to normal baseline levels 
if the patients became seizure free  [  2,   3  ] . This reduction 
could be explained by the fact that NAA re fl ects the function 
of neuronal mitochondria, which may be altered in the epi-
leptic brain  [  4  ] . In animal studies, NAA/Cr ratios have been 
shown to increase during the ictal phase, return to pretreat-
ment levels 5 h after the ictal event, and then decrease to sub-
normal levels 24 h postictally  [  2  ] . This reduction in NAA 
level was related to neuronal loss, which was con fi rmed by 
histopathology  [  2,   5,   6  ] . Seizures may result in an abnormal 
elevation of lactate peak secondary to anaerobic metabolism 
from hypoxia or increased metabolic demand that exceeds 

tissue perfusion. Animal models of epilepsy have demon-
strated ictal and persistent postictal lactate peak after kainic 
acid injection is reliant on the expression of seizure-induced 
damage rather than non-damaging electroclinical seizures 
 [  7  ] . Therefore, lactate can be used as a marker for seizure-
induced neuronal damage. Glutamate is the principal excit-
atory neurotransmitter in the mammalian brain and  g -amino 
butyric acid (GABA) is the major inhibitor neurotransmitter 
in the human brain. Disorders with GABA and glutamate are 
closely linked with seizure disorders  [  8,   9  ] . Elevated in vitro 
glutamate concentrations have been identi fi ed in epileptic 
tissue  [  10,   11  ] . Ictal studies in adults have shown increased 
glutamine/glutamate concentrations ipsilateral to the epilep-
togenic focus  [  12  ] . Interictally, both increase  [  8  ]  and decrease 
 [  12  ]  of glutamine/glutamate have been reported.  

 Two different types of MR spectroscopic acquisition can 
be performed, a localized single-voxel spectroscopy or 
chemical shift imaging (CSI), also termed MR spectroscopic 
imaging (MRSI) or spectroscopic imaging. Single-voxel 
MRS measures the MR signal of a single selected region of 
interest whereas signal outside this area is suppressed. On 
the other hand, in 2-D or 3-D CSI multiple spatially arrayed 
spectra (typically more than 100 spectra per slice) from slices 
or volumes are acquired simultaneously, which is helpful to 
obtain information from different parts of the brain and 
allows retrospective assessment of regions of interest. 
Advantages of a single voxel spectroscopy include shorter 
acquisitions (about 5 min), more explicit spatial localization, 
more homogeneous shimming, and better water suppression. 
Single voxel spectroscopy is easy to interpret, can provide 
higher quality spectra, and avoid the need for time-consum-
ing post-processing. However, only one spectrum can be 
obtained from one data acquisition of single voxel spectros-
copy. On the other hand, CSI has the advantage of obtaining 
multiple spectra simultaneously during one measurement. 
However, with CSI the acquisition time can be longer, 
10–15 min depending on the area of acquisition, and the data 
processing is more complex and time consuming. The longer 
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scan times are of a greater disadvantage in children, espe-
cially in the non-sedated children undergoing MRI. With 
rapid improvement of MR techniques and data processing, 
the use of CSI technique in seizure evaluation in children 
will undoubtedly increase. In pediatric epilepsy, it is easier to 
obtain single voxel spectroscopy in cases where a lesion is 
visible on structural imaging or in dedicated studies of the 
hippocampus. However, in  non-lesional  epilepsy, CSI acqui-
sition needs to be considered as it has the advantage of com-
paring spectra from multiple brain regions simultaneously as 
CSI covers a larger brain area. 

 In this chapter, we will describe the MRS patterns of dif-
ferent epileptic syndromes, as de fi ned using the International 
League Against Epilepsy (ILAE) classi fi cation of epileptic 
syndromes  [  6  ] , and also the MRI and MRS pattern of speci fi c 
epileptogenic substrates encountered in children with partial 
epilepsy. 

   MR Spectroscopy in Epilepsy Syndromes 

   Neonate 

   Early Myoclonic Encephalopathy 
 Early myoclonic encephalopathy is an epileptic syndrome of 
early onset, either in the neonatal period or  fi rst months of 
life, and is characterized by erratic, fragmentary, or massive 
myoclonus, partial seizures, and late tonic spasms. The prog-
nosis is poor and multiple etiologies have been related to the 
syndrome. Inborn errors of metabolism are one of the most 
common causes, including nonketotic hyperglycinemia, and 

amino-acid and organic acidopathies such as propionic aci-
duria and  d -glyceric acidemia can be of concern. EEG con-
sistently reveals a suppression–burst pattern  [  13  ] . MR 
imaging including MRS shows changes related to the under-
lying etiology. For instance, in nonketotic hyperglycinemia, 
abnormalities of corpus callosum, delayed myelination, and 
volume loss can be seen; MRS detects glycine peak on the 
intermediate or long TE sequence (Fig.  15.2 ). With disease 
progression, cortical and periventricular atrophy develops in 
many cases.   

   Ohtahara Syndrome 
 Ohtahara syndrome or early infantile epileptic encephal-
opathy with burst–suppression (EIEE) is a rare progressive 
epileptic encephalopathy. The syndrome is characterized 
by tonic spasms and partial seizures with onset in the neo-
natal and early infantile period. The more elaborate name 
comes from the pattern of burst activity on EEG. It is an 
extremely debilitating progressive neurological disorder, 
involving intractable seizures and severe mental retarda-
tion. No single cause has been identi fi ed, although in many 
cases structural brain damage is present. The etiology of 
OS has been related to many different structural brain mal-
formations such as hemimegalencephaly, porencephaly, 
Aicardi syndrome, destructive encephalopathy following 
hypoxic ischemic encephalopathy, and migrational disor-
ders. Occasionally, MRI reveals no structure abnormality 
but the syndrome might be related to a metabolic disorder. 
Seo et al  [  14  ] . reported a case of a 36-week female with OS 
and NADH dehydrogenase de fi ciency; the  fi rst brain MRI 
at 3 months of age showed no structural abnormality, but 

  Fig. 15.1    Eight-year old with status epilepticus with no underlying etiology identi fi ed. Multivoxel spectroscopy at the level of the basal ganglia 
demonstrates reduced  N -acetyl aspartate relative to creatine bilaterally       
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the MRS demonstrated a large peak of lactate in the right 
basal ganglia and right frontal white matter. The lactate 
peak may provide a clue of an underlying metabolic disor-
der, such as mitochondrial disorder. Interestingly enough, 
lactate peak tends to resolve following treatment and/or 
partial or complete resolution of the seizures.   

   Infancy 

   West Syndrome 
 West syndrome is de fi ned by a triad of spasms in clusters, 
mental retardation, and diffuse and profound paroxysmal 
EEG abnormalities called hypsarrhythmias. This is an age-
dependent epilepsy syndrome that usually begins in infancy 
between 4 and 6 months and before 12 months in over 90% 

of the cases  [  15  ] , but can occur later up to 4 years of age. 
West syndrome can be caused by various brain disorders. 
MRI is helpful for detecting underlying conditions such as 
focal cortical dysplasia, tumor, hypoxic ischemic injury, 
post-infection, metabolic, and other unknown causes. The 
role of MRS is related to the diagnosis of the underlying con-
dition responsible for West syndrome. 

 West syndrome is resistant to many conventional antiepi-
leptic drugs, and only valproic acid, benzodiazepines, adre-
nocorticotropic hormone (ACTH), corticosteroids, and 
vigabatrin have been found ef fi cacious. ACTH is the treat-
ment of choice for infantile spasms, but frequent and some-
times serious side effects such as infections and hypertension 
have occurred during ACTH therapy. Imaging of the brain 
during treatment usually demonstrate atrophy that could be 
related to a variety of causes, including the catabolic effect of 

  Fig. 15.2    Neonate presenting 
with seizures. Axial ( a ) diffusion 
and ( b ) ADC map show diffusion 
restriction in the posterior limb 
of internal capsules. ( b ) Single 
voxel MR spectroscopy with 
TE = 144 ms shows the presence 
of glycine at 3.5 ppm, in keeping 
with nonketotic hyperglycinemia       
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ACTH, mineralocorticoid effect resulting in loss of water 
and/or an increase in cerebrospinal  fl uid (CSF) pressure 
compressing the brain. MRS in these cases can demonstrate 
a decrease in NAA, which could be related to a reduction in 
NAA synthesis in mitochondria and leakage of NAA from 
cell membrane  [  16  ] . The changes in NAA may be related to 
the underlying infantile spasm or to the effect of treatment. 
Maeda et al.  [  16  ]  have obtained MRS from the left centrum 
semiovale of patients with infantile spasm before ACTH 
treatment, immediately at the initiation of ACTH treatment 
and several months after treatment  [  16  ] . They demonstrated 
a signi fi cant decrease in NAA concentration immediately 
after initiation of treatment, which suggested that the changes 
were more likely related to ACTH treatment. These changes 
also appear to be reversible as there was some improvement 
of the NAA concentrations following cessation of ACTH 
treatment. Therefore, alterations in NAA could be secondary 
to ACTH-related brain volume loss.  

   Epilepsy of Infancy with Migrating Focal Seizures 
 Malignant migrating partial seizure in infancy (MMPSI) is 
an epileptic encephalopathy characterized by seizure onset 
in the  fi rst 6 months of life, and of rapidly progressive partial 
seizures that become continuous  [  17  ] . The EEG discharges 
are random and involve multiple independent sites and sei-
zures migrate from one area of the cortex to another. The 
seizures last several minutes longer than the usual partial sei-
zures in infancy. It is associated with major deterioration in 
psychomotor abilities. Microcephaly is a common feature. 
With time, the seizures tend to be more frequently general-
ized and myoclonus is rare. By the end of the  fi rst year of 
life, seizures become almost continuous and occur in clusters 
with clinical deterioration. The etiology of these seizures is 
unknown. MRI is frequently negative  [  18  ] , but hippocampal 
gliosis and atrophy resembling hippocampal sclerosis can be 
found  [  19  ] . MRS has been reported in one subject and 
revealed reduction of NAA in the basal ganglia and frontal 
cortex  [  20  ] . However, this patient also had cortical and sub-
cortical atrophy. The decrease in NAA could be secondary to 
the loss of neuron related to atrophy and not necessarily 
attributed to excessive excitatory neurotransmitter activity.  

   Dravet Syndrome 
 Dravet syndrome or severe myoclonic epilepsy in infancy 
(SMEI) is a malignant epilepsy syndrome characterized by 
early prolonged febrile and afebrile seizures followed by intrac-
table seizures of different types and secondary psychomotor 
delay  [  21,   22  ] . Abnormal neurologic signs include ataxia and 
pyramidal tract damage. EEGs are usually normal in the early 
course of the disease; however, generalized interictal epilepti-
form discharges appear in the second year of life. The main 
clinical distinction is with febrile convulsion but febrile convul-
sion usually occurs later between 18 and 22 months. 

 In some studies, there were no MRI abnormalities related 
to SMEI  [  21,   23  ] , but in other studies, brain abnormalities 
including focal cortical dysplasia and mesial temporal scle-
rosis were reported in infants with SMEI  [  24,   25  ] . Mesial 
temporal sclerosis has been reported several months or 
years after the initial presentation of SMEI. There is no 
study reporting the MRS features of SMEI. The MRS fea-
tures related to the underlying brain abnormalities such as 
focal cortical dysplasia or mesial temporal sclerosis will be 
discussed later.  

   Myoclonic Encephalopathy 
 Myoclonic encephalophaty is a syndrome characterized 
by severe recurrent seizures, principally massive myoclo-
nic jerks at the onset of the disorder and a striking burst–
suppression pattern on EEG. It begins in the neonatal and 
early infantile periods. Seizures in this syndrome are dif fi cult 
to treat, and the patients are rarely seizure free. Nonketotic 
hyperglycinemia is one of the most common causes of early 
myoclonic encephalopathy. The MRI features of this meta-
bolic abnormality include hypomyelination, hypoplastic 
corpus callosum, and myelin vacuolation resulting in diffu-
sion restriction within the pyramidal tracts, middle cerebellar 
peduncles, and dentate nuclei. Proton MRS can identify ele-
vated glycine. At short echo time (e.g., TE = 30 ms), the 
spectral peak generated by glycine may overlap with myo-
Inositol (MI) signal, as both glycine and MI resonate approx-
imately at 3.56 ppm. However, MI has much shorter T 

2
  

relaxation time than glycine, and hence its signal signi fi cantly 
reduces at longer echo times (such as TE = 144 ms). In 
patients with nonketotic hyperglycinemia, an abnormal peak 
at 3.56 ppm (glycine) remains conspicuous at longer echo 
times (Fig.  15.2 ). MRS  fi ndings should be con fi rmed with 
plasma or CSF glycine levels.   

   Childhood 

   Febrile Seizures 
 Febrile seizures (FS) occur in 2–5% of children. FS are 
classi fi ed as simple or complex. The “simple FS” are gener-
alized tonic–clonic seizures that last for less than 15 min 
without recurrence within the next 24 hours while “complex 
FS” are focal, prolonged for more than 15 min, or occurring 
in a cluster of two or more convulsions within 24 hours. These 
seizures are known to be benign but 2–3% of children will 
later develop epilepsy, most likely of temporal lobe origin 
 [  26  ] . 

 Studies in adult patients with antecedent prolonged febrile 
convulsions in early childhood had demonstrated volume 
loss of the hippocampus and amygdala  [  27,   28  ] . Nevertheless, 
it is still not clear whether complex febrile seizures are an 
epiphenomenon or a causative factor. MRI studies in familial 
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mesial temporal lobe epilepsy (MTLE) have suggested that a 
genetically determined mechanism might play an important 
role in the hippocampal damage  [  29,   30  ] . 

 Children with TLE and history of FS in early childhood 
are inclined to have lower NAA/ (Cr _Cho) ratios ipsilateral 
to seizure focus, indicating an element of neuronal loss. 
Decreased NAA/Cr ratio can also be observed in the contral-
ateral side in children with FS, but to a lesser extent than the 
affected side  [  31  ] . The reason for these metabolites changes 
contralateral to seizure focus is not well understood. MRS is 
able to demonstrate alterations in the hippocampus in chil-
dren with FS  [  32  ] . These changes are, however, nonspeci fi c 
and do not determine the seizure type, as similar changes can 
be seen in non-complex febrile seizures  [  31  ] .  

   Epilepsy with Myoclonic Atonic (Previously Astatic) 
Seizures 
 Myoclonic–astatic epilepsy is a syndrome that begins 
between 2 and 5 years of age. It begins with generalized 
tonic–clonic seizures with generalized spike waves in a previ-
ously normal child. Most patients recover within 1 to 3 years, 
but others develop myoclonic status and major cognitive 
decline. No etiology or gene has been identi fi ed. Parker et al. 
 [  33  ]  reported one case of a 5-year-old male with myoclonic 
astatic epilepsy. The FDG/PET study demonstrated hypome-
tabolism in the left temporo-parietal lobe, but interestingly 
the MRS spectra acquired from the region of hypometabo-
lism demonstrated elevated NAA/Cho ratios (2.13 in the left 
and 1.61 in the contralateral side). The reason for the ele-
vated NAA/Cho ratio is not known.   

   Benign Childhood Epilepsy with Centrotemporal 
Spikes (Rolandic Epilepsy) 

 Benign childhood epilepsy (BCE) or Rolandic epilepsy is con-
sidered the most common epilepsy syndromes in childhood. 
In studies conducted in North America and Europe, the inci-
dence ranges from 5 to 15% of childhood epilepsy syndromes. 
The onset is usually between 2 and 13 years of age in children 
without neurological or intellectual de fi cits. Patients usually 
are seizure free before age 16. Benign Rolandic epilepsy are 
characterized by brief, usually simple partial, hemifacial motor 
seizures, often preceded or accompanied by somatosensory 
symptoms, with a tendency to evolve into generalized tonic–
clonic seizures. The EEG re fl ects characteristic features with 
discharges in the precentral and postcentral gyri in the supra-
sylvian region, with motor, sensory, and autonomic manifesta-
tions in the face, mouth, and throat. In recent years, there has 
been some evidence that BCE is less than benign for certain 
patients, who have demonstrated cognitive and/or motor 
dif fi culties  [  34  ] . Some of these patients may have focal corti-
cal dysplasia responsible for the Rolandic epilepsy. 

 Single voxel MRS of 13 children with BCE  [  35  ]  demon-
strated a signi fi cantly higher asymmetry of the NAA/Cr 
ratios in the hippocampal region when compared with con-
trols. Lateralization of the EEG discharge interictally corre-
sponded with the lower NAA/Cr ratios in the hippocampal 
region. The lower NAA/Cr could be interpreted as an indica-
tor of neuronal dysfunction. The abnormal metabolites in the 
hippocampal region may be related to spreading of seizure 
focus from the Rolandic to the hippocampal region via white 
matter pathways  [  36  ] . 

   Lennox-Gastaut Syndrome 
 Lennox-Gastaut syndrome (LGS) is one of the most intrac-
table catastrophic epilepsies in children. It is characterized 
by a combination of multiple seizures types including tonic 
and atonic seizures, atypical absences, myoclonic seizures, 
and spasm, as well as generalized slow spike waves and/or 
generalized paroxysmal fast activity on EEG and progressive 
cognitive impairment. The majority of patients with LGS 
have bilateral diffuse encephalopathy and normal MRI. 
However, a variety of multifocal or diffuse abnormalities can 
be found on MRI in the symptomatic cases, including 
microdysgenesis, pachygyria, neuronal necrosis, and hypoxic 
lesion in the neocortex. Consequently, the role of MRI is to 
clarify the etiology rather than establish the diagnosis of epi-
lepsy syndrome. Lee et al.  [  37  ]  evaluated 27 children and 
adolescents who had LGS and found cerebral lesions in 23 
patients, with the most common pathology being malforma-
tions of cortical development (20/23). Reduction of NAA/
Cho or NAA/Cr has been found in the region of focal cortical 
dysplasia in three patients. The NAA/Cho or NAA/Cr ratios 
were not lateralized in four patients, including two patients 
without abnormalities on MRI.  

   Childhood Absence Epilepsy 
 Absences are generalized non-convulsive seizures. The ILAE 
proposed the classi fi cation of three syndromes of idiopathic 
generalized epilepsy (IGE) with absence seizures: childhood 
absence epilepsy, juvenile absence epilepsy, and juvenile 
myoclonic epilepsy  [  38  ] . Typical absence seizures present 
with bilateral synchronous, symmetric 3 Hz generalized 
spike, and slow wave discharge on EEG  [  39  ] . 

 Childhood absence epilepsy is a relatively common epilepsy 
syndrome presenting in school age children. The main mecha-
nism of this type of seizures, as well as juvenile absence epi-
lepsy and juvenile myoclonic epilepsy, is unknown. Two main 
hypotheses have been proposed to explain the pathogenesis of 
absence seizures in animal models (1) excessive thalamic oscil-
lation due to hypersynchronization and/or (2) cortical hyperex-
citability, which may amplify physiological rhythmic 
oscillations originating in the thalamus. Such dysfunctions may 
result from alterations affecting: (1) synaptic communications 
within the thalamo-cortical network; (2) intrinsic properties in 
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cortical and/or thalamic neurons; or (3) morphological abnor-
malities within the thalamo-cortical circuit  [  40–  42  ] . MR spec-
troscopy in patients with absence epilepsy has demonstrated 
reduced NAA/Cr ratio in both thalami  [  43,   44  ] , indicating the 
presence of neuronal dysfunction in the thalami of patients 
with absence epilepsy. Neither the cortex nor the thalamus 
alone can sustain these discharges, suggesting that both struc-
tures are involved in the generation of discharges. By co-regis-
tering MRI to subtraction ictal–interictal single photon emission 
computed tomography (SPECT), Nehling et al.  [  45  ]  found dif-
fuse nonspeci fi c decreased blood  fl ow during the ictal phase 
and generalized increased blood  fl ow during the postictal phase 
in typical childhood absence seizures. These data suggest that 
seizures are not limited to the thalamo-cortical circuit in which 
absence seizures originate. However, which particular structure 
initiates the seizure onset remains uncertain.   

   Adolescence 

   Juvenile Absence Epilepsy 
 Juvenile absence epilepsy (JAE) is the only syndrome in 
which the ictal manifestations of absence seizures show clin-
ical and EEG similarities to those of childhood absence epi-
lepsy. However, in JAE the frequency of the absences is low 
and the symptoms are milder. Furthermore, the diagnosis can 
be disregarded until generalized tonic–clonic seizures appear. 
Age at seizure onset is usually between 10 and 17 years, with 
a peak between 10 and 12 years. Severe impairment of con-
sciousness is the essential feature of the absence seizure in 
JAE but a crucial characteristic is that neurologic examina-
tion and neuroimaging results are normal. 

 Although the mechanism is unknown, the occurrence of 
abnormalities in corticothalamic network has been shown to 
be the functional basis of absence seizure generation  [  41  ] . 
Using EEG-correlated functional MRI, Salek-Haddadi et al. 
 [  46  ]  found marked bilateral thalamic activation and cortical 
deactivation during prolonged absences, suggestive of a 
reduction in cortical blood  fl ow in a patient with intractable 
juvenile absence epilepsy. Reduced NAA levels and NAA/Cr 
ratios in both thalami have been reported in the early stage of 
JAE  [  44  ] . This has been attributed to neuronal dysfunction 
and/or subtle changes in neuronal density.  

   Juvenile Myoclonic Epilepsy 
 Juvenile myoclonic epilepsy (JME) is a common hereditary 
epileptic syndrome that comprises 5–11% of patients with 
epilepsy  [  47  ] . The onset of JME occurs from 6 to 22 years of 
age. It is characterized by myoclonic jerks, generalized 
tonic–clonic seizures, and absence seizures. JME is non-pro-
gressive, and there are no abnormalities on clinical examina-
tion and no intellectual de fi cits. Psychiatric disorders may 
coexist. Generalized polyspike-and-waves are the most 

characteristic EEG pattern. Dense array EEG demonstrated 
epileptiform discharges that localized to sources that included 
orbitofrontal/medial frontopolar cortex, and also frequently 
included basal medial temporal lobe structures as the domi-
nant contributors to the discharges  [  48  ] . The exact mecha-
nism of the generalized seizures remains unclear but the 
pathophysiology of JME and other epilepsies has been linked 
to the thalamic and cortico-thalamic tracts generating spike 
and wave discharges and creating an abnormal thalamocorti-
cal circuitry, respectively. MRS studies of those with JME 
demonstrated low NAA/Cr values and low absolute NAA 
levels in the thalamus  [  49,   50  ] . The decreased NAA/Cr ratio 
supports the hypothesis of thalamic dysfunction as part of 
the underlying mechanism in this generalized epilepsy. 
Decrease in NAA/Cr and glutamate–glutamine/Cr ratios in 
primary motor cortex and medial prefrontal cortex showed 
the strongest correlation between thalamus and cortex  [  51  ] .  

   Progressive Myoclonus Epilepsy 
  Lafora disease  (LD) is a progressive myoclonus epilepsy syn-
drome, inherited as an autosomal recessive trait, with onset in 
late childhood or adolescence. This disorder is characterized 
by sporadic myoclonus, occipital lobe seizures and/or general-
ized seizures, behavioral changes, and cognitive decline. 
Prognosis is poor, with death occurring less than a decade 
from diagnosis. Pathological studies demonstrate Lafora bod-
ies or acid Schiff positive cytoplasmic inclusions. Lafora bod-
ies are predominantly located in neurons but can be found in 
other organs such as the liver, skin, mucosa, muscle, and myo-
cardium. Diagnosis is made with biopsy and demonstration of 
EPM2A gene in 6q23–25 mutation, which occurs in 70–80% 
of the cases, or EPM2B gene in 6P22.3 mutation  [  52  ] . 

 Proton MRS has been performed in ten patients with LD, 
demonstrating a reduction in NAA/Cr ratio in the cortex, 
especially frontal cortex, basal ganglia, and cerebellum  [  53  ] . 
Another study correlated MRS metabolic changes in the gray 
and white matter with cognitive impairment in  fi ve patients 
with LD and found signi fi cant reduction in NAA/MI and 
NAA/Cr in the gray matter and white matter of patients com-
pared to controls, more signi fi cant in the frontal regions  [  54  ] . 
They have also found that NAA/MI was the most statistically 
signi fi cant altered parameter in the frontal lobe and the only 
signi fi cant altered ratio that demonstrated strong correlation 
with intellectual and executive impairments.    

   Distinctive Constellations of Epilepsy 

   Mesial Temporal Lobe Epilepsy 

 Mesial temporal lobe epilepsy (TLE) is less frequently 
encountered in children compared to adults. In MRI studies 
of pediatric patients with TLE, hippocampal sclerosis (HS) 
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was noted in 21% of patients 15 years of age or younger with 
new-onset TLE  [  55  ]  and 57% of patients 2–17 years of age 
with refractory temporal lobe epilepsy  [  56–  58  ] . The etiology 
of hippocampal sclerosis is unknown, but a link with febrile 
seizures has been suggested  [  27  ] . MRI enables detection of 
structural abnormalities, most commonly signal abnormali-
ties and atrophy of the hippocampus and amygdala. However, 
a proportion of patients remain with intractable TLE in 
whom no MRI changes can be detected. In mesial TLE, MRS 
can be helpful in lateralizing the seizure focus, detecting 
bilateral abnormalities, and identifying metabolic abnormal-
ities in the epileptogenic brain. The abnormalities typically 
consist of a decrease in NAA/Cr, NAA/Cho, NAA/[Cr + Cho] 
in the epileptogenic zone within the temporal lobe  [  59,   60  
 61,   62  ] . Asymmetry in NAA/Cr between right and left sides 
lateralized 92.5% of TLE patients who had lateralization by 
ictal EEG  [  59  ] . Increased myoinositol (MI) has been reported 
as a consequence of induction of Na+/MI cotransporter fol-
lowing seizure activity  [  63  ] . The reduction in NAA has been 
correlated with neuronal cell loss and reactive astrogliosis in 
HS  [  64,   65  ] . Changes in NAA are not limited to chronic sei-
zures. Reduced NAA has also been observed in newly diag-
nosed TLE, implying that neuronal abnormalities can be 
detected before the typical structural MRI abnormalities 
develop  [  66  ] . 

 Abnormal NAA has been detected both ipsilateral and 
contralateral to the site of seizure onset and the abnormal 
NAA reversed in patients who become seizure free after 
surgery  [  67,   68  ] . This suggests that the contralateral NAA 
abnormalities could represent transient neuronal dysfunc-
tion related to spread of seizures. However, bilateral meta-
bolic changes may be associated with poor postoperative 
seizure outcome  [  69  ] , particularly when the metabolic 
dysfunction is worse in the area contralateral to resection. 
MRS abnormalities have also been identi fi ed in the extra-
temporal lobe in TLE. Reduction in MI has been identi fi ed 
in the frontal lobe of patients with TLE, which may be a 
temporary effect following recent seizure activity or the 
cumulative effect of chronic seizures  [  70  ] . CSI or multi-
slice proton MRS imaging has demonstrated decreased 
NAA concentration in the frontal, parietal, and occipital 
lobes both in the ipsilateral and contralateral hemispheres 
in TLE  [  71  ] . The cause for this extensive NAA abnormal-
ity is not well understood, but may be related to widespread 
epileptogenic process that extends outside the primary epi-
leptogenic zone. The excitotoxic process that leads to a 
reduction in NAA in the hippocampus can induce NAA 
reduction in regions involved in the seizure spread. The 
loss of efferent neurons in the hippocampus may lead to 
differentiation and alteration in the function of neurons in 
other brain regions. Another potential cause of the wide-
spread reduction in NAA may be related to treatment 
effects from antiepileptic drugs.  

   Extratemporal Lobe Epilepsy 

 There are fewer studies on MRS in extratemporal lobe 
epilepsy compared to TLE. The potential for seizure lateral-
ization is lower in patients with extratemporal lobe epilepsy 
compared with TLE. Seizure lateralization was achieved in 
approximately 50% of patients with frontal lobe epilepsy 
 [  72,   73  ] . Furthermore, due to widespread NAA reduction in 
extratemporal lobe epilepsy, MRS abnormalities may not be 
adequately localized to identify the seizure focus in extratem-
poral lobe epilepsy  [  73  ] .  

   Hemiconvulsion–Hemiplegia–Epilepsy Syndrome 

 Hemiconvulsion–hemiplegia–epilepsy syndrome (HHE) is 
an uncommon consequence of prolonged febrile convulsion 
that occurs in children without antecedents, between 5 
months and 4 years old, with a peak incidence during the  fi rst 
2 years of life. The mechanism underlying the syndrome is 
unknown. The differential diagnosis of HHE in the acute 
phase remains a challenge, and requires exclusion of infec-
tive, vascular, and metabolic causes. MR imaging demon-
strates unilateral edematous swelling of the affected 
hemispheres in the acute phase, with diffusion restriction 
secondary to cytotoxic edema  [  74  ] . In the chronic stage, 
global volume loss develops, which is independent of a vas-
cular territory. Freeman et al.  [  75  ]  reported decrease in NAA 
peak in the affected hemispheres in comparison to the con-
tralateral side in one of the three patients. Decreased level of 
NAA in the affected hemisphere is likely related to the dif-
fuse edema and/or neuronal loss.  

   MRS of Epileptogenic Substrates 

   Malformations of Cortical Development 
 Malformations of cortical development (MCD) are congeni-
tal anomalies of the cortex that occur as a result of insult 
occurring during proliferation, migration, and/or organiza-
tion of neuronal cells. In a series of autopsied brains from 
patients with epilepsy, 14% had congenital malformations, 
and of those 46.5% had MCD  [  76  ] . These lesions are widely 
recognized as an important cause of refractory epilepsy and 
their identi fi cation with MRI remains one of the most impor-
tant factors in determining surgical outcomes. The MRS 
abnormality most frequently found in MCD is decreased 
NAA or NAA/Cr ratio in the lesion compared to controls  [  1  ] , 
but the  fi ndings can be heterogeneous and increase in NAA 
 [  77  ]  or no abnormalities  [  78  ]  has been reported in studies 
evaluating MCD. A decrease or an increase in Cr/phospho-
creatine and an increase in Cho compounds  [  79  ]  have been 
reported. In adults, large MCD had abnormal levels of 
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glutamine and GABA plus homocarnosine (GABA+)/Cr 
 [  80  ] . Studies in adults with MCD  [  77,   79  ]  described normal-
appearing perilesional zone that demonstrated metabolic 
abnormalities similar to that in MCD. Therefore, the MRI-
visible lesion is likely to be only the “tip of the iceberg” and 
could explain why surgical resection does not yield good 
results with respect to epilepsy control in some patients with 
focal MCD. Abnormal metabolites have been found not only 
adjacent to MCD, but also contralateral to MCD  [  81  ] . 

  Hemimegalencephaly  is a malformation due to abnormal 
neuronal proliferation. In a report of two cases of hemimega-
encephaly  [  82  ] , single voxel MRS demonstrated metabolic 
disturbances such as marked reduction of glutamate and 
NAA in the white matter, with less severe or no alterations in 
cortical gray matter, basal ganglia, and cerebellum. Both 
these cases also had mildly decreased NAA level in the white 
matter of the contralateral hemisphere. The spectroscopic 
 fi ndings indicate loss of neuronal tissue and glial cell prolif-
eration, which affect not only the abnormal hemisphere, but 
also the normal appearing contralateral hemisphere to a 
lesser extent. 

  Focal cortical dysplasia  (FCD), as initially de fi ned by 
Taylor and co-workers  [  83  ] , closely mimics the histopatho-
logic appearance of cortical tubers in tuberous sclerosis but 
fails to demonstrate the additional pathologic stigmata, fam-
ily history, or clinical presentation. FCD is one of the most 
common epileptogenic substrate responsible for intractable 
epilepsy in children. MRI appearance of FCD includes thick-
ening of the cortex, increased signal on T2- and FLAIR 
images in the subcortical white matter and cortex, loss of 
gray/white demarcation, and abnormal sulci. MRS of FCD 
has shown reduced NAA/Cr within the lesion compared to 
the contralateral side  [  84  ]  (Fig.  15.3 ).  

  Gray matter heterotopia s are collections of neurons and glia 
in abnormal location secondary to the arrest of neuronal migra-
tion. Arrest of neuronal migration can occur at different stages 
of maturation. Therefore, some neurons might be less mature 
and improperly connected, while other neurons are more 
mature. Histology has shown the presence of normal appearing 
neurons in heterotopia  [  85  ] . This variability in neuronal matu-
ration within gray matter heterotopia may account for the vari-
ability in NAA metabolite observed on in vivo MRS. Some 
studies have shown no signi fi cant differences of NAA/Cr ratios 
in areas of gray matter heterotopia compared with normal brain 
or controls  [  86,   87  ] ; others have found a reduction in NAA 
level  [  88–  91  ] ; and in one study, MRS of a large gray matter 
heterotopia showed increased NAA level  [  92  ] . 

  Band heterotopia  is a MCD characterized by disruption of 
neuronal migration, demonstrating extensive bilateral sym-
metric plates of heterotopic gray matter, usually in the cen-
trum semiovale below the normal cortex. Individuals with 
this abnormality may present clinically with mental retarda-
tion and intractable epilepsy. Band heterotopia may be caused 
by mutations in the doublecortin gene Xq22.3 or LISI gene 
on chromosome 17  [  93  ] . On histology, the external cortex 
appears close to normal with the usual six layers and rela-
tively well differentiated neurons; that may account for the 
normal NAA/Cr  [  94  ]  reported in band heterotopia. However, 
decrease in NAA/Cr ratio has also been demonstrated within 
band heterotopia  [  89  ] , which could be related to dysfunc-
tional neurons. Differences in NAA/Cr ratios reported in the 
literature may be related to slight differences in neuronal 
maturation or neuronal dysfunction or differences in MRI 
acquisition techniques. 

  Polymicrogyria  is a malformation due to abnormal late neu-
ronal migration and cortical organization. This abnormality 

  Fig. 15.3    Thirteen-year old with seizures. Axial ( a ) T2 shows 
increased signal in the left occipital lobe cortex and subcortical white 
matter, in keeping with focal cortical dysplasia. Single voxel MR spec-

troscopy acquired from the ( b ) right and ( c ) left occipital lobes relative 
reduction in NAA in the left occipital lobe compared to the right 
occipital lobe       
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appears on MRI as an area of thickened cortex with an undulating 
gray–white matter interface and often with abnormal adjacent 
white matter. On histology, polymicrogyria has a common 
derangement of the typical six-layered lamination of the cor-
tex. The insult leading to the development of polymicrogyria 
occurs when the neurons are more mature and have normal cel-
lular structure. Variable MRS abnormalities have been demon-
strated in the literature. Widjaja et al.  [  86  ]  studied 22 children 
(mean age 16 years) with polymicrogyria and showed no 
signi fi cant reduction in NAA/Cr ratio in polymicrogyria com-
pared with the normal brain (Fig.  15.4 ). Simone et al.  [  90  ]  
applied MRS in  fi ve patients with polymicrogyria (mean age 
32 years) and reported reduced NAA/Cr and NAA/Cho ratios 
in areas affected by polymicrogyria. The differences in the 
results were postulated to be due to differences in age groups, 
as metabolites levels change with growth, or due to acquisition 
limitations as MRS were acquired from different regions of the 
brain and therefore ratios can vary signi fi cantly depending on 
their locations in the brain parenchyma.     

   Neurocutaneous Syndromes 

   Tuberous Sclerosis Complex 

 Tuberous sclerosis complex (TSC) is an autosomal dominant 
disorder that affects multiple systems including brain, eyes, 
heart, kidney, skin, and lungs. Two genetic abnormalities have 
been described related to TSC (TSC 1 on chromosome 9q34 
and TSC 2 on chromosome 16pI3). Intracranial manifesta-
tions of TSC include cortical tubers, subependymal nodules, 
and giant cell astrocytomas, and these patients present with 
epilepsy and mental retardation. Cortical tubers demonstrate 
a low NAA/Cr (Fig.  15.5 ), increased Cho/Cr, and a lactate 
peak. The presence of a lactate peak that correlates with EEG 

or MEG could add valuable information if surgery is considered 
 [  95  ] , but does not identify the epileptogenic tuber. Yapici 
et al.  [  95  ]  reported four of the six patients who showed lactate 
peak had seizures within 2 days of the spectroscopy study, 
and lactate peak was also detected in four tubers not associ-
ated with an epileptogenic focus, as well as in two individuals 
with good seizure control and no interictal spiking on EEG. 
Therefore, a lactate peak is not a speci fi c marker of an epilep-
togenic focus, but may re fl ect changes related to refractory 
seizures. Myoinositol/creatine ratio has a propensity to be 
increased in cortical tubers  [  95,   96  ] . An increase in MI level 
is expected when there is an increase in membrane turnover 
due to myelin sheath repair. Therefore, MI in cortical tubers 
suggests the presence of gliosis and demyelination within 
cortical tubers. MRS of subependymal giant cell astrocytoma 
has demonstrated a decrease in NAA/Cr and an increase in 
Cho/Cr compared to the contralateral non-affected side  [  97  ] .   

   Sturge-Weber Syndrome 

 Sturge-Weber syndrome or encephalotrigeminal angiomato-
sis is characterized by facial port-wine stain, epilepsy, and 
mental retardation. MRI shows leptomeningeal angiomato-
sis, enlargement of the choroid plexus, parenchymal atrophy, 
calvarial changes, and calci fi cations. MRS could be valuable 
for early characterization and monitoring of neuronal dys-
function or neuronal loss in infants and children with Sturge-
Weber syndrome. NAA peak has been shown to decrease 
(Fig.  15.6 ), and choline peak increased on the affected side. 
Reduced NAA has been attributed to neuronal loss, as a con-
sequence of the leptomeningeal angiomatosis, and associ-
ated cerebral volume loss and calci fi cation. Others have 
postulated that the decrease in NAA is related to neuronal 
dysfunction secondary to seizures  [  98,   99  ] .   

  Fig. 15.4    ( a ) Axial T2 demonstrates cortical thickening and irregular 
gray–white matter junction in the left frontal lobe, features in keeping 
with polymicrogyria. ( b ) Single voxel MR spectroscopy with TE = 144 ms 

acquired from the polymicrogyria shows relatively normal  N -acetyl 
aspartate (NAA) relative to creatine       
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   Tumor 

 Epilepsy-associated developmental tumor may account for up 
to two-thirds of the surgical pathologic substrate  [  100–  103  ]  in 
epilepsy surgery. These tumors originate in and develop from 
the cortex and therefore clinically present with seizures. They 
are slow growing tumor with well-de fi ned margins, without 
associated edema or necrosis. Complete removal results in 
good seizure control or render the patients seizure free. The 
epilepsy-associated tumor includes ganglioglioma and dyse-
mbryoplastic neuro-epithelial tumor (DNET). 

  Ganglioglioma  are slightly more common in males and 
are ten times more common in children than in adults  [  104  ] . 
They are associated with chronic epilepsy in 85% of cases, 
and are located mostly in the temporo-mesial (50%) or 

 temporo-lateral (29%) location  [  105  ] . Ganglioglioma may 
present as a solid mass in 43%, a cyst in 5%, and a mixed 
lesion in 52%  [  106  ] . They involve the cortex, usually broaden 
the gyri, and may cause remodeling of the adjacent bone. On 
CT, ganglioglioma may present as hypo- (38%), iso- (15%), 
hyper-attenuating (15%), or mixed attenuation mass (32%). 
Calci fi cation may be seen in about 30–50% of cases. On 
MR, the tumor may appear hypo- or iso-intense to gray mat-
ter on T1WI and hyper-intense on T2WI. Some may demon-
strate intrinsic high T1 signal  [  106  ] . Enhancement following 
gadolinium administration is common in up to 60% of cases. 
It can be nodular, ring-like, or solid. On MRS, ganglioglioma 
showed reduced Cho/Cr and NAA/Cr and increased Cho/
NAA ratio compared to contralateral side  [  107  ]  (Fig.  15.7 ). 
Patients with ganglioglioma had the best outcome compared 

  Fig. 15.6    Three-month old with Sturge Weber syndrome. ( a ) Axial T1 
post-contrast shows leptomeningeal enhancement in the right hemi-
sphere and enlarged right choroid plexus. ( b ) On chemical shift imag-

ing, there is reduced N-acetyl aspartate in the right frontal lobe compared 
to the left frontal lobe       

  Fig. 15.5    Eighteen-month-old girl with tuberous sclerosis complex. ( a ) 
Axial T2 demonstrating a right frontal cortical tuber. Single voxel MR 

spectroscopy from ( b ) the right frontal cortical tuber shows reduced 
N-acetyl aspartate compared to ( c ) the normal appearing left frontal lobe       
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to other types of epilepsy-associated tumors (92% Engel 
class I and II)  [  100,   102,   105  ]  .   

  DNET  affects the temporal and frontal lobes predominantly. 
DNET (14%) is less common in children compared to ganglio-
glioma (43%)  [  102  ] . The lesion may have a well-demarcated 
margin (50%) or the margins may be slightly blurred  [  108  ] . The 
tumor may cause broadening of the gyri, effacement of the sulci, 
and distortion of the ventricles  [  108  ] . The tumor may also result 
in remodeling of the overlying skull vault in 44% of cases  [  109  ] . 
On MR imaging, the tumor is of low T1/high T2 signal, often 
with multi-cystic, multinodular changes, and “bubbly” appear-
ance  [  108  ] , and may have a thin rim of high signal on FLAIR 
sequence. The tumor appears wedge-shaped and extends to the 
ventricle in 30% of cases. One-third of the cases show faint 
punctate or ring enhancement. DNET can demonstrate slightly 
reduced or similar NAA signal when compared to the contralat-
eral normal side; the choline peak can be slightly elevated but 

usually are lower than in higher grade tumor, indicative of minor 
or non-active membrane turnover (Fig.  15.8 ). This supports the 
benign biologic behavior of this indolent tumor.  [  110,   111  ]   

 Differentiating low-grade tumor from focal cortical dys-
plasia (FCD) based on imaging can be challenging but impor-
tant for treatment planning. Studies have been performed to 
differentiate low-grade tumor from FCD  [  110,   112  ] . Vouri 
et al.  [  110  ]  suggested that changes in NAA and Choline could 
help differentiate low-grade tumor from FCD. The main 
difference was low levels of NAA in gliomas ( n  = 10) com-
pared to nearly normal levels of NAA in FCD ( n  = 5) and 
DNET ( n  = 3). In contrast, there were increased Cho levels in 
low-grade glioma compared to FCD. Changes in Cho and Cr 
can help differentiate astrocytoma from oligodendroglioma 
and oligoastrocytoma. In oligoastrocytoma both Cho and Cr 
were elevated, whereas in astrocytoma Cho was modestly 
increased and Cr was decreased. The higher cell density in 

  Fig. 15.7    Sixteen-year-old boy 
with ganglioglioma. ( a ) Coronal 
FLAIR shows the well-de fi ned 
tumor in the left anterior 
temporal lobe. ( b ) Single voxel 
MR spectroscopy acquired from 
the tumor shows reduced 
N-acetyl aspartate relative to 
creatine and elevated choline       

  Fig. 15.8    Seven-year-old girl with dysembryoplastic neuro- epithelial 
tumor. ( a ) Axial T2 shows hyperintense lesion in the left mesial fron-
tal lobe, ( b ) with minimal enhancement on the post-contrast scan. 

( c ) Single voxel MR spectroscopy acquired from the tumor shows 
normal  N -acetyl aspartate relative to creatine and slightly elevated 
choline       
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oligodendroglioma may account for the elevated level of Cho 
in the tumor. However, transient seizures can elevate choline 
levels  [  113  ] , therefore caution should be exercised when 
interpreting MRS in the setting of acute seizures.  

   Hypothalamic Hamartoma 

 Hypothalamic hamartoma are developmental malformations 
associated with central precocious puberty and gelastic 
(laughing) seizures. Seizures usually begin in infancy and 
childhood and later may be accompanied by cognitive decline. 
The relation between seizures and hamartoma has been docu-
mented using stereotactic depth recording, and with ictal 
single photon emission computed tomography studies show-
ing hyperperfusion in hypothalamic hamartoma  [  114  ] . MR 
appearance of this lesion is isointense to increase signal on 
T2-weighted images relative to cortical and deep gray matter, 
slightly decreased signal on T1-weighted images, and higher 
signal intensity compared with gray matter on  fl uid attenu-
ated inversion recovery imaging. Proton MRS demonstrated 
lower NAA content and higher MI concentration than either 
normal thalamic gray matter or frontal lobe gray and white 
matter  [  115,   116  ]  (Fig.  15.9 ). The decrease in NAA suggested 
reduced neuronal density in the hypothalamic hamartoma and 
the increase in MI likely re fl ects gliosis.   

   Rasmussen Syndrome 

 Rasmussen encephalitis is a rare, progressive disease begin-
ning in the  fi rst decade in previously healthy children  [  117  ] . 

It is characterized by acute presentation with refractory partial 
seizures, often with epilepsia partialis continua, which pres-
ents as clonic twitching of one group of muscles, repeated 
every few seconds, and persisting for hours, days, or longer. 
The disease usually follows a progressive neurological and 
cognitive deterioration with the development of hemiplegia. In 
the acute stages, MRI demonstrates cortical hyper-intensity on 
T2-weighted images that progress to volume loss in the chronic 
stages, with loss of the acute increased signal on T2-weighted 
MRI. MRS studies had focused predominantly on NAA level, 
which is usually decreased in the affected hemisphere  [  118–
  121  ] , suggestive of neuronal loss and correspond to the vol-
ume loss seen with conventional MR sequences. Abnormally 
high concentration of Cho was reported in one study  [  120  ]  but 
not in others  [  118,   119  ] , suggestive of variable changes in 
membrane turnover. Increased lactate has been observed in 
Rasmussen encephalitis patients imaged during complex par-
tial status epilepticus, indicative of the occurrence of anaero-
bic metabolism. However, the abnormalities on MRS tend to 
resolve completely on subsequent scans when seizures are 
under better control  [  122  ] . Consequently, care should be taken 
when interpreting the MRS in these patients on the basis of a 
single spectroscopy study. Increase in MI has also been 
reported in the late stages of the disease  [  118  ] , which suggests 
prominent gliotic activity or scar.   

   Treatment and MRS 

  Vigabatrin  is an irreversible inhibitor of GABA transaminase, 
the enzyme that catalyzes the metabolism of GABA in the 
brain. Vigabatrin has been shown to have an anticonvulsant 

  Fig. 15.9    Four-year-old girl with hypothalamic hamartoma. ( a ) 
Sagittal T1 post-contrast demonstrates a non-enhancing mass in the 
hypothalamus, in keeping with hypothalamic hamartoma. ( b ) Single 

voxel MR spectroscopy acquired from the tumor with TE = 144 ms 
shows reduced  N -acetyl aspartate relative to creatine       
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effect in animal models of epilepsy and in human epileptic 
patients. Patients with infantile spasm treated with Vigabatrin 
may exhibit a transient MRI hyperintensity on T2 and diffu-
sion-weighted sequences in the dentate nuclei, globi pallidi, 
posterior brainstem, and thalami. The signal changes have 
been observed in approximately 20–30% of infantile spasm 
treated with Vigabatrin and can be observed 1–12 months 
after commencing Vigabatrin  [  123  ] . These transient hyperin-
tensities do not demonstrate a lactate peak or signi fi cant 
metabolite abnormality on MRS (Fig.  15.10 ). The exact 
signi fi cance of these alterations is not well understood  [  124  ] .  

  Ketogenic diet , a diet high in fat and low in carbohydrate, 
is a highly effective treatment in controlling seizures in chil-
dren. The mechanism by which ketogenic diet achieves sei-
zure control is poorly understood but it is believed that the 
diet affects intermediary metabolism that in fl uences the 
dynamics of the major inhibitory and excitatory neurotrans-
mitter system in the brain. Three water-soluble compounds, 
  b -hydroxybutyrate, acetoacetate, and acetone  (known collec-
tively as  ketone bodies ), are produced by the liver in 
otherwise healthy people when they fast or are under a keto-
genic diet. The level of ketosis in patients is monitored by 
measuring urine ketone level; however, MRS can also detect 
these metabolites. Ketone has a single resonance at 2.2 ppm, 
while acetoacetate has two peaks at 2.26 and 3.46 ppm. 

Ketone is a metabolite that has been identi fi ed in epileptic 
patients treated with ketogenic diet, which is an indicator of 
excess acetone (Fig.  15.11 ). The other two metabolites are 
not detected in the spectra, likely due to lower concentrations. 
MRS in patients on ketogenic diet may additionally show a 
reduction in NAA and Cr while on the diet  [  125  ] .   

   Conclusion 

 MRS is a non-invasive tool that allows in vivo assessment of 
brain metabolism, and therefore could potentially be used to 
lateralize seizure focus in TLE and to assist in the under-
standing of the pathophysiology of epilepsy syndromes and 
brain malformations. The ability of MRS to lateralize and 
localize seizure focus is still limited in extratemporal lobe 
epilepsy, which is more common than TLE in children with 
intractable epilepsy. Whole-brain CSI may assist in seizure 
localization in those with cryptogenic focal epilepsy. 
However, due to the longer acquisition time and more 
complex processing, CSI is not commonly used in the pediat-
ric population. Further technical developments in CSI 
and post-processing may allow whole-brain MRS to be 
performed within an acceptable time, thereby allowing more 
widespread use of CSI in clinical practice.      

  Fig. 15.10    Six-month old with 
infantile spasm treated with 
vigabatrin. Axial ( a ) T2 and 
( b ) diffusion weighted imaging 
shows increased signal in the 
globi pallidi. ( c ) Single voxel MR 
spectroscopy acquired with 
TE = 144 ms shows normal spectra 
for age       
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 Adolescence, a transitional period between childhood and 
adulthood (12–18 years of age), is characterized by maturation 
of cognitive and behavioral abilities  [  156  ] . Compared to brain 
development in perinatal and early childhood, neurobiological 
changes occurring during later childhood and adolescence are 
less dramatic but have critical importance for development of 
normal brain functions  [  47  ] . The combinations of genetic vul-
nerability, endocrine changes during puberty, and environ-
mental factors render adolescents at risk for developing 
psychiatric disorders  [  110,   172  ] . In the developed world, men-
tal and addictive disorders can be considered the primary 
chronic diseases of childhood and adolescence. Attention 
De fi cit/Hyperactivity Disorder (ADHD) and Autism Spectrum 
Disorders (ASD) are associated with childhood. The onset of 
mood and anxiety disorders generally occurs in adolescence, 
although the diagnoses may be delayed until adulthood. Many 
psychiatric disorders that emerge in childhood and adoles-
cence can be understood as dysfunctions within established 
brain circuits  [  75,   160  ] . Therefore, an understanding of nor-
mal development of the brain and its circuitry is important for 
both identifying the causes of psychiatric disorders and for 
development of effective treatments  [  160  ] . 

 Advanced techniques of neuroimaging make possible 
studies of brain structure, physiology, function, and metabo-
lism in the critical periods of childhood and adolescence 
 [  45  ] . MRI was the  fi rst neuroimaging technique that enabled 
noninvasive studies of neuroanatomical correlates of cogni-
tion, behavior, and emotions and permitted serial observa-
tions in individual subjects  [  100  ] . This chapter is an overview 

of the applications of  1 H Magnetic Resonance Spectroscopy 
(MRS) to brain development during adolescence, and to 
major neuropsychiatric disorders, except ADHD and ASD, 
which are subjects of separate chapters in this volume.  1 H 
MRS allows for testing of novel hypotheses on speci fi c 
regional metabolic patterns and their changes over time in 
psychiatric disorders associated with childhood and adoles-
cence, in populations not affected by a chronic disease or 
long-term medications. 

   Normal Brain Development 

   Imaging of Brain Development During 
Adolescence 

 MRI studies revealed regional and sex-related heterogene-
ity of rates of maturation of gray and white matter. 
Considering the differences between males and females in 
prevalence, age of onset and presentation of symptoms of 
neuropsychiatric disorders, sex-related differences in devel-
opmental brain trajectories are of high relevance for studies 
of pathology  [  55  ] . However, the differences in morphology 
may not re fl ect sexually dimorphic differences in function-
ally relevant factors such as neuronal connectivity and 
receptor density  [  100  ] . 

 Earlier cross-sectional and later longitudinal quantitative 
MRI studies in typically developing children and adolescents 
examined age-related changes in total brain volumes and 
volumes of gray matter, white matter, and subcortical struc-
tures between the ages of 4 and 20 years  [  56–  58,   79,   129  ] . 
Total cerebral volume peaks at the age or 14.5 years in boys 
and at 10.5 years in girls, with the male brain having an 
approximately 9% larger mean volume (Fig.  16.1a ).  

 Cortical gray matter volumes follow a nonlinear develop-
mental course, with an increase during preadolescence and 
decrease in the postadolescence period. The maximum gray 
matter volumes are detected around the age of 12 years in the 
frontal and parietal lobes, and around the age of 16 years in the 
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temporal lobe; the volumes of occipital gray matter continue 
to increase through the age of 20 years (Fig.  16.1b ). A similar 
pattern of nonlinear developmental changes has also been 
described for the number of synapses, glucose utilization rate, 
EEG power, and neurotransmitter receptor densities  [  55  ] . For 
example, one PET study showed that at birth, the regional 
cerebral metabolic rates of glucose utilization are about 30% 
lower than the rates measured in adults. Between the ages of 4 
years and 9–10 years, a high plateau of glucose utilization rate 
twice as high as in the adult brain is reached, followed by a 
decline until 16–18 years when the glucose utilization rates 
stabilize  [  28  ] . It was noted that the ascending rate of glucose 
utilization until 4 years of age corresponds to the period of 
synaptic proliferation, and the high plateau during childhood 
represents the period of synaptic stabilization and the decline 
during adolescence is associated with the period of synaptic 
elimination and diminishing energy requirement  [  28  ] . 

 The volumes of white matter tend to increase linearly 
throughout childhood and adolescence, with smaller variabil-
ity among regions  [  56,   57,   59  ]  (Fig.  16.1c ). Age-related 

 differences in structural integrity and organization of white 
matter can be assessed with diffusion tensor imaging (DTI), 
by measuring water diffusion properties along white matter 
tracts. After prominent changes in DTI parameters (e.g., mean 
diffusivity (MD)) or fractional anisotropy (FA)) observed dur-
ing infancy and early childhood, continuing but more subtle 
age-related decreases in MD and increases in FA were detected 
in several white matter tracts  [  14,   63,   98  ] . Increases in white 
matter FA, as detected by DTI, and white matter volumes, as 
reported by morphometric MRI, may be attributed to continu-
ing myelination and other factors, including increase in the 
 fi ber diameter  [  62  ] . Maturation of white matter is associated 
with development of speci fi c cognitive functions  [  118  ] . For 
example, one DTI study of adolescent boys reported a rela-
tionship between language and semantic memory and FA in 
the arcuate fasciculus  [  4  ] . In planning of future studies of neu-
ropsychiatric disorders, it should be considered that impair-
ment of white matter is involved in a wide range of psychiatric 
disorders and neurodevelopmental cognitive and emotional 
disorders  [  47,   48  ] .  

  Fig. 16.1    Mean volume by age in years is shown for males (upper 
trace;  N  = 475 scans) and females (lower trace;  N  = 354 scans). Middle 
lines in each set represent mean values, and upper and lower lines rep-
resent upper and lower 95% con fi dence intervals. ( a ) Total brain vol-
ume, ( b ) gray matter volume, ( c ) white matter volume. Brain volume 
follows an inverted U shape trajectory, which peaks at approximately 
age 10.5 in girls and 14.5 in boys. Cortical gray matter follows an 

inverted U shape developmental trajectory, with peak sizes occurring at 
different times in different regions. White matter volumes increase 
throughout childhood and adolescence. (From Giedd JN, et al.  Anatomic 
Magnetic Resonance Imaging of the Developing Child and Adolescent 
Brain and Effects of Genetic Variation. Neuropsychol Rev 2010 11–19, 
with permission.)        
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    1 H MRS of Brain Development During 
Adolescence 

 Psychiatric disorders may be a result of impairment in com-
plex biological and psychological processes  [  75  ] . If  aberrations 

in biological substrates precede the emerging of symptoms, 
noninvasive neuroimaging techniques such as  1 H MRS may 
have an invaluable role in identifying potential biomarkers of 
speci fi c diseases. Knowledge of age-related changes in con-
centrations of these biomarkers would be important for detec-
tion and understanding of pathological  fi ndings in 
neuropsychiatric diseases associated with abnormal brain 
development during childhood and adolescence. 

  1 H MRS can detect differences in metabolic patterns 
between gray and white matter  [  8,   10,   34,   77,   132  ]  and within 
speci fi c gray and white matter regions  [  3,   81  ] . Figure  16.2  
shows examples of spectroscopic patterns in three gray mat-
ter regions of interest often examined in patients with neu-
ropsychiatric disorders—caudate nucleus, anterior cingulate, 
and occipital cortex. The spectra show signals of 
 N -acetylaspartate (NAA), choline (Cho), creatine (Cr), myo-
inositol (Ins), and complex resonances of overlapping sig-
nals of glutamate (Glu) and glutamine (Gln), denoted Glx. 
A short TE spectrum collected at 7 T in a 5.5-year-old healthy 
boy (Fig.  16.3 ) demonstrates a superior signal resolution 
compared with 1.5 T. The major advantage of ultra-high  fi eld 
MRS for studying neuropsychiatric disorders is improved 
reliability of quantitative assessment, in particular of metab-
olites at low concentrations or with a complex signal pattern 
 [  166  ] . NAA, located both in neuronal cell bodies and axons, 
is considered a marker of neuronal integrity and function. 
Signals of N-acetylaspartate and N-acetylaspartyl glutamate 
contribute to the “NAA” resonance. The Cho signal repre-
sents compounds associated with cell membrane turnover 
(mainly glycerophosphocholine, phosphocholine, and free 
choline). The Cr resonance includes creatine and phospho-
creatine, compounds involved in high-energy cell metabo-
lism. Myo-inositol, located primarily in glial cells, is 
considered a glial marker  [  16  ] . The metabolism of Glu (an 
excitatory neurotransmitter), GABA (an inhibitory neu-
rotransmitter), and Gln are linked via the Glu/GABA-Gln 
cycle, involving neurons and astrocytes  [  7  ] . Recent publica-
tions cover technical aspects and clinical applications of  1 H 
MRS  [  9  ]  and present lists of chemical shifts of MRS-detected 
compounds  [  33,   67  ] .   

 The knowledge of age-related differences during brain 
development, maturation, and aging is important for inter-
pretation of data in patients with neuropathologies  [  69, 
  74,   81,   95,   123  ] . Age-related metabolic differences are 
most prominent within the  fi rst 2–3 years of life  [  95,   123  ]  
compared with changes observed during childhood, ado-
lescence, or aging. 

 In the  gray matter , a single voxel MRS study of a mid-
parietal region reported a gradual increase in the total NAA 
concentration and a decrease in taurine (Tau) from infancy 
to adulthood  [  132  ] . No age-related differences in Cho, Cr, 
Ins, Glu, and Gln were detected after the age of 1 year. 
Spectra were obtained at 2.0 T using the STEAM  technique, 

  Fig. 16.2    Localizer images and  1 H MR spectra of ( a ) right caudate 
nucleus, ( b ) anterior cingulate gyrus, and ( c ) occipital cortex, brain 
regions frequently examined in patients with neuropsychiatric disorders. 
The spectra show signals of choline (Cho), creatine (Cr), myo-inositol 
(mI),  N -acetylaspartate (NAA), and complex unresolved signals of gluta-
mate and glutamine (Glx). The spectra were acquired at 1.5 T with 2 s 
repetition time and 30 ms echo time. (From Starck, Goran, et al.:  A   1 H 
 magnetic resonance spectroscopy study in adults with obsessive compul-
sive disorder: relationship between metabolite concentrations and symp-
tom severity. J Neural Transmission 2008, 7–2, with permission        
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with repetition time (TR)/mixing time (TM)/echo time 
(TE) = 6 s/10 or 30 ms/20 ms. The study included 17 chil-
dren aged 5–10 years and 26 children aged 10–18 years, in 
addition to younger children and a group of adults  [  132  ] . 
No age-related differences in Cho, Cr, and NAA concentra-
tions were detected in cortical gray matter (frontal, parietal, 
medial premotor, and motor cortices) in a MRSI study per-
formed at a long TE of 272 ms  [  74  ] ; the study included 15 
children 3–18 years old. The only signi fi cant  fi nding was a 
slight decline in mean gray matter NAA/Cho ratio after the 
age of 10 years  [  74  ] . This is in agreement with a study by 
Kadota et al., reporting a gradual linear decrease in the 
NAA/Cho ratio from childhood to old age in the midline 
gray matter at the level of the centrum semiovale  [  81  ] . Their 
MRSI study was carried out at 1.5 T with TR/
TE = 1.5 s/270 ms in 90 healthy volunteers aged 4–88 years 
 [  81  ] . A nonlinear relationship between cortical gray matter 
NAA concentrations and age was reported in a  1 H and  31 P 
MRSI study (1.5 T, TR/TE = 1.5 s/30 ms) including 105 
healthy children 6–18 years old; no difference in NAA con-
centration between the youngest and oldest children was 
detected  [  65  ] . The concentration of phosphocreatine 
(detected with  31 P MRS) was increasing with age  [  65  ] . 

No relationship between NAA/Cho and age in 21 children 
and adolescents (10–18 years) was detected in the medial 
temporal lobe. The single-voxel study was performed at 
1.5 T, with TR/TE = 1.5 s/35 ms in a group of 21 healthy 
children and adolescents 10–18 years old  [  60  ] . However, in 
a larger sample including children born prematurely, a 
signi fi cant positive correlation between gestational age at 
birth and NAA and Cr concentrations was detected  [  61  ] . 

 In the  white matter , a gradual increase in NAA concentra-
tion; a slow decrease in Cho concentration; and reductions in 
Gln, taurine, and GABA with increasing age were noted in the 
parieto-occipital region  [  132  ] . A small linear increase in the 
ratio NAA/Cho averaged from the frontal and the parietal white 
matter between the ages 6 and 18 years was reported in another 
study  [  74  ] . In the study by Kadota et al., the white matter NAA/
Cho ratio measured in the centrum semiovale increased during 
childhood, and after reaching a maximum around 15.9 years in 
the posterior regions, around 17.6 years in the central regions, 
and around 21.9 years in the anterior regions, a steady decline 
was observed  [  81  ] . Figure  16.4  shows age-related differences in 
Cho/Cr and NAA/Cr ratios obtained in healthy children and 
adolescents in two white matter regions. A relatively small but 
signi fi cant age-related decrease in the Cho/Cr ratio and a 

  Fig. 16.3    Localizer image and  1 H MR spectrum collected at 7 T with 
repetition time of 3 s, echo time of 14 ms, and 96 acquisitions, in the 
anterior medial frontal region in a 5.5-year-old healthy boy. The signals 

can be assigned to ascorbate (Asc), choline (Cho), creatine (Cr), 
  g -aminobutyrate (GABA), glutamate (Glu), glutamine (Gln), glutathione 
(GSH), myo-inositol (Ins),  N -acetylaspartate (NAA), and taurine (Tau)       
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nonsigni fi cant relationship between the NAA/Cr ratio and age 
were detected in the temporo-occipital white matter and the 
corona radiata (Horska et al. unpublished results).  

 In the  basal ganglia , the concentrations of Cho, Cr, NAA, 
Ins, Glu, and Gln were stable from infancy to adulthood 
 [  132  ] . In the  thalamus , a slight increase in total NAA con-
centration during childhood and adolescence was observed 
at a short TE  [  132  ]  while no effect of age on metabolite con-
centrations or the NAA/Cho ratio was detected in a long TE 
study including a smaller number of subjects  [  74  ] . 

 In the  cerebellum , mean NAA levels were slightly higher 
in older children and adolescents compared to infants and 
younger children  [  132  ] . A decrease in mean Ins concentra-
tion from infancy to adulthood was also detected  [  132  ] . 

 While morphologic MRI studies reported differences in 
brain sizes and developmental trajectories between boys and 
girls, no sex-related differences in metabolite levels were 
detected in most of the MRS studies discussed above, likely 
due to both limited sample sizes and cross-sectional design. 
However, the study by Kadota et al. found a faster increase in 
white matter NAA/Cho ratio with age in boys than in girls 
 [  81  ] . Regarding left–right differences, the same study also 
reported a higher white matter NAA/Cho ratio in the right 
hemisphere compared with the left hemisphere in children and 
adolescents  [  81  ] . In an older age group of healthy controls 

(mean age 29.6 ± 5.3 years),  1 H MRSI performed at 1.5 T did 
not detect any differences between male and female subjects 
in Cho, Cr, and NAA concentrations and metabolite ratios in 
functionally lateralized cortical regions—the hippocampal 
and parahippocampal gyri, thalamus, insula, Broca’s and 
Wernicke’s areas, primary and secondary visual areas, tempo-
ral, inferior, parietal, cingulate, supplemental motor, dorsolat-
eral prefrontal, and sensorimotor areas  [  117  ] . NAA 
concentration was 21.9% higher in the left thalamus and 13% 
higher in the region contralateral to the Wernicke’s area  [  117  ] . 
However, the study was limited to 20 controls and a younger 
age group was not available to determine if these left–right 
differences can also be detected in children and adolescents. 

 Studies of normal brain development demonstrated that  1 H 
MRS is a sensitive technique that can detect age-related differ-
ences in brain metabolism, consistent with continuing brain 
maturation during childhood and adolescence. Considering 
the importance of early detection of abnormalities in brain 
development that may contribute to early onset neuropsychiat-
ric disorders, more detailed longitudinal studies of normal 
brain development are needed to better understand and inter-
pret developmental metabolic trajectories in patient popula-
tions. The focus of future studies may also be on regional 
age-related changes in concentrations of neurotransmitters 
implied in psychiatric disorders, such as Glu and GABA.  

  Fig. 16.4    Age-related decrease of the Cho/Cr ratio and stable NAA/Cr ratio in the temporo-occipital white matter and the corona radiata. The  1 H 
MRSI data were collected in a group of 37 healthy children and adolescents at 1.5 T, with repetition time of 2 s and echo time of 140 ms       
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   Metabolic Correlates of Neuropsychological 
Performance in Healthy Children 
and Adolescents 

  1 H MRS has been used to study cognitive processes in neu-
rological and neuropsychiatric disorders  [  140  ] . Studies in 
typically developing children and adolescents can improve 
our understanding of localization of speci fi c cognitive 
functions. 

 In the  frontal lobe , a  1 H MRSI study (1.5 T, TR/
TE = 2 s/140 ms) in 51 healthy boys and girls 6–18 years old 
identi fi ed a positive relationship between frontal white matter 
NAA/Cr ratio and performance on two neuropsychological 
tests associated with frontal lobe function  [  122  ] . Positive cor-
relations between the NAA/Cr ratio in the left frontal white 
matter and the performance on the Purdue Pegboard right hand 
scores (a test of manual dexterity and speed) and between the 
NAA/Cr ratio in the right frontal white matter and Stanford-
Binet-IV Bead Memory scores (a test of visual working mem-
ory) were detected. No signi fi cant relationship between the 
test scores and frontal gray matter NAA/Cr ratios was observed 
 [  122  ] . In a group of 20 normal developing 24 boys 7–12 years 
old  [  176  ] , NAA and Cr concentrations in right frontal white 
matter positively correlated with working memory skills 
assessed by the Visual Two-Back Memory Test. Since no 
signi fi cant correlations between the MRS measures and the 
Visual Temporal Order Memory Test and estimated full-scale 
IQ were detected, it was concluded that the results may be 
speci fi c to visual working memory. The  1 H MRS study was 
performed at 1.5 T with TR/TE = 1.5 s/30 ms  [  176  ] . 

 In the  medial temporal lobe,  NAA/Cho ratio was posi-
tively correlated with performance on several memory vari-
ables (learning, immediate recall, face–name recognition) 
and negatively correlated with long-term memory loss; 
modi fi ed version of the Auditory Verbal Learning test and 
a face–name memory task were used in the experiments. 
No signi fi cant relationship between NAA/Cho ratio and 
global intelligence assessed by Wechsler intelligence scales 
was detected  [  60  ] . 

 In the  31 P/ 1 H MRSI study evaluating gray matter, white 
matter, and deep brain nuclei in one slice at the  level of the 
basal ganglia   [  65  ] , mean NAA concentration was corre-
lated only with the visual–spatial construction domain, 
while mean phosphocreatine levels (and also gray matter 
volumes) showed signi fi cant correlations with language, 
visual–spatial construction, and memory domains. 
Composite scores were used in the correlation analyses; for 
the Visual Spatial cognitive domain, Wechsler Block 
Design, Visual Motor Integration Test, and Test of Visual 
Perception were used. The results of this study suggest that, 
in some instances, phosphocreatine concentration (mea-
sured by  31 P MRS) may be a more sensitive biomarker of 
neurocognitive development than NAA.   

   Neuropsychiatric Disorders of Childhood 
and Adolescence 

 A critical skill underlying multiple childhood psycho-
pathologies is the ability to control behaviors that con fl ict 
with societal norms  [  108  ] . This “self-regulatory control” 
is crucial for a child’s progressive ability to organize 
behaviors, thoughts, and emotions in order to attain goals 
 [  11,   131  ] . Early disturbance to the maturation of self-reg-
ulatory control skills can contribute to the development of 
a variety of childhood psychiatric disorders—especially 
those involving atypical behavioral, emotional, and cogni-
tive regulation  [  154  ] . There is evidence suggesting that 
the neural substrate underlying these skills is supported 
by a disturbed neural network with cortical and subcorti-
cal components including the frontal cortex and its stri-
atal-thalamic-cerebellar connections  [  42  ] . 

 Anomalous early development of fronto-striatal-cerebel-
lar circuitry in children is associated with onset of atypical 
behaviors, including those involving insuf fi cient self-regula-
tion (e.g.,  Attention De fi cit/Hyperactivity Disorder (ADHD), 
Tourette syndrome, Bipolar Disorder )  [  141  ] , excessive self-
regulation (e.g.,  Anorexia Nervosa, Autism Spectrum 
Disorders ), or both (e.g.,  Obsessive Compulsive Disorder, 
Childhood Schizophrenia, Bulimia Nervosa )  [  108  ] . 

 Current neurological models of frontal system struc-
ture and function have their basis in a well-described 
series of at least  fi ve parallel frontal-subcortical circuits 
 [  42  ] , of which two are related to motor function, originat-
ing in supplementary motor area (skeletomotor) and fron-
tal eye  fi elds (oculomotor) regions of the cortex; the other 
three, originating in dorsolateral prefrontal, anterior cin-
gulate, and lateral orbitofrontal cortices, are thought to be 
crucial in cognitive (“executive”) and socioemotional 
self-regulation. Frontal projections to the basal ganglia 
and cerebellum form a series of frontal-striatal-thalamo-
frontal (Fig.  16.5 ) and frontal-cerebello-frontal circuits 
(Fig.  16.6 )  [  94  ] . These circuits link speci fi c regions of the 
frontal lobes to subcortical structures, supply modality-
speci fi c mechanisms for interaction with the environment, 
and provide the framework for understanding the neuro-
biological relationship among different childhood psychi-
atric disorders  [  108  ] . There are major periods of gain in 
self-regulatory skills that are thought to correspond to 
periods of myelination and maturation of the prefrontal 
cortex and frontal-striatal brain systems  [  17  ] . The frontal 
systems that support executive function have a protracted 
period of development  [  162  ]  and are vulnerable to disrup-
tion via a variety of etiologies. This is likely why so many 
children who develop childhood psychiatric disorders 
present behavioral dif fi culties involving insuf fi cient or 
excessive self-regulation.   
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   Tourette syndrome 

 Tourette syndrome is a childhood-onset neuropsychiatric 
disorder characterized by the presence of multiple chronic 
motor and vocal tics, commonly associated with obsessive 
compulsive symptoms and disturbances of attention  [  97, 
  141  ] . A tic is considered a sudden, rapid, involuntary, non-
rhythmic repetitive movement, gesture, or vocalization that 
typically mimics some fragments of normal behavior. 
Patients with Tourette syndrome typically start presenting 
symptoms around the age of 4–6 years, with simple motor 
tics manifesting at 6–8 years of age and complex motor tics 
at the age of 8–10 years  [  141  ] . 

 The formal diagnostic criteria for Tourette syndrome, as 
de fi ned by the  Tourette Syndrome Classi fi cation Group  
(1993) includes the following (1) onset of symptoms before 
age 21 years; (2) presence of multiple motor and at least one 
vocal tic (not necessarily concurrently); (3) waxing and wan-
ing course; (4) presence of tic symptoms for at least 1 year; 
(5) absence of a precipitating illness; and (6) observation of 
the tics by a knowledgeable individual. The  DSM-IV-TR   [  1  ]  
recognizes three types of tic disorders.  Transient tic disor-
ders  involve multiple motor and/or vocal tics, many times a 
day, often in bouts, lasting at least 1 month, but not more 
than 1 year.  Chronic motor/vocal tic disorders  are identical 
to transient tic disorders, except that motor  or  vocal tics (but 

  Fig. 16.5    The prefrontal portions of cortico–striato–thalamo–cortical 
circuits project to speci fi c regions of the striatum, which, in turn, project 
directly or indirectly to speci fi c regions of the internal segment of the 
globus pallidus and the substantia nigra pars reticulata. These nuclei then 
project to the thalamus, which closes the loop by projecting back to the 

cortex. In each circuit, information  fl ows predominantly through either a 
direct or an indirect pathway, both of which are modulated by dopamine. 
(From Rostain AL,  Frontal Lobe Disorders in Pediatric Neuropsychology: 
Attention-De fi cit Hyperactivity Disorder and Tourette Disorder. 
Handbook of Medical Neuropsychology, springer 2010, with permission        
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not both) occur for at least 1 year. The course of the disease 
is variable; patients may show disappearance, improvement, 
or worsening of symptoms  [  150  ] . 

 Pathophysiology of Tourette syndrome involves disrupted 
neuronal circuits and neurotransmitter abnormalities involv-
ing the frontostriatal circuits  [  108,   141  ] , limbic, and associa-
tive circuits  [  99  ] . A strong evidence supporting abnormalities 
of the dopaminergic and noradrenergic neurotransmission is 
present, although the speci fi c mechanisms remain to be elu-
cidated  [  99  ] . 

 Neuroimaging techniques were applied in Tourette syn-
drome to assess anatomical, functional, and neurochemical 
aspects of this disorder. A recent comprehensive review sum-
marized different methodologies and major  fi ndings obtained 
in functional neuroimaging studies (SPECT, PET, fMRI) 
 [  136  ] . Anatomical  fi ndings in children and adolescents with 
Tourette syndrome include reduced thickness of frontal and 
parietal cortical gray matter, most prominent in ventral por-
tions of the sensory and motor regions. In the sensorimotor 
regions, cortical thickness was negatively correlated with tic 
severity  [  155  ] . Lower caudate and thalamic volumes were 
also detected  [  105  ] . Volumetric studies of Tourette syndrome 
are complicated, however, by the comorbidities with ADHD. 
For example, in children with “pure” Tourette syndrome 
(TS), for whom disproportionate  increases  in frontal white 

matter and rostral corpus callosum volume have been 
observed (compared to controls)—a pattern that contrasts 
with that observed in children with “pure” ADHD, in whom 
 reductions  in these regions were observed, and in children 
with comorbid TS and ADHD, in whom no differences with 
controls were observed in these regions  [  52  ] . DTI studies 
also revealed white matter impairment in Tourette syndrome. 
For example, a DTI study in 15 children with Tourette syn-
drome (mean age 11.6 ± 2.5 years) revealed increased ADC 
in the gray matter (orbitofrontal cortex bilaterally, left puta-
men, and left insular cortex) and white matter (corticostriatal 
projection pathways) compared with healthy controls  [  66  ] . 
Microstructural DTI-assessed abnormalities in several 
regions were related to tic severity and neurobehavioral 
scores  [  66,   76  ] . DTI also demonstrated reduced connectivity 
in the corpus callosum  [  130  ]  and within the frontostriato-
thalamic circuit  [  105,   106  ] . 

 A multislice  1 H MRSI study (TI/TE/TR = 230 ms/135 ms/1.8 s) 
performed at a head-only 3 T MRI scanner evaluated data 
collected in the premotor cortex, caudate head, putamen, and 
thalamus of 25 boys (age range 7–17 years) with Tourette 
syndrome and 36 age-matched healthy controls  [  38  ] . In the 
putamen, Cho and NAA concentrations (expressed in institu-
tional units) were reduced in the left hemisphere and Cr lev-
els were reduced bilaterally in the patient group. In the frontal 

  Fig. 16.6    The corticocerebellar circuit includes two dissociable but 
associated loops, the  motor loop  connecting motor cortex, thalamus, 
and anterior cerebellum and the  executive loop  connecting prefrontal-

pontine-posterior cerebellar sites. (From Zahr NM, et al.  Contributions 
of Studies on Alcohol Use Disorders to Understanding Cerebellar 
Function. Neuropsychol Rev 2010 9–13, with permission)        
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cortex, patients had reduced NAA bilaterally, reduced Cr in 
the right hemisphere, and reduced Ins in the left hemisphere. 
No group differences in Glx were detected. Exploratory 
analyses also suggested lower Cr in the caudate head and in 
the thalamus and lower NAA in the thalamus, bilaterally. Of 
the examined brain regions and metabolites, the only 
signi fi cant relationship between metabolite levels and clini-
cal parameters was a negative correlation between left fron-
tal cortex Ins and duration of tic symptoms. The study 
results—lower cortical and subcortical NAA concentra-
tions—are suggestive of impairment neuronal integrity or 
neuronal function in brain regions involved in Tourette syn-
drome neuropathology. Future  1 H MRS studies, in particular 
those performed at high  fi elds may be able to assess concen-
trations of relevant synaptic neurotransmitters, including 
glutamate and GABA.  

   Pediatric Bipolar Disorder 

 Pediatric bipolar disorder is a severe and persistent, cycling 
mood disorder, with lifetime prevalence estimates around 
1%  [  78,   101  ] . The  Diagnostic and Statistical Manual of 
Mental Disorders  (DSM-IV) differentiates between bipolar I 
disorder (patients may experience additional psychotic 
symptoms, such as delusions or hallucinations) while patients 
with bipolar II disorder have hypomanic (but not manic) epi-
sodes in addition to having one or more major depressive 
episodes. The course is often chronic, involving mixed symp-
toms and rapid changes  [  177  ] . While many of the symptoms 
of pediatric bipolar disorder overlap with those of childhood 
ADHD, the presence of mixed symptoms, severe irritability, 
elated mood and grandiosity, and reduced need for sleep 
without fatigue, more commonly associate with bipolar dis-
order  [  111  ] . Children with bipolar disorder also appear to 
display different patterns of motor dysfunction, compared to 
children with ADHD—the latter group showing greater 
impairment on basic motor speed, and children with bipolar 
disorder group showing dysfunction only on complex 
(sequenced) movements  [  40  ] . Severe irritability is a promi-
nent mood feature in pediatric bipolar disorder than grandi-
osity  [  175  ] , and the irritability associated with pediatric 
bipolar disorder has been found to be more functionally 
impairing than that observed in ADHD or Oppositional 
De fi ant Disorder (ODD)  [  112  ] . Bipolar disorder in children 
and adolescents has unique symptoms not commonly seen in 
adults (ultra-rapid mood cycling or extreme irritability) and 
the form of the illness is usually more severe than in adult-
onset bipolar disorder  [  170  ] . 

 The neurobiological substrate of pediatric bipolar disor-
der occurs at the interface between affect and cognition 
 [  124  ] , and involves neural networks subserving emotional 
regulation, and include frontotemporal, frontolimbic, and 

frontostriatal circuits  [  78  ] . Dysregulation of mood in bipolar 
disorder may be associated with diminished prefrontal mod-
ulation of subcortical and medial temporal structures within 
the anterior limbic network (amygdala, anterior striatum, 
and thalamus)  [  159  ] . Similarly as in adults with bipolar dis-
order, bipolar children and adolescents exhibit increased 
rates of white matter hyperintensities, most commonly in the 
prefrontal regions. Volumetric MRI  fi ndings were somewhat 
disparate but they are suggestive of global cerebral develop-
mental abnormalities  [  36,   37  ] . Reduced gray matter density 
and volume associated with pediatric bipolar disorder has 
been observed in dorsolateral  [  40  ]  and orbitofrontal  [  173  ]  
prefrontal cortex, anterior cingulate  [  82  ] , amygdala  [  21  ] , and 
left parietal lobe  [  51  ] . White matter changes  [  72  ] , especially 
involving loss of white matter connectivity within frontal 
regions  [  15  ]  also appear to be a central feature of pediatric 
bipolar disorder  [  78  ] , and contribute to the neurobehavioral 
phenotype. Recently, examining resting state functional con-
nectivity, children with bipolar disorder have been identi fi ed 
as having altered task-independent connectivity in fronto-
temporal circuits thought to be involved in working memory 
and learning  [  39  ] . The cognitive de fi cits associated with 
pediatric bipolar disorder are widespread, however, and 
involve not only reduced IQ, memory, and learning, but also 
de fi cits in executive functions, social cognition, visuospatial 
skills, and verbal  fl uency  [  80  ] . 

 A 4.2% decreased NAA/Cr ratio was detected in the right 
but not in the left  dorsolateral prefrontal cortex  in bipolar 
children and adolescents with parental bipolar disorder  [  26  ] . 
The single voxel  1 H MRS study was performed at 3 T, with 
TR/TE = 2 s/35 ms in 15 euthymic, mostly medicated bipolar 
patients 9–18 years old and 11 age-matched healthy controls. 
No differences in Cho/Cr or Ins/Cr ratios were observed 
 [  26  ] . No evidence of group differences in NAA/Cr ratios 
among bipolar offspring with early onset bipolar disorder 
( N  = 32, mean age 14.1 ± 3.0 years), bipolar offspring with 
prodromal symptoms of bipolar disorder ( N  = 28, mean age 
12.2 ± 2.6 years), and healthy children ( N  = 26, mean age 
14.2 ± 2.8 years) were detected in a larger study by the same 
group  [  54  ] . While these results do not suggest impairment in 
neuronal function or integrity in the dorsolateral prefrontal 
cortex in previously treated children with early onset bipolar 
disorder, in another single voxel  1 H MRS study performed at 
1.5 T with TR/TM/TE = 1.5 s/13.6 ms/20 ms in 14 patients 
with bipolar disorder (mean age 15.5 ± 3 years) in the left 
dorsolateral prefrontal cortex, a 6.8% lower NAA concentra-
tion was detected compared with a control group  [  146  ] . Cr 
and Cho concentrations were within normal values. The 
study included patients with any subtype of bipolar disorder 
and at any mood state. Patients with a larger number of pre-
vious affective episodes had lower Cho concentrations, 
which were explained as potential presence of neurodegen-
erative processes in the prefrontal cortex  [  146  ] . In 28 adoles-
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cents with bipolar disorder with a depressed episode (mean 
age 15 ± 1.5 years), concentrations of Cho, Cr, NAA, Ins, and 
Glx in the left and right ventral lateral prefrontal cortex and 
concentrations of NAA, Ins, and Glx in the anterior cingulate 
were higher in patients compared with a control group of 
healthy adolescents  [  125,   127  ] . The study results were inter-
preted as abnormal brain neurometabolism; however, effects 
of differences in tissue composition of the spectroscopic 
voxel, mainly presence of CSF may be considered for expla-
nation of the increase in the concentrations of all metabo-
lites. While all patients were medication free at the time of 
the study, they were treated previously with psychotropic 
mediations. The patients were involved in a study of lithium 
treatment as described below  [  125–  127  ] . A  1 H MRSI study 
(1.5 T, TR/TE = 1.5 s/272 ms) mapped Cho, Cr, and NAA 
concentrations in the medial prefrontal cortex, dorsolateral 
prefrontal cortex, anterior and posterior cingulate, and occip-
ital lobes in a group of 43 children and adolescents with 
bipolar disorder type I or II (mean age 13.2 ± 2.9 years) and 
38 age-matched healthy controls  [  22  ] . Some patients had 
presence of comorbidities including ADHD and anxiety dis-
orders; 12% of patients were not medicated at the time of 
study. Overall, concentrations of all detected metabolites 
tended to be lower in the patients, bilaterally, in the medial 
prefrontal cortex, and the dorsolateral prefrontal regions. 
Signi fi cantly lower NAA concentration was detected in the 
left and right medial prefrontal cortex and left dorsolateral 
prefrontal white matter in the patient group. The differences 
in NAA concentration were in the range from 8.4 to 17.1%. 
In patients, Cr concentration was lower in the right medial 
prefrontal cortex and the left dorsolateral prefrontal white 
matter and Cho concentration was decreased in the medial 
prefrontal cortex, bilaterally. A previous single voxel MRS 
study by the same group detected a 3.3% lower NAA con-
centration in the left dorsolateral prefrontal cortex in pediat-
ric bipolar patients (mean age 13.7 ± 2.6 years) compared 
with controls  [  121  ] . In the subsequent MRSI study, no group 
differences were detected in the left and right dorsolateral 
prefrontal gray matter, anterior and posterior cingulate, and 
the occipital lobe. The results of reduced NAA and Cr con-
centrations are suggestive of underdevelopment of frontal 
regions involved in neuropathology of bipolar disorder  [  22  ] . 

 In 11 children and adolescents 7–17 years old diagnosed 
with bipolar disorder,  1 H MRS (1.5 T; TR/TE = 3 s/30 ms) of 
the  anterior cingulate cortex  was performed before and after 
treatment with lithium  [  31  ] . The diagnoses included mixed 
type and type II bipolar disorder and comorbidities with 
other neuropsychiatric diseases were also present. The Ins/
Cr ratio tended to be higher in bipolar children compared 
with controls; no other group differences in other detected 
metabolites were found. Lithium therapy resulted in reduc-
tion of the Ins/Cr ratio  [  31  ] . Comparison of Ins levels among 
patients with bipolar disorder type I (6–13 years old;  N  = 10), 

intermittent explosive disorder (7–15 years old;  N  = 10), and 
a control group of healthy children and adolescents (mean 
age 11.7 ± 3.6 years;  N  = 13) revealed a signi fi cantly higher 
anterior cingulate Ins/Cr and Ins concentration in bipolar 
patients, seven of whom were in the manic phase at the time 
of scan, compared with both healthy controls and patients 
with intermittent explosive disorder  [  32  ] . Not all patients 
included in the study were medication naïve. No metabolic 
differences among groups were detected in a control region, 
the occipital cortex. Elevated anterior cingulate Ins concen-
tration, by 15.5% on average, was also reported in 9 children 
8–12 years old with a mood disorder and at least one parent 
with bipolar disorder  [  24  ] . All children were in the euthymic 
phase, most were nonmedicated, and  fi ve patients had comor-
bidities with other neuropsychiatric disorders. No group dif-
ferences in concentrations of NAA, Cr, and Cho were 
detected. The single voxel MRS study was performed at 
1.5 T with TR/TE = 2 s/35 ms in the  anterior cingulate ,  fron-
tal white matter, and cerebellar vermis . A trend to lower 
NAA and Cr concentration was detected in the vermis in 
patients; no group differences were observed in the frontal 
white matter  [  24  ] . Although the above studies were accom-
plished with a relatively small number of patients with poten-
tial confounding effects of medication and other comorbidities, 
the results suggest that elevated Ins in the anterior cingulate 
may be a biological marker for juvenile-onset bipolar disor-
der  [  24,   31,   32  ] , considering that Ins concentrations in adult 
patients with bipolar disorder were reported to be lower or 
equal to healthy controls  [  30,   53,   147,   149  ] . 

 In ten previously treated children with bipolar disorder, 
6–12 years old, a higher Glx/Cr ratio in the  frontal lobe  (by 
89%) and in the  basal ganglia  (by 98%) was detected after 1 
week of drug washout period, compared with a control group 
 [  23  ] . The frontal voxel was centered at the forceps minor 
white matter and the basal ganglia voxel at the external cap-
sule/insula. The experiments were performed at 1.5 T with 
TR/TE = 1.5 s/135 ms, a TE not optimal for Glx assessment 
 [  23  ] . In medicated and nonmedicated children and adoles-
cents with bipolar disorder (and other comorbid diagnoses), 
single voxel  1 H MRS at 4 T (TR/TE = 2 s/30 ms) detected 
lower Gln levels in the anterior cingulate in nonmedicated 
patients ( N  = 6), by 40.4% compared with stable patients tak-
ing medication ( N  = 15) and by 39.5% compared with healthy 
controls ( N  = 10)  [  116  ] . No differences in Glu concentrations 
were detected among the three groups. It was concluded that 
abnormal Gln may represent glial pathology of the anterior 
cingulate cortex in untreated patients in a manic state  [  116  ] . 

  1 H MRS was successfully applied in follow-up studies 
that examined the effects of  lithium treatment  on brain 
metabolism. The  fi rst study in pediatric bipolar patients eval-
uating the effect of lithium treatment on Ins concentrations 
was the above-mentioned study by Davanzo et al. that 
detected a 24.9% reduction in the anterior cingulate Ins/Cr 
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ratio after one week of lithium therapy  [  31  ] . In contrast, in 28 
currently depressed adolescents with bipolar I disorder, no 
differences in Ins concentration in the medial anterior cingu-
late cortex, right and left forceps minor were detected 
between baseline (before lithium treatment) and on the 7th 
and 42th day of treatment  [  126  ] . However, in the anterior 
cingulate and the right frontal white matter, the mean Ins 
concentration at day 42 was higher than on day 7 in both 
regions. In a separate paper, NAA was reported to decrease 
between baseline and day 42 in the cingulate cortex only 
 [  125,   127  ] . The single voxel  1 H MRS study was performed at 
1.5 T with TR/TE = 2 s/35 ms  [  125–  127  ] . 

 Using the same technical approach and the same regions 
of interest as the study by Patel et al  [  126  ] ,. the effects of 
 olanzapine treatment  on frontal NAA levels in 20 adoles-
cents 12–18 years old with bipolar disorder type I, present-
ing with a manic or mixed episode, were examined at baseline 
and on the 7th and 28th day of treatment  [  36,   37  ] . In success-
fully treated patients, remission resulted in an increase in 
anterior cingulate NAA concentration between the baseline 
and the end point, suggestive of improved neuronal function, 
while in nonremitters, NAA concentration decreased. Results 
of Cho analyses included higher baseline Cho concentrations 
in the anterior cingulate cortex in successfully treated patients 
and increase in Cho concentration in the anterior cingulate 
and right forceps minor between baseline and day 7 in manic 
patients  [  36,   37  ] . No effect of  divalproex  on Cho/Cr, NAA/
Cr, or Ins/Cr metabolite ratios in the left and right dorsolat-
eral prefrontal cortex was detected after 12 weeks of treat-
ment in 24 children with mood dysregulation but not a fully 
developed bipolar disorder  [  27  ] . 

 In a group of 15–30-year-old  subjects at high risk for type 
I or II bipolar disorder , from families with multiple affected 
members,  1 H MRS (1.5 T, TR/TE = 2 s/30 ms) was performed 
in the left and right dorsal medial prefrontal and ventrome-
dial prefrontal cortices  [  70  ] . No differences in Ins, Cho, Cr, 
and NAA concentrations were detected between the high-
risk affected and unaffected subjects in the analyses includ-
ing up to 71 subjects in total (21 unaffected, 19 affected, 31 
controls). The unaffected group comprised individuals with 
no lifetime history of psychiatric disorders while the high-
risk affected group included offspring who met the criteria 
for a lifetime diagnosis of mood disorder  [  70  ] . The lack of 
difference in Ins, Cho, Cr, and NAA concentrations in the 
high-risk group in the medial prefrontal cortex (anterior cin-
gulate) was con fi rmed in a recent study of children and ado-
lescents, 9–18 years old, at high risk for bipolar disorder 
 [  151  ] . In addition, Glu concentration tended to be lower in 
offspring with established history of mania ( N  = 20) com-
pared with participants with symptoms subsyndromal to 
mania ( N  = 20) and healthy controls ( N  = 20). While the sub-
jects in the control group were not previously exposed to 
psychotropic medication, most of the subjects in the mania 

groups had previously taken psychotropic medication. The 
study was performed at 3 T, with TR/TE = 2 s/35 ms  [  151  ] . 
The lack of abnormal  fi ndings in Glu, Ins, Cho, Cr, and NAA 
early in the course of the disease suggests that MRS-detected 
abnormalities in these metabolites in patient populations 
may be related to mood state, treatments, or comorbid psy-
chiatric disorders. Altered Glu metabolism in the frontal lobe 
appears to occur only after full development of mania and 
does not seem to be associated solely with familiar risk  [  151  ] . 
In a group of 22 children and adolescents (mean age 13.3. ± 
2.8 years) with a familial risk for type I or II bipolar disorder, 
a 3 T  1 H MRS study (TR/TE = 2 s/35 ms) by the same group 
detected a 12.4% lower Ins and a 14.9% lower Cho concen-
tration in the cerebellar vermis compared with 25 healthy 
age-matched controls  [  152  ] . Low Ins concentration in the 
vermis was interpreted as possibly associated with altered 
cellular signaling via second messenger pathways, impair-
ment in regulation of neuronal osmolarity or abnormal 
metabolism of membrane-bound phospholipids. Low Cho 
concentration was attributed to disruption in cell membrane 
synthesis, maintenance, and repair  [  152  ] . 

  7 Li MRS was applied to measure Li concentrations in a 
group of 9 children and adolescents (mean age 13.4 ± 3.6 
years) and in young adults ( N  = 18; mean age 37.3 ± 9.1 years) 
 [  115  ] . Concentrations of Li in the brain and in the serum 
were positively correlated and the brain-to-serum concentra-
tion ratio was positively correlated with age. The group of 
children and adolescents had a 37% lower brain-to-serum 
concentration ratio compared with adults, suggesting that 
younger patients may need higher maintenance serum Li 
concentrations than adults to reach therapeutic Li concentra-
tions in the brain  [  115  ] . 

 In summary, neurochemical abnormalities in pediatric 
bipolar disorder appear to be localized mainly in the frontal 
lobes and frontal circuitry (anterior cingulate and dorsolat-
eral prefrontal cortex) and the cerebellar vermis. Future 
research on neurochemistry and metabolism in pediatric 
bipolar disorder may be directed at studies of processes 
mediating emotional development and mood regulation and 
evaluations of the effects of mood-stabilizing medications.  

   Obsessive Compulsive Disorder 

 Obsessive Compulsive Disorder (OCD) involves recurrent 
patterns of intrusive thoughts (obsessions) that are often 
accompanied by repetitive acts (compulsions) (2000). There 
appears to be a bimodal age of onset of OCD, with onset in 
childhood occurring around 10–12 years  [  169  ] . OCD com-
monly co-occurs with other childhood disorders associated 
with anomalous frontostriatal development, including ADHD 
in 10–33%  [  109  ]  and Tourette syndrome in approximately 
one-third  [  68  ] . OCD is associated with atypical structure and 
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function of the fronto-striatal circuitry, but perhaps in manner 
distinct from ADHD and Tourette syndrome. Structural brain 
changes including regional increases and decreases have been 
observed over the course of childhood OCD  [  142  ] , although 
the preponderance of evidence suggests disruption to fronto-
striatal circuitry, particularly those involving the orbitofrontal 
cortex, anterior cingulate, and striatum  [  5,   108,   133  ] . Recent 
shape analysis among individuals with OCD highlights fron-
tostriatal  deformation , involving shortening of the anterior–
posterior dimension of the frontal lobes and basal ganglia, 
with enlargement of the cerebrospinal  fl uid spaces near the 
frontal opercula  [  134  ] . Functional imaging studies highlight-
ing reduced activation of the lateral orbitofrontal cortex during 
tasks requiring mental  fl exibility among individuals with OCD 
and their unaffected siblings, suggesting a possible endophe-
notype  [  25  ] . Morphometric MRI, MRS, and DTI studies in 
OCD provided evidence that gray matter abnormalities are 
complemented by white matter alterations  [  50  ] . 

 Several MRS studies reported data in the  thalamus . Lower 
NAA/(Cho + Cr) and NAA/Cho ratios in the medial but not 
in the lateral thalami were detected with  1 H MRSI at 1.5 T 
(TR/TE = 2.3 s/272 ms) in 8 medication-naïve 8–15-year-old 
OCD patients compared with a control group  [  49  ] . The NAA 
ratios tended to be more abnormal on the right side; however, 
only the NAA/Cho ratio in the left medial thalamus was 
inversely correlated with obsessive (but not compulsive) sub-
scale scores in the patients. A later quantitative MRSI study 
by the same group including 11 patients explained these 
 fi ndings by a 23.8% and 25.5% higher Cho concentration in 
the right and left medial thalami, respectively. No group dif-
ferences in NAA and Cr concentrations and Cho concentra-
tions in the left thalami were found  [  137  ] . Two additional 
papers by the same group reported,  fi rst, Cho  [  153  ]  and, later, 
Cr concentrations  [  114  ]  in a group of 27 psychotropic medi-
cation-naïve OCD patients 7–16 years old; the papers did not 
present results on NAA concentrations. Medial thalamic Cho 
 [  153  ]  and Cr concentrations  [  114  ]  were higher bilaterally in 
the psychotropic medication-naïve OCD patients compared 
with healthy controls and with pediatric patients with major 
depressive disorder. Interpretations of the  fi ndings included 
possible disruptions in myelination  [  153  ]  and in energy 
metabolism in the medial thalami  [  114  ] . 

 In the  dorsolateral prefrontal cortex , NAA was elevated 
while Cho and Cr levels were within normal values  [  143  ] . A 
 1 H MRSI acquired with the same parameters as the study of 
the thalamus  [  49  ]  reported a 20.8% higher NAA concentra-
tion in the left but not the right dorsolateral prefrontal cortex 
in 15 psychotropic mediation-naïve 8–15-year-old OCD 
patients, compared with controls. These  fi ndings may repre-
sent neuronal hypertrophy or hyperplasia, reduced glial cell 
density, or abnormal synaptic/dendritic pruning  [  143  ] . As 
discussed in the paper, the observed laterality in the dorsolat-
eral prefrontal cortex, pointing to an involvement of the left 

hemisphere in OCD, was in agreement with previous  fi ndings 
of dysregulations of left hemispheric cortical neural net-
works and may be speci fi c for OCD  [  143  ] . 

 Neuroimaging studies provided evidence for the hypothesis 
of  impaired glutamate neurotransmission  in the frontal–stri-
atal–thalamic model of pediatric OCD  [  104  ] . A single voxel 
1.5 T MRS study detected a 19% larger Glx concentration 
(expressed as ratio to the water concentration) in the  left cau-
date  in medication-naïve OCD patients 11 ± 3 years old, com-
pared with controls; no signi fi cant differences were detected 
in Cho, NAA, and Ins concentrations while Cr tended to be 
increased in patients. Glx levels normalized after 12 weeks of 
treatment with paroxetine  [  138  ] . No changes in Glx concen-
tration (and concentrations of Cho, Cr, NAA, and Ins) in the 
left caudate was detected in 21 pediatric OCD patients 6–16 
years old after 12–16 weeks of cognitive-behavioral therapy, 
despite improvement in OCD symptoms  [  12  ] . 

 A 15% lower Glx concentration was reported in the  ante-
rior cingulate  region in medication-naïve pediatric OCD 
patients 10–19 years old without major depressive disorder 
compared with controls  [  139  ] . However, the mean anterior 
cingulate Glx levels were not different between patients with 
OCD and with major depressive disorder  [  139  ] . Glx reduc-
tion in anterior cingulate in OCD is different from  fi ndings in 
other childhood neuropsychiatric disorders: elevated Glx 
was detected in the anterior cingulate in schizophrenia  [  165  ]  
and in medication-naïve children with bipolar disorder  [  23  ]  
and ADHD  [  103  ] . No differences in Glx concentrations or 
concentrations of other metabolites were detected in the 
occipital cortex, in a separate group of OCD patients  [  138  ] . 
Evidence is emerging that the Glx neurochemical pattern in 
childhood OCD may be related to genetic variation  [  2  ] . 

 While  1 H MRS demonstrated abnormal neurometabolism in 
several cortical regions, OCD pathophysiology involves broader 
disruption of brain systems and networks. Morphometric MRI 
and DTI studies detected abnormalities in white matter adjacent 
to the frontostriatal regions, corpus callosum, deep white matter, 
and parietal white matter in pediatric and adult OCD (reviewed 
in  [  50  ] ).  1 H MRS also detected elevated Cho/Cr in the parietal 
white matter in previously treated adolescents and young adults 
with OCD  [  91  ] . Thus, future  1 H MRS studies may consider 
including white matter in addition to evaluating speci fi c brain 
regions of the cortico-striato-thalamo-cortical circuit involved 
in the complex pathology of OCD.  

   Childhood Schizophrenia 

 Schizophrenia is a severe, debilitating, psychiatric disorder 
that occurs in approximately 1% of adults, with typical onset 
in the third decade of life. In contrast, early onset schizo-
phrenia (EOS), including childhood-onset (before age 12), 
and, to a lesser extent, adolescent-onset (between ages 13 
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and 18) is more rare (less than 1/10,000 and ~14/10,000 
respectively), and is considered to re fl ect a more neurodevel-
opmental condition  [  164,   171  ] . Diagnosis of EOS is consid-
ered valid and reliable using the same diagnostic criteria as 
used for adults  [  144  ] . The symptoms manifest in multiple 
behavioral domains, with delusions (false beliefs that are 
held in the face of evidence to the contrary) and hallucina-
tions (false sensory perceptions in a conscious and awake 
state in the absence of external stimuli) as the most typical 
symptoms. Individuals with schizophrenia may also present 
with social and cognitive de fi cits, and with motor and voli-
tional abnormalities  [  90  ] . When diagnosed in childhood, 
EOS shows a stable pattern of behaviors over time  [  73  ]  and 
is associated with greater overall disease severity than schizo-
phrenia diagnosed in adulthood  [  119  ] . 

 Schizophrenia is viewed as a neurodevelopmental disor-
der  [  107  ] ; however, the speci fi c neurobiological de fi cits and 
time of onset of maturational deviations are still unknown 
 [  29,   87,   157  ] . Structural MRI detected reduction in overall 
cerebral volume and in gray matter  [  56,   57,   163  ] , enlarge-
ment of ventricles  [  56,   57,   96,   135  ] , and white matter struc-
tural and growth abnormalities  [  41,   64  ] . Compared to adult 
patients with schizophrenia, the extent of gray and white 
matter abnormalities is more widespread in EOS, due to a 
delayed and altered time course of developmental trajecto-
ries  [  41  ] . Involvement of parietal lobes precedes changes in 
the temporal and frontal lobes  [  163  ] . Underlying neuropa-
thology may include excessive pruning of the prefrontal cor-
ticocortical, and corticosubcortical synapses, possibly 
involving the excitatory glutamatergic inputs to pyramidal 
neurons  [  84  ] . Consistent with excessive synaptic pruning is 
the reduction in the neuropil in the prefrontal cortex  [  148  ] . 

  1 H MRS results in COS are in agreement with the theory 
of a common pathophysiological process speci fi cally affect-
ing mesial temporal-limbic and prefrontal circuitries, as the 
most common  1 H MRS  fi ndings in patients with COS 
include  reduced NAA levels in frontal and temporal brain 
regions . A 13% lower NAA/Cr ratio in the left frontal lobe 
was detected in 16 children (mean age 11.0 ± 1.7 years) with 
schizophrenia-spectrum disorders, i.e., with some or all 
symptoms of schizophrenia present compared with a control 
group  [  18  ] . A single voxel 1.5 T  1 H MRS study of medial 
frontal gray matter (TR/TE = 1.5 s/20 ms) detected a 32% 
reduction in mean NAA/Cr in 13 children and adolescents 
with schizophrenia (mean age 14 ± 3 years; all patients were 
medicated), compared with healthy controls  [  161  ] . A later 
 1 H MRSI study from the same group explained this  fi nding 
by higher Cr concentration; a 14.3% higher Cr was detected 
in the superior anterior cingulate  [  120  ] . The study was per-
formed at 1.5 T with TR/TE = 2.3 s/272 ms. NAA, Cho, and 
Cr concentrations were measured in the superior and infe-
rior anterior cingulate cortex, frontal, parietal, and occipital 
cortices, head and body of the caudate nucleus, putamen, 

thalamus, and frontal and parietal white matter 11 in chil-
dren and adolescents with schizophrenia (mean age 12.3 ± 3.8 
years; most patients were medicated)  [  120  ] . Of the exam-
ined brain regions, the only signi fi cant difference in mean 
NAA concentration between patients and controls was an 
11% lower NAA concentration in the left  parietal cortex  
 [  120  ] . Another  1 H MRSI study performed at 1.5 T with TR/
TE = 2.2 s/272 ms in 14 patients with COS (mean age 16.4 
years) detected bilaterally lower NAA/Cr in the dorsolateral 
prefrontal cortex and the hippocampus  [  13  ] . The NAA/Cr 
ratios were not correlated with the volumes of the prefrontal 
lobe and the hippocampus, suggesting that metabolic impair-
ment was not associated with a reduction in tissue volume. 
NAA levels were also not correlated with the length of ill-
ness, suggesting that NAA was not related to progressive 
pathology  [  13  ] . In a single voxel MRS study performed at 
1.5 T with TR/TE = 1.5 s/136 ms  [  178  ] , lower NAA/water 
ratio (by 10% and 11%, respectively) was detected in the 
left dorsolateral prefrontal region in 8 adolescents (mean 
age 15.6 ± 2.1 years) with  fi rst-episode schizophrenia with a 
short illness duration of 14 weeks on average, compared 
with nonschizophrenia patients with a  fi rst episode of psy-
chosis and healthy controls. Normal ratios were detected in 
the right hemisphere  [  178  ] . Normal NAA levels in COS 
were detected in the thalamus, putamen, caudate, superior 
temporal gyrus, orbitofrontal cortex, anterior and posterior 
cingulate, occipital cortex, frontal and parietal white matter 
 [  13,   120,   161  ] . 

 Recent meta-analyses of  1 H MRS studies in schizophre-
nia concluded that NAA reductions in the frontal lobe, tem-
poral lobe, and the thalamus are well documented by literature 
data  [  19,   158  ] . Literature data did not suggest an evidence of 
differences between  fi rst-episode schizophrenia patients and 
patients with chronic disease  [  19,   158  ] . Reductions in NAA 
may suggest “alterations of neuronal homeostasis, consistent 
with increasing evidence for the role of NAA in synaptic 
maintenance, myelination, regulation of cellular osmolarity, 
and neuronal metabolism”  [  29  ] . While MRS  fi ndings in COS 
in some studies are similar to results obtained in adult patients 
with schizophrenia, other reports  fi nding normal NAA levels 
in regions including the frontal and temporal lobes in COS 
 [  13,   120  ]  suggest that neuronal impairment may develop 
later in the course of the disease. 

 In adult schizophrenia patients,  Cho levels  are variable 
in different brain regions  [  6,   20,   35,   43,   44  ] . In COS, no 
differences in the Cho/Cr ratios between patients and con-
trols were detected by MRSI in cortical and subcortical 
regions  [  13  ] . Normal Cho/water and Cr/water ratios were 
also reported in the dorsolateral prefrontal cortex  [  178  ] . 
However, one study detected higher Cho concentration in 
the superior anterior cingulate (by 30.3%), frontal cortex 
(by 13.3%), and in the caudate (by 13.5%) compared with 
a control group  [  120  ] . 
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 Impairment of the Glu–Gln cycle between neurons and 
astrocytes may contribute to cognitive decline in schizophre-
nia  [  93  ] .  1 H MRS, in particular performed at higher magnetic 
 fi elds, is a highly suitable technique for evaluation of the  glu-
tamatergic metabolism , implied in schizophrenia  [  46,   83, 
  102  ] . However, compared to number of publications on glu-
tamatergic metabolism in adult schizophrenia  [  113  ] , studies 
on neurotransmitters in COS are limited. An early study per-
formed at 1.5 T did not detect any difference in the frontal 
Glx/Cr ratio but reported a trend to lower occipital Glx/Cr in 
children and adolescents with schizophrenia, compared with 
controls  [  161  ] . 

 By evaluating if metabolic changes can be detected before 
the onset of symptoms of schizophrenia, MRS may help to 
assess risk  factors for development of the schizophrenia . It has 
been documented that young relatives at high risk for schizo-
phrenia have neurobehavioral de fi cits and structural, physio-
logical, and neurochemicals brain abnormalities in early brain 
development  [  86,   168  ] . Literature data suggest that lower thal-
amic NAA levels can differentiate individuals at risk for 
schizophrenia from healthy controls  [  19  ] . Both  1 H and  31 P 
MRS  [  145  ]  have been applied to studies of children and ado-
lescents at high genetic risk for development of schizophrenia 
 [  85,   88,   165  ] . Single voxel  1 H MRS studies at 1.5 T in a left 
frontal region  [  71  ]  and the anterior cingulate  [  88  ]  detected a 
trend to lower NAA/Cr and Cho/Cr ratios and NAA/Cho 
ratios, respectively, in children and adolescents at high risk for 
schizophrenia, compared with control groups of healthy par-
ticipants. A 3 T single voxel study (STEAM; TR/TM/
TE = 3 s/30 ms/20 ms) reported a 21.5% higher mean Glx/Cr 
ratio in the right medial prefrontal cortex in adolescent chil-
dren (mean age 16.4 years) of schizophrenia patients, possibly 
suggestive of neurotoxicity. No other metabolic abnormalities 
were detected compared with a control group  [  165  ] . A  1 H 
MRSI study (1.5 T, TR/TE = 1/5 s/30 ms) of 40 participants 
(mean age 15.6 ± 2.9 years) who had at least one parent diag-
nosed with schizophrenia or schizoaffective disorder reported 
lower mean NAA concentration (and also lower Cho and Cr 
concentrations) in the caudate nucleus in the high-risk group 
compared with healthy controls. NAA levels were higher in 
the prefrontal white matter and were within control values in 
the thalamus, prefrontal cortex, and temporal regions  [  85  ] . 
Although there was no group difference in Glu concentration, 
male subjects in the high-risk group had lower concentrations 
of Glu in the caudate compared with male counterparts in the 
control group  [  85  ] . While the results of the studies in children 
and adolescents were in support of the neurodevelopmental 
theory of schizophrenia, a recent study in young adults (>18 
years old) did not detect any differences in NAA/Cr and Cho/
Cr ratios in the medial prefrontal cortex, medial anterior cin-
gulate cortex, and left hippocampal region among the groups 
of subjects at ultra-high risk for schizophrenia,  fi rst-episode 
patients, and healthy controls  [  167  ] . The study thus indicated 

that metabolic abnormalities might not always be present in 
the early stages of the disease. 

  31 P MRS has been used since the early studies of schizo-
phrenia, although mostly in adult patients. By assessing 
compounds associated with membrane phospholipids syn-
thesis and degradation, phosphomonoesters (PME) and 
phosphodiesters (PDE), and high-energy phosphate metabo-
lism, by measuring phosphocreatine (PCr), inorganic phos-
phate (P 

i
 ), ATP, and ADP,  31 P MRS has been applied to test 

the membrane phospholipid hypothesis of schizophrenia 
 [  92  ] . Two  31 P MRS studies performed at 1.5 T reported ele-
vated PDE in the frontal lobe of children and adolescents 
with a familial risk of developing schizophrenia  [  92,   145  ] . A 
 31 P MRS study performed bilaterally in a frontal region of 14 
adolescents with a high genetic risk for schizophrenia (chil-
dren and siblings of patients with schizophrenia; mean age of 
16.7 years) had 19% lower PME/PDE ratio and an 8% higher 
mean PDE levels than the control group, suggesting increased 
breakdown of phospholipids  [  92  ] . The results in adolescents 
are consistent with  fi ndings in adults, showing reduced PME 
and increased PDE in drug-naïve  fi rst-episode schizophrenic 
patients  [  128  ] . The later study of the left and right dorsolat-
eral prefrontal regions in 18 adolescents (mean age 16.0 ± 2.5 
years) reported a 8.5% higher mean relative levels of PDE 
and 13.9% lower relative levels of  b -ATP in the high-risk 
group, with no differences between the hemispheres  [  145  ] . 
The main  fi ndings of increased PDE are thus similar to 
observation in patients with schizophrenia, suggestive of 
impaired metabolism of phospholipids. 

 In future studies, integration of  31 P and  1 H MRS into mul-
timodal imaging assessment involving detailed assessment 
of neurotransmitters (GABA, Glu) and other compounds 
implied in the pathophysiology of schizophrenia (e.g., gluta-
thione  [  174  ] ) may help to further elucidate neurometabolic 
correlates of COS.   

   Conclusion 

  1 H MRS can detect overall metabolic abnormalities in a vari-
ety of neuropsychiatric disorders. However, due to an over-
lap in metabolic patterns between patients and controls,  1 H 
MRS cannot be applied as a diagnostic tool in individual 
patients. Similarly, the role of neuroimaging for diagnostic 
purposes is limited, because of absence of identi fi able lesions 
in neuropsychiatric disorders. In the future, more speci fi c 
diagnostic information in individual patients may be obtained 
by integrating multimodal neuroimaging with neuropsycho-
logical and genetic evaluations to obtain endophenotypes—
biologic markers that are intermediate between genes and 
behavior  [  55,   89  ] . Endophenotypes can potentially distin-
guish “biologically meaningful subtypes of disorders that 
may respond to different interventions”  [  55  ] . 
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 Most of the discussed MRS studies in children and ado-
lescents, typically cross-sectional in design, included limited 
cohorts of patients and controls. Longitudinal multimodal 
studies may better identify normal developmental trajecto-
ries and developmental pathways that are most sensitive to 
disruption  [  160  ] , may help to identify patients who may be 
the best candidates for novel therapies, follow the course of 
the disease and assist with evaluation of treatment effects 
and outcome. 

 Due to inherent low sensitivity,  1 H MRS can detect neuro-
chemicals at concentrations in the high micromolar to milli-
molar range. Several neurochemicals of interest in studies of 
psychiatric disorders, such as GABA, Glu, Gln, and glutathi-
one, are dif fi cult or impossible to measure with adequate 
reliability at low magnetic  fi elds. However, studies at ultra-
high  fi elds implementing advanced MRS techniques for 
detection of these compounds may help to improve measure-
ment accuracy  [  166  ] . Novel research approaches combining 
ultra-high  fi eld MRS with multimodal neuroimaging, bio-
logical, neuropsychological, and genetic evaluations may 
lead to better understanding of psychiatric disorders of child-
hood and adolescence.      
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 In this chapter, we review magnetic resonance spectroscopy 
(MRS) studies of Autism Spectrum Disorders (ASD). We 
present a brief clinical overview of autism and related perva-
sive developmental disorders, and then summarize the neu-
ropathology  fi ndings in ASD and neuroimaging investigations 
of ASD using techniques other than MRS. We then review 
all published MRS studies of ASD known to us, with some 
emphasis upon the impact of varying spectroscopic imaging 
techniques. Finally, we suggest potential future MRS research 
applications in ASD. 

   Epidemiology and Diagnosis 

 Autism is a disorder of development encompassing three 
primary domains: communication, reciprocal social inter-
actions, and restricted repetitive/stereotyped behaviors 
and interests  [  1  ] . The diagnosis of autism is made based 
upon symptoms in these domains, typically occurring 
prior to 3 years of age. Autistic spectrum disorder (ASD) 
is the broader term that includes autistic disorder, Asperger 
disorder, Childhood Disintegrative Disorder, atypical 
autism/pervasive developmental disorders not otherwise 
speci fi ed (PDD-NOS), and Rett syndrome (for review, see 
Filipek et al.)  [  2  ] . Reported prevalence rates vary from 10 
 [  3  ]  to 38.9  [  4  ]  per 10,000 for autism, and 60  [  5  ]  to 100  [  6  ]  
per 10,000 for the broader phenotype. Many studies pres-

ent evidence that prevalence rates have increased dramati-
cally over several decades; however, it is unclear whether 
this is due to changes in diagnostic practices or an actual 
increase in the incidence of the disorder. For a review, see 
King and Bearman  [  7  ] .  

   Neuropathology 

 Despite numerous  fi ndings across a variety of investigational 
methodologies the pathophysiology of autism remains 
unclear. Neuropathology  fi ndings are relatively fewer than 
imaging, with early studies implicating cerebellar  [  8–  12  ]  and 
limbic forebrain  [  8,   13  ]  abnormalities in this disorder of 
development. These include such  fi ndings as decreased num-
bers of Purkinje cells in the cerebellum  [  12,   14,   15  ]  and 
smaller cell size and increased packing density in the hip-
pocampus, amygdala, subiculum, entorhinal cortex, and 
mammillary bodies  [  14  ] . A recent quantitative investigation 
demonstrating decreased numbers of neurons in the amygdala 
 [  16  ]  provides further support for abnormal development of 
this region in ASD. 

 Kemper and Bauman  [  14  ]  demonstrated decreased size 
and increased packing density of neurons in the anterior cin-
gulate gyrus, and later studies have described wider involve-
ment of the cerebral cortex, with prominent abnormalities of 
neuronal density and organization, as well as white matter 
and brain stem irregularities  [  15  ] . Disturbance of the normal 
architecture of cortical minicolumns has been shown as well, 
with smaller, more compact and more numerous minicol-
umns in several areas  [  17  ] . 

 Similarly, recent immunohistochemical investigations of 
autopsy subjects have shown variable  fi ndings including 
reductions in GABAa receptor binding in the hippocampus 
 [  18  ] , nicotinic receptors in frontal and parietal lobes  [  19  ]  and 
cerebellum  [  20  ] , and increased brain-derived neurotrophic 
factor in the basal forebrain  [  19  ] .  
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   Structural Magnetic Resonance Imaging in ASD 

 It is thought that heterogeneity of the disorder has contrib-
uted to the disparity in neuropathology  fi ndings  [  11  ] . Not 
surprisingly, neuroimaging studies in autism have shown a 
wide variety of  fi ndings as well. Similar to the neuropathol-
ogy literature, some volumetric studies of ASD support lim-
bic  [  21–  28  ]  and cerebellar abnormalities  [  29–  32  ]  while 
others have failed to  fi nd signi fi cant differences from con-
trols in these regions  [  33  ] . 

 As noted above, Bailey also found postmortem evi-
dence for neocortical involvement in ASD, including 
increased frontal cortical neuronal density and cortical 
dysgenetic lesions  [  15  ] . Such lesions may be associated 
with defective neuronal migration, proliferation, or prun-
ing  [  34  ] , and re fl ected in brain structure, such as abnormal 
organization of the cortical surface  [  15  ] . Although 
nonspeci fi c to autism, qualitative neuroimaging evidence 
for such surface abnormalities has been demonstrated by 
Piven et al.  [  35  ] . Quantitative neuroimaging evidence for 
surface abnormalities comes from cortical mapping stud-
ies demonstrating irregularities of sulcal anatomy  [  36  ]  
and abnormal gyri fi cation  [  37  ] . 

 Volumetric and voxel-based morphometry (VBM) studies 
have shown abnormalities of both gray and white matter in 
autistic subjects in a variety of regions throughout the cere-
brum, including parietal lobe, left occipito-temporal cortex, 
right inferior temporal gyrus, left middle temporal gyrus, 
and left inferior frontal sulcus  [  22,   38–  45  ] . Reports vary as to 
direction (increased or decreased) and location of volumetric 
changes. 

 Cortical mapping studies have demonstrated displace-
ment of cortical sulci  [  36  ] , gyri fi cation  [  36,   37,   46  ] , and 
cortical thickness including cortical thinning in two studies 
 [  47,   48  ]  and primarily increased cortical thickness in one 
other  [  49  ] . 

 Increased head size or overall head circumference 
 [  50–  52  ] , as well as brain size/volume  [  26,   45,   53–  57  ]  are 
among the most replicated  fi ndings in ASD  [  39,   52,   55, 
  58  ] . The literature suggests that this brain overgrowth 
occurs in some subjects between 2 and 4 years of age  [  26, 
  59  ] , with some cross-sectional studies demonstrating 
arrest or normalization of this growth in later childhood 
and adolescence  [  58,   60  ] . Other studies, however, have 
found enlarged brains in older subjects as well  [  54,   61, 
  62  ] . The extent to which gray and white matter contribute 
to this  fi nding has not been clearly established. While dif-
fusion tensor imaging studies have consistently demon-
strated abnormalities of both fractional anisotropy (FA) 
 [  63–  65  ]  and elevated diffusivity  [  64,   66  ] , other imaging 
modalities provide strong evidence for gray matter 
involvement as well  [  67,   68  ] .  

   Functional Neuroimaging in ASD 

 Similarly, the functional imaging literature indicates varying 
regional involvement in ASD. Both  18 FDG-PET  [  69  ]  and sin-
gle photon emission correlated tomography (SPECT)  [  21,   70  ]  
studies provide evidence for abnormal metabolism or perfu-
sion in subjects with ASD. fMRI studies at rest have shown 
bilateral hypoperfusion of temporal lobe areas  [  71  ]  in autistic 
children. Activation studies demonstrate altered activity in 
cortical regions including the fusiform gyrus  [  72–  74  ] , left 
middle temporal gyrus  [  72  ] , inferior temporal gyrus  [  73  ] , infe-
rior occipital gyrus, and superior temporal sulcus  [  74  ]  in autis-
tic subjects during face processing tasks; abnormal activation 
of the superior temporal gyrus (STG) bilaterally during audi-
tory activation tasks  [  75  ] , and aberrant activity in the right 
parietal lobe/temperoparietal junction during imitation tasks 
 [  76  ] , which may be related to the development of communica-
tion skills in autistic children  [  77  ] . 

 The above studies demonstrate abnormalities of brain 
function in regions that subserve language, facial/emotion 
recognition, and imitation, all of which have been impli-
cated in the primary symptoms of autism  [  73,   76,   78  ] . In 
addition, investigations  fi nding aberrant functional con-
nectivity (FC) in ASD have led to hypotheses that hyper- 
or hypo-connectivity as a central cause of symptoms in 
this disorder  [  78–  80  ] .  

   Magnetic Resonance Spectroscopy in ASD 

 Magnetic resonance spectroscopy (MRS) provides informa-
tion on the metabolic aspects of these anatomic and func-
tional abnormalities. Similar to neuropathology, 
morphometric and fMRI  fi ndings, the magnetic resonance 
spectroscopy research literature in ASD presents a variety of 
con fl icting  fi ndings. Some of this is due to heterogeneity of 
the disorder and some to differences in technique both in 
acquiring data and in postprocessing. Many of the early stud-
ies in the  fi eld used ratio evaluation of metabolite content. 
This approach assumes that the denominator, typically the 
creatine level, remains constant, which is an assumption that 
has been repeatedly challenged. In fact, there is evidence that 
in autism, creatine (Cr) and/or phosphocreatine (PCr) abnor-
malities may contribute to the disorder  [  36,   81  ] .  

   Phosphorous Spectroscopy in ASD 

 The earliest MRS studies in autism include the only  31 P-MRS 
investigation in this disorder conducted by Minshew and col-
leagues  [  82  ] .  31 P MRS measures levels of energy metabolites 
such as PCr, adenosine di- and triphosphate (ADP, ATP), and 
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inorganic phosphate (Pi). Some membrane phospholipids are 
also “visible” with  31 P MRS. These include phosphomo-
noesters (PMEs) and phosphodiesters (PDEs) which are, 
respectively, precursors and breakdown products of mem-
brane phospholipids and provide information about neuronal 
(and glial) membrane metabolism  [  83  ] . 

 The authors examined prefrontal cortex functioning of 11 
high-functioning males with autism, aged 12–40 years and 
controls matched for age, IQ, gender, race, and SES. They 
found a signi fi cant decrease in the content of PCr and 
esteri fi ed ends in the autistic group and an association 
between these  fi ndings and lower test performance on neu-
ropsychological tests including the Wechsler Intelligence 
scales, Wisconsin Card Sort Test, California Verbal Learning 
Test, and the Token Test and Test of Language Competence. 
Minshew and colleagues  [  82  ]  suggested that these results 
provide evidence for disturbances of membrane synthesis 
and metabolism in autism.  

   Proton Spectroscopy in ASD 

   Neocortical Spectroscopy Findings in Autism 

 Here we continue the discussion of neocortical spectroscopy 
literature in ASD. With the exception of one study  fi nding no 
abnormalities in any region examined  [  84  ] , and one  fi nding 
increased metabolites in subjects with ASD  [  85  ] , the majority 
of these investigations have demonstrated reductions of metab-
olites in the neocortical regions investigated. As we address 
the amygdala–hippocampus separately, we leave the discus-
sion of the medial temporal lobe (MTL) for that section. 

 Most spectroscopy studies of ASD have used proton 
imaging, with early studies focusing on single voxel investi-
gations. Table  17.1  lists MRS and MRSI studies of pediatric 
ASD in cortical regions. Hashimoto et al.  [  84  ]  used single 
voxel proton spectroscopy in 28 subjects with autism (20 
male, eight female; age range 2 year 8 months—12 year 2 
months), 28 age-matched subjects with mental retardation 
(MR) (male 22, female 6; age range 2 year to 13 year 3 
months), and 25 age-matched healthy children (male 16, 
female 9; age range from 2 years to 13 years 8 months). The 
diagnosis of autism was clinical and based on DSM-III-R 
criteria  [  86  ] , and the diagnosis of MR was given for an IQ 
<80 on the Tsumori-Inage and Suzuku-Binet test. The autis-
tic and MR children did not differ in IQ assessment; the con-
trol children were not tested. Six of the autistic children and 
nine of the MR children had epilepsy. Many of the MR and 
control children less than 6 years of age were administered 
triclofos sodium for sedation.  

 The investigators used the chemical shift selective excita-
tion (CHESS) sequence for water suppression and the stimu-
lated echo acquisition mode (STEAM) sequence at a long 

TE (270 ms). Volumes varied between 8 and 27 cm 3  and 
were placed in the right parietal region, overlapping both 
gray and white matter. Using metabolite ratios with either 
Cho or Cr as the denominator, this group found no differ-
ences in the  N -acetyl-aspartate/choline (NAA/Cho), NAA/
Cr + PCr) or Cho/Cr + PCr ratios between subjects with 
autism and controls in any age group (2 to <5 years of age; 
5–<8 years of age, 8–13 years of age). 

 Although no differences were found between autistic and 
controls subjects, the groups were well matched and it is pos-
sible that the use of ratios to assess outcome negatively 
affected the investigators’ ability to detect differences 
between subject groups. 

 However, in another single voxel proton spectroscopy 
investigation, Hisaoka et al.  [  87  ]  found signi fi cant differ-
ences in autistic subjects and controls in the lateral tem-
poral lobes. This was a relatively large study of 55 autistic 
subjects (ages 2–21 years; 47 male and eight female) and 
51 control children (ages 3 months–15 years, 26 boys and 
25 girls). Using a point-resolved spectroscopic sequence 
(PRESS), and a long TE of 135 ms, these investigators 
found signi fi cant reductions of NAA bilaterally in the 
temporal lobe (presumptive Brodman’s areas 41 and 42) 
( p  < 0.05)—but no differences in frontal or parietal regions, 
or brain stem. All were single voxels quanti fi ed using the 
water reference method and corrected for T1 and T2 relax-
ation (although no differences were found in relaxation 
times between groups). 

 Murphy et al.  [  85  ]  also used TE 136 with single voxels 
to investigate the right frontal and medial parietal lobes in a 
group of subjects with Asperger’s syndrome (AS). Voxels 
included both gray and white matter, and in this case, as 
opposed to those previously mentioned studies, the content 
of gray matter, white matter, and CSF was calculated for 
each voxel of interest. Data were analyzed both as metabo-
lite concentration based on water reference and also as 
ratios NAA/Cr + PCr, NAA/Cho, and Cho/Cr + PCr. There 
were no signi fi cant differences in the parietal lobe, but in 
the frontal lobe NAA, Cr + PCr, and Cho were increased in 
AS subjects compared to controls, although gray and white 
matter volumes did not differ between groups. Moreover, 
prefrontal NAA levels in the AS subjects were positively 
correlated with scores on the Yale–Brown Obsessive 
Compulsive Scale  [  88  ] , and Cho was signi fi cantly corre-
lated with the communication domain on the Autism 
Diagnostic Interview-Revised  [  89  ] . 

 Magnetic resonance spectroscopic imaging (MRSI) tech-
niques have further advanced the  fi eld, allowing for sampling 
of multiple brain regions in a single session. Such studies 
have produced somewhat similar results, although there are 
differences regarding speci fi c metabolites per region  [  36,   67, 
  68,   90  ] . Figures  17.1  and  17.2  illustrate voxel size and place-
ment in the cingulate gyrus.   
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   Table 17.1    Magnetic resonance spectroscopy (MRS) and magnetic resonance spectroscopic imaging (MRSI) studies of pediatric autism spec-
trum disorder (ASD) in cortical regions   

 Reference  MRS technique  Brain regions  Key  fi ndings 

 Hashimoto et al. 1997  [  84  ]   Single Voxel 
 STEAM 
 TR-1500, TE 270 

 –Right Parietal gray and white  No signi fi cant Differences—reported 
as ratios to Cho and Cr 

 Hisaoka et al. 2001  [  87  ]   Single Voxel 
 PRESS 
 TR 1300,TE 135 

 –Frontal, –Parietal 
 –Temporal 
 –Brain Stem 

 Reduced NAA 
 Temporal lobe 

 Murphy et al. 2002  [  85  ]   Single Voxel 
 PRESS 
 TR 2000,TE 136 gray/white/CSF 
segmentation 

 –Right Frontal 
 –Medial Parietal 

 – Increased NAA, Cr, Cho Frontal 
lobe 
 – NAA correlation with Y-BOCS 
 – Cho correlation with ADI-R 
communication scores 

 Friedman et al. 2003  [  90  ]   MRSI 
 TR 2,000 
 TE 20/272 ms Quantitation 

 Slices placed at the level of: 
 –Temporal lobe 
 –Basal Ganglia 

 Decreased metabolites throughout 
 See Table  17.2  

 Levitt et al. 2003  [  36  ]   MRSI 
 TR 2300,TE 272 
 gray/white/CSF segmentation 

 Slices placed at the level of: 
 –Supraventricular 
 –Ventricular 
 –Basal Ganglia 

 – Decreased Cr + PCr –R occipital 
 – Decreased NAA left caudate; left 
frontal and left parietal white matter; 
left parietal white matter 
 – Increased Cr + PCr –Caudate 
 – Decreased Cho –Left ACC 

 Friedman et al. 2006  [  67  ]   MRSI, Gray/white/CSF 
segmentation 

 see Friedman et al. 2003  Attributed decreased metabolites in 
2003 study primarily to gray 

 Devito et al. 2007  [  68  ]   3 T 
 MRSI 
 TR 100 
 TE 135 

 Slices placed at the level of: 
 –Occipital lobe– 
 Corpus Callosum 
 –Cerebellum–Thalamus 

 – Decreased NAA frontal and 
occipital lobes gray 
 – Decreased Glx frontal and occipital 
gray, and cerebellum 
 – Decreased Cr + PCr left temporal 
and left occipital gray matter. 

 Harada et al. 2010  [  96  ]   3 T single voxel 
 –PRESS-TE 68 for GABA 
 –STEAM TE 15 for conventional 
metabolites 

 –Frontal lobe 
 –Lenticular Nucleus 

 Decreased GABA in frontal lobe 
 Decreased GABA/NAA and GABA/
Glu in frontal lobe 

 Bernardi et al. 2011  [  95  ]   3 TMRSI 
 TR 2000 
 TE 30 

 –Anterior Cingulate/Thalamus 
 –Temperoparietal 

 Reduced Glx right anterior cingulate 
 Reduced mI temperoparietal junction 

 Vasconcelos et al., 2008  [  119  ]   Single Voxel 
 PRESS 
 TR 1500 
 TE 30 

 –Cingulate 
 –Left Striatum 
 –Left Frontal lobe 
 –Left cerebellum 

 Increased mI and Cho anterior 
cingulate 
 Increased mI/Cr in cingulate and 
striatum 

 Oner et al. 2007  [  121  ]   2D-CSI 
 PRESS 
 TR 1500 
 TE 270 

 –Right Anterior Cingulate 
 –Right Dorsolateral Prefrontal 
Cortex 

 – Increased NAA/Cho ( p  = 0.028) in 
ACC; 
 – Correlation to Y-BOCS ( p  = 0.047); 
 – Neg correlation Y = BOCS and 
DLPFC NAA/Cho ( p  = 0.015) 

 Endo et al. 2007  [  148  ]   Single Voxel 
 PRESS 
 TR 2000 
 TE 35 

 –Prefrontal Cortex 
 –Amygdala–hippocampus 

 Decreased NAA/Cr ASD vs control 
 Decreased NAA/Cr Autism vs 
PDD-NOS 

 Kleinhans et al. 2007  [  106  ]   Single Voxel 
 PRESS 
 TR 2000,TE 30 
 CSF but not gray/white assessed 

 –Left middle frontal 
 –Left parietal 
 –Occipital cortex 
 –Right cerebellum 
 –Cerebellar vermis 

 Decreased NAA left frontal lobe 
middle gyrus. 

   N -Acetyl (NAA) Compounds, Choline-Containing Compounds (Cho), Creatine + Phosphocreatine (Cr), Myoinositol (MI), Glutamate-glutamine 
(Glx), Chemical Shift Imaging (CSI)  
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 Friedman et al.  [  90  ]  utilized proton echoplanar spec-
troscopic imaging (PEPSI), two echo times (TE 
20/272 ms), and also measured relaxation times in chil-
dren 3–4 years of age with ASD (38 boys, 7 girls), devel-
opmental delay (DD) (6 boys, 9 girls), and typical 
development (TD) (11 boys, 2 girls). Groups were age 
matched, but differed in gender distribution, although no 
covariates were used for this as the authors cited lack of 
evidence for sex effects on spectroscopy. All autistic and 
DD children were administered propofol for sedation, 
while TD children were imaged during sleep and/or after 
administration of diphenhydramine. Two slices were 
acquired—one placed atop the temporal lobes and one 
placed through the basal ganglia. Data was analyzed using 
the LCModel commercial package  [  91  ]  for automated 
 fi tting and water referencing for metabolite content. 

 Initial data analysis of averaged metabolite content 
throughout the slices demonstrated reduced NAA in both 
autistic and DD children as compared to TD children. The 
autistic children alone had decreased Cho, Cr + PCr, and 
myo-inositol (mI) compared to TD subjects. There were no 
differences in glutamate + glutamine (Glx) between groups. 
While averaged NAA T2 relaxation time (T2r) was pro-
longed in the ASD subjects compared to both TD and DD 
controls, Cr + PCr and Cho T2r were prolonged in ASD sub-
jects compared to DD subjects. The authors suggest, given 
their  fi ndings of prolonged T2r, that proton spectroscopy 
studies in autism should employ short TE ( £  30 ms) as the 
differences in T2r at longer TEs may affect results. Post hoc 

analysis directed to regional sites demonstrated multiple 
reductions in proton metabolites, some of which are outlined 
here and in Table  17.2 .  

 Metabolite differences in the ASD group, not replicated 
in the DD group, were widespread and affected the thalamus, 
basal ganglia, cingulate/callosum, and temporal and parietal 
regions. Metabolite differences that may be attributed to 
developmental delay in both ASD and DD subjects include 
the left frontal white matter reduction in NAA and Cr + PCr, 
and the parietal white matter reduction in NAA. 

 In an effort to better understand these data, Friedman 
et al.  [  67  ]  applied linear regression techniques to analyze 
the relative contributions of gray and white matter to their 
 fi ndings. In addition, cerebral volume was included as a 
covariate in these analyses. Their results demonstrated 
that  fi ndings unique to the autistic subjects occurred pri-
marily in gray matter (decreased NAA, Cr, Cho, and mI 
and prolonged Cho T2r compared to controls), while both 
AD and DD had reduced white matter NAA and mI (mI at 
the trend level only in the DD group however) relative to 
the control subjects. Cho and mI were reduced in AD 
compared to DD as well. 

  Fig. 17.2    The excited volume of the spectroscopic imaging study area 
is outlined in white, whereas the smaller voxels within the volume indi-
cate the ROIs for individual voxels. Outlined in blue voxel is a represen-
tative ACC voxel. (From Levitt J, O’Neill J, Blanton RE, et al. Proton 
magnetic resonance spectroscopic imaging of the brain in childhood 
autism. Biol Psych 54:1355–1366, 2003; with permission.)       

  Fig. 17.1    Single voxel study by Hisaoke et al. demonstrating place-
ment bilaterally in the anterior cingulate gyrus. (From Hisaoka S, 
Harada M, Nishitani H, Mori K. Regional magnetic resonance spectros-
copy of the brain in autistic individuals. Neuroradiology 2001;43(6):496–
8, with permission.)       
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 The authors suggest that these  fi ndings may provide evi-
dence for a common metabolic abnormality in white matter 
of both ASD and DD children. However, Levitt et al.  [  36  ]  
also found signi fi cant reductions of NAA in left frontal and 
left parietal white matter in older children with ASD, most of 
whom had IQ  ³  70. 

 In this study, Levitt et al.  [  36  ]  also used multislice MRSI 
(TE = 272 ms, Fig.  17.3 ) to investigate proton metabolites 
in 22 subjects with autism (4 girls, 18 boys aged 5.4–15.7 
years) and 20 age-matched healthy controls (10 girls, 10 
boys aged 6.8–16.3 years). Only three of these subjects had 
IQ < 70, two with full scale IQ scores of 61 and 64, and one 
scoring 33 verbal and 59 performance on the Mullens Scale 
of Early Learning  [  92  ] . Three 12-mm axial slices were pro-
scribed through (1) the supraventricular region, (2) the ven-
tricles, and (3) the dorsoventral midplane of the basal 
ganglia. Slices were co-registered to segmented tissue 
maps, and voxels were selected within manually delineated 
regions of interest including: the cingulate gyrus, caudate, 
putamen, and thalamus. Only voxels containing  ³  75 % 
gray or white matter were retained in cortical, respectively, 
regions. Voxels were CSF corrected and absolute quantita-
tion of MRSI metabolite levels was expressed in terms of 
institutional units (IU), rather than mmol concentrations, 
because no correction was made for T1 and T2 relaxation 
effects. Gender was included as a covariate in Levitt et al. 
 [  36  ] , but not in Friedman et al.  [  90  ] .  

 The  fi ndings included decreased Cr + PCr in right occipi-
tal cortex ( p  = 0.043), decreased Cho in left anterior cingulate 
gyrus ( p  = 0.003), and increased Cr + PCr in the left ( p  = .0068) 
and right ( p  = 0.03) caudate nucleus. Post hoc analyses 
revealed signi fi cantly decreased NAA in autistic subjects in 
left parietal white matter ( p  = 0.019), left frontal white matter 
( p  = 0.029), and left caudate ( p  = 0.04). 

 As noted above, Friedman et al.  [  67  ]  suggest that 
 fi ndings of decreased NAA in frontal and parietal white 
matter may represent a phenomenon common to both sub-
jects with ASD and with DD. However, Levitt et al.  [  36  ]  
found that NAA levels remained signi fi cantly reduced in 
the autistic subjects compared to controls when the analy-
sis was restricted to subjects with full-scale IQ of 83–127. 
Moreover, a separate single voxel study in 18 month to 

7-year-old boys  [  93  ]  found no signi fi cant difference 
between 25 male subjects with ASD and 12 male subjects 
with MR or language disorder but not ASD. 

 Possible confounds in these studies include the effect of 
medications in some subjects in both Friedman et al. and 
Levitt et al., as well as the administration of propofol seda-
tion to some subjects in Levitt et al.  [  36  ]  and all ASD and 
DD subjects in Friedman et al.  [  90  ] . Levitt et al.  [  36  ]  exam-
ined these potential confounds by excluding medicated and 
or sedated subjects from the analyses, although this reduced 
power to detect changes. Signi fi cant differences from ini-
tial results were found (1) eliminating sedated subjects 
from the analysis resulted in a loss of Cho  fi ndings in the 
caudate and (2) further analysis of the effect of medication 
revealed a “normalization” of Cr + PCr content in the right 
caudate in the medicated subjects. Of note, a proton spec-
troscopy investigation of obsessive compulsive disorder 
(OCD) demonstrated a similar effect of selective serotonin 
inhibitors, producing a normalization of the Glx peak in the 
caudate of OCD subjects compared to controls  [  94  ] . 

 While none of the aforementioned studies detected Glx 
differences in ASD, all were performed at 1.5 T. De Vito 
et al.  [  68  ]  performed the  fi rst 3 T study in subjects with 
ASD, which greatly improves the ability to characterize the 
Glx peak. Using spectroscopic imaging (TE 135 ms), 2 
slices were placed at (1) the lower at the level of the  superior 

   Table 17.2    Spectroscopic imaging results, Friedman et al.  [  90  ]    

 Decreased NAA  Decreased Cr + PCr  Decreased Cho  Decreased mI 

 ASD vs TD  – Right thalamus  – Left thalamus  – Left thalamus  – Bilateral caudate 
 – Bilateral cingulate  Anterior Callosum  – Right medial temporal lobe  – Anterior callosum 

 – Left parietal white  – Left parietal white 
 – Right superior temporal gyrus  – Right insula  – Left insula 

 ASD and DD vs TD  Left frontal white  Left frontal white 
 Right parietal white 

 ASD vs DD  Occipital cortex 

  Fig. 17.3    A representative spectrum obtained with MRSI. (From 
Levitt J, O’Neill J, Blanton RE, et al. Proton magnetic resonance spec-
troscopic imaging of the brain in childhood autism. Biol Psych 
54:1355–1366, 2003; with permission.)       
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cerebellum and thalamus; and (2) through the occipital lobe 
and splenium of the corpus callosum. This allowed for a 
sampling of cortical regions except the parietal lobe, in 26 
male subjects with autism (6–17 years of age) and 29 con-
trols (6–16 years of age). Eighteen subjects required mida-
zolam for sedation, and 12 were on psychotropic 
medications. There were no signi fi cant group differences in 
age or nonverbal IQ, although verbal IQ was lower in the 
subjects with autism. 

 Voxel gray/white/CSF proportions were calculated based 
on T1-weighted segmentation data, and metabolites were 
quanti fi ed using phantom metabolite solutions of known 
concentration. All cortical voxels were pooled for metabolite 
assessment and, in addition, manually segmented regions 
were assessed. Based on content of gray and white matter, 
the regions assessed included: left and right frontal, temporal 
and occipital gray matter; left and right cerebral white mat-
ter; and left and right cerebellum. 

 Averaged results showed signi fi cantly decreased NAA in 
the autistic subjects, primarily in gray matter ( p  = 0.006); 
regional analysis attributed this to both frontal and occipital 
lobes and at a trend level, the temporal lobes. NAA was also 
reduced in white matter in the autistic subjects, but only at 
the trend level (0.06), and was reduced at the trend level in 
the ASD group in the cerebellum ( p  = 0.06). Glx was 
signi fi cantly decreased in gray matter autistic subjects 
( p  = 0.0007) in frontal ( p  = 0.02) and occipital ( p  = 0.002) 
lobes and in the cerebellum ( p  = 0.003), but not in white mat-
ter. Cr + PCr was reduced in gray matter in the left temporal 
( p  = 0.04) and left occipital ( p  = 0.05) lobes. 

 Furthermore, there was a negative correlation found 
between age and cerebral gray matter NAA ( p  = 0.002) and 
Glx ( p  = 0.00002) in frontal, temporal, and occipital gray mat-
ter of control subjects, but not in autistic subjects. This nega-
tive correlation was found for both groups for NAA in the 
cerebellum. Analyses of the effects of medication or sedation 
upon the results did not reveal any signi fi cant differences in 
 fi ndings between medicated and unmedicated subjects. 

 Bernardi et al.  [  95  ]  also used a 3 T magnet to investigate 
proton metabolites in the cerebral cortex of 14 adults with 
ASD and 14 healthy controls matched for age and nonver-
bal IQ. Using a PRESS sequence (TE = 30 ms) in two slices 
placed as (1) an axial slice through the anterior cingulate 
gyrus (ACC) and thalamus and (2) a coronal slice placed 
approximately along the intraparietal sulcus (IPS) and the 
temperoparietal junction (TPJ), proton metabolite data was 
quanti fi ed and reported in IU. The investigators found 
signi fi cant reductions in Glx in the right ACC ( p  < .006) and 
decreased mI in the left    temperoparietal junction ( p  < .03). 
These results are consistent with the previous  fi ndings of 
decreased frontal Glx by DeVito et al.  [  68  ] ; and as the 
authors point out, indicate that these changes may be stable 
into adulthood. 

 In an investigation designed to examine GABA in ASD, 
Harada et al.  [  96  ]  used a 3 T magnet to examine proton 
metabolites in 12 children with ASD (2–11 years of age) and 
10 control subjects (3–12 years of age). Ten of the autistic 
subjects and nine of the control subjects required sedation 
with triclofos sodium. The investigators incorporated the 
MEGA-editing J difference technique  [  97  ]  into a PRESS 
sequence (TE = 68 ms) to improve the GABA signal, as well 
as a STEAM sequence (TE = 15 ms) for the conventional 
proton metabolites. Single voxels were placed in the frontal 
lobe and in the lenticular nucleus and were segmented into 
gray/white/CSF fractions; LCModel  [  98  ]  was used for 
metabolite analysis. 

 Data analysis demonstrated a signi fi cant reduction in 
GABA in the frontal lobe region of the ASD subjects 
compared to the control subjects ( p  < 0.01), and reduced 
GABA/NAA ( p  < 0.01) and GABA/Glu ( p  < 0.05). There 
were no other statistically signi fi cant differences. Noting 
recent research demonstrating irregularities of the GABA 

A
  

and GABA 
B
  receptors in subjects with ASD  [  99,   100  ] , the 

authors hypothesize that these  fi ndings implicate suppres-
sion of the GABAergic system and subsequent hyperfunc-
tion of glutamate (Glu) during brain development in 
ASD. 

 In summary, several proton spectroscopy studies in 
ASD have found decreased NAA in regions throughout 
the neocortex in subject groups including very young chil-
dren  [  90  ] , children and adolescents  [  36,   68  ] , and subjects 
spanning both of these age groups  [  87  ] . NAA may be a 
marker of either neuronal numbers/density, or integrity/
function  [  101,   102  ] , and/or more speci fi cally, of mito-
chondrial function  [  103  ] . Given the evidence outlined 
above for increased brain volume  [  58  ] , numbers/density 
of neurons in the cortex of subjects with autism  [  15,   17  ] , 
and cortical thickness  [  49  ] , these  fi ndings seem more con-
sistent with an abnormality of function in the neurons or 
glia in these regions, and less an indication of reduced 
neuronal numbers. 

 Findings of other proton metabolite irregularities in 
these same cortical regions support this notion. There is 
evidence for decreased Cr + PCr in occipital gray matter 
 [  36,   68  ] , as well as frontal and parietal white matter  [  90  ] . 
The Cr + PCr peak is a marker of cellular energetics that 
may be driven in part by cytosolic glycolysis  [  104  ]  and 
are consistent with earlier fMRI studies demonstrating 
diminished functional activity in autistic subjects  [  71,   76, 
  78  ]  and Harris et al.  [  105  ] . 

 Support for a relationship between such abnormalities 
and the symptom pro fi le of ASD comes from several stud-
ies, including a single voxel investigation by Kleinhans 
et al.  [  106  ] . Using short TE (35 ms) PRESS 1 H-MRS in 13 
males with ASD (7 autistic, 3 Asperger disorder, and 3 
PDD-NOS) and 13 age- and gender-matched controls, these 
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investigators found that reduction of NAA in the left frontal 
lobe middle gyrus of the subjects with ASD ( p  = 0.043) was 
correlated with the percent of frontal lobe activation on an 
fMRI test of verbal  fl uency. 

 In the temporal lobes, there is also evidence for reduced 
Cr + Pcr  [  68  ]  as well as for decreased Cho in the right 
superior temporal gyrus and reduced mI in the temperopa-
rietal junction  [  95  ] . Cho is attributed primarily to mem-
brane constituents, and therefore abnormalities of this 
metabolite in the STG, a node in the language comprehen-
sion network  [  107  ] , suggest disruption of normal mem-
brane synthesis or degradation  [  108,   109  ]  in this region. 
mI is considered to be primarily a marker of glia  [  101  ] . 
Findings of decreased mI in the left temperoparietal junc-
tion ( p  < .03) may be evidence of glial abnormalities in 
this region subserving attention and empathy (see Bernardi 
et al. for review  [  95  ] ), and are consistent with Williams 
et al.’s  [  76  ]   fi ndings of abnormal metabolic activity in the 
temperoparietal region during imitation tasks. 

 In addition,  fi ndings of reduced Glx (including both glu-
tamine and glutamate) in frontal, temporal, and occipital 
lobes  [  68  ] , as well as decreased GABA in the frontal lobe 
 [  96  ]  support hypotheses of disturbed excitation/inhibition in 
ASD  [  110  ] . Taken together, these metabolic changes support 
and extend neuropathology, morphometric and functional 
imaging studies outlined above that demonstrate widespread 
neocortical involvement in the brain in ASD. Similar meta-
bolic abnormalities have been found in many other brain 
regions in autism, which we discuss below.   

   The Cingulate Gyrus in Autism 

 In addition to its well-known role in cognition and atten-
tion  [  111  ] , the anterior cingulate gyrus is centrally 
involved in processing both cognitive and emotional stim-
uli  [  112,   113  ] , and motor responses to these stimuli  [  114  ] . 
Studies implicate this region, as well as the prefrontal cor-
tex, in theory of mind and empathy, which are hypothe-
sized to be central to ASD symptomatology  [  115,   116  ] . 
The ACC is implicated as well in the pathophysiology of 
obsessive compulsive symptoms  [  117  ] , which may in 
some cases be related to the repetitive-stereotyped behav-
iors symptom domain seen in autism  [  85,   118  ] . 

 The  fi ndings in the spectroscopy literature regarding the 
anterior cingulate gyrus in autism are similar to those in the 
neocortex in that while several investigations provide evi-
dence for metabolic abnormalities in this region, there is 
variability in the speci fi c metabolic abnormalities found. The 
spectroscopic imaging investigations outlined above pro-
duced evidence for decreased NAA bilaterally in the ACC 
 [  90  ]  and decreased Cho in the left ACC  [  36  ] . However, 
Vasconcelos et al.  [  119  ]  found increased Cho ( p  = 0.04) and 

increased mI ( p  = 0.02) in the anterior cingulate using short 
TE (30 ms) single voxel PRESS in ten boys with autism 
(median age 9.5 =/−1.8 year) and ten control boys (median 
age 8.5 ± 1.4 years). Finally, in their 3 T study described 
above, Bernardi et al.  [  95  ]  demonstrated decreased Glx in 
the right ACC. 

 Decreased levels of Glx in the ACC may be related to 
receptor abnormalities in this region recently demonstrated 
by Oblak et al.  [  120  ]  demonstrating signi fi cantly reduced 
numbers of GABA 

A
  receptors in the ACC in postmortem 

tissue from subjects with ASD. Corresponding abnormali-
ties of glutamate and/or glutamine may ultimately manifest 
in aberrant connectivity and function, resulting in disrup-
tion of normal ACC function that may lead, at least in part, 
to the symptomatology of ASD. 

 Further evidence for the relationship between proton 
metabolites, functional abnormalities, and symptomatol-
ogy comes from a study by Oner et al.  [  121  ] , demonstrat-
ing signi fi cant correlations between proton metabolites in 
adult subjects with autism and scores on the Yale–Brown 
Obsessive Compulsive Scale (Y-BOCS)  [  88  ] —a measure 
of severity of obsessive compulsive symptoms. These 
investigators used 2D-CSI (Press, TE 270 ms) in both the 
right ACC and right DLPFC in 14 male patients with AS 
(17–38 years of age) and in 21 age-, IQ-, and gender-
matched control subjects. They found signi fi cantly 
decreased NAA/Cho in the ACC of subjects with autism, 
as well as a positive correlation between this measure and 
scores on the Y-BOCS, used as a measure of repetitive 
and stereotyped behaviors, a cardinal symptom in ASD.  

   Proton Spectroscopy and the Caudate in ASD 

 The caudate is also a well-known node in the pathways 
involved in obsessive compulsive disorder  [  122–  125  ] ; for 
review, see Maia et al.  [  126  ] . Both spectroscopic imaging 
and single voxel studies describe signi fi cant abnormalities 
in the caudate in subjects with ASD (Table  17.3 ). Using 
spectroscopic imaging, Levitt et al.  [  36  ]  found increased 
Cr + PCr bilaterally, and decreased NAA (left hemisphere), 
while Friedman et al.  [  90  ]  demonstrated decreased mI bilat-
erally in the caudate. In their single voxel study, Vasconcelos 
et al.  [  119  ]  found increased mI/Cr in the striatum.  

 Between these three studies investigating very young 
children (3–4 years of age), Friedman et al.  [  90  ] , as well 
as older children and adolescents  [  36,   119  ] , there is a pat-
tern consistent with aberrant Cr + PCr (energy/metabolics) 
and mI (glial cell) abnormalities in the caudate in ASD. 
These  fi ndings are consistent with PET  [  127  ]  and fMRI 
investigations demonstrating abnormalities of functional 
activation  [  128,   129  ]  and functional connectivity  [  130  ]  in 
this region.  
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   Proton Spectroscopy and the Thalamus in ASD 

 Hardan and colleagues  [  131  ] , interested in investigating the 
neurophysiology of sensory abnormalities in subjects with 
autism, examined the thalamus using both morphometry and 
proton spectroscopy, and correlated their results with scores 
on the sensory pro fi le questionnaire (SPQ)  [  132  ] —a parent 
report measure of sensory abnormalities. 

 Using a 2D multivoxel  1  H spectroscopy STEAM sequence 
 [  133  ]  and chemical shift imaging (TE 20 ms), this group 
tested 18 boys with ASD and 16 controls boys 8–15 years of 
age. Signi fi cant  fi ndings were all in the left hemisphere and 
included decreased NAA ( p  = .006); PCr + Cr (.022); Cho 
(expressed as GPC + PC) ( p  = .004); Glx trended to 
signi fi cance ( p  = 0.082). As seen in previous studies of the 
thalamus in ASD  [  134–  137  ] , no volumetric differences were 
found between subjects and controls, despite the presence of 
metabolic or functional effects. 

 These results are similar to those of Friedman et al.  [  90  ]  
who also found decreased NAA (right  p  < 0.05; left trend), 
and signi fi cantly decreased Cr + PCr and Cho ( p  < 0.05) in 
the left hemisphere in their ASD subjects aged 3–4 years. In 
addition, a single voxel study  [  134  ]  in 31 subjects with 
autism and 15 control subjects (0–13 years of age) found 
reduced NAA/PCr + Cr. 

 These  fi ndings, taken together with other proton metabo-
lite abnormalities described above in the ACC and caudate, 

are consistent with PET  [  136  ]  and fMRI  [  129  ]  investigations 
in ASD that implicate fronto-striato-thalamic circuitry in the 
pathophysiology of ASD.  

   Proton Spectroscopy and the Amygdala in ASD 

 The amygdala has been studied intensively in ASD due to 
this region’s involvement in recognizing and interpreting 
emotional stimuli  [  6,   138–  141  ] . Morphologic studies of the 
amygdala have demonstrated similar growth trajectories to 
overall brain size in autism, i.e., increased volume in young 
children  [  26–  28  ] , but normal or reduced size in adolescents 
and adults  [  23,   74,   142  ] . Further evaluation of some of these 
morphometric abnormalities has demonstrated a relationship 
between size and severity of symptomatology  [  28,   142  ] . 
Numerous fMRI studies have found abnormalities in this 
region in AD as well  [  72,   143–  146  ] . 

 The majority of proton spectroscopy studies in the 
amygdala/hippocampus region have also produced evidence 
for signi fi cant changes in autistic subjects as compared to 
controls. These  fi ndings include reduced NAA  [  147  ] , reduced 
NAA/Cr  [  147–  149  ] , increased Cr and Glx (Page et al. 2006), 
and increased Cho/Cr and mI/Cr  [  149  ] . We review each of 
these below. 

 Otsuka et al.  [  147  ]  studied proton metabolites in the right 
hippocampus–amygdala and left cerebellar hemisphere in 27 

   Table 17.3    Proton spectroscopy in anterior cingulate gyrus, caudate, and thalamus in ASD   

 Reference  MRS technique  Brain regions  Key  fi ndings 

 Friedman et al. 2003  [  90  ]   MRSI  –Temporal lobe  Decreased metabolites throughout See 
Table  17.2   TR 2,000  –Basal ganglia 

 TE 20/272 ms, Quantitation 
 Levitt et al. 2003  [  36  ]   MRSI  –Supraventricular  Increased Cr + PCr–Caudate bilateral 

 TR 2300  –Ventricular  Decreased Cho–Left Anterior cingulate 
 TE 272 gray/white/CSF 
segmentation 

 –Basal Ganglia  Decreased Cr + PCr -R occipital cortex 
 Decreased NAA left caudate; left frontal 
white matter; left parietal white matter 

 Bernardi et al. 2011  [  95  ]   3 T  –Anterior Cingulate/  Reduced Glx right anterior cingulate 
 MRSI  Thalamus  Reduced mI temperoparietal junction 
 TR 2000  –Temperoparietal 
 TE 30 

 Vasconcelos et al., 2008  [  119  ]   Single Voxel  –Cingulate  – Increased mI and Cho anterior cingulate 
 PRESS  –Left Striatum  – Increased mI/Cr in cingulate and 

striatum  TR 1500  –Left Frontal lobe 
 TE 30  –Left cerebellum 

 Oner et al. 2007  [  121  ]   2D-CSI  –Right anterior cingulate  – Increased NAA/Cho ( p  = 0.028) in ACC; 
 PRESS  – Correlation to Y-BOCS ( p  = 0.047); 

 –Right dorsolateral prefrontal 
cortex 

 – Neg correlation Y = BOCS and DLPFC 
NAA/Cho ( p  = 0.015) 

 TR 1500 
 TE 270 

 Hardan et al. 2008  [  131  ]   STEAM CSI  –Thalamus—bilateral  Decreased NAA right thalamus 
 TR 1600  Left thalamus trend 
 TE 20 
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autistic patients 2–18 years old (21 boys and 6 girls) and 10 
control children 6–14 years old, (4 boys and 6 girls), using 
short TE (18 ms) single voxel (2 × 2 × 1.5 cm 3 ) STEAM. They 
found reduced NAA ( p  = 0.042) in the autistic subjects in 
both regions, using quantitation of proton metabolite levels 
referenced to water, which may re fl ect true levels of metabo-
lites more accurately than ratios. The age ranges given differ 
considerably between groups, which may confound the 
results, although decreased NAA in the cerebellum was also 
reported by Chugani et al.  [  150  ]  in nine autistic children 
compared to  fi ve sibling control subjects ( p  = 0.043). 

 Endo et al.  [  148  ]  conducted a short TE (35 ms) single voxel 
study and reported decreased NAA/Cr ratios in the right 
MTL—amygdala/hippocampus in 38 subjects with ASD as 
compared to 16 age-matched control subjects ( p  < 0.001). 
NAA/Cr was also signi fi cantly reduced when the subjects with 
autism were compared to subjects with PDD-NOS ( p  < 0.001). 
They further analyzed possible correlations between this data 
and ratings of autistic symptoms on the childhood autistic rat-
ing scale Tokyo version  [  151  ]  and found negative correlations 
between NAA/Cr on the right and ratings of symptom severity 
including the total score ( p  = 0.01), and subscales: emotional 
response  p  = 0.02 and listening response  p  = 0.001. 

 Gabis et al.  [  149  ]  also found decreased NAA/Cr ratios in 
a single voxel (TE 40 ms) study of the MTL ( p  < 0.05) in 
subjects with ASD (7 children with PDD-nos, 1 child with 
autism, and 5 with Asperger’s disorder) compared to 8 con-
trols (not matched for gender or IQ). Findings were bilateral 
and occurred across both language impaired and nonlan-
guage impaired subgroups. In addition, they found increased 
mI/Cr in bilateral MTL and in the cerebellum, and increased 
Cho/Cr in the left MTL and cerebellum. The Cho/Cr  fi ndings 
in the left MTL were attributed largely to the language-
impaired subjects in the study. 

 Page et al.  [  81  ]  used single voxel PRESS TE 35 ms to 
investigate proton metabolites in the right amygdala–hip-
pocampus and right parietal lobe in 25 adults with autism 
and 21 control subjects. MRS metabolite concentrations 
were corrected for tissue and CSF content, and LCModel 
was used, plus in-house software, to quantify the results. 
Cr + PCr as well as Glx was increased signi fi cantly in the 
amygdala/hippocampus region, but not in right parietal lobe. 
The parietal  fi ndings are consistent with a previous  1  H-MRS 
study  fi nding abnormalities in the left, but not right parietal 
lobe in autistic subjects  [  36  ] . 

 These results of increased Cr in the amygdala, quanti fi ed 
using referencing standards, must be taken into account 
when considering reports of metabolite ratios in this region 
 [  148,   149  ] . While the  fi ndings are consistent across the 
Endo and Gabis studies, e.g., demonstrating decreased 
NAA/Cr in both, the extent to which increased Cr content 
may have contributed to these  fi ndings renders the results 
dif fi cult to interpret. 

 Kleinhans et al.  [  152  ]  emphasize this point in discussing 
the results of their bilateral amygdala study using water ref-
erencing and quantitative analysis of single voxels at short 
TE (30 ms). The investigator and colleagues measured pro-
ton metabolites in 20 adults with high functioning autism or 
Asperger’s disorder and 19 age- and IQ-matched controls, 
and found no signi fi cant difference between controls and 
subjects. However, they did  fi nd an inverse correlation 
between measures of NAA and Cr, and symptom severity on 
the ADI-R. These results are consistent with the  fi ndings of 
an inverse correlation between NAA/Cr and symptom sever-
ity in Endo et al.  [  148  ] , as well as with the studies of amygdala 
size and severity of symptomatology described above  [  28, 
  142  ] , and with a previous fMRI study by Kleinhans et al., 
 [  146  ]  demonstrating an inverse correlation between ADI-R 
severity and functional connectivity between the amygdala 
and fusiform face area. 

 Two other studies have also found correlations between 
symptom severity and proton metabolites in this region in 
ASD  [  153,   154  ] . Sokol et al.  [  153  ]  reported an association 
between Cho/Cr + PCr in the hippocampal/amygdala complex 
and severity of autism as measured by the Children’s Autistic 
Rating Scale (Pearson  r  = 0.657,  p  = 0.04) in ten children with 
autism, aged 2–12 years. The authors interpreted their results 
as potentially indicative of increased membrane turnover or 
cell growth. Results must be interpreted with caution as noted 
above, Cr + PCr levels may be abnormal in the brains of autis-
tic children, and three of the children had seizures. 

 Suzuki et al.  [  154  ]  investigated the hippocampus in relation 
to aggression in subjects with autism, due to the body of litera-
ture demonstrating a modulating in fl uence of the hippocampus 
upon aggression  [  155–  158  ] . They used a rectangular voxel, 
slanted to cover the long axis of the hippocampus on a coronal 
oblique image, a PRESS sequence (TE = 144 ms) in 12 non-
medicated autistic males and 12 age- and gender-matched con-
trols. The investigators found signi fi cantly increased 
concentrations of Cho ( p  < 0.001) and Cr + PCr ( p  < 0.001) in the 
hippocampal region of autistic subjects as compared to controls, 
and signi fi cantly decreased concentration of NAA in the cere-
bellum of the autistic subjects. Both Cho and Cr + PCr were 
related to aggression severity as measured by the Japanese ver-
sion of the Aggression Questionnaire  [  159  ] .  

   Proton Spectroscopy in the Cerebellum in ASD 

 Three  1  H-MRS studies in the cerebellum  [  106,   119,   149  ]  
have found no differences in ASD, while others have found 
signi fi cant decrements in NAA  [  147,   150,   154  ]  and decreased 
Glx  [  68  ] . Reductions of NAA and Glx in this region may be 
a marker of decreased Purkinje cells in the cerebellum found 
in neuropathologic investigations of subjects with ASD 
 [  160  ] . There are reciprocal loops between the cerebellum 
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and sensorimotor regions of the cortex  [  161  ] , disruption of 
which might lead to dysfunction of higher cognitive func-
tions involving the cerebellum to some degree  [  162  ] . These 
data support long-standing evidence of a cerebellar contribu-
tion to the symptom pro fi le in ASD  [  163  ] .  

   Future Directions 

 The convergence of differing imaging methods demonstrat-
ing abnormalities of structure, function, and biochemical 
metabolites in numerous regions throughout the brain in sub-
jects with ASD provides ample evidence for this being a dis-
order of diffuse cortical and subcortical involvement. Future 
studies combining these methodologies in multimodal inves-
tigations will greatly enhance our ability to understand the 
biochemistry underlying functional and structural abnormal-
ities in ASD. Combining such investigations with genetic 
data should help to elucidate the pathways leading to disrup-
tions of development in this disorder.      
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 This chapter reviews magnetic resonance spectroscopy 
(MRS) studies of pediatric and adult attention de fi cit 
hyperactivity disorder (ADHD). We begin with a brief 
clinical overview of ADHD. Then we summarize brain 
 fi ndings in ADHD obtained with neuroimaging modalities 
other than MRS. We suggest conceivable clinical applica-
tions of MRS in ADHD. The heart of the chapter is a 
review of all published MRS studies of ADHD known to 
us. Drawing from the MRS and other neuroimaging 
 fi ndings, we offer a speculative neurochemical model of 
the subjective mental symptomatology of ADHD. We 
identify gaps representing opportunities and make meth-
odological recommendations for future MRS ADHD 
research. 

   ADHD as a Psychiatric Disorder 

 This section brie fl y overviews clinical aspects of ADHD. For 
more comprehensive reviews, see Wolraich et al.  [  1  ] , Cormier 
 [  2  ] , Dopheide and Pliszka  [  3  ] , Bukstein  [  4  ] , and Wilens and 
Spencer  [  5  ] .  

   Epidemiology, Public Health 
Impact of ADHD 

 ADHD is the most commonly diagnosed pediatric psychiat-
ric disorder, affecting ~5% of children and adolescents glob-
ally  [  6,   7  ] . Prevalence by world region varies 2–12%  [  7,   8  ] , 
whereby one should consider that ADHD diagnosis is 3–4 
times more likely under DSM-IV (used mainly in North 
America) than under ICD-10 (used mainly in Europe) crite-
ria  [  9  ] . ADHD is diagnosed two to four times more frequently 
in boys than in girls  [  10,   11  ] , though it is not established 
whether males are more susceptible or only more likely to be 
diagnosed due to social factors  [  12  ] . ADHD persists into 
adulthood in up to 60% of patients  [  13  ] , whereby the hyper-
activity and impulsiveness symptoms of the disease decline 
with age  [  14  ] . Some consider this decline part of the natural 
history of the disorder, while others view it as symptom 
masking by compensatory cognitive strategies  [  15  ] . The 
most recent epidemiological data  [  16  ]  document a striking 
increase in ADHD prevalence in the last decade across the 
US and across demographic categories. The CDC speculates 
that this rise may be due to “shift in the cultural acceptance 
of ADHD or changes in access to care.” We saw no discus-
sion of whether there has been an increase in the true inci-
dence of the disease, due perhaps to environmental, child 
care, or lifestyle factors, or whether the condition is now 
being over detected, e.g., “fashionable diagnosis.” The eco-
nomic impact of ADHD resulting from medical treatment, 
lost productivity, and other costs is estimated in the billions 
of US dollars  [  17  ] .  

   Onset, Symptoms, Diagnosis, Subtypes    

   Onset and Symptoms 
 ADHD is a neurobehavioral developmental disorder and per 
DSM-IV onset of symptoms must come before 7 years of 
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age  [  18  ] . The symptomatic hallmarks of ADHD are inatten-
tion, hyperactivity, and impulsivity, each of which may occur 
alone  [  18  ] . Table  18.1  provides a more concrete picture by 
listing numerous possible individual symptoms  [  19  ] .   

   Subtypes 
 The symptom groups of Table  18.1  lead directly to the three 
DSM-IV-de fi ned subtypes of ADHD. For patients with the 
predominantly hyperactive-impulsive subtype (ADHD-HI) 
(1) most symptoms (six or more) are in the hyperactivity-
impulsivity categories; and (2) fewer than six symptoms of 
inattention are present, although inattention may still be 
present to some degree. For patients with the predominantly 
inattentive subtype (ADHD-I) (1) the majority of symptoms 
(six or more) are in the inattention category and fewer than 
six symptoms of hyperactivity-impulsivity are present, 
although hyperactivity-impulsivity may still be present to 
some degree; (2) children with this subtype are less likely to 
act out or have dif fi culties getting along with other children; 
and (3) they may sit quietly, but they are not paying attention 
to what they are doing. Therefore, the child may be over-
looked, and parents and teachers may not notice symptoms 
of ADHD. For patients with the combined hyperactive-
impulsive and inattentive subtype (ADHC-C) (1) six or more 

symptoms of inattention and six or more symptoms of hyper-
activity-impulsivity are present.  

   Other Diagnostic Criteria 
 Other diagnostic criteria of ADHD include the following. 
Symptoms must continue at least 6 months and must be 
observed in at least two different settings, e.g., in the class-
room, on the playground, at home, in the community, or in 
social settings. The symptomatic behaviors must be “devel-
opmentally inappropriate,” meaning the child exhibits more 
of the untoward behavior than other children of the same age 
do. And symptoms must not be better explained by another 
psychiatric or medical disorder.  

   Neurocognitive Symptoms. Functional 
and Social Dif fi culties 

   Neurocognitive Symptoms 
 Apart from the core attentional, hyperactive, and impulsive 
symptoms of ADHD, neurocognitive symptoms often 
accompanying ADHD include dif fi culty in problem solving, 
planning ahead, and understanding others’ actions, although 
there is controversy about whether these symptoms truly 
form part of the disorder  [  20  ] .  

   Functional and Social Dif fi culties 
 Dif fi culties in daily functioning and social interactions 
commonly go along with ADHD and contribute substan-
tially to poor lifetime outcomes in ADHD patients. These 
features can lead to dif fi culties in interpersonal relation-
ships, in maintaining a satisfactory work record, and in 
enjoying life in general  [  21  ] . One study that followed 
hyperactive boys transitioning to adulthood, for example, 
found that, when compared to controls, the hyperactive 
group had lower educational attainment, lower occupa-
tional status, more antisocial personality disorder, and more 
substance abuse  [  22  ] . Children with ADHD are at high risk 
for a wide range of learning problems, substance abuse, 
psychopathology, and dif fi culties in their social relation-
ships, work, and marriages. Children with ADHD and early 
signs of aggressive behavior are at much higher risk than 
other children with ADHD for later developing poor out-
comes including school failure, contact with the criminal 
justice system, and severe psychopathology including anti-
social personality disorder  [  23  ] . Similarly, children with 
ADHD and early signs of anxiety are at higher risk for later 
depression or other internalizing disorders  [  24  ] . Longitudinal 
studies of outcomes of childhood ADHD in young adults 
show lower academic and occupational achievement and 
higher rates of incarceration, mental health problems, and 
divorce compared with control groups  [  25,   26  ] . The path of 
adolescents with ADHD continues the childhood trend of 

   Table 18.1    Some possible individual symptoms of attention de fi cit 
hyperactivity disorder (ADHD)   

 Predominantly inattentive symptoms may include 
 • Be easily distracted, miss details, forget things, and frequently 

switch from one activity to another 
 • Have dif fi culty maintaining focus on one task 
 • Become bored with a task after only a few minutes, unless doing 

something enjoyable 
 • Have dif fi culty focusing attention on organizing and completing 

a task or learning something new or trouble completing or 
turning in homework assignments, often losing things (e.g., 
pencils, toys, assignments) needed to complete tasks or activities 

 • Not seem to listen when spoken to 
 • Daydream, become easily confused, and move slowly 
 • Have dif fi culty processing information as quickly and accurately 

as others 
 Predominantly hyperactive-impulsive symptoms may include 
 • Fidget and squirm in their seats 
 • Talk nonstop 
 • Dash around, touching or playing with anything and everything 

in sight 
 • Have trouble sitting still during dinner, school, and story time 
 • Be constantly in motion 
 • Have dif fi culty doing quiet tasks or activities. 
 Predominantly impulsive symptoms may include 
 • Be very impatient 
 • Blurt out inappropriate comments, show their emotions without 

restraint, and act without regard for consequences 
 • Have dif fi culty waiting for things they want or waiting their turns 

in games 

  From National Institute of Mental Health (NIMH). Attention de fi cit 
hyperactivity disorder (ADHD). NIH Publication No. 08-3572. 
Bethesda, MD; National Institute of Health. 2008  
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divergence from that of their peers. They perform worse at 
school and are at greater risk of suspension or expulsion. 
Consequently, the occupational achievement of young 
adults with ADHD is lower than for matched peers  [  27  ] . 
The most disabling aspect of ADHD in adulthood may be 
the disruption it causes in interpersonal relationships, with 
increased risk of chronic con fl ict with work peers, socially 
inappropriate behaviors, disputes with partners and spouses, 
and trouble with the law  [  28  ] . These repeated  fi ndings of 
multiple negative outcomes reveal the impact of ADHD, 
the importance of diagnosis and treatment, and opportunity 
areas for individual case and public health management of 
the disorder.   

   Differential Diagnosis. Comorbidities 

   Differential Diagnosis 
 Numerous other conditions and situations can trigger 
ADHD-like behavior. Examples include: problems with 
schoolwork caused by learning disability, anxiety, or 
depression; adjustment disorders, for instance in the event 
of death or divorce in the family or parent’s job loss; medi-
cal illnesses such as undetected epilepsy, an ear infection 
causing temporary hearing problems; fetal alcohol syn-
drome; insuf fi cient or poor quality sleep, or child abuse. 
Such conditions are ruled out if possible before diagnosing 
and treating ADHD.  

   Psychiatric Comorbidities 
 Associated psychiatric comorbidities  [  29  ]  are more the rule 
than the exception in ADHD. Associated conditions include 
oppositional de fi ant disorder and conduct disorder, antisocial 
personality disorder, borderline personality disorder  [  30  ] , 
bipolar disorder, depression  [  31  ] , anxiety disorder (espe-
cially in girls;  [  32  ] ), obsessive-compulsive disorder, and 
learning disability  [  29  ] . In addition to mimicking signs of 
ADHD leading to possible misdiagnosis as noted above, epi-
lepsy is also often comorbid with ADHD  [  33,   34  ] . Co-existing 
conditions may require other courses of treatment and are 
diagnosed separately from ADHD. Thus, the presence of one 
or more of these comorbidities complicates both diagnosis 
and treatment. The subject samples in the MRS studies 
reviewed below typically include at least some patients with 
comorbidities, particularly oppositional de fi ant disorder.   

   Etiology 

   Genetic Factors 
 The exact cause of ADHD is unknown, but its heritability 
(~75%)  [  35  ]  and possible genetic basis have been much 
emphasized  [  36,   37  ] . Candidate genes include those 

 coding for  a  
2A

  (alpha) adrenergic receptors, dopamine (DA) 
 transporters (DAT)  [  38  ] , DA D 

2
 /D 

3
   [  39  ]  and DRD 

4
   [  38  ]  

receptors, dopamine beta-hydroxylase (DBH TaqI)  [  40  ] , 
monoamine oxidase A (MAO 

A
 ), cathecholamine-methyl-

transferase (COMT), the serotonin transporter (5-HTT) 
promoter SLC6A4, and the 5-HT 

2A
  and 5-HT 

2B
  receptors 

 [  41  ] . The broad selection of targets indicates that ADHD 
does not follow the traditional model of a genetic disease 
and should therefore be viewed as a complex interaction 
among genetic and environmental factors. Even though all 
these genes might play a role, to date no single gene has 
been shown to make a major contribution to ADHD (Acosta 
et al. 2004). For other reviews of genetics in ADHD, includ-
ing recent efforts to link genetics to developmental stages 
and pharmacotherapy for ADHD, see Galili-Weisstub and 
Segman  [  42  ] , Coghill and Banaschewski  [  43  ] , Banaschewski 
et al.  [  44  ] , Faraone et al.  [  45  ] , Froehlich et al.  [  46  ] , and 
Sonuga-Barke and Halperin  [  47  ] .  

   Environmental Factors 
 Proposed nongenetic etiologies include complications dur-
ing pregnancy and childbirth, including maternal ethanol 
consumption or tobacco smoking  [  48  ] ; toxic exposures 
including environmental lead  [  49,   50  ] , organophosphates 
 [  51  ] , and food additives  [  52  ] ; early childhood infections 
including measles, varicella, rubella, enterovirus, and strep-
tococcus  [  53,   54  ] ; and child rearing conditions including 
child abuse  [  55  ]  and institutional deprivation  [  56  ] .   

   Developmental Course, Natural History, 
Prognosis 

 The proportion of children meeting diagnostic criteria for 
ADHD drops by ~50% over 3 years after the diagnosis. This 
occurs independent of treatment  [  57,   58  ] . Notwithstanding, 
children diagnosed with ADHD have dif fi culties in adoles-
cence, regardless of treatment  [  59  ] , frequently failing to 
acquire a college or even high school diploma, often in spite 
of special education. Those with ADHD as children are at 
increased risk of adverse life outcomes once they become 
teenagers, including greater risk of auto crashes, injury and 
higher medical expenses, earlier sexual activity, and teen 
pregnancy. ADHD in adults remains a clinical diagnosis, per-
sisting, as mentioned, from childhood in ~60% of cases  [  13  ] . 
As mentioned, the signs and symptoms may differ from those 
in childhood and adolescence due to acquired coping mecha-
nisms  [  60  ] . The fact that such powerful negatives outcomes 
are observed frequently in subjects who have undergone con-
ventional treatment and/or no longer meet formal diagnostic 
criteria for ADHD underscores the need to develop superior 
therapies and for better understanding of brain mechanisms 
of the disease, perhaps with the aid of MRS research.  
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   Treatment 

   Stimulant drugs 
 Both pharmacological and nonpharmacological treatments 
are used for ADHD. Based on safety, tolerability, and 
ef fi cacy, CNS stimulants, taken daily orally, represent  fi rst-
line neuropharmacologic treatment for both pediatric and 
adult ADHD  [  61  ] , with methylphenidate (Ritalin, Concerta) 
being the most commonly prescribed agent  [  62  ] . This is the 
celebrated “paradoxical reaction” whereby stimulant drugs, 
which typically increase locomotion in healthy subjects, 
actually relieve hyperactivity in patients with ADHD. Other 
stimulants prescribed include the amphetamine-based for-
mulations like amphetamine plus dextroamphetamine 
(Adderall) and dextroamphetamine sulfate (dexedrine). The 
stimulants increase synaptic DA and noradrenalin (NA) con-
centrations by inhibiting presynaptic uptake and promoting 
presynaptic release  [  63  ] . Extended-release preparations of 
stimulants have become popular because they reduce after-
noon wear-off and rebound and manifest less abuse potential 
 [  64  ] . FDA approval in adult ADHD is currently only for 
extended-release stimulants. Untoward effects of stimulants 
include elevated vital signs, anorexia and weight loss, and 
stunting of statural growth, although growth is believed to 
normalize with chronic treatment  [  65,   66  ] . Warnings also 
concern potential cardiovascular events. There is little evi-
dence that patients with ADHD abuse their stimulant medi-
cations; however, diversion to non-ADHD youth remains a 
concern  [  67,   68  ] . Moda fi nil is an additional stimulant, which 
may alleviate symptoms of pediatric ADHD  [  69–  71  ] . 
Methylphenidate has been studied in a number of the MRS 
investigations reviewed below.  

   Nonstimulant Drugs 
 Nonstimulant medications used to treat ADHD include the 
NAergic agents atomoxetine (Strattera)  [  72  ] , guanfacine, 
and clonidine. Oral atomoxetine is usually prescribed once 
or twice daily for child and adolescent ADHD where it is 
well tolerated and has ef fi cacy superior to placebo and com-
parable to methylphenidate  [  73,   74  ] . Therapeutic actions of 
atomoxetine may be ascribed to selective inhibition of pre-
synaptic NA reuptake in prefrontal cortex  [  75,   76  ] . Side 
effects in pediatric ADHD include clinically insigni fi cant 
tachycardia and hypertension as well as initial loss in 
expected height and weight, said to return to normal long 
term  [  77  ] . Atomoxetine tends to induce somnolence in con-
trast to stimulants which tend to induce insomnia  [  78  ] . 
Finally, similar to the serotonin-reuptake inhibitor (SRI) 
paroxetine, atomoxetine carries a black box warning associ-
ating it with suicidal ideation  [  79  ] .  a  (alpha) adrenergic 
agonists, such as clonidine and guanfacine, have shown 
some ef fi cacy for core symptoms of ADHD  [  80,   81  ] . 
Extended-release guanfacine is FDA approved for ADHD. 

Whereas clonidine affects  a  (alpha) adrenergic receptors 
nonspeci fi cally, guanfacine is more selective for the  a  

2A
  

(alpha) receptor. Atomoxetine has played a role in a few of 
the MRS studies reviewed below. Other types of agents used 
to treat ADHD include the antidepressant bupropion  [  82–
  84  ]  and the tricyclic antidepressants as backups for when 
stimulants fail  [  85  ] .  

   Nonpharmacological Treatments 
 Nonpharmacological, i.e., psychosocial, interventions  [  5  ]  
include support groups (for adults and children), specialized 
educational planning, educational and home adjustments 
(increased structure, predicTable routine, learning aids, 
homework checks, etc.), tutors, parent training, teachers’ 
antecedent and consequent interventions (understanding 
antecedents to inappropriate behaviors and judicious punish-
ment to encourage appropriate behavior), and classroom 
accommodations (placing child closer to teacher, eliminating 
environmental distractions, teaching lessons with more nov-
elty and stimulation than repetition, and others) and have 
shown ef fi cacy  [  86,   87  ] . For adults, several recent studies 
show ef fi cacy of cognitive and cognitive-behavioral thera-
pies (CBT) for ADHD  [  88–  91  ] . Mindfulness meditation-
based interventions for pediatric and adult ADHD have also 
recently demonstrated ef fi cacy  [  92,   93  ] . Little, if any, MRS 
investigation of nonpharmacological treatments for ADHD 
has been carried out.   

   Brain Bases, Physiological Models 

   Neuropharmacological Perspectives 
 The clear symptom amelioration seen in most pediatric and 
adult cases of ADHD treated with stimulants like meth-
ylphenidate fostered the DA theory of ADHD (reviewed by 
Levy  [  94,   95  ] ). According to this theory, symptoms of 
ADHD result from low synaptic DAergic tone in target 
regions (prefrontal cortex, caudate, putamen, nucleus 
accumbens) of midbrain DA-synthesizing nuclei (substantia 
nigra, ventral tegmentum). Via actions such as inhibiting 
transmitter reuptake and promoting presynaptic release, 
stimulants increase DA concentrations in the synapse and 
thereby achieve symptomatic relief. Lesion studies of DA 
pathways have led to animal models of ADHD  [  96  ] . Results 
of genetic research have also been integrated into the DA 
hypothesis  [  97  ] . 

 Responses of ADHD symptoms to NAergic drugs like 
atomoxetine, however, indicated a possible role of other 
cathecholamines in addition to DA. Subsequent modeling 
and interpretive efforts have sought to explain these thera-
peutic actions and to outline the speci fi c roles of DA and NA 
in ADHD  [  98  ] . Incorporation of knowledge of the functional 
neuroanatomy of these transmitters has produced a picture of 
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a DA-NA cortico–striato–thalamo–cortical network for 
executive function, arousal, attention, and inhibition that is 
dysfunctional in ADHD  [  99  ] .  

   Functional Neuroanatomical Perspectives 
 Attempts to account for ADHD as the result of a response-
inhibition de fi cit in prefrontal cortex in ADHD  [  100,   101  ]  
were succeeded by the view that ADHD involves dysfunc-
tion beyond inhibitory control and executive function  [  102  ] . 
Based on its heavy DAergic innervation, its role in motor 
response, and volumetric MRI evidence of abnormalities, 
involvement of the dorsal striatum, in particular the caudate 
nuclei, was invoked to explain aberrant distribution of reac-
tion times (some very quick, some long-delayed responses) 
in ADHD children  [  103  ] . Involvement of the ventral striatum 
(nucleus accumbens), heavily implicated in reward and moti-
vation, was suggested by observations that ADHD children 
exhibit dif fi culties with delaying grati fi cation, i.e., they pre-
fer to gain a smaller reward now than a larger reward later, 
and that risky decision making in gambling tasks is associ-
ated with hyperactivity-impulsivity  [  47,   104  ] . Following this 
line of thought, some investigators have suggested that sub-
jects with ADHD need a higher level of risk or reward to 
experience the same level of threat or pleasure as control 
subjects, producing a more “sensation-seeking” personality. 
From a neural network point of view, one may speak of pre-
fronto-striatal dysfunction in ADHD  [  105–  107  ] , particularly 
with respect to response inhibition  [  108  ] . Thereby, a differ-
ential involvement of the  right  prefronto-striatal system in 
ADHD has long been supported by some evidence (reviewed 
by Barkley  [  109  ] ). Given its role in the temporal aspects of 
task performance, the cerebellum has also been implicated in 
ADHD based on de fi cits in time perception and poor perfor-
mance on time-estimation and time-discrimination tasks 
 [  110,   111  ] . Most recently, investigators have suggested that 
the “default network” involving posterior middle cingulate 
cortex (pMCC), ventral posterior cingulate cortex (vPCC), 
and precuneus is abnormal in ADHD, leading to lapses in 
attention associated with failure of suppression of the default 
network  [  112,   113  ] . Thus, an impression is emerging of ana-
tomically widespread functional pathology in the brain in 
ADHD. It is not yet established, however, whether initial 
pathology in a single brain region subsequently disrupts 
function of the others due to shared network participation or 
whether simultaneous defects in multiple regions are required 
for symptoms to manifest.  

   Neurometabolic Perspectives 
 Russell  [  114  ]  has worked out a theory of Glu-DA interac-
tions in cortex and nucleus accumbens underlying ADHD 
symptomatology. In this model, DAergic hypotonia can be 
a consequence of suboptimal glutamatergic stimulation. 
A major portion of brain energy is consumed by neuronal activ-

ity supporting glutamatergic neurotransmission  [  115  ] . 
Therefore, if Glu is involved in the pathophysiology of 
ADHD, then brain energy metabolism may be an underlying 
in fl uence in ADHD and its therapeutic remediation. 

 The “energy-de fi ciency” hypothesis of Todd & Botteron 
 [  116  ]  and its considerable extension by Russell et al.  [  117  ]  
are of particular interest to MRS ADHD research. These 
theorists draw on the Magistretti–Pellerin theory of brain 
energy metabolism  [  118–  121  ] . Figures  18.1  and  18.2  depict 
some neurometabolic pathways relevant to these models and 
to MRS studies of ADHD generally. Magistretti–Pellerin 
describes metabolic events at and around a glutamatergic 
cortical synapse after an action potential has arrived. 
Bordering the synapse are a presynaptic neuron, a postsyn-
aptic neuron, and an astrocyte. The astrocyte is wedged 
between the neurons and a local capillary—the source of 
glucose (Glc) for all the cells—enveloping it with its pseudo-
podia. Hence, the astrocyte gets access to blood-borne Glc 
before other cells do. When an action potential arrives at the 
tip of the presynaptic neuron, some of its vesicles fuse with 
its phospholipid membrane, releasing Glu into the synaptic 
cleft. As in the conventional picture of neurotransmission, 
some of these Glu molecules diffuse across the cleft to dock 
with glutamatergic ionotropic and metabotropic receptors 
embedded in the membrane of the postsynaptic neuron. 
Others, however, are taken up by the astrocyte, in part to pre-
serve receptor responsivity and to forestall glutamatergic 
excitotoxicity. In the astrocyte, Glu is converted to Gln, 
which is transported into the neighboring neurons for recon-
version to Glu in the Glu–Gln cycle. Astrocytic uptake of 
Glu also consumes energy. According to the model, this 
energy consumption stimulates the astrocyte to take in more 
Glc from the capillary. Once in the astrocyte, most of the Glc 
is converted through anaerobic glycolysis into lactate (Lac), 
yielding a quick release of a small portion of the total energy 
of the Glc molecule. The Lac is exported from the astrocyte 
and taken up by the neurons, which continue the catabolism 
of Lac down through the Krebs cycle, oxidative phosphory-
lation, and the electron transport chain, yielding a much 
larger quantity of energy by completing combustion of the 
original Glc molecule. Thus, according to Magistretti–
Pellerin, the energy-yielding degradation of most Glc is 
divided between astrocytes and neurons.   

 Todd and Botteron  [  116  ]  and Russell et al.  [  117  ]   propose 
that a principal metabolic defect in ADHD is that astrocytes 
fall to supply suf fi cient Lac to neurons leading to subopti-
mal neuronal functioning and the symptoms of ADHD. The 
supply of Lac to oligodendrocytes is also diminished 
impairing myelin sheath formation worsening cognitive 
and motor performance over time, e.g., by lengthening 
reaction times  [  117  ] . Bartzokis  [  122  ]  has a related view of 
ADHD as dysregulation of myelin development. Husarova 
et al.  [  123  ]  have similarly developed a theory of ADHD 
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based on MRS neurometabolite results. The Todd & 
Botteron  [  116  ]  and Russell et al.  [  117  ]  theories are refer-
enced in a number of the MRS studies reviewed below. One 
should note that these views are partly dependent on the 

validity of the original Magistretti–Pellerin model, which, 
although representing a major contribution to the under-
standing of brain energetics and glial function, has been 
challenged  [  124,   125  ] .    

  Fig. 18.1    Some neurometabolic reactions (including Glu–Gln cycle 
and Tricellular NAA cycle) at a cortical glutamatergic synapse relevant 
to MRS and other neuroimaging studies of ADHD. Glu and NAAG are 
coreleased from presynaptic neuronal vesicles into the synapse. Glu 
docks at the primary site of  N -methyl- d -aspartate receptors (NMDAR) 
and other glutamatergic receptors on the postsynaptic neuron. If, simul-
taneously, the neuron plasma membrane is depolarized and the NMDAR 
Gly modulatory site (GMS) is also occupied, the NMDAR will induce 
local Ca 2+  in fl ux leading ultimately to long-term potentiation (LTP), a 
basis of associative memory formation. The Glu moiety of NAAG is 
bound by R3 metabotropic glutamatergic receptors (mGluR3) on the 
astrocyte. There it is cleaved by the neighboring membrane-bound 
enzyme GCP-II into Glu and NAA. The cleaving action induces Ca 2+  
in fl ux into the astrocyte leading to prostaglandin (Pg) secretion through 
prostaglandin transporters (PGT) into the capillary circulation. 
Prostaglandin action on the vasculature increases regional cerebral 
blood  fl ow (rCBF) detected by H 

2
  15 O-PET and thence the blood oxy-

genation level-dependent (BOLD) effect detected by fMRI. Capillary 
blood  fl ow brings glucose (Glc) to the astrocyte through GLUT1 glu-
cose transporters. Phosphorylation of Glc in the  fi rst step of glycolysis 
in the astrocyte (and neuron) generates the glucose metabolic rate 
(GMR) detected by  18 FDG-PET. If the resulting glucose-6-phosphate 
(G6P) continues down the path of glycolysis it is converted into pyru-
vate (Pyr) and acetyl-CoA; or it can be diverted to an alternative path-

way producing  myo -inositol (mI). The Glu liberated from NAAG (as 
well as free synaptic Glu) can enter the astrocyte and the neuron through 
EAAT2 and EAAT3 Glu transporters, respectively. In the astrocyte, Glu 
is converted to Gln by glutamine synthase (GS). Gln can leave the astro-
cyte through SNAT3 and enter the neuron through SNAT2 neutral 
amino acid transporters. In the neuron, Gln is converted back to Glu by 
glutaminase. Possible fates of neuronal Glu then include recombination 
with NAA back into NAAG by NAAG synthase, remote synaptic ef fl ux, 
conversion to GABA, and consumption by the Krebs cycle. NAA liber-
ated by perisynaptic NAAG lysis is itself lysed by oligodendrocyte 
membrane-bound aspartoacylase yielding aspartate (Asp) and acetate 
(ac). ac is taken into the astrocyte by monocarboxylate transporters 
(MCT) where it is a preferred energetic substrate. It is also taken up 
(perhaps also via MCT) into the oligodendrocyte, where it can be con-
verted into mI and also used to support myelin synthesis, which ulti-
mately in fl uences diffusion tensor imaging (DTI) indices. Thus, 
presynaptic discharge prompting vesicular Glu-NAAG release pro-
motes LTP associative memory linkages, Glu-Gln circulation, vascular 
petition for more Glc and O 

2
 , carbon feeding of astrocytes and oligo-

dendrocytes, and myelination of proximal nerve  fi bers (“ fi re together-
wire together”). In ADHD, perhaps due to low DAergic tone, synaptic 
Glu stimulation is thought to be relatively lacking (Russell 2003), hence 
ADHD patients may have dif fi culty learning due to failure to attend and 
may have below-normal myelination of some nerve tracts       
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   Studies of ADHD With Other 
Neuroimaging Modalities 

 This section reviews in summary from published studies of 
ADHD in neuroimaging modalities other than MRS. 

The modalities reviewed include structural magnetic 
 resonance imaging (MRI), diffusion tensor imaging (DTI), 
functional magnetic resonance imaging (fMRI), single-
photon emission correlated tomography (SPECT), and 
positron emission tomography (PET). The  fi ndings of such 

  Fig. 18.2    Further MRS-relevant neurometabolic reactions (including 
energetic catabolism and cell-volume regulation) at a cortical gluta-
matergic synapse. Capillary Glc enters mainly astrocytes and also neu-
rons (through GLUT3 transporters). In both cell types, Glc is broken 
down by glycolysis which, together with the subsequent Krebs cycle, 
oxidative phosphorylation (ox phos), and electron-transport chain 
(ETC), generates cell energy as ATP and in other forms. Some ATP 
energy is stored for rapid deployment in the Cr-PCr buffer. Often 
neglected in metabolic models are the prodigious quantities of  water  
produced by energy generation. To preserve function and to prevent 
phospholipid membrane lysis, the cell regulates its osmotic pressure 
and thence volume by increasing and decreasing the internal molalities 
of several small molecular species. These include most of the canonical 
 1 H MRS metabolites, e.g., NAA, Glu, PCr (but not Cr), some of the 
choline compounds, mI, and Tau. These species leave the cell through 
anion channels (AC). The neuron, with its long processes, has a very 
high surface-to-volume ratio leading to high energetic needs and sensi-
tivity to osmotic stresses (high membrane surface for water in fl ux and 
ef fl ux). Thus, adjunctive water regulation is thought to be provided by 
a neuron-speci fi c NAA “molecular water pump.” Each NAA (and 
NAAG) molecule can complex with ~50 water molecules. The com-
plexes are then said to be extruded from the neuron by (as yet empiri-

cally unveri fi ed) water pores in the cell membrane. NAA is formed by 
acetyl-CoA + Asp, both of which can be diverted from the neuronal 
Krebs cycle. In the astrocyte, ac can be used for acetyl-CoA synthesis. 
Early in glycolysis, as mentioned, G6P can be diverted to formation of 
mI, which is involved in membrane metabolism and other functions. 
G6P can also be diverted to form glycerol which ultimately is used to 
form  1 H MRS choline-containing compounds. These compounds sup-
port membrane synthesis. Thus, both cell types are continually balanc-
ing between burning carbon substrate for energy and embedding it into 
structural membranes and concurrently between “wetter” (expressing H 
as water) and “dryer” (expressing H as lipid) operating states. Late in 
glycolysis, astrocytic Pyr can be shuttled into Lac. Lac can leave the 
astrocyte and enter the neuron via MCT. In the neuron Lac can rejoin 
the energetic chain through reconversion to Pyr. The Magistretti–
Pellerin Theory connects Figs.  18.1  and  18.2  by proposing that Glu 
import into astrocytes stimulates astrocytic capillary Glc uptake and 
subsequent Lac transport to neurons. Thus, the burden of feeding the 
neuron’s voracious appetite for energy is shared between the catabolic 
machinery of the astrocyte (for less energy quicker) and of the neuron 
(for more energy later). Todd and Botteron (2001) and Russell et al. 
(2006) hypothesize that Lac shuttling to neurons is de fi cient in ADHD, 
perhaps due to suboptimal supply of synaptic Glu       
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studies motivated many of the MRS studies reviewed 
below and/or helped to interpret their results. For earlier 
ADHD neuroimaging reviews, see Giedd et al.  [  106  ] , 
Cherkasova and Hechtman  [  126  ] , Dopheide and Pliszka  [  3  ] , 
Konrad and Eickhof  [  127  ] , Seidman et al.  [  128  ] , Wilens 
and Spencer  [  5  ] .  

   Structural Magnetic Resonance 
Imaging (MRI) Studies 

   Whole-Brain Volume. Cerebral Lobar Volumes 
 An early MRI  fi nding in ADHD is that whole-brain volume 
is ~5% smaller than in age- and sex-matched healthy con-
trols  [  129  ] . Also, a normal lateral asymmetry, whereby the 
right anterior brain is slightly larger than the left  [  130  ] , is 
less present in ADHD  [  129,   131,   132  ] . At the cerebral lobar 
level, most quantitative MRI studies have found below-nor-
mal prefrontal volume and/or cortical thickness in children 
 [  129,   132–  144  ]  and adults  [  20,   145  ]  with ADHD. Some 
studies also found structural abnormalities in the parietal 
lobes of children  [  132,   135,   136,   143,   144,   146–  148  ]  and 
adults  [  145  ] . Structural imaging has, moreover, documented 
below-normal temporal-lobe volume  [  135,   144,   146,   148  ]  or 
cortical thickness  [  147  ]  in children and adolescents. The 
growth trajectories of cortical thickness in children and ado-
lescents with ADHD  [  147  ]  also imply a delay in cortical 
maturation in ADHD, most prominently in prefrontal cortex. 
In children, correlations between frontal and temporal gray 
matter volume and ADHD symptom rating scale scores have 
also been noted  [  135  ] . 

 These widespread volumetric  fi ndings motivate the search 
with MRS for metabolic abnormalities throughout the cor-
tex. It would be valuable to know if undersized cortex and/or 
white matter in ADHD are merely quantitatively or also 
qualitatively different from normal. And if metabolite effects 
in ADHD presage, accompany, or follow changes in devel-
oping brain tissue in ADHD. The ADHD MRS literature to 
date has only begun to address such questions.  

   Basal Gangliar Volumes 
 Numerous studies measuring the volumes of subcortical 
nuclei in ADHD have found lower volumes of the caudate 
and globus pallidus  [  129,   132,   135,   136,   149–  154  ] . A recent 
meta-analysis  [  155  ] , incorporating the atlas-space stereo-
taxic coordinates of effects detected across studies localized 
a signi fi cant defect in subcortical gray matter in ADHD to 
the right lenticular nucleus (putamen, globus pallidus). 
Several of the MRS studies reviewed below targeted the 
basal ganglia, though usually including multiple different 
nuclei in the same MRS acquisition voxel (partial-voluming 
problem).  

   Cerebellar Volume 
 Cerebellar volumetric abnormalities, in the hemispheres and 
posterior inferior lobules of the vermis (VIII–X), have been 
recorded repeatedly in children with ADHD  [  129,   134,   135, 
  139,   156–  158  ] . One study  [  129  ]  included 112 subjects. There 
is also evidence for progressive developmental cerebellar 
volume loss in ADHD into adolescence  [  159  ] . These  fi ndings 
have helped spur interest in a few MRS studies of the cere-
bellum in ADHD.   

   Diffusion Tensor Imaging (DTI) Studies 

 Structural MRI has found lower whole brain white matter 
volume in pediatric ADHD compared to age-matched healthy 
controls  [  135  ]  and focally smaller anterior corpus callosal 
volume  [  160  ] . A half-dozen studies, typically with under 20 
subjects per group, have examined brain white matter in 
ADHD using DTI. The earliest published study  [  161  ]  
detected below-normal fractional anisotropy (FA) in children 
with ADHD in the white matter underlying the premotor and 
left parieto-occipital cortices, as well as in the cerebellum 
and proximal to the striatum. Combining fMRI data from a 
Go–No-Go Task with DTI, Casey et al.  [  162  ]  determined 
that FA in right prefrontal  fi ber tracts was correlated with 
functional BOLD activity in inferior frontal gyrus and cau-
date in ADHD parents and their children, suggesting a 
genetic basis for the disturbance of fronto-striatal connec-
tions in ADHD. Makris et al.  [  145  ]  demonstrated abnormali-
ties of the cingulum bundle and superior longitudinal 
fasciculus in adults with ADHD. Findings of lower FA in the 
corticospinal tract and the superior longitudinal fasciculus at 
our center  [  163  ]  similarly suggested disruption of motor and 
attention networks in children with ADHD. Abnormalities 
were also found in ADHD in multiple white matter tracts, 
including anterior corona radiata, cingulum bundle, superior 
and inferior longitudinal fasciculi, and internal capsule  [  164  ] . 
Silk et al.  [  165  ]  identi fi ed developmental changes in FA in 
the caudate with age that were signi fi cantly different between 
ADHD and control subjects. These studies may imply 
ADHD-related pathology in several widespread white matter 
brain tracts that might readily be probed with MRS.  

   Functional Magnetic Resonance 
Imaging (fMRI) Studies 

   Prefrontal Cortices 
 Many fMRI studies have assessed brain function in ADHD 
during cognitive tasks that test putative inhibitory response 
and other executive-function de fi cits. Most frequently used 
have been the Go–No-Go Task, the Stop-Signal Task, the 
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Continuous Performance Task (CPT), and variations of the 
Stroop Task. BOLD fMRI studies of ADHD using the above 
tasks have consistently reported lower activation in frontal 
regions  [  26,   166–  175  ]  and anterior middle cingulate cortex 
(aMCC)  [  26,   172,   175–  178  ] . In particular, adolescent boys 
with ADHD showed less BOLD activation in right mesial 
frontal cortex, right inferior frontal cortex, and left caudate 
than controls while performing the Stop Task and a motor 
delay task  [  166  ] , leading the authors to conclude that the 
right inferior frontal cortex and the left caudate form a motor 
response inhibition network that is hypoactive in ADHD.  

   Parietal Lobes 
 In the parietal lobes in the resting state, perfusion MRI has 
signaled hyperperfusion of somatosensory cortex in adults 
with ADHD that reduces in response to methylphenidate 
 [  179  ] . This suggests below-normal inhibition in sensory 
areas leading to sensory hyperarousal. 

 Numerous activation fMRI studies have revealed abnor-
mal parietal BOLD response in ADHD during cognitive 
tasks testing inhibition, spatial working memory, response 
switching, selective attention, attention allocation, alertness, 
episodic memory, and motor function. In adolescent boys 
with ADHD, event-related fMRI detected lower BOLD acti-
vation in the precuneus and vPCC during inhibition failures 
in the course of the Stop Task  [  167  ] . Lower parietal BOLD 
effect has also been reported during interference suppression 
in children  [  180  ]  and during response switching in adoles-
cents  [  173  ]  with ADHD. Below-normal BOLD effect has 
also been seen in widespread temporoparietal regions during 
the visual  [  181,   182  ]  and auditory  [  183  ]  Oddball Tasks in 
boys with ADHD. Below-normal parietal BOLD activity has 
also been observed in ADHD during tasks of visual selective 
attention  [  174  ] , target detection  [  184  ] , mental rotation  [  185, 
  186  ] , and backward digit span  [  187  ] . Mostofsky et al.  [  188  ]  
reported below-normal BOLD activation in right superior 
parietal lobule in children with ADHD during sequential 
 fi nger tapping. Thus, there is considerable fMRI evidence for 
parietal hypofunction in ADHD, though the parietal lobes 
have been relatively little explored with MRS in ADHD.  

   Temporal Lobes 
 Some studies have reported compensatory recruitment of 
lateral temporal cortex in ADHD. Higher BOLD activation 
of left middle and superior temporal gyri simultaneous with 
lower aMCC and supplementary motor cortex activation 
during a Go–No-Go Task was seen in adolescents with 
ADHD  [  177  ] . Higher BOLD activation in left occipito-tem-
poral cortex was measured in adults with ADHD during for-
ward and backward digit span tasks  [  187  ] . Elevated BOLD 
effect in middle temporal cortex was reported in boys with 
ADHD during mental rotation  [  165  ] . Below-normal tempo-
ral-lobe BOLD activity, including in the insula and also in 

the right basal ganglia was found in boys with ADHD dur-
ing the Oddball Task  [  182  ] . Reduced BOLD activation of 
temporal lobes was also reported in adolescent boys with 
ADHD during a response-switching task  [  173  ] . Lateral tem-
poral cortex has scarcely been examined with fMRI in 
ADHD.  

   Striatum (Caudate, Putamen) 
 The inhibitory and other executive function tasks that induce 
lower BOLD response in prefrontal cortex also do so in stria-
tum  [  166,   170,   174,   189,   190  ]  in ADHD subjects compared 
with control subjects. However, during the Counting Stroop 
Task, Bush et al.  [  176  ]  found signi fi cant BOLD activation in 
left caudate, right putamen, right thalamus, left pulvinar, 
bilateral inferior frontal gyrus, and bilateral insula in adults 
with ADHD, while matched controls exhibited signi fi cant 
activation of bilateral anterior cingulate alone. Using fMRI 
during a Go–No-Go task with ADHD and control children 
on and off methylphenidate, Vaidya et al.  [  189  ]  found that 
methylphenidate increased the area of BOLD activation in 
caudate and putamen in ADHD patients, but had the opposite 
effect in controls. Patients as well as controls activated 
signi fi cantly larger areas of prefrontal cortex on drug. Note 
that the patients had been previously exposed to chronic 
methylphenidate, so it is not known if the striatal effects in 
patients were acute or chronic. fMRI relaxometry has also 
detected resting-state hypoperfusion in the striatum in 
ADHD  [  191  ] . These and other neuroimaging  fi ndings plus 
the pharmacologic association with DA have motivated sev-
eral ADHD MRS studies of the striatum, though the indi-
vidual nuclei (caudate, putamen) are not often sampled in 
isolation.  

   Cerebellum 
 Prediction of temporal occurrence of events in the cerebel-
lum has been investigated in children and adolescents with 
ADHD using event-related fMRI and the Go–No-Go Task. 
Durston et al.  [  172  ]  showed decreased cerebellar event-
related BOLD response to expected (go) stimuli presented at 
unexpected times, as well as decreased anterior cingulate 
response to stimuli with unexpected identity (no-go stimuli) 
presented at expected times. These results support a de fi cit in 
predicting the occurrence of future events in ADHD. A sec-
ond study from the same group  [  178  ]  extended these  fi ndings, 
suggesting that cerebellar function is sensitive to familial 
risk for ADHD. Lower BOLD activity in left posterior 
 cerebellum was found in adults with ADHD than in healthy 
controls during a 2-back working memory task  [  192  ] . 
Another study associated stimulant-related changes in cere-
bellar BOLD response during a Go–No-Go task to familial 
risk for ADHD  [  170  ] . An fMRI relaxometry study also 
reported an increase in resting-state BOLD in the cerebellar 
vermis after acute methylphenidate in children  [  193  ] . This 
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all represents reasonable evidence for cerebellar involvement 
in ADHD and has led to a few MRS investigations.  

   Tasks Not Directly Related to Core 
ADHD Symptoms 
 More recent fMRI studies of ADHD have used tasks investi-
gating such functions as working memory, interference con-
trol, decision making, reward processing, and episodic 
memory. These studies also show below-normal BOLD acti-
vation in frontal  [  180,   183,   184,   194,   195  ] , anterior cingulate 
 [  194,   196  ] , and striatal  [  180,   186,   194,   197–  199  ]  regions in 
ADHD.  

   Meta-Analysis 
 A meta-analysis  [  200  ]  combining 12 prior fMRI and three 
PET blood- fl ow studies of ADHD making use of the stereo-
taxic coordinates of the sites of BOLD activation or blood-
 fl ow effects in each study found signi fi cant hypoactivity in 
patients with ADHD in anterior cingulate, dorsolateral pre-
frontal, and inferior prefrontal cortices, as well as in basal 
ganglia, thalamus, and parietal cortex. When focusing on 
response inhibition alone, group differences were limited to 
inferior prefrontal cortex, mesial frontal regions, and precen-
tral gyrus. Separately, methylphenidate-related increases in 
frontal  [  170,   189,   201  ] , anterior cingulate  [  201  ] , and striatal 
 [  170,   189,   197  ]  BOLD activity have been reported in the 
context of tasks of response inhibition and attention. 

 Overall, the regional BOLD  fi ndings in the various above 
brain regions have considerably motivated anatomic sam-
pling strategy in MRS studies of ADHD, including pharma-
cologic studies, and/or informed their interpretation.   

   Single-Photon Emission Correlated Tomography 
(SPECT) Studies 

   Prefrontal Cortex 
 Most resting-state SPECT studies of ADHD have reported 
frontal hypoperfusion  [  202,   204–  208  ]  and methylphenidate-
related increases in frontal perfusion  [  205  ] . Although, for 
methodological reasons, results of older studies must be 
enjoyed with caution.  

   Temporal Cortex 
 Hypoperfusion at rest has been observed in ADHD children 
in right middle temporal  [  209,   210  ]  and occipito-termporal 
 [  210  ]  cortices. Lee et al.  [  210  ]  also reported reductions in 
occipito-temporal regional cerebral blood  fl ow after a month 
of methylphenidate treatment, including a further reduction 
in right middle temporal cortex. Another study, however, 
found that perfusion in temporal cortex correlated nega-
tively with cognitive and motor impairment in children with 
ADHD  [  211  ] .  

   Striatum 
 Striatal hypoperfusion was reported in early SPECT studies 
of ADHD  [  202,   203,   212  ]  with administration of meth-
ylphenidate associated with increased striatal perfusion 
 [  202,   208,   212  ] . The highly selective DA transporter ligand 
 123 I-Altropane was used in a small sample ( n  = 6) of ADHD 
adults and healthy controls  [  213  ] . Striatal binding potential 
was elevated in all six patients, with each exceeding the 
control mean by over two standard deviations, strongly 
indicating increased numbers of local DAT in the ADHD 
sample.  

   Cerebellum 
 Resting-state cerebellar hypoperfusion has been reported 
using SPECT in children with ADHD  [  209  ] . Long-term (4–5 
week) methylphenidate treatment did not change this condi-
tion  [  210  ] .   

   Positron Emission Tomography (PET) Studies 

 A number of PET studies have been performed in adult 
ADHD. Notwithstanding the understandable reluctance to 
perform PET on children, a few studies of pediatric ADHD 
were also conducted. 

    18 Fluorodeoxyglucose Positron Emission 
Tomography ( 18 FDG-PET) 
  18 FDG-PET has found below-normal GMR in frontal cortex 
 [  214–  216  ]  and aMCC  [  214,   215  ]  in adult ADHD subjects 
compared with controls. Lower GMR in right posterior tem-
poral lobes was also seen during auditory CPT in adolescents 
with ADHD  [  214  ] . But adolescent girls with ADHD had 
higher normalized GMR in the hippocampus than control 
subjects  [  217  ] .  

    15 O-Water Positron Emission Tomography 
(H 

2
  15 O-PET) 

 Activation studies using H 
2
  15 O-PET during cognitive tasks 

in ADHD have found diminished rCBF in ADHD patients 
relative to healthy controls in frontal  [  218  ]  and anterior 
cingulate  [  219  ]  cortex. H 

2
  15 O-PET detected above-normal 

resting-state rCBF in the cerebellar vermis after meth-
ylphenidate in adults with ADHD  [  220,   221  ] , as well as a 
methylphenidate-related decrease in blood  fl ow during 
CPT  [  221  ] .  

   Other PET Tracers 
  18 Fluorodopa ( 18  F-DOPA) PET was used to label cate-
cholamine terminals in unmedicated adults with ADHD 
 [  222  ] .  18  F-DOPA uptake was signi fi cantly diminished in 
left mesial prefrontal cortex of ADHD adults compared 
to healthy controls. By contrast, in adolescents with 
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ADHD,  18  F-DOPA uptake in right midbrain was 
signi fi cantly elevated compared to controls  [  223  ] . These 
results support the notion that catecholamine dysregula-
tion is central to the pathophysiology of ADHD, and not 
just to its treatment. They also highlight the proposition 
that dopaminergic and noradrenergic systems cannot be 
understood without taking developmental effects into 
account.   

   Summary 

 The above neuroimaging studies vary in scale with cohorts 
of over 100 for some structural MRI studies and typically 
smaller groups (10–20 subjects) for the DTI, fMRI, and 
PET studies. For brevity we suppressed many inconsistent 
and negative  fi ndings, hence a less summary review would 
expose wider diversity in the data corpus. Nevertheless, 
these neuroimaging investigations collectively evince cer-
tain patterns. There is repeated involvement in ADHD of 
prefrontal cortex, especially inferior frontal cortex; anterior 
cingulate cortex, especially the aMCC; striatum, predomi-
nantly the caudate; and cerebellum, particularly the vermis. 
These brain regions tend to be hypoperfused in ADHD. The 
temporal and parietal (especially precuneal) cortices and 
white matter are also implicated. Acute and/or chronic 
methylphenidate does appear to exert effects on regional 
blood  fl ow and metabolism, typically in the reverse direc-
tion of the effects of untreated ADHD. These patterns pro-
vide motivation for MRS investigations in these several 
brain regions and for pharmaco-MRS studies of interven-
tions for ADHD.  

   Clinical and Neuroscience Motivation 
for ADHD MRS Studies 

 At present, there are no solid clinical applications of MRS in 
the psychiatry of ADHD. We are left with presenting a few 
sketchy and fanciful ideas for possible future applications in 
need of re fi nement, critical testing, and development. 
Possible contributions of MRS relate to diagnosis, progno-
sis, and pharmacologic therapy development. 

   Diagnosis 

 ADHD is a controversial diagnosis, much more among the 
lay than the professional public, in part because there is “no 
valid test for ADHD independent of diagnostic interview.” 
Moreover, ADHD is only invoked as a diagnosis if numerous 
other psychiatric disorders that might better explain the 

symptoms are  fi rst ruled out. Brain imaging assays employ-
ing MRS or other modalities, through the identi fi cation of 
“biomarkers” of disease, offer hope of injecting objective 
elements into the diagnostic protocol. Thus, MRS may help 
address the question of the neurophysiological reality of the 
disorder and inform the general public and public health 
policy accordingly. In addition to its scienti fi c interest, the 
brain-reality status of ADHD is highly meaningful for patient 
management. A stigma can surround ADHD  [  224  ] , which 
might be strongly defused if reliable objective neurochemi-
cal indices of the condition can be discovered. Additionally, 
such indices could greatly increase the motivation of patients 
and families to seek out and to comply with treatment. If a 
psychiatrist or other therapist is able to present an MR spec-
trum, a brain map, or other scanner-generated evidence 
re fl ecting the patient’s condition, this can instill greater 
con fi dence and be more convincing (even if in truth not more 
useful) than an expert opinion or scores on verbal, pencil-
and-paper, or even computer-interactive psychometric tests. 
Thus, MRS endpoint data may conceivably one day be inte-
grated into ADHD clinical management as educational and 
motivational tools. 

 Along similar lines, MRS may inform the debate on the 
clinical validity of the various subtypes of ADHD  [  225  ] . 
A chief obstacle to overcome in using MRS to assess the 
neurophysiological reality or unreality of ADHD and its sub-
types is the possibility of nonrepresentative results arising in 
small subject samples (Type I error) and the bias towards 
publication of positive results. Hence, it is important to 
investigate larger samples. There is also the possibility that 
traditional formal psychiatric diagnostic categories, such as 
ADHD, may not be the best way to classify and analyze 
pathological brain states; approaches based on individual 
symptoms, cutting across diagnostic boundaries, for example, 
may turn out to be superior. Such approaches can also be 
pursued using MRS.  

   Prognosis, Prediction of Treatment Response 

 Regarding prognosis, it would be very useful clinically if 
MRS or other neuroimaging endpoints were predictive of 
response to stimulants or other therapies. If results of an 
MRS exam could, within limits of probability, recommend 
certain treatment courses (e.g., pharmacologic augmenta-
tions) as particularly promising or recommend against oth-
ers as unpromising, this could save time on trials of 
medications. Such time savings are especially important for 
inpatients in order to preserve scarce and expensive hospital 
resources. In the hospital and out, some patients and some 
families are reluctant to pursue a course of drug treatment 
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even when recommended by a physician, due to concerns 
over untoward effects of the agent(s) prescribed. Again, 
effective prediction of response by MRS might allow a prac-
titioner to divide patients into subgroups of those likely to 
respond to drug treatment, those likely to respond to nonme-
dicinal therapies, those likely to respond to either, and those 
likely to respond to neither. And similarly for different 
classes of drugs for ADHD   . This could help avoid unneces-
sary drug exposures in some cases and in others could help 
the reluctant agree to auspicious therapies. As stimulants 
and other agents may be administered daily for years, MRS 
may also help discover or rule out as yet unknown untoward 
(or bene fi cial) effects of chronic treatment on the brain. 
Prevention of ADHD is relatively little discussed  [  226  ] , but 
biomarker-based prediction of the odds or time of onset of 
ADHD in high-risk subjects, e.g., children with parents and/
or siblings with ADHD, represents a further possible  fi eld of 
application for MRS.  

   Development of Pharmacotherapies 

 Finally, MRS is capable of assaying regional levels (and 
with  13 C MRS rates of reaction) in the brain of Glu, GABA, 
and several other metabolites non- or minimally invasively 
in humans, including children. Neurochemical models that 
MRS research strives to work out involving these metabo-
lites may be instrumental in identifying novel targets for 
drug design. For example, should the pharmacologist 
select agents likely to interact with speci fi c neurotransmit-
ter receptors, enzymes, or transporters that are especially 
dense in brain regions carrying out certain neurocognitive 
functions impaired in ADHD? Should, for example, drugs 
that modulate central glutamatergic systems be pursued? 
Or drugs that spur glycolytic Lac production in astrocytes? 
Or myelin synthesis in oligodendrocytes? To the extent 
that human patient physiology diverges from that of labo-
ratory animals, some human MRS experiments may be 
more directive for such purposes than certain preclinical 
studies.   

   Summary 

 It is at present unclear if, even in its eventual highest stage 
of technological evolution,  1 H MRS and  31 P MRS, ham-
pered by issues of the limited number of different metabo-
lites sampled, reliability and precision of quantitation of 
metabolite levels, individual-subject heterogeneity, spatial 
resolution, and others, will contribute decisively and prac-
tically to the resolution of outstanding issues in ADHD 
management and to the elucidation of the underlying brain 

mechanisms of ADHD and its treatment. ( 13 C MRS with 
its slightly invasive infusion methodology and ability to 
measure reaction rates as well as metabolite levels enjoys 
certain advantages in the elucidation of neurochemical 
mechanisms in ADHD; although  13 C MRS, too, has limita-
tions, notably low spatial resolution.) There are tens of 
thousands of different biochemical species present in a 
typical human cell and even ultra-high- fi eld NMR of tis-
sue extracts detects at most a few hundred. Thus, there is 
no a priori guarantee that the neurochemical factors assess-
able with MRS will be those most germane to ADHD. 
There is also the possibility that the most effective bio-
markers, when they are discovered, could be associated 
not with the brain but with other bodily organs  [  227  ] , 
though these are also scannable with MRS. But, on the 
other hand, brain MRS as a  fi eld may get lucky; the high 
abundance, for example, of the few metabolites quanti fi able 
by clinical MRS is also a sign of their high physiologic 
signi fi cance and thus possible disturbance in psychiatric 
disorders. As MRS, along with PET and SPECT, repre-
sents one of our few windows into in vivo human brain 
metabolism, it is obligatory that at least some workers in 
the neuroscience community push the technique to its lim-
its in our efforts to restore full quality of life to sufferers 
with ADHD. The next section reviews MRS results in 
ADHD to date.  

   MRS Studies of ADHD 

 This section reviews published MRS studies of ADHD. 
A    previous review may be found in Perlov et al.  [  228  ] .  

   Notes on Anatomical and Spectroscopic 
Nomenclature 

   Use of Finer Anatomic Descriptors 
 When reviewing a paper, we do not always adopt the ana-
tomical nomenclature used in the paper, as when describing 
placement of MRS voxels in the brain and their contents. 
We often give voxel locus in terms of smaller brain struc-
tures and list more structures and tissues inside the voxel 
than the paper does. For example, a paper may speak of a 
“basal ganglia” voxel, whereas we refer to a “left caudate 
head + putamen” voxel. We have done this for precision and 
uniformity. In identifying voxel contents, we relied on 
 fi gures and/or text in the papers. Hence, conclusions regard-
ing localization of effects are only valid to the extent that the 
text and  fi gures are representative across subjects in the 
study. This is normally supposed to be the case, but is not 
always so in practice.  
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   Use of Eight-Subregion Cingulate Cortex 
Nomenclature 
 Frequent changes of nomenclature involve the cingulate cor-
tex, sampled in many of the studies. Most of the studies refer 
grossly to “anterior cingulate” or “posterior cingulate” using 
the outdated two-subregion model of human cingulate anat-
omy; we, in contrast, employ the most recent Eight-Subregion 
Model  [  229  ]  (Fig.  18.3 ), which is in best harmony with the 
full record of existing histological and neuroimaging data. 
The subregions coming up most often in the studies are the 
“pregenual anterior cingulate” (pACC) and the “anterior 
middle cingulate cortex” (aMCC), both of which are called 
“anterior cingulate cortex” in most of the papers. “Dorsal 
anterior cingulate cortex” in the papers frequently wholly or 
partially overlaps with aMCC in the Vogt nomenclature.   

   MR Spectroscopic Metabolite Nomenclature 
 “MRS” and “MRSI” in this review refer to  1 H MRS and  1 H 
MRSI unless stated otherwise. We have instituted uniform 
nomenclature for abbreviations of MRS metabolite reso-
nances, changing any variant designations given in the 
papers. In particular, many papers use the abbreviation 
“NAA” without clarifying whether  N -acetyl-aspartate (NAA) 
alone or  N -acetyl-aspartate and  N -acetyl-aspartyl-glutamate 
(NAAG) together is meant. In low- fi eld  1 H MRS, the contri-
bution of spectrally overlapping NAAG to the combined 
NAA + NAAG peak is substantial (~25%)  [  230  ]  and, under 
the usual conditions of human in vivo spectroscopy, very 
poorly separable from that of NAA without special pulse 

sequences  [  231  ] . Widely used spectral  fi tting programs like 
LCModel  [  232  ]  do provide both separate and combined val-
ues for NAA and NAAG even for conventional pulse 
sequences; the separate values are not considered reliable by 
many spectroscopists, though the combined values are. 
Unfortunately, when a given paper using such a  fi tting pro-
gram reports levels of “NAA” it is often uncertain whether 
the value refers to the  fi t for NAA alone or for NAA + NAAG. 
For uniformity, we replaced references to “NAA” in the 
papers with “total NAA” (tNAA), meaning NAA + NAAG, 
unless it was clear that NAA alone was appropriate. As glu-
tamate (Glu) and glutamine (Gln) are more often and more 
easily segregated reliably we do refer to them separately 
where appropriate. The conditions of most studies, however, 
do not afford a reliable segregation nor is such claimed by 
the authors. In such instances, we have retained the abbrevia-
tion “Glx” for the sum Glu + Gln. We replace references to 
“creatine” (Cr) with “creatine + phosphocreatine” (Cr + PCr) 
in recognition of the fact that these two af fi ne compounds are 
poorly distinguishable with  1 H MRS. Exception is made 
where the compounds are clearly being mentioned indepen-
dently, as in the two studies  [  233,   234  ]  that used  31 P MRS, 
which  does  readily measure a peak for PCr alone. LCModel 
also reports separate and combined values for Cr and PCr, 
even where the segregation would not be considered reliable 
by many spectroscopists. Adriani    et al.  [  235  ] , a high- fi eld 
animal study, is the only  1 H MRS paper reviewed below that 
reports Cr and PCr separately. We have retained this usage in 
this isolated case as it is germane to the arguments of the 
paper, though we do not endorse any conclusions based 
on these separate values. We abbreviate the choline-containing 
compounds collectively as “Cho,” as in most of the papers 
cited. This can mean glycerophosphocholine (GPC) plus 
phosphocholine (PC) or GPC + PC plus (usually smaller) 
contributions from choline proper and acetylcholine. Some 
of the papers refer to “inositol compounds” (Ins), which we 
have uniformly changed to “ myo -inositol” (mI). Having out-
lined these conventions, we proceed to review the studies.   

   MRS Studies of ADHD at Baseline 
 This section reviews MRS studies of ADHD at baseline. 
With “baseline” we mean either that the patients enrolled 
have not been previously treated for ADHD or that they have 
been or are being treated, but that the treatment per se is inci-
dental to the study, i.e., the focus of these studies is generally 
on detecting effects of the disorder ADHD itself on regional 
metabolism. 

   MRS Studies of Pediatric ADHD at Baseline 
 Our survey identi fi ed 13 published baseline MRS studies of 
pediatric (child and/or adolescent) ADHD (Table  18.2 ). In 
the following, we comment on these studies in chronological 
order.  

  Fig. 18.3    Sagittal section of right cerebral hemisphere showing Eight-
Subregion Model of human cingulate cortex.  Black arrows  give rostral-
caudal intersubregion boundaries.  sACC  Subgenual anterior cingulate 
cortex,  pACC  Pregenual anterior cingulate cortex,  aMCC  Anterior mid-
dle cingulate cortex,  pMCC  Posterior middle cingulate cortex,  dPCC  
Dorsal posterior cingulate cortex,  vPCC  Ventral posterior cingulate 
 cortex. Not shown are the small dorsal and ventral retrosplenial cortices 
(dRSC, vRSC) inside the callosal sulcus (Modi fi ed from O’Neill J, 
Sobel TL, Vogt BA. Localizing cingulate subregions-of-interest in 
magnetic resonance images guided by cytological parcellations. In: 
Vogt BA, ed. Cingulate Neurobiology and Disease. New York, NY: 
Oxford University Press; 2009:3–30, with permission.)       
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 The study  MacMaster et al .  [  236  ] , the  fi rst study, was 
motivated by prior fMRI and SPECT  fi ndings in ADHD in 
cingulate subregions  [  166,   176  ]  and striatal nuclei  [  189, 
  191,   212  ] . Nine children and adolescents with ADHD were 
scanned using single-voxel MRS at a relatively long echo-
time (TE) of 135 ms. Eight subjects had been treated with 
stimulants (6 methylphenidate, 6 dexedrine), but all were 
off meds (from 48 h to 3 weeks) at time of scan. ADHD 
patients were compared to 9 sex- and age-matched healthy 
controls. Two voxels were deployed. One (4 cc in volume) 
sampled right pACC plus proximal prefrontal white matter; 
the other (6 cc) sampled left caudate head plus putamen 
plus globus pallidus. In the right pACC voxel, mean Glx/
Cr + PCr was higher in the ADHD than in the control sam-
ple. Within the ADHD sample, Glx/Cr + PCr in this voxel 
correlated positively with age of onset of ADHD. At trend 
level, mean Glx/Cr + PCr was also higher in the ADHD 
than in the control sample in the left caudate voxel. The 
authors suggest that high regional Glx/Cr + PCr may re fl ect 
elevation of synaptic Glu that suppresses vesicular DA 
release via activation of metabotropic Glu receptors  [  237  ] . 
Low DAergic tone in striatal (caudate, putamen, nucleus 
accumbens) and cortical targets of midbrain DA-synthesizing 
nuclei (substantia nigra, ventral tegmentum) is hypothe-
sized to foster symptoms of ADHD, e.g., by disrupting 
ability to inhibit context-inappropriate responses. In the 
case of cingulate cortex, multiple neurocognitive mechanisms 
(reviewed in Bush  [  238  ] ), including impaired target selec-
tion, inadequate sensory information  fi ltering, diminished 
ability to maintain focus, and aberrant linking of rewards or 
errors to actions, may contribute to ADHD symptomatology. 
Elevated Glu could be an agent in each of these mechanisms. 
All have been more solidly localized to aMCC (sampled in 
some of the studies reviewed below) than to pACC 
(sampled in this study), although the two regions are neigh-
boring and voxels sampled likely contained some tissue 
from each. 

 Limitations of MacMaster et al.  [  236  ] , acknowledged by 
the authors, include small number of subjects, stimulant-
treatment of nearly all ADHD subjects, and use of ratios 
rather than absolute metabolite levels. Thus, inference of 
 fi ndings to the general ADHD population must be made 
cautiously; we do not know if effects are due to ADHD or to 
chronic stimulant treatment, and we do not know if high 
Glx/Cr + PCr stems from high Glu, high Gln, low Cr, low 
PCr, or some combination of these. Also, the long-TE of 
135 ms yields a rather small Glx signal. The correlation of 
Glx/Cr + PCr with age of onset is interesting. If earlier age 
of onset translates into longer duration of illness in this sam-
ple (not possible to tell from the paper), it means that while 
Glx/Cr + PCr is higher on average in ADHD subjects than in 
controls, the gap between the two groups decreases with 
age, especially since Glx/Cr + PCr in the control sample 

increased with age with near-signi fi cance ( p  = 0.05). Perhaps 
this is a result of treatment or of differing developmental 
trajectories between the two groups. This investigation pro-
vided early evidence of regional metabolic disturbances in 
pediatric ADHD. 

  Yeo et al .  [  249  ]  was the second study. With 23 ADHD 
children and 24 healthy control children, this was one of the 
larger studies reviewed. All ADHD patients had been under-
going psychotropic treatment, but were taken off meds 16-h 
prescan. A single large (12.6 cc) MRS voxel was acquired at 
short-TE (30 ms) from right prefrontal white matter. Within 
female subjects only, tNAA was lower in ADHD than in con-
trols. Control females had greater tNAA than control males, 
while females with ADHD had lower tNAA than males with 
ADHD. Within the male + female ADHD sample, Cr + PCr 
correlated positively with scores on the CPT  [  250  ]  test of 
selective attention, commonly used in ADHD diagnosis. 
Mean CPT scores were higher in the ADHD than in the con-
trol sample, meaning worse selective attention. Using volu-
metric MRI, the volumes of left and right “dorsolateral 
prefrontal” regions were measured in each subject compris-
ing all gray and white matter anterior to the most anterior 
extension of the corpus callosum on coronal slices and supe-
rior to the most inferior extension of the rostral portion of the 
callosum. In the right cerebral hemisphere only, this dorso-
lateral prefrontal volume correlated positively with right pre-
frontal white matter levels of tNAA, Cr + PCr, and Cho and 
with CPT score. 

  Yeo  et al.  [  249  ]  suggest that low tNAA in females with 
ADHD may be related to the especially low GMR measured 
with  18 FDG-PET in females with ADHD  [  214,   251  ] , as tNAA 
has been observed to correlate with GMR  [  252  ] . PET stud-
ies, however, seldom  fi nd effects in white matter, where 
GMR is typically much lower than in gray matter. Yeo et al. 
 [  249  ]  also cite reverse lateralization of abnormal frontal  a  
(alpha) EEG power in boys versus girls with ADHD  [  253  ] . 
Thus, bilateral frontal MRS data might help link neurochem-
ical and neuroelectric patterns of sex differences in ADHD. 
As higher right dorsolateral prefrontal volume was associ-
ated with worse selective attention, the authors suggest that 
ADHD may involve some sort of right frontal hyperactivity. 
Since, however, it apparently contradicts their prior studies 
of white matter in normal adults and children showing posi-
tive correlations between tNAA and IQ  [  254  ]  and between 
Cr + PCr and working memory  [  239  ] , the authors are reluc-
tant to interpret the correlations found in their ADHD sample 
between right prefrontal white matter tNAA (trend) and 
Cr + PCr and worse selective attention as part of this phe-
nomenon. But, of course, they could still be part of this phe-
nomenon as relationships between neurometabolites and 
cognitive performance need not be the same in ADHD as in 
normal subjects. This is overall a well-done study. The MRS 
voxel is large but samples an (ostensibly) homogeneous 
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region of white matter. Interpretation is again limited by 
chronic, if not acute, treatment with psychotropics (over-
whelmingly stimulants) in the ADHD sample. The study 
yields evidence for sex differences in neurometabolite effects 
in ADHD and for relationships between regional metabolite 
levels and neurocognitive performance, in particular the 
CPT, which continues to play an important clinical and 
research role in ADHD. 

  Courvoisie et al .  [  240  ] , the third study, compared eight 
children with ADHD (all HI subtype) to eight healthy con-
trol children. All ADHD patients were being treated with 
stimulants, but were off meds 24-h prescan. A pair of MRS 
voxels sampled left and right pACC plus mesial superior 
frontal cortex plus vicinal prefrontal white matter. In the 
left hemisphere, tNAA/Cr + PCr and Glu/Cr + PCr were 
higher in the ADHD than in the control sample. Within the 
ADHD sample, mI/Cr + PCr correlated positively with lan-
guage skills. On the right, tNAA/Cr + PCr, Glu/Cr + PCr, 
and Cho/Cr + PCr were higher in the ADHD than in the 
control sample. Within the ADHD sample, tNAA/Cr + PCr 
correlated positively with sensorimotor and memory func-
tioning and mI/Cr + PCr again correlated positively with 
language skills. 

 The authors surmise that the high values of tNAA/
Cr + PCr, Glu/Cr + PCr, and Cho/Cr + PCr in their ADHD 
sample have a diminished Cr + PCr peak as their common 
source, which in turn is due to a diminished overlapping 
GABA signal. A diminished Cr + PCr peak may well be the 
common source, but we question the case for low GABA. 
Courvoisie et al.  [  240  ]  cite a 20% decrement in the area of 
the Cr + PCr peak in their ADHD sample versus their control 
sample, attributed to lower overlapping GABA. On the 
Cr + PCr peaks at 3.02 and 3.92 ppm, Courvoisie et al.’s  [  240  ]  
Figs. 2.3 show GABA shoulders for the healthy control sub-
jects only in right pACC that could conceivably constitute 
20% of the peak. Yet the same effect is seen for ADHD sub-
jects only in left pACC while the decrement of Cr + PCr is 
claimed for ADHD bilaterally. Generally, GABA is present 
in relatively low concentrations in human brain, is highly 
variable in conventional proton spectra, and is best detected 
at high  fi eld with special pulse sequences  [  255,   256  ] . 
Short-TE proton MR spectra recorded from the pACC at our 
center yield GABA signals on the order of 10% of Cr + PCr. 
Does one anticipate the normal presence of twice this amount 
of GABA and its pathological depletion in ADHD without 
untoward consequences such as epileptic seizures? Thus, the 
GABA hypothesis of Courvoisie et al  [  240  ]  may be tenuous 
and dif fi cult to test. Simpler alternative explanations sug-
gested by the authors, namely elevated Glu and diminished 
Cr + PCr per se due to local hypermetabolism, may be more 
viable. Weaknesses of this study again include small sample 
size, medication-exposed subjects, and use of metabolite 
ratios. But the study does add to evidence of neurometabolite 

abnormalities in pACC in ADHD and of relationships 
between MRS metabolites and neurocognitive functions. 

  Sparkes et al .  [  241  ]  was the fourth study. Here, the left 
pACC plus proximal white matter was sampled at long-TE in 
eight nonmedicated children with ADHD and six healthy 
control children. No between-group differences in metabo-
lite levels were proved, but there was a dissociation in the 
polarity of the correlation between tNAA/Cr + PCr and the 
GO-reaction time on the well-known Stop-Signal Task  [  257  ] : 
the correlation was negative for the ADHD group and posi-
tive for the control group. The authors interpreted this dis-
sociation in terms of an abnormal preferential use of the 
sampled cortex on the part of ADHD subjects in response 
inhibition, as in the Stop-Signal Task. Again we have a study 
with few subjects and employing metabolite ratios, that once 
again links pACC metabolites to neurocognitive performance 
in ADHD. 

  Fayed and Modrego   [  242  ] , similar to Yeo et al.  [  249  ] , 
sampled white matter, left centrum semiovale, in eight 
unmedicated ADHD children and adolescents and 12 age- 
and sex-matched healthy controls using short-TE single-
voxel MRS. These groups were compared to each other and 
to 21 (mainly male) unmedicated children and adolescents 
with autism. Thus, this was an early MRS study comparing 
pediatric ADHD with another neuropsychiatric disorder. The 
major  fi nding was that tNAA/Cr + PCr was higher in the 
sample with ADHD than in the sample with autism or the 
control sample. The authors suggested that elevated neuronal 
density and mitochondrial metabolism may have increased 
NAA  [  258  ]  in the ADHD subjects, thence driving up tNAA/
Cr + PCr. As these studies go, the sample with autism was 
large, but the ADHD and control samples were small. Again, 
the use of metabolite ratios was limiting. Unfortunately, no 
insights were to be gained in comparing pediatric autism and 
ADHD. 

  Fayed  et al.  [  243  ] , the same investigators, conducted a 
subsequent study of 22 drug-naïve children and adolescents 
with ADHD, this time only eight controls and no patients 
with autism. Methodology was similar with the addition of a 
second MRS voxel placed in right aMCC plus mesial supe-
rior frontal cortex plus neighboring prefrontal white matter. 
Whole-brain diffusion-weighted imaging (DWI) was also 
performed in these subjects with sampling of the apparent 
diffusion coef fi cient (ADC) at four bilateral sites. In both 
MRS voxels tNAA/Cr + PCr was higher in the ADHD than in 
the control sample replicating and extending the investiga-
tors’ prior  fi nding in the smaller ADHD group. The authors 
again suggest hypersynthesis of NAA in the mitochondrion 
as an explanation for their  fi ndings. There were no between-
group differences in ADC; the authors suggested deploying 
the more sensitive DTI technique to search for effects of 
ADHD on brain white matter  [  161  ] . The limitations here 
were again small control group and use of ratios. Nonetheless, 
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this paper indicates possible metabolite abnormalities in 
ADHD in white matter and in a second cingulate subregion 
much studied by fMRI  [  238  ] , the aMCC. 

  Sun  et al.  [  244  ]  acquired MRS from voxels in left and 
right putamen plus globus pallidus at TE = 35.5 ms and 1.9 T 
from 20 unmedicated male adolescents with ADHD and ten 
healthy male adolescent controls. In both voxels they 
observed that mean tNAA/Cr + PCr was lower in the ten 
ADHD-C subjects in their sample than in the ten ADHD-I 
subjects or the controls. They interpret the low ratio in ADHD 
as driven by low tNAA representing lower neuron density 
and/or integrity and/or neuronal dysfunction. Such neuronal 
pathology, in turn, is thought to impair executive function 
through the shared circuitry of the lenticular nucleus with 
prefrontal cortices  [  259  ] . This study also suffers from the use 
of ratios, but provides evidence that different subtypes of 
ADHD may be distinguishable with MRS. 

  Margari et al .  [  245  ] , in an example of an MRS investiga-
tion of ADHD as a comorbidity to another disorder, pre-
sented a case study of a boy with Sydenham’s chorea plus 
ADHD. MRS voxels were scanned at four sites, but as results 
were compared only to a single healthy control (who might 
even be disputed as a valid neurological control, since he suf-
fered from migraine headaches), they are scarcely worth dis-
cussing. The authors also claim to have discovered a novel 
metabolite peak in their patient’s MR spectra between 3.6 
and 4.2 ppm representing sugars and amino acids. 
New metabolite peaks are (rarely) discovered in clinical 
MRS, as in cases of metabolic disorders or toxic exposures, 
but such assignments must be made with great caution. 
Neither Margari et al.  [  245  ]  nor the prior MRS case study of 
Sydenham’s they cite  [  260  ]  discuss how their new peak is 
distinguished from the quotidian Cr + PCr resonance at 
3.92 ppm (presumably straddling and riding underneath it) 
nor show comparison control spectra. 

  Moore et al .  [  246  ]  was another MRS study involving 
ADHD and comorbidities. Fifteen children and adolescents 
with ADHD any subtype (mostly no meds) without bipolar 
disorder (BPD) were compared to eight children and adoles-
cents diagnosed with ADHD plus BPD and to seven age-
matched healthy controls. Note that the broad de fi nition of 
pediatric BPD advocated by certain co-authors of Moore 
et al.  [  246  ]  may have in fl uenced patient selection. Single-
voxel MRS at TE = 30 ms was acquired from an unspeci fi ed 
part of the anterior cingulate cortex of unspeci fi ed laterality. 
In the ADHD sample, mean Glx/Cr + PCr and Glx/mI in this 
voxel were higher than in the ADHD + BPD or the control 
sample. The authors attribute these  fi ndings to a possible 
increase in Glu in ADHD referring to the theory of Russell 
 [  114  ]  on Glu-DA interactions in cortex and nucleus accum-
bens. Elevated Glx/mI may also signal low mI in ADHD 
patients. The authors take this as further evidence contraindi-
cating drugs such as lithium and valproate that lower brain 

mI  [  261  ]  for ADHD  [  262  ] . Respecting the limitations of 
small sample size and use of ratios, the results of this paper 
add to the mounting evidence of metabolite abnormalities in 
anterior cingulate cortex in ADHD. 

  Stanley  et al.  [  233,   234  ]  published the only two studies of 
ADHD using the  31 P nucleus. These were, moreover,  31 P 
MRSI studies, highly innovative at the time. In the  fi rst study, 
10 children with ADHD and 15 healthy control children 
were scanned at 1.5 T. All the ADHD children were being 
treated with stimulants, although eight of the subjects were 
off meds 24-h prescan. A large cross-section of brain was 
scanned with 40.5 cc voxels (relatively small for  31 P MRS) 
with data sampled in bilateral aMCC plus superior frontal 
cortex plus nearby prefrontal white matter, caudate head plus 
putamen plus anterior thalamus plus white matter, and supe-
rior temporal gyrus plus precentral gyrus plus postcentral 
gyrus. Mean levels of phosphomonoesthers (PME) were 
lower in the ADHD than in the control sample bilaterally in 
the aMCC and caudate voxels with no signi fi cant metabolite 
effects in the superior temporal voxels. As PME are molecu-
lar building blocks for phospholipid membranes, low levels 
of these compounds imply below-normal rates of regional 
cell membrane synthesis in ADHD. The authors make a fur-
ther inference speci fi cally to synthesis of neuronal processes 
and synapses in brain regions devoted to attention. 

 The larger follow-up study  [  233  ]  included 31 now drug-
naïve ADHD and 36 healthy control children with additional 
brain regions being sampled. These included bilateral 
inferior parietal lobule, parietal white matter, and dorsal 
posterior cingulate cortex (dPCC) plus precuneus plus 
cuneus plus occipital lobe. Below-normal PME were again 
observed in the ADHD sample bilaterally in the caudate. 
Within the control sample only in bilateral aMCC, PME 
correlated positively with age (   Fig.  18.4    ), hinting at a fail-
ure of this developmental feature to appear in the ADHD 
sample. In right inferior parietal lobule only, mean PME 
were  higher  in the ADHD than in the control sample, sug-
gesting regional variability in the character of phospho-
rous metabolite abnormalities in ADHD. No signi fi cant 
metabolite effects were found in the superior temporal, 
parietal white matter, or dPCC voxels. In this paper, the 
authors present more detailed arguments and evidence 
relating their PME  fi ndings to the formation and also prun-
ing of neurites and synapses. Missing in the discussion is 
any mention of glial cells, which of course also have phos-
pholipid membranes, the precursors and degradation prod-
ucts of which may also contribute to  31 P MRS signals, 
membrane synthesis being a cardinal function of oligoden-
droglia in particular. Overall, this pair of studies is rigor-
ous and advances and expands the  fi eld of MRS exploration 
of the brain in ADHD. Using previously unpublished  1 H 
MRSI data from our center, Fig.  18.5  shows two other dis-
sociations between pediatric ADHD patients and healthy 
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controls involving the relationships between regional 
metabolite levels and age. In right middle frontal gyrus 
(Fig.  18.5 ), in a sample of pediatric ADHD patients we 
noted signi fi cant declines in tNAA and Cho with age that 
were not present in the sex- and age-matched healthy con-
trol sample. This is further support for the idea of aberrant 
regional neurodevelopment in ADHD.   

  Soliva et al .  [  247  ]  was a methodologically rigorous  1 H 
MRS study of 17 ADHD children (all off methylphenidate 

for 24-h prescan) and 17 sex- and age-matched healthy con-
trols. Using single voxels, right middle frontal gyrus and left 
cerebellar hemisphere were scanned at TE = 30 ms (their 
Figs.  18.1  and  18.2  apparently use neurologic rather than 
radiologic convention though this is not notated). In right 
middle frontal gyrus, mean Cr + PCr was lower in the ADHD 
than in the control sample. In the cerebellum, tNAA, 
Cr + PCr, and mI were all lower in the ADHD sample. These 
 fi ndings augment structural MRI evidence indicating 

  Fig. 18.4    Within a prefrontal region-of-interest, levels of membrane 
precursor phosphomonoesthers (PME) increased with age for healthy 
children (A), but decreased with age for children with ADHD suggest-

ing abnormal cell membrane development in the prefrontal brain in 
ADHD. (Modifi ed from Stanley et al.  [  233  ] )       
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 pathology in the cerebellum in ADHD and also point to the 
middle frontal gyrus as a disturbed region. In interpreting 
their  fi ndings, these authors discuss the associations of NAA 
with neuronal density  [  263  ]  and osmoregulation  [  264  ]  as 
well as the associations of mI with glial density  [  265  ] , 
osmosis, and glucose metabolism  [  266  ] . They are reluctant 
to discuss their Cr + PCr result due to novelty and lower sta-
tistical signi fi cance, although similar explanatory factors 
may be invoked.  

  Yang et al .  [  248  ]  was the most recently published baseline 
MRS study of pediatric ADHD. Fifteen adolescents 
(12 medicated) with ADHD and 22 healthy adolescent con-
trols were scanned at 1.5 T and TE = 35 ms using 8-cc single 
voxels in bilateral pACC and proximal white matter. In the 
right hemisphere only, tNAA/Cr + PCr was higher and 
Cr + PCr was lower in the ADHD than in the control sample. 
Yang et al.  [  248  ]  interpret their and other prior literature 
 fi ndings in terms of below-normal regional Cr and/or PCr in 
ADHD. Cr + PCr together are seen as the central energy 
markers of both neurons and astrocytes  [  267  ] . The authors 
speculate that levels of Cr + PCr may be proportional to the 
functional activity of a brain area. Lower levels of Cr + PCr 
may provide neurons with lower energetic resources, thus 
allowing lower functional autonomy in stressful conditions. 
The authors postulate that their  fi nding of lower Cr + PCr lev-
els in the right pACC area may provide indirect evidence to 
support the energetic hypothesis of ADHD of Todd and 
Botteron  [  116  ] . This was a reasonably well-done study.  

   MRS Studies of Adult ADHD at Baseline 
 Our survey identi fi ed six published baseline MRS studies of 
adult ADHD (Table  18.3 ). In the following, we comment on 
these in chronological order.  

  Hesslinger et al .  [  268  ]  was the earliest study, in fact one 
of the earliest MRS studies of ADHD at all. Ten unmedi-
cated male adults with ADHD were compared to  fi ve healthy 
adult males. ADHD subjects comprised 5 ADHD-C and 5 
ADHD-I subtypes. At 2 T, single voxels (8 cc) were acquired 
at TE = 30 ms from left middle frontal gyrus and left caudate 
head plus putamen. In middle frontal gyrus, tNAA was lower 
in ADHD-C than in ADHD-I or in controls. No signi fi cant 
effects were detected in the caudate voxel. 

 The authors take their  fi ndings as evidence of subtle left 
prefrontal neuropathology, particularly of neuron loss or dys-
function in adults with ADHD-C. This is a methodologically 
fairly well-done study, although after division into the ADHD 
subtypes one is left with very few subjects per group. 

 Perlov et al.  [  269  ] , the same group, published the next 
MRS study of adult ADHD 6 years later. The more substan-
tial sample comprised 28 adults (now only 17 male) with 
ADHD all of whom had been off meds for 6 months prescan 
and 28 sex- and age-matched healthy controls. Subjects were 
scanned at 1.5 T and 30 ms TE, but with the  fi ner spatial reso-
lution of MRSI (3 cc) in bilateral pACC. In right pACC only, 
mean Glx/Cr + PCr was lower and Cho/Cr + PCr was higher in 
the ADHD than in the control sample. The authors provide a 
detailed analysis of their Glx/Cr + PCr  fi nding in terms of the 
frontobasal DA-Glu interaction model of Carlsson et al.  [  270  ] , 
developed for schizophrenia. The model asserts that the pre-
frontal cortex modulates the activity of midbrain DA neurons 
via both an activating (“accelerator”) and an inhibitory 
(“brake”) glutamatergic projection pathway, allowing 
 fi netuning of DA activity. Following this model, the authors 
believe their  fi nding of low cingulate Glx/Cr in ADHD could 
be the consequence of low mesolimbic dopaminergic tone 
 [  275  ] . A comparable discussion of the Cho/Cr + PCr  fi ndings 

  Fig. 18.5    CSF-corrected levels of tNAA (“NAA + NAAG”) and Cho 
acquired in right middle frontal cortex using  1 H MRSI at 1.5 T for a 
series of individual subjects with ADHD ( blue diamonds ) and healthy 
controls ( green squares ). Signi fi cant decline in both tNAA (Spearman, 
 p  < 0.05) and Cho ( p  < 0.01) is seen for the ADHD sample but not for 

controls. This suggests an abnormal neurodevelopmental course in fac-
tors in fl uencing these metabolites (brain energetics? membrane metab-
olism? osmoregulation?) in ADHD. Values are normed to unsuppressed 
water and given in Institutional Units (IU)       
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is not provided. This is one of the better studies methodologi-
cally, the principal weakness being the use of ratios. The 
authors incorrectly imply that quantitation of absolute metab-
olite levels is  fi rmly established for single-voxel MRS but 
impossible for MRSI, yet some groups have obtained abso-
lute levels with MRSI since the 1990s and metabolite quanti-
tation remains an incompletely resolved issue for both 
single-voxel MRS and multivoxel MRSI. 

  Perlov  et al.  [  273  ] , again the same group, followed-up 
with a relatively large short-TE MRSI (3 cc voxels) study of 
the cerebellum in ADHD. Thirty medication-free adult 
ADHD patients and 30 healthy adult controls were scanned 
with regions of interest in bilateral cerebellar vermis and cer-
ebellar hemisphere. No signi fi cant effects were detected in 
the vermis but in the left hemisphere, mean Glx/Cr + PCr was 
higher in the ADHD than in the control sample. This repre-
sents evidence for neurometabolite abnormalities in the cer-
ebellum in ADHD, a brain structure in which volumetric 

abnormalities have repeatedly been demonstrated with struc-
tural MRI  [  134,   135,   156,   159,   178  ] . The Glx/Cr + PCr 
 fi nding is again interpreted in terms of the Glu-DA hypothe-
sis of Carlsson  [  270,   275  ]  and brought in connection with a 
theory of the cerebellum as a “machine” that models motor 
and cognitive behavior  [  276  ] . Use of metabolite ratios 
remains a weakness of this otherwise rigorous study. 

  Colla et al .  [  271  ]  was the next study. Fifteen drug-naïve 
adults with ADHD and 10 healthy control adults were 
scanned with MRSI at 1.5 T. Left and right aMCC were 
regions of interest and the combination of left and right was 
also analyzed. Voxel size was 2.4 cc. In left and in left + right 
aMCC, mean Cho was higher in the ADHD than in the con-
trol sample. Within the ADHD sample, Cho correlated posi-
tively with CPT reaction time. The authors take their  fi ndings 
as further evidence for anterior cingulate cortex dysfunction 
in ADHD, including adult ADHD, citing prior  18 FDG-PET 
 [  214  ] , fMRI  [  176  ] , and scalp EEG evoked potential  [  277  ]  

   Table 18.3    MRS and MRSI baseline studies of adult attention de fi cit hyperactivity disorder (ADHD)   

 Reference  Subjects  MRS technique  Brain regions  Key  fi ndings 

 Hesslinger et al. 
2001  [  268  ]  

 10 ADHD 
 (10 ♂/0 ♀) 

 2 T  1 H MRS  L-MFG  tNAA lower in ADHD-C than in 
ADHD-I or HC 

 (5 ADHD-C, 5 ADHD-I) 
 (10 no meds) 

 TR/TE 3000/30 ms  L-Cdhd + Put  No signi fi cant effects 

 5 adult HC (5 ♂/0 ♀)  vox: 20 × 20 × 20 mm 3  (8 cc) 
 Perlov et al. 2007 
 [  269  ]  

 28 adult ADHD (17 ♂/11 
♀) 

 1.5 T  1 H MRSI  L,R-pACC  On right, Glx/Cr + PCr lower, Cho/
Cr + PCr higher in ADHD than HC 

 (28 6 mn off meds prescan)  TR/TE 1500/30 ms 
 28 adult HC (15 ♂/13 ♀)  vox: 10 × 20 × 15 mm 3  (3 cc) 

 Colla et al. 2008 
 [  271  ]  

 15 adult ADHD 
 (8 ♂/7 ♀) 

 1.5 T  1 H MRSI  L,L + R-aMCC 
 L + R?-aMCC 

 Cho higher in ADHD than HC; 
 In ADHD, Cho correlates positively 
with CPT-IP reaction time 

 (? subtype) 
 (15 drug-naïve) 

 TR/TE 1500/135 ms 

 10 adult HC (6 ♂/6 ♀)  vox: 8.75 × 8.75 × 15 mm 3  
(2.4 cc after apodization) 

 Ferreira et al. 2009 
 [  272  ]  

 19 adult ADHD 
 (? ♂/? ♀) 

 1.5 T  1 H MRSI  L,R-aMCC  On right, mI/Cr + PCr lower in 
ADHD-C than n ADHD-I or HC 

 (10 ADHD-C, 9 ADHD-I) 
 (19 off meds 6 mn prescan) 

 TR/TE 1500/30 ms  L,R-Put  On left, Glx/Cr + PCr higher in 
ADHD-C than n ADHD-I or HC 

 12 adult HC (? ♂/? ♀)  vox: 15 × 15 × 20 mm 3  
(4.5 cc) 

 L,R-Pul  On left, Cho/Cr + PCr higher in 
ADHD-C than in ADHD-I or HC 

 Perlov et al. 2010 
 [  273  ]  

 30 adult ADHD (18 ♂/12 
♀) 

 1.5 T  1 H MRSI  L,R-Cb-Hemi  On left, Glx/Cr + PCr higher in ADHD 
than HC 

 (30 no meds)  TR/TE 1500/30 ms  L,R-Cb-verm 
 30 adult HC (15 ♂/15 ♀)  vox: 10 × 20 × 15 mm 3  (3 cc)  No signi fi cant effects 

 Rüsch et al. 2010 
 [  274  ]  

 14 adult borderline 
personality 
disorder + ADHD 
 (0 ♂/14 ♀) 

 3 T  1 H MRS  L-pACC  tNAA, Glu higher, Gln lower in 
borderline + ADHD than HC 

 (14 off meds 2 week 
prescan) 

 TR/TE 3000/30 ms  L-Cb-Hemi 

 18 adult HC (0 ♂/14 ♀)  vox: 20 × 20 × 20 mm 3  (8 cc)  No signi fi cant effects 
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results. The authors acknowledge that Cho is a composite 
MRS signal containing contributions from GPC, PC, and to 
a lesser extent, free choline itself, molecules that are break-
down products or precursors of membranes  [  278  ] . They cite 
three circumstances that could contribute to pathological 
elevation of Cho: release of choline-containing compounds 
accompanying acute damage, membrane biosynthesis 
associated with new or increased synaptic plasticity, and 
neoplastic or in fl ammatory processes. Of these, subtle struc-
tural changes associated with membrane turnover and myeli-
nation are seen as  fi tting in with the  fi nding of slowed reaction 
speeds and the concept of ADHD as a developmental dys-
regulation of myelination  [  122  ] . Despite small subject num-
bers, this study was important in  fi nding MRS effects in the 
aMCC, a region multiply linked to ADHD through  fi ndings 
with fMRI and other neuroimaging modalities  [  238  ] , and 
MRS effects associated with impaired CPT performance, a 
common neurocognitive symptom of ADHD. 

  Ferreira et al .  [  272  ]  published a short-TE MRSI study 
(1.5 T, 4.5 cc voxels) of 19 adults with ADHD (10 ADHD-C 
and 9 ADHD-I) who had been off meds for 6 months prescan 
and 12 healthy adult controls. Bilateral aMCC, putamen, and 
pulvinar were sampled. This investigation made use of inno-
vative of fl ine MRSI “voxel-shifting” to optimize anatomical 
positioning of regions of interest. Apart from Stanley et al. 
 [  233,   234  ]  (which also used voxel shifting), this made it the 
only MRS study of the thalamus in ADHD. In right aMCC, 
mean mI/Cr + PCr was lower in the ADHD-C than in the 
ADHD-I or control groups. In left putamen, Glx/Cr + PCr 
was higher in the ADHD-C than in the ADHD-I or control 
groups. And in left pulvinar, Cho/Cr + PCr was lower in the 
ADHD-C than in the ADHD-I or control groups. Thus, this 
study revealed a variety of MRS metabolite effects of ADHD 
in different brain regions. It also again showed MRS effects 
in the ADHD-C subtype that were statistically absent in the 
ADHD-I subtype. This study did better than most in evading 
partial-voluming complications, but still suffered from the 
use of metabolite ratios. The mI/Cr + PCr and Cho/Cr + PCr 
results were related to the in fl uence of mI and Cho in cell 
energy and membrane metabolism  [  246,   279,   280  ] . An alter-
native DAergic mechanism was also suggested for the Cho/
Cr + PCr excess. The Glx/Cr + PCr result was also related to 
cell energy metabolism, in particular the lactic acid energy 
de fi cit theory of Todd and Botteron  [  116  ] . Alternative 
 explanations of the Glx/Cr + PCr elevation included shifts in 
the interconversion rates of Gln, Glu, and GABA and Glu-DA 
interactions. 

  Rüsch et al .  [  274  ]  was the most recent adult baseline MRS 
study, a study of borderline personality disorder with comor-
bid ADHD. At 3 T and TE = 30 ms, 14 female patients and 
18 healthy female controls were examined. Two voxels were 
placed (each 8 cc), one in left pACC, the other in left cerebel-
lar hemisphere. No signi fi cant effects were detected at the 

latter site. In left pACC, tNAA and Glu were higher, while 
Gln was lower in patients versus controls. Note that high 
 fi eld strength facilitated segregation of Glx into Glu and Gln 
in this investigation. The Glu/Gln imbalance was seen as a 
possible result of impaired Glu recycling in neuronal-astro-
cytic metabolism  [  115  ] , possibly due to ADHD energy 
de fi ciency in the sense of Todd and Botteron  [  116  ] . As the 
authors point out, since a simultaneous increase in Glu and 
decrease in Gln may manifest as unchanged Glx, perhaps it 
is inadequate to measure only the Glx sum as most MRS 
studies of ADHD have done. The authors suggest that ele-
vated tNAA may be a consequence of incomplete cortical 
maturation during adolescence in ADHD  [  281  ] . Unexpectedly, 
the study did not contribute to evidence for cerebellar abnor-
mality in ADHD or borderline personality disorder.   

   MRS Studies of Interventions for ADHD 

 This section reviews MRS studies of interventions for 
ADHD. It deals exclusively with pharmacological treat-
ments, since unfortunately we are aware of no MRS studies 
of nonpharmacological treatments for ADHD, even though 
such treatments are common. A further limitation in scope is 
that most studies reviewed were concerned with stimulant 
medications, above all methylphenidate, given the wide-
spread application of these agents and their typical success in 
alleviating symptoms of ADHD. 

   MRS Studies of Interventions for Pediatric ADHD 
 Our survey identi fi ed  fi ve published MRS studies of inter-
ventions for pediatric ADHD (Table  18.4 ). We review these 
in chronological order.  

  Jin et al .  [  282  ]  was the earliest published study. Twelve 
drug-naïve adolescent boys with ADHD were scanned before 
and after a single challenge dose of oral methylphenidate. 
Ten healthy control adolescent boys were also scanned once 
only. MRS was acquired at 1.9 T and TE = 35.5 ms from 
single voxels (8 cc) placed bilaterally in the globus pallidus 
with some partial voluming of the putamen. Bilaterally, mean 
tNAA/Cr + PCr was lower and mean Cho/Cr + PCr was higher 
in the pretreatment ADHD boys than in the control boys 
(baseline  fi ndings). Within the ADHD sample, Cho/Cr + PCr 
decreased signi fi cantly in response to the methylphenidate 
challenge. The tNAA/Cr + PCr ratio was unchanged by meth-
ylphenidate. There is no mention of follow-up or a third scan 
to see if Cho/Cr + PCr returned to its prechallenge values. 
Regarding their baseline tNAA/Cr + PCr  fi nding, the authors 
state, “The signi fi cantly decreased NAA/Cr ratio in globus 
pallidus indicates that approximately 20–25% of neurons 
had died or were severely dysfunctional.” From our perspec-
tive this is quite a premature conclusion. First, the value of 
tNAA/Cr + PCr may as well be affected by concentrations of 
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Cr and PCr in the denominator as by NAA and NAAG in the 
numerator. Second, even if levels of NAA and/or NAAG are 
low, it is not clear whether this stems from slower neuronal 
synthesis of these amino acids or from their more rapid deg-
radation by astrocytes and oligodendrocytes (Fig.  18.1 ). 
(Note that more rapid degradation could be a consequence of 
higher value of the rate constants for enzymatic degradation, 
higher enzymatic densities in the astrocyte and oligodendro-
cyte membranes, and/or higher tissue densities of astrocyte 
and oligodendrocyte cells.) Third, even if depression of NAA 
and/or NAAG levels is of neuronal origin, it is not clear 
whether this results from a small loss of NAA and/or NAAG 
spread over many neurons or a large loss limited to a few 
neurons. The authors suggest that elevated baseline Cho/
Cr + PCr in the ADHD sample may be due to “imbalance 
between the dopaminergic and cholinergic systems”. If they 
mean here the central cholinergic neurotransmitter systems, 
this explanation may be inadequate. The acetylcholine mol-
ecule makes only a small contribution to MRS Cho signal 
intensity. It might be better to argue, as other authors have 
done, in terms of disturbances in cell membrane metabolism 
involving PC and GPC, but these are present in appreciable 
amounts in both cholinergic and noncholinergic neurons, as 
well as in glial cells. Although the authors do not discuss the 
modest postmethylphenidate drop in Cho/Cr + PCr, it is 
important for future MRS research to note that even a single 
dose of this agent may bring about an observable change in 
metabolite levels. 

  Carrey  et al.  [  283–  285  ]  are the next three studies to 
review. The  fi rst  [  283  ]  was a case series of four children with 
ADHD, two of whom were treated with methylphenidate 
and two with atomoxetine. Each child was scanned at pre-
drug baseline, then again after 14–18 weeks of treatment. 
Scanning was done at 1.5 T and long-TE with one single 
voxel placed in right pACC (4 cc) and another in left caudate 
head plus putamen (7 cc). In the pACC, Glx/Cr + PCr 
decreased markedly (mean 47.5%) post- versus pretreatment 
for the atomoxetine subjects with no signi fi cant metabolite 
effects for the methylphenidate subjects. In the caudate 
voxel, Glx/Cr + PCr decreased markedly (mean 56.1%) after 
treatment for both agents. There were very few patients and 
no control group in this study. Metabolite ratios were 
employed and Glx was measured at long-TE. Notwithstanding, 
this study provided early evidence that striking neurometab-
olite changes may accompany medicinal treatment for 
ADHD and/or symptomatic response (all subjects were good 
responders) and that regional metabolite effects may vary by 
agent. Carrey et al.  [  284  ]  followed up with a larger study of 
14 children and adolescents with ADHD (4 on methylpheni-
date, 7 on dextroamphetamine, and 3 on atomoxetine). Each 
patient was scanned twice: once while 2–21 days off meds, 
and then again after being  circa  13 weeks on meds. MR 
scanning was as in the  fi rst study only the two voxels (each 

4 cc) were placed in right superior frontal cortex and in left 
caudate head plus putamen plus globus pallidus. No 
signi fi cant effects were observed in superior frontal cortex. 
In the caudate voxel, Glx/Cr + PCr was lower after than 
before treatment. Hence, this replicated, in a larger sample, 
the major  fi nding of Carrey et al.  [  283  ] . 

 In Carrey et al.  [  285  ] , methods were further improved by 
excluding adolescents, studying patients of only one sex (13 
boys), studying only drug-naïve subjects, and adding a 
healthy control group (ten boys). Moreover, all patients 
were the same subtype (ADHD-C). All but one of the 
patients were scanned before and after an 8-week course of 
oral methylphenidate (all same drug); controls were scanned 
only once. TE was reduced to 30 ms and voxel size remained 
relatively small (4 cc). Absolute metabolite levels rather 
than ratios were employed and Glu was quantitated sepa-
rately as well as as the sum Glx. Voxels were placed in right 
superior frontal cortex, left occipital white matter, and left 
caudate head plus putamen. No signi fi cant effects resulted 
in the  fi rst two voxels. In the caudate voxel, both Glu and 
Glx were higher in both pre- and posttreatment patients than 
in controls. Cr + PCr was higher in the pretreatment ADHD 
sample than in controls. Within the ADHD sample, Cr + PCr 
decreased to control levels after treatment (Fig.  18.6 ). The 
authors refer to prior notions of DA-Glu interactions  [  114  ]  
and suggest that excess Glu (and therefore Glx) in ADHD 
may result from a failure to deactivate synaptic Glu due to 
low striatal monoamine levels. This would cause “synaptic 
spillover” of Glu  [  287  ]  possibly contributing to symptoms 
of ADHD. The authors interpret the treatment-responsive 
Cr + PCr excess in ADHD as a possible consequence of a 
local cell energetic de fi cit  [  116  ] . They also indicate that Cr 
may be neuroprotective  [  288  ] ; hence the ADHD brain may 
be elevating its Cr levels as attempted compensation for 
excess excitotoxic Glu. Finally, the authors adduce a possi-
ble further link between their Glu and Cr + PCr  fi ndings by 
referring to a PCr-dependent system for Glu uptake into 
synaptic vesicles  [  289  ] . Overall this is a respecTable model 
for an intervention study with intriguing neurochemical 
interpretations of results. 

  Adriani et al .  [  235  ]  was the last study and the only pre-
clinical animal study to be reviewed here. In an attempt to 
simulate a common pattern in human ADHD patients, eight 
rats were exposed to daily i.p. methylphenidate for 14 days 
as adolescents, then underwent MRS scanning as adults. 
Another eight rats were similarly exposed to normal saline 
and scanned. Scanning was performed at high  fi eld (4.7 T) 
with very small voxels in order to  fi t in the rat brain. Voxels 
were sampled in midline prefrontal cortex, midline dorsal 
striatum, and midline nucleus accumbens. This paper 
reported separate values for Cr and PCr, even though it is a 
proton MRS study. Even though the standard deviations of 
the separate Cr and PCr values were implied to be within the 
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  Fig. 18.6    Levels of Glx (upper) and Cr+PCr ( lower ) in a  1 H MRS 
 single-voxel sampling left caudate+putamen in a pediatric series of 
ADHD patients ( circles ) before-and-after 8-week methylphenidate 
treatment and in a series of healthy controls (fi lled diamonds) at base-

line only. Note substantial baseline elevation of Glx in the ADHD 
sample, dropping in several subjects after treatment. Also note the 
more uniform post-treatment fall in Cr+PCr. (Modifi ed from Carrey 
et al.  [  285  ] )       
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20% acceptability threshold of the LCModel program used 
to  fi t the data, it is important to note that many spectrosco-
pists would not accept the separate values, contenting them-
selves with the combined Cr + PCr levels. We agree with 
those spectroscopists. 

 In prefrontal cortex, Cr was said to be lower and PCr 
higher in methylphenidate than in saline rats. In dorsal 
striatum, Cr + PCr, Cho, and the amino acid taurine (Tau) 
were all higher in methylphenidate than in saline rats. 
Within the methylphenidate rats, Cr correlated positively 
with a behavioral impulsivity score, which itself was lower 
in the methylphenidate rats. In the accumbens, tNAA, 
Cr + PCr, and Tau were lower, while Gln was higher in 
methylphenidate than in saline rats. The authors suggest 
that Cr and Tau levels in each brain region are proportional 
to the functional activity of the region and that meth-
ylphenidate exposure in adolescence brings about hyper-
function of the dorsal striatum and hypofunction of the 
accumbens. They also recall the importance of the striatum 
in habit formation and expression and propose that meth-
ylphenidate exposure provides for greater behavioral 
 fl exibility and ability to cope with challenging tasks. The 
tNAA, Gln, and Cho results are not discussed in detail. It 
is important to keep in mind that normal Wistar lab rats 
and not ADHD-model rats were treated. Although the 
authors conclude by warning that methylphenidate treat-
ment in human patients misdiagnosed for ADHD could 
lead to untoward brain metabolite changes, their overall 
message seems to be one of positive effects of adolescent 
methylphenidate exposure on brain and behavior. Studies 
on larger samples with more extensive outcome measures 
would be required before extrapolating such conclusions 
to humans. 

 The observation of effects on Tau is intriguing. Miller 
et al.  [  290  ]  found that Tau was a major osmolyte in the 
brains of preweaned rats, but declined in concentration in 
favor of Glu, PCr, and mI as the rats matured to adulthood. 
Adriani et al.  [  235  ]  suggest that methylphenidate treatment 
may alter the normal developmental course of preferred 
osmotic species in the rodent brain. It is unknown if similar 
changes take place in human ADHD patients and if these 
are bene fi cial.  

   MRS Study of Intervention for Adult ADHD 
 Our survey revealed only one MRS intervention study on 
adult ADHD  [  286  ] . In this study, seven drug-naïve adult 
patients with ADHD were scanned at predrug baseline and 
then again after 5–6 weeks of daily oral methylphenidate. 
They were scanned with long-TE MRSI at 1.5 T with a 2.4-
cc voxel size. Midline aMCC was the region of interest. In 
this region, tNAA increased and Cho decreased after treat-
ment. The authors point out that their  fi ndings add to evi-
dence linking the aMCC to ADHD and its pharmacological 

remediation. They interpret both the tNAA increase and the 
Cho decrease seen in their patients as possible consequences 
of rise in cellular energy availability brought about by meth-
ylphenidate. Mitochondrial synthesis of NAA is energy 
dependent  [  258  ]  and oligodendrocyte synthesis of fatty acids 
and myelin is supported by Lac production  [  117  ] . Energy 
de fi ciency secondary to DAergic hypotonia in untreated 
ADHD therefore may lead to low tNAA and high Cho (due 
to accumulation of unused membrane phospholipid molecu-
lar building blocks). This was a reasonably well-done study 
mainly limited by small subject numbers.   

   Summary of Findings 

   Brain Regions Implicated in ADHD By MRS 
 The above-reviewed MRS studies reveal that signi fi cant 
effects of ADHD and of its pharmacologic treatment can be 
registered in multiple brain regions, including some of those 
where such effects were detected using other neuroimaging 
modalities. Brain structures where effects were repeatedly 
observed include the pACC and aMCC subregions of the 
cingulate cortex; the caudate, putamen, and globus pallidus 
nuclei of the basal ganglia; the vermis and hemisphere of the 
cerebellum; and different zones of the cerebral white matter; 
more isolated  fi ndings were noted in inferior parietal lobule, 
the pulvinar, and the middle frontal cortex. Thus, MRS con-
tributes evidence for pathology and/or dysfunction in these 
regions in ADHD and evidence that these regions may repre-
sent anatomic substrata of therapeutic response.  

   Neurometabolites Implicated in ADHD by MRS 
 In terms of the metabolites involved, some evidence has been 
presented for each of the canonical  1 H MRS metabolites 
tNAA, Glx, Cr + PCr, Cho, and mI; most of the  fi ndings, 
however, were expressed as ratios to Cr + PCr. Since some 
studies  [  247–  249,   285  ]  have uncovered ADHD  fi ndings 
involving Cr + PCr itself, these ratio results are particularly 
open to ambiguous interpretation. The meta-analysis of 
Perlov et al.  [  228  ]  concluded that the most widely repro-
duced evidence was for elevated regional Cho in ADHD. 
Although that meta-analysis also substantially included ratio 
results, its conclusion is at least consistent with the  31 P MRS 
 fi ndings  [  233,   234  ] . Cho is thought of as re fl ecting cell phos-
pholipid membrane turnover  [  291  ] . Membrane synthesis, 
however, is an active process, suggesting that Cho levels may 
also re fl ect cell energetics  [  292  ] . As mentioned in Fig.  18.2 , 
given  fi nite supply, a cell makes trade-off between dedicating 
carbon substrate to membrane synthesis and burning it for 
energy. A further consideration is that cell water is produced 
both by glycolysis and more powerfully by the downstream 
stages of Glc catabolism. Most of the canonical metabolites, 
in addition to their other cellular functions, serve as osmo-
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lytes  [  293  ] . Thus, the cell raises and lowers its intracellular 
concentrations of these molecules in order to maintain cell 
volume in the face of changes in the amount of intracellular 
water. Beyond being osmolytes, NAA and NAAG also have 
a speci fi c role as “molecular water pumps” and are active in 
transporting very large quantities of water outside the neuron 
in proportion to their molar concentration  [  294  ] . As much of 
this water originates from the cell energy chain, essentially 
all of the canonical metabolites can be linked to energy 
through water regulation and in other ways. Thus, many 
results of the ADHD MRS literature to date may directly or 
indirectly endorse the energetic hypotheses of Todd and 
Botteron  [  116  ]  and Russell et al.  [  117  ] , as is claimed in the 
discussion sections of several of the papers reviewed.  

   Fronto-Subcortical Network Loops in ADHD 
 Many of the above-cited MRS studies add evidence in sup-
port of the notion that “prefronto-striatal” neuronal circuit 
loops are implicated in ADHD. Frequently, the choice of 
anatomical nomenclature has been self-limiting in these 
studies. Thus, instead of describing MRS voxel placement as 
being in a speci fi c rostral subregion of the cingulate cortex 
(e.g., pACC or aMCC), the authors have referred 
nonspeci fi cally to “anterior cingulate cortex,” to “ventrome-
dial prefrontal cortex,” or even to ‘prefrontal cortex.” Due 
perhaps to the high intersubject variability in the courses of 
the human cingulate and paracingulate sulci  [  295  ] , which 
makes it hard to distinguish the paracingulate portions of the 
cingulate from neighboring gyri on MRI, there is a tendency 
on the part of many investigators to con fl ate the cingulate 
and the prefrontal cortices. A further issue is that MRS vox-
els sampling the basal ganglia frequently contain multiple 
different nuclei (caudate, putamen, globus pallidus) in the 
same voxel (partial-voluming problem). Sometimes paired 
nuclei will be referred to as if they formed a single func-
tional, rather than merely nominal structural, unit, i.e., “stria-
tum” for caudate + putamen, “lenticular nucleus” for 
putamen + globus pallidus. When citing the MRS studies of 
ADHD we have substituted more precise nomenclature 
where tenable. As high- fi eld studies with smaller voxel sizes 
become more widespread, MRS may yield more critical 
information on the role of recurrent cortico-basal gangliar 
loops in ADHD.   

   Functional Neuroanatomic Model of ADHD 

 In this section, we take a cingulocentric functional anatomic 
model involving recurrent cortico-basal gangliar loops 
recently developed to explain the symptomatic phenomenol-
ogy of obsessive-compulsive disorder (OCD) and apply it to 
ADHD. We then speculate on how neurochemical aberra-
tions at the glutamatergic synapse (Fig.  18.1 ) might be 

re fl ected in the temporal dynamics of ADHD and OCD 
 subjective mental experience.  

   Updated Subcortical Loop Construct 
and Cingulocentric OCD Theory 

 Applying the most recent neuropathology and neuroimaging 
data, Middleton  [  296  ]  has updated the long-popular concept 
of recurrent fronto-subcortical neural loops  [  297  ] . His 
updated construct includes loops containing individual sub-
regions of the cingulate and prefrontal gyri. The subcortical 
nuclei participating in these loops are resolved to the level of 
subparts of caudate, globus pallidus, thalamus, etc. A cingu-
locentric model of obsessive-compulsive disorder (OCD) 
emerges from the updated concept identifying a detailed 
functional neuroanatomy of the disease. Middleton infers 
that the same may be done for ADHD, but does not present 
details. Here we adapt the Middleton  [  296  ]  model to ADHD 
by contrasting the condition with OCD. 

   Loops for OCD Thoughts, Feelings, and Actions 
 Middleton  [  296  ]  envisions OCD as driven by a triad of recur-
rent cortico-subcortical circuits (Fig.  18.7 ). As in Alexander 
et al.  [  297  ] , each circuit forms an excitatory positive feed-
back loop connecting a series of cortical subregions and 
 subcortical subnuclei. (There are distinctions between “open” 
and “closed” loops, which we leave aside here.) Glu and 
GABA are the key neurotransmitters involved. The  fi rst loop 
is the Ideation-Obsessional Thoughts circuit. Neurotransmitter 
 fl ows in this circuit from the inferior frontal cortex to the 
caudate to the substantia nigra pars reticulata to the ventral 
anterior and medial dorsal nuclei of the thalamus back to the 
cortex. The second loop is the Emotion-Anxiety Depression 
circuit. It runs from the pACC to the caudate and nucleus 
accumbens to the substantia nigra pars reticulata and nucleus 
basalis of Meynert to the ventral anterior and medial dorsal 
nuclei of the thalamus back to the cortex. The third loop is 
the Action-Compulsive Behaviors circuit. It  fl ows from the 
cingulate motor area (in the aMCC) to the putamen to the 
globus pallidus internal segment to the ventral anterior, ven-
tral lateral, and centromedian thalamic subnuclei back to the 
cortex.  

 As their names imply, the Ideation-Obsessional Thoughts 
and Action-Compulsive Behaviors circuits support the 
recurrent mental obsession and motor compulsion symp-
toms of the disease, while the Emotion-Anxiety Depression 
circuit supports the prevailing affect of the condition, which 
is perpetual anxiety frequently with comorbid depression. It 
is envisioned that the positive feedback loops in these three 
circuits are undergoverned leading them to inject thoughts, 
feelings, and motor actions repeatedly into consciousness. 
Functionally, the inferior frontal cortex is implicated in syntax, 
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i.e., serial sequencing of morphemes in building a verbal 
thought, a subvocalization, or spoken sentence  [  298–  300  ] . 
Thus, obsessional thoughts attach to form, i.e., the patient 
will think or speak the same sentence (or see the same image 
in consciousness) repeatedly, identically, or with small 
modi fi cations, in the symptomatic phenomenon known as 
“getting the right feeling.” The pACC is implicated in the 
emotion of happiness  [  229  ] . Hence, pACC dysfunction is 
associated with anhedonia and depression in OCD and other 
conditions. Ruminative feelings of dread, of worthlessness, 
of emptiness, and so on present with a recurring and unshak-
able character. The aMCC is implicated in will power or 
voluntary motor control, as well as in fear and pain  [  229  ] . 
The three are closely related as exercise of will power 
 frequently involves overcoming pain, e.g., in weight lifting, 
or facing up to fears, e.g., in making sales calls. Will power 
is intimately involved with OCD  [  301  ] . The patient must 
repeatedly exercise will power in choosing how to respond 
to OCD compulsions: to give in to them, to resist them, to 
avoid situations that induce them, to do the opposite of what 

they say (as in CBT exposure therapy), or to note their pres-
ence and refocus away from them (as in the Four Steps ther-
apy). This connection with will power also grounds the 
pervasive guilt often felt in the disorder. Thus, excessive 
recurrent glutamatergic positive feedback activity in the 
three loops leads to the thought, feeling, and behavioral 
action symptoms of OCD.  

   Egosyntonic Versus Egodystonic 
 A  fi nal concept needed to understand the model is that of 
“egosyntonic” versus “egodystonic” thoughts, feelings, and 
behaviors. This concept pair is used in two senses in OCD 
management and research. In the  fi rst sense, egosyntonic 
mental events are experienced as coming from the self, while 
egodystonic mental events are experienced as having alien, 
i.e., outside the self, origin. For example, an unidenti fi ed 
voice in the patient’s mind urges him to push grandma down 
the stairs. In the second sense, egosyntonic simply means 
something pleasant and egodystonic means something 
unpleasant. In the following, we will only use these words in 

  Fig. 18.7    Middleton’s (2009) cingulocentric OCD model. Excessive 
recurrent activity in the three cingulo-subcortical positive feedback 
loops supports OCD symptoms thoughts, feelings, and actions, 
respectively. (Modi fi ed from Middleton FA. The contribution of 

anterior cingulate-basal ganglia circuitry to complex behavior and 
psychiatric disorders. In: Vogt BA, ed. Cingulate Neurobiology and 
Disease. New York, NY: Oxford University Press; 2009, with 
permission.)          
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the second sense. In contrast to, for example, addictive 
behaviors for substance abuse patients, OCD obsessions and 
compulsions are pervasively egodystonic in character, i.e., 
OCD patients do not enjoy the obsessive thoughts that run 
persistently through their heads nor the compulsive acts they 
perform over and over; on the contrary, they experience them 
as highly unpleasant.  

   Application to ADHD 
 To describe ADHD, we take the same three OCD circuits 
form the Middleton  [  291  ]  model and simply rename them 
(Fig.  18.8 ). This yields an Ideation—Inattention circuit, an 
Emotion-Hyperactivity-(Self)-Stimulation circuit, and an 
Action-Impulsive Behaviors circuit. We now contrast the 
way egodystonic mental events are dealt with habitually in 
OCD versus in ADHD using these three circuits. OCD 
patients are strongly bound by egodystonic mental events 
even when these are unwholesome and impractical; ADHD 
patients are repelled by egodystonic mental events even when 
these are bene fi cial and practical. Thus, for example, a patient 
with OCD counts the panes in a window dozens of times over 
even though he knows he is wasting time and hates doing it, 
while a schoolboy with ADHD cannot  concentrate on doing 

his homework because it is boring. An OCD patient’s 
thoughts are continually drawn back to anxiogenic obsessive 
topics despite stringent mental efforts to  fl ee from them while 
an ADHD patient’s thoughts are drawn away from the 
unpleasant task at hand and have dif fi culty coming back 
(Ideation-Inattention Circuit). For example, an OCD patient 
cannot drive the thought of licking sandpaper with his tongue 
out of his mind, while the ADHD schoolboy is distracted 
from the classroom by sounds of the playground outside and 
is long in shifting his attention back to the teacher’s dull lec-
ture. The OCD patient makes repeated futile attempts at 
escaping anxious, depressive, ruminative feelings, while the 
ADHD patient is continually in self-stimulatory pursuit of 
unful fi lled satisfaction (Emotion-Self-Stimulation Circuit). 
Responding to drives of inner origin, the OCD patient feels 
compelled to perform empty rituals; he is over-inhibited in 
that external stimuli are typically churned over and over-pro-
cessed within before taking action; the ADHD patient, on the 
other hand, is typically driven by outward, distracting stim-
uli; he is underinhibited in that it is dif fi cult for him to return 
to his inner focus. The above sets of opposite symptoms may 
be a matter of chronic hyperactivity of the three circuits in 
OCD versus chronic hypoactivity in ADHD.  

  Fig. 18.8    Middleton’s (2009) cingulocentric OCD model applied to ADHD. Insuf fi cient recurrent activity in the three loops leads to ADHD symptoms       
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   Issue of ADHD-OCD Comorbidity 
 If the two diseases now are polar opposites in terms of their 
subjective phenomenology and cortico-subcortical loop 
physiology as described, how is it then that the two are so 
frequently comorbid? The answer is that it is less of a ques-
tion of whether the circuits are  fi ring too quickly or too 
slowly (and thus pushing attention towards or away from an 
egodystonic focus), but of the stability of the circuits, of 
their propensity to stay running at an even tempo. In ADHD, 
Russell et al.  [  117  ]  have emphasized the importance of the 
moment-by-moment variability of performance. The effec-
tive vesicular supply of Glu, the numbers of active recep-
tors, transporters, enzymes, etc. in a functionally relevant 
brain region at a given moment may vary, based, for exam-
ple, on energy supply, allowing different symptomatology 
to manifest at that moment. Conventional neuropharmaco-
logic treatments for OCD and ADHD may (temporarily) 
alleviate the dysregulation that fosters instability in these 
circuits. For example, there is evidence that synaptic sero-
tonin, which is increased by SRIs used to treat OCD, coun-
ters Glu actions in many parts of the brain, including 
suppressing LTP by preventing activation of NMDAR 
 [  302  ] . (Overinduction of LTP may drive the proliferative 
forging of anxiogenic associations and pathological cre-
ativity in OCD.) Thus, SRI treatment for OCD may slow 
down the three cycling feedback loops. Stimulant treatment 
for ADHD in contrast increases synaptic DA and the actions 
of DA at some of its receptors enhance glutamatergic func-
tions, including induction of LTP by NMDAR  [  303  ] . Thus, 
stimulant treatment for ADHD may speed up the three 
cycling feedback loops. In both cases, the optimal result is 
a more stabile operating state.   

   Neurochemical Model of the Mental 
Dynamics of OCD and ADHD 
 In modeling energetic interactions at the Glu synapse, Russell 
et al.  [  117  ]  use a hydrodynamic analogue  [  304  ] . Our specu-
lative theory will instead use a linear electric circuit analogue 
(Fig.  18.9 ) to model mass transport of Glu from vesicular 
release at the presynaptic neuron to ultimate remote synaptic 
rerelease or consumption in the postsynaptic neuron or astro-
cyte (as in Fig.  18.1 ). Although illustrated for a single syn-
apse, the events are meant to occur at numerous, perhaps 
phase-synchronized, synapses. The electrical analogy is not 
essential, one can obtain the same results with direct chemi-
cal kinetic modeling, but analogues permit us to use existing 
mathematical solutions immediately and more importantly 
foster insight and physical intuition.  

   Electric Current Is Dual to Glu Flux 
 We model the rate of mass transport or  fl ux of Glu through the 
synaptic system of Fig.  18.1  as an electric current, i.e., a rate 

of electric charge transport. To link this to subjective mental 
experience, we assume that more positive current, i.e., higher 
Glu  fl ux corresponds to more attention to the thought, feeling, 
and/or action at hand (“focus”). Negative current corresponds 
to attention to some  other  thought, feeling, action (“distrac-
tion”). Zero current is the default state. In reality, of course, 
we do not know if higher cortical perisynaptic Glu  fl ux cor-
responds to greater attention, concentration, mental effort, 
etc. This assumption, however, is often made in neuroscience 
and there is some reason to believe it. In particular, H 

2
  15 O-

PET  [  305,   306  ]  and fMRI  [  307,   308  ]  studies indicate that 
rCBF and BOLD activation increase both in magnitude and 
spatial extent across the brain with greater cognitive effort or 
more dif fi cult tasks. For most (though not all) neuronal syn-
aptic con fi gurations, increases in rCBF and BOLD signify 
faster neuronal  fi ring  [  309  ] . For glutamatergic neurons, the 
key cortical neurons driving the circuits in our OCD and 
ADHD loop models, that means higher Glu  fl ux. Thus, we 
associate higher Glu current in a circuit engaged in a task or 
holding a scene in consciousness with greater attention to that 
task or scene. Drawing on our above discussion, we will ana-
lyze the case when focus is on an egodystonic (unpleasant) 
thought, feeling, or action. Our goal will be to compute the 
time course of the Glu current, and thus of attention to the 
egodystonic event in consciousness, based on the cellular 
con fi guration of Fig.  18.1 .  

   Voltage Is Dual to Glu “Mass-Transfer Potential” 
 The analogue for electric voltage in the model is less straight-
forward than for current. One can think of the voltage as a 
“mass-transfer potential.” This means, in part, the concentra-
tion gradient in Glu, including the gradient created by mass-
ing Glu molecules in vesicles at the terminus of the 
presynaptic neuron. But additionally the positive pole of the 
mass-transfer potential represents nonpassive reactive and/or 
transport forces inside the presynaptic neuron generating and 

  Fig. 18.9    Parallel RLC linear circuit analogue of Glu mass transfer at 
a cortical synapse in OCD or ADHD. The current I is dual with Glu  fl ux 
from presynaptic neuron to ultimate remote rerelease or consumption. 
Capacitance C is dual with surface density and reactivity of neuronal 
and astrocytic Glu membrane receptors. Inductance L is dual with den-
sity and inversely proportional to the density and reactivity of EAAT3 
Glu transporters on the postsynaptic neuronal membrane. V is “mass-
transfer potential,” an amalgam of the Glu concentration gradient due to 
massing in vesicles and net presynaptic production and delivery minus 
postsynaptic consumption and clearance       
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delivering Glu to its terminus; the negative pole represents 
such forces within the postsynaptic neuron consuming or 
spiriting away Glu. (As one of several approximations we 
make, we will ignore Glu ultimate destruction within the 
astrocyte and oligodendrocyte.) Therefore, we say, the volt-
age represents an amalgam of concentration gradient and net 
production and consumption of Glu by the system. The idea 
is that we have a presynaptic Glu source and a postsynaptic 
Glu sink that together drive the Glu  fl ow.  

   The Parallel Electric Circuit Represents 
the Metabolic Pathway Choices of Synaptic 
Glu Molecules 
 In the simpli fi ed picture of Fig.  18.1  freshly liberated synap-
tic Glu molecules of vesicular or NAAG-lytic origin are con-
fronted with multiple simultaneous choices: They can dock 
with glutamatergic receptors, they can enter astrocytes 
through EAAT2, or they can enter neurons through EAAT3. 
Therefore, we have modeled the perisynaptic cell ensemble 
as a  parallel  electric circuit. In electrical circuits, capacitors 
create voltage by storing charge, inductors create voltage by 
storing current (e.g., charge moving in loops), and resistors 
(also known as conductors) create voltage by allowing charge 
to pass through them. In our model, therefore, ionotropic and 
metabotropic Glu receptors (GluR) are analogous to capaci-
tors because they dock with Glu molecules holding them and 
taking them out of  fl ow for a time. They sustain mass-transfer 
potential by storing mass of a particular molecular species. 
The EAAT2 astrocytic Glu transporters are analogous to 
inductors because they divert synaptic Glu into the Glu–Gln 
cycle, a mass- fl ow loop that again delays eventual progress 
of the Glu from source to sink. Finally, the resistance is rep-
resented by 1/EAAT3 (it would be EAAT3 for conductance) 
as these transporters allow the Glu to pass through to the 
postsynaptic neuronal sink without reactive time delay. To 
be more precise, we would say that quantities like EAAT2 
are represented by something like their surface density mul-
tiplied by some combination of kinetic rate constants for 
entering and exiting the transporter and so on, but we will 
leave such details aside for simplicity.  

   General Solution to the Electric Analogue Equation 
 For a constant applied voltage, the current through parallel 
circuit 18-9 is

       (18.1)  

the exponential prefactory constants     ,A B   being determined 
by the initial conditions, e.g., was the voltage applied sud-

denly at time zero by  fl ipping a switch to close the circuit? 
Was there a nonzero current in the circuit, or perhaps just in 
the inductor, at time zero? Was the capacitor initially charged? 
And so on. We will leave such details unspeci fi ed for now. In 
the general case, the shape of the current curve after the 
switch is  fl ipped, i.e., the time pro fi le of Glu  fl ux after a pre-
synaptic action potential arrives, the shifts in attention once 
a task is engaged, depends on the values of the circuit ele-
ments, in particular the time constants     RC   and     LC   . There 
are three typical solutions.  

   Critical Damping. The Healthy Control Condition 
 The  fi rst type of solution is called “critically damped” (and

takes the slightly modi fi ed form     ( ) 1
( ) exp

2RC
I t A Bt t

−⎛ ⎞= + ⎜ ⎟⎝ ⎠
  ;

Fig.  18.10 ). This solution applies when     LC 2RC=   . This 
means there is a balance between harboring of Glu in receptors 
(    C   ), cycling Glu between astrocytes and neurons (    L   ), and 
transport of Glu to disposal (    R   ). It is a pure real (i.e., nono-
scillatory) solution, a brief rise to a peak value followed by a 
smooth exponential decay. This corresponds to the healthy 
control condition in our model. The initial action potential 
brings on a burst in Glu  fl ux that then returns evenly to base-
line with time. The subject applies the requisite strong atten-
tion to the egodystonic task straight away, then gracefully 
leaves it and shifts back to baseline, ready to think about, 
feel, or do something else without getting distracted.   

   Underdamping. The OCD Condition 
 The second type of solution is called “underdamped” 
(Fig.  18.11 ; where a slight phase shift is added for the initial 
peak). It applies when     LC 2RC<   .  

 That means that the discriminant     2 2

1 1

LC4R C

⎛ ⎞−⎜ ⎟⎝ ⎠
  in

( 18.1 ) becomes negative, making the argument of the 
exponential factors complex, which implies a damped 
sinusoid waveform. This corresponds to the OCD condi-
tion in our model. The inequality in time constants can 
arise when both EAAT2 and EAAT3 levels are low. That 
implies a state of low Glu transport and high Glu docking 
at receptors. The neurons thereby become overstimulated. 
This induces excess LTP leading to formation of proli fi c 
idiosyncratic and anxiogenic associative memory links in 
OCD. Thus, all kinds of mundane concepts, objects, 
actions, etc. assume impractically disproportionate impor-
tance in the mind of the OCD patient. Excessive stimula-
tion may also contribute to the above-normal GMR 
multiply documented in OCD; wasteful brain energy 
expenditure possibly leading to fatigue symptoms. The 
OCD patient’s initial attention does strongly focus on the 
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egodystonic thought, feeling, or action. But he shifts away 
from it quickly (negative swing of current), really too 
quickly to process and mentally dispose of the event prop-
erly, and thence goes into oscillations in which the egody-
stonic thought or feeling recurs repeatedly, inbetween 
 fl ights of attention to other thoughts. The oscillations may 
be higher and last longer than depicted in Fig.  18.11 . Note 
that CBT exposure therapy for OCD entails having the 
patient willfully force himself to attend to egodystonic 
stimuli for longer stretches of time than he is wont. This is 
equivalent to pushing out the curve of Fig.  18.11  (decreas-
ing the net decay constant) to look more like the healthy 
curve of Fig.  18.10 .  

   Overdamping. The ADHD Condition 
 The third solution is “overdamped” (Fig.  18.11 ). It applies 
when     LC 2RC>   , i.e., when levels of both EAAT2 and 
EAAT3 transporters are high. This corresponds to the 
ADHD condition in our model. This high Glu transport 
state implies there is little Glu available for docking with 
GluR. Thus, neurons are understimulated and induction of 

LTP is subnormal. Learning becomes more dif fi cult. The 
ADHD patient’s attention shifts rapidly away from the 
egodystonic task toward distractors. It returns only slowly 
to the baseline default state. Note that the negative de fl ection 
can be greater and the return to baseline longer than depicted 
in Fig.  18.12 . Because decay is so rapid, motor action is 
repeatedly reinitiated to try to experience a mental event 
thoroughly, i.e., to achieve satisfaction (hyperactivity).   

   Application to Polygenetic Studies 
of ADHD. Falsi fi cation of the Model 
 Although highly speculative, we hope that the above model 
at least demonstrates some way that subjective mental phe-
nomena forming clinical symptoms might be linked to 
neurochemistry. This model might furthermore show one 
way to approach the issue of multiple susceptibility genes 
contributing to a psychiatric disorder. For example, in 
ADHD one might look for simultaneous regional overex-
pression of the genes coding for EAAT2 and EAAT3, and 
perhaps aggravated by low expression of genes coding for 
various GluR; in OCD one could look for the opposite con-
stellation. Hence, particular combinations might cause cir-
cuit instability, as opposed to high or low expression of 
one single gene. The above model might also be falsi fi ed 
by using the rate constants for binding and release of Glu 
from the various transporters and receptors to try to quan-
tify the curves of Figs.  18.10 ,  18.12  and  18.13 . This could 
be compared to the behavioral time course of shifts and 
oscillations of thoughts and rituals in ADHD and OCD. 
Agreement would tend to support the model, and disagree-
ment would tend to show it is incorrect.   

   ADHD and OCD as Problems in Neurochemical 
Stability 
 In hydrodynamic systems, turbulence or instability becomes 
highly probable when the operating values of certain dimen-
sionless parameters exceed critical thresholds, e.g., a 
Reynolds Number >2100 and/or a Mach Number >1 for 
steady  fl ow of a Newtonian  fl uid in a smooth cylindrical 

  Fig. 18.10    Critically damped = healthy control condition. Plot of cur-
rent, representing Glu fl ux and subjective attention to unpleasant task as 
a function of time. Initial presynaptic depolarization leads to fi rm burst 
of Glu fl ux that then decays smoothly and exponentially to baseline 
over time. Subject directs the needed attention to the unpleasant task, 
gradually leveling off, then is done with the task, back to the default 
mental state       

  Fig. 18.11    Underdamped = OCD condition. Glu fl ux shows more 
rapid initial decay than in the healthy case, and then fl uctuates pro-
longedly about baseline levels. The subject’s initial attention to the 
unpleasant event is strong but too brief to dispense with it adequately. 
Subsequently, the subject shifts attention to other thoughts but is repeat-
edly drawn back to the unpleasant matter before settling down to the 
default state       

  Fig. 18.12    Overdamped = OCD condition. Glu fl ux decays very rap-
idly, falling well below baseline, and is slow to recover to baseline. The 
subject’s attention is quickly pulled from the unpleasant task to other, 
distracting thoughts. It takes a long time for attention to drift back to 
default       
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pipe. In the above ADHD-OCD model, the onset and charac-
ter of “psychiatric instability” is marked by the value of the 

ratio     
[ ][ ]

[ ] [ ]
EAAT2 GluRLC

~
RC GluR / EAAT3

  . Again, we consider that 

GluRs are like capacitors that “store” Glu molecules, i.e., 
take them temporarily out of perisynaptic circulation. At any 
given time, some fraction of the supply of Glu molecules 
will be bound up for a time by the GluRs. Once released 
from these receptors, a Glu molecule may then get caught in 
the astrocyte-neuron Glu–Gln cycle (EAAT2) and spend 
some time there or may proceed more directly to be disposed 
of in the neuron (EAAT3). The dimensionless ratio 

    
[ ][ ]

[ ] [ ]
EAAT2 GluRLC

~
RC GluR / EAAT3

  essentially represents the dwell 

time of Glu cycling through the astrocyte divided by the 
dwell time of Glu passing through the neuron. A value of 

the ratio near 2 represents stability, the healthy state. 
Values dropping below 2 tend towards OCD; values 
exceeding 2 tend towards ADHD. Thus, one may envision 
ADHD and OCD as problems in neurochemical mass-
transport stability: A transporter-rich synaptic environ-
ment and excessive dwell time in the Glu–Gln cycle for 
ADHD versus a receptor-rich synaptic environment and 
too short dwell time in the Glu–Gln cycle for OCD. (Such 
hypotheses might be tesTable with techniques like  13 C 
MRS). The perisynaptic Glu  fl ux seems to correspond to or 
be a prerequisite of the degree or effort of attention that 
precedes the possible extraction of an associative memory 
out of conscious experience. It therefore connects these 
neurochemical parameters to ADHD and OCD mental 
symptomatology. The psychiatrist prescribes psychotrop-
ics and applies other therapies to  fi ne tune these circuits to 
stabilize them.    

   Gaps in the Literature 

 This section lists several gaps in the ADHD MRS literature, 
i.e., topics that have been researched little if at all and that 
may be of interest in future investigations.  

   Genetic Studies Seeking MRS Biomarkers 
of ADHD 

 Given the strong evidence for a genetic contribution to 
ADHD, future studies will likely attempt to associate 
speci fi c genetic markers with MRS metabolite endpoints 
and other neuroimaging variables. Such MRS studies will 
 fi nd it valuable to scan parents and/or affected and unaf-
fected siblings of children with ADHD. This may help 
identify biomarkers of the disease, identify factors that 
determine why one sibling comes down with the disease 
and another does not, and perhaps predict conversion of as 
yet asymptomatic children. One may also attempt to study 
“high-risk” children, e.g., children of parents with ADHD 
or children raised in certain environments to predict onset 
of ADHD. The    MR scanning of very young children is a 
considerable but nevertheless surmounTable challenge. 
Such work might lead to an orientation toward and some 
empirical basis for prophylaxis against ADHD. A lot of 
work of this type can be done even without assaying speci fi c 
genetic markers. Although as metabolic models infer 
involvement of speci fi c receptors, enzymes, and transport-
ers in ADHD, e.g., in the central glutamatergic systems, 
one may target genes coding for these proteins and compare 
their variants to speci fi c abnormalities in metabolite levels 
or reaction rates.  

  Fig. 18.13    Sagittal MRI section of human brain with yz (anterior-
posterior/superior-inferior) grid of Montréal Neurological Institute 
(MNI) stereotaxic atlas brain overlaid ( a ) Abbreviations (see Fig.  18.3 ) 
for six of the cingulate cortical subregions in the Eight-Subregion 
Model (Vogt 2009) are shown in register ( b ) with *’s marking rostral-
caudal subregion borders. In ( c )  arrows  indicate numerous major corti-
cal sulci for further orientation. This Figure greatly facillitates 
localization of neuroimaging fi ndings with respect to the standard cin-
gulate subregions when fi ndings are reported in MNI or Talairach coor-
dinates. (Prepared by B. Vogt. Used with permission)       
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   Longitudinal MRS Studies of ADHD 

 More longitudinal MRS studies of the course of develop-
ment and treatment in ADHD are in order. Longitudinal 
studies might help us, among other issues, to determine 
why many ADHD patients get better over time, whereas 
many others do not and why hyperactive symptoms tend to 
recede with age much more than inattentive symptoms do. 
Few studies have looked at pharmacologically treated sub-
jects after more than about 14 months. Such studies could 
be important to detect any subtle long-term sequelae (posi-
tive or negative) of commonly prescribed long-term treat-
ment. Longitudinal studies will also optimally include 
healthy control cohorts to account for effects of normal 
aging and development. Also, relatively old (say over 40 
years of age) subjects with ADHD represent a much under-
studied population.  

   Noncore Neurocognitive De fi cits, Comorbidities, 
Responders Versus Nonresponders, 
Nonpharmacologic Therapies 

 Accompanying neurocognitive de fi cits apart from the core 
symptoms represent a signi fi cant source of functional 
impairment in many cases of ADHD. ADHD comorbidi-
ties in general, although clinically very common, are 
understudied, even though they complicate not only diag-
nosis but also treatment. These represent areas for further 
investigation with MRS. Although scienti fi cally there is a 
preference to include only diagnostically pure cases, many 
studies have found this impractical as well as lacking in 
external validity. An alternative approach might be to 
enroll a wider range of patients and examine not diagnostic 
categories but individual symptoms and symptom domains. 
Although several studies examined the ADHD subtypes 
ADHD-HI, ADHD-I, and ADHC-C, few studies have sub-
typed their ADHD population in terms of responders and 
nonresponders to treatment, perhaps because treatment 
response has been very good in most of the studies 
reviewed. MRS characterization of responsive and refrac-
tory cases of ADHD, if feasible, could prove clinically 
useful and mechanistically insightful. If, as indicated, 
many cases of ADHD resolve wholly or partly after 3 
years, one might acquire MRS from a patient, and match-
ing control, cohort at time of diagnosis then 3 years later to 
search for predictors of symptomatic resolution. Speci fi c 
studies of nonpharmacological, i.e., psychosocial treat-
ments, seem to be absent from the ADHD MRS literature, 
although we can possibly assume that many of the patients 
in the drug treatment studies received some form of con-
current behavioral treatment. For several reasons, it would 
be important to isolate the effects of psychosocial treat-

ment alone. One wants to know what drug alone is doing, 
but more importantly, there are patients and families who 
refuse pharmacologic treatment, there are noncompliant 
patients, etc. By demonstrating objective physiological 
effects of psychosocial treatments, if possible, MRS may 
help instill con fi dence in these therapies and uncover their 
brain mechanisms.  

   MR Technical Aspects 

 On the MR technical side, few of the studies reviewed com-
bined MRS with other modalities, not even quantitative 
structural MRI. Methods are now available for multimodal 
imaging, i.e., combining MRS data with DTI, fMRI, EEG, 
etc., results from the same subjects. Such combined analy-
ses will hopefully enrich the picture of regional dysfunction 
and neuropathology of the brain in ADHD. Other technical 
gaps include metabolite relaxation studies and long-TE 
studies to sample Lac, especially since Lac is a key com-
pound in the theories of Todd and Botteron  [  116  ]  and Russell 
 [  117  ] . Thus, opportunities for future MRS studies of ADHD 
are ample.  

   Methodological Recommendations 

 We turn  fi nally to methodological recommendations for 
future MRS studies of ADHD. Most of these will be along 
traditional lines of advising stricter technique. Our advice is 
biased by our own  fi nite and imperfect laboratory experi-
ence, our incomplete reception of the literature, and our 
opinions.  

   Subject Sampling 

   Sedation Usually Not Needed. Fears 
of Noncompliance Mostly Ungrounded 
 A positive observation from the above-reviewed studies is 
that most  were  able to scan reasonable numbers of ADHD 
children and adults without sedation. This is contrary to 
skeptical assumptions of poor compliance and excessive 
movement artifacts, but does largely correspond to our expe-
rience in scanning dozens of ADHD subjects in sessions up 
to 2 h in length. Thereby, allowing subjects to watch a DVD 
(selected from a library of popular children’s  fi lms or one of 
the subject’s own brought in) through video goggles during 
scanning has proved immensely helpful. Despite hyperactiv-
ity and inattentive symptoms, it appears feasible to scan most 
ADHD patients, even off medication. So fear of noncompli-
ance with routine scanning procedures should not be a bar-
rier to future MRS studies of ADHD. Of course, as in any 
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study, it is essential to monitor for and correct or account for 
movement artifacts.  

   Medication Issues 
 Some of the above-reviewed studies have commendably 
managed to recruit sizable drug-naïve samples with ADHD. 
In our experience, it is quite challenging to recruit drug-
naïve patients given widespread access to stimulants and 
other agents and the ethical impulses and other factors driv-
ing their use in treatment. We believe there are bene fi ts to 
studying both treated and untreated populations. As both 
chronic and acute administration of stimulants can affect 
MRS neurometabolites (Table  18.4 ), it is wise when prepar-
ing reports to at least note drug use in study samples and 
perhaps to account for it statistically. A rigorous study of 
drug treatment that, to or knowledge, has not yet been per-
formed, would be to scan an ADHD population three times: 
once at drug-naïve baseline, once after an initial challenge 
dose of drug, and a third time after a normal drug trial (i.e., 
several weeks). One could even add a fourth scan 24–48 h 
after interruption of chronic drug treatment. Then it might be 
possible to disentangle acute and chronic effects of drug 
treatment, as well as to evaluate the validity of the brief 
washout periods employed in a number of MRS studies that 
attempt to restore the untreated ADHD brain state. On a 
related topic, some studies used urine toxicology screens to 
exclude subjects (patients or controls) who had recently con-
sumed substances of abuse. This is a commendable practice 
and might even be extended in treatment studies to verify 
presence of the therapeutic test agent in the blood where 
compliance could be a factor.  

   Subject Numbers 
 Generally, the numbers of patients and controls in MRS 
studies of ADHD have been rather low (often <20 subjects 
per group). Several studies despite low numbers still 
employed conventional inferential statistics that assume 
normal population distributions (e.g., Student’s  T -test). 
Also, presumably due to the much higher prevalence of 
ADHD in boys, sex was not matched in many of the stud-
ies, and also not always taken account of statistically. From 
our own experience, we well recognize the dif fi culty and 
expense of recruiting and testing large subject numbers. 
But given the heterogeneity of ADHD not only in terms of 
subject sex but also subtype, comorbidities, ongoing and 
lifetime treatment, and other factors, the  fi eld will in all 
likelihood require larger samples in order to draw valid and 
reliable conclusions about the neurochemistry of ADHD in 
its various manifestations. As structural MRI studies of 
ADHD have already been conducted with over 100 partici-
pants, the same is feasible for MRS. Where samples are 
small (e.g., <20 subjects per group), investigators should 
opt for the more conservative nonparametric statistics. 

ADHD and control samples should at least be balanced for 
sex and if not the imbalance should be accounted for by 
such means as analyses of male-only and female-only sub-
groups or use of covariates.   

   Nomenclature 

 We will comment at length on the picky topic of nomencla-
ture. The reason is that proper, or at least consistent, nomen-
clature induces clear thinking and facillitates clear 
communication. It also helps to prede fi ne the goals and limi-
tations of studies from the outset, setting frameworks for 
interpretation and theorizing. 

   MR Spectroscopic Nomenclature 
 Regarding the labels for MRS metabolite resonances, we rec-
ommend against the common proton MRS practice of writing 
“NAA” to mean both  N -acetyl-aspartate and  N -acetyl-
aspartyl-glutamate. Instead, we recommend writing 
“NAA + NAAG” explicitly, or using the abbreviations “tNAA” 
(“total NAA”) or “NA” (for “ N -acetyl compounds”). Some 
 fi tting programs such as LCModel output separate values for 
NAA, NAAG, and NAA + NAAG. Even for high- fi eld (3–4 T) 
clinical proton MRS, in the absence of special pulse sequences, 
many spectroscopists would not consider the separate values 
for NAA and NAAG output by these programs to be reliable; 
they would only accept the combined NAA + NAAG value. In 
reading reports, when the author writes “NAA,” it is not 
always clear whether he or she has read-off the separate (per-
haps unreliable) NAA value or has read-off the (reliable) 
NAA + NAAG value and is calling it “NAA” due to the com-
mon abbreviative practice. This is clearly a possible source of 
error. We recommend only taking the NAA + NAAG value 
and always calling it NAA + NAAG, tNAA, or NA. “NAA” 
and “NAAG” may be used separately when one  has  used a 
special pulse sequence, e.g., MEGA-PRESS  [  231  ] , to segre-
gate them or when one is referring not to the resonance signal 
but to the chemical species per se, as when writing chemical 
equations. Similarly, we advise against the common practice 
of writing “Cr” to mean “Cr + PCr,” unless one is referring to 
the chemical species or has separated the two, as in  31 P MRS 
which detects PCr alone. 

 On the matter of Glu and Gln, segregation of the two sig-
nals is also dif fi cult with  1 H MRS, but is much more feasible 
than for NAA + NAAG or Cr + PCr. We  fi nd both “Glx” and 
“Glu + Gln” to be useful abbreviations for the combined res-
onance. One may also wish to add “+GABA” or indicate in 
the text of the report that GABA is included in the  fi t, but one 
should not write “Glu” when Glx is meant, as sometimes 
happens. We recommend against the occasionally seen usage 
of “Glu/Gln” for “Glx” or “Cr/PCr” for “Cr + PCr,” since 
they look like ratios.  
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   Neuroanatomic Nomenclature 
   Cingulate Gyrus   As mentioned above, for neuroimaging 
studies sampling the cingulate gyrus, we recommend the 
Eight-Subregion Model of Vogt  [  229  ]  with its subregion 
designations “sACC, pACC, aMCC, pMCC, dPCC, vPCC, 
dRSC, vRSC.” O’Neill et al.  [  310  ]  provide instructions for 
manual parcellation of structural MRI of the cingulate into 
these subregions (except for the small dRSC and vRSC 
subregions). A software application for this is in preparation. 
For those however, who do not wish to invest the time and 
effort into manual parcellation, the cingulate subregions 
generated by FreeSurfer2009 are a reasonable 
approximation to the Vogt subregions. (Fig.  18.13 , prepared 
by B. Vogt, is extremely practical for identifying the cingulate 
subregions relative to MNI, or its parent Talairach, atlas 
coordinates.) We hope that use of these subregion designations 
will facilitate interpretation of MRS results in terms of the 
histological and functional organization of cingulate cortex.  

   Dorsolateral Prefrontal Cortex, Etc   We do not recommend 
the very popular use of “dorsolateral prefrontal cortex,” 
“ventrolateral prefrontal cortex,” and “ventromedial prefrontal 
cortex,” nor of “dorsomedial prefrontal cortex,” which we 
have never seen. The anatomic de fi nitions of these terms can 
become vague and diverse. With “dorsolateral prefrontal 
cortex,” for example, we have seen papers that mean superior 
frontal cortex + middle frontal cortex, middle frontal cortex 
alone, and only the dorsal half of the middle frontal cortex. We 
do understand that use of these terms can embody a certain 
admirable humility with respect to neuroscience’s limited 
knowledge of functional localization and a recognition of the 
wide intersubject variability in normal gross brain anatomy. 
Nonetheless, we instead recommend using gross anatomical 
gyral names (e.g., “middle frontal cortex, inferior frontal 
cortex…”) where possible, perhaps after consulting a 
radiologist. We also advise against con fl ating cingulate and 
noncingulate cortices within umbrella designations such as 
“ventromedial prefrontal cortex” where possible. Where the 
two cannot clearly be distinguished or are clearly included in 
the same voxel, it is preferable to use designations such as 
“mesial superior frontal cortex + pACC.” This is precise, 
makes the Reader aware of possible anatomical heterogeneity 
within the sampling, and does not presuppose a functional or 
structural unity that may or may not be present, even if one is 
attempting to infer such unity from the  fi ndings at hand. We 
have largely abided by these rules in reviewing the above MRS 
studies, but were somewhat lax when reviewing the studies in 
other imaging modalities, due to their lesser relevance and 
greater burden in disentangling sometimes complex  fi ndings.   

   Reporting Baseline Versus Longitudinal Effects 
 In comparing metabolite levels and other quantities in ADHD 
subjects to those in other groups, we recommend against the 

common practice of using terms like “increase,” “decrease,” 
or “change” to refer to baseline values. Such terms, which 
carry an implication of time passage, should be reserved for 
longitudinal studies. When quoting baseline values it is usu-
ally not appropriate to write something like, “There was a 
decrease in tNAA in middle frontal cortex in the ADHD 
sample.” In the absence of additional information, we do not 
know whether regional tNAA in the patient was once at nor-
mal levels, but then fell after the subject contracted ADHD 
or if tNAA levels never made it up to normal to begin with 
due to aberrant neurodevelopment. On the other hand, it  is  
appropriate to write, “tNAA increased in the ADHD sample 
following treatment with methylphenidate” for here there is 
an explicitly identi fi ed before-and-after time element. 
Respecting this distinction particularly avoids confusion in 
studies that report both baseline and longitudinal effects, as 
in some of the above-reviewed studies.   

   Spatial Resolution 

 The human cerebral cortex, frequently interrogated in MRS 
studies of ADHD, is divided into a large number of cyto-
architectonic areas, each about the size of a thumbnail or 
postage stamp. (Figure  18.14  shows the example of the ros-
tral frontal cortex.) The cortex is generally only 3–5 mm 
thick, though it often folds over on itself. If “forms follows 
function”, each area probably does something different, may 
contain different concentrations of MRS metabolites, and 
may respond differently to disease.  

 Although certain systemic or organ-wide disorders may 
affect MRS metabolites equally throughout the brain or at 

  Fig. 18.14    Frontal view of rostral human cerebral cortex with border-
lines and markers indicating various cytoarchitectonic areas. Note their 
profuse number bespeaking cellular, and possibly concomitant func-
tional and metabolic, heterogeneity. This suggests a need for high spa-
tial-resolution in MRS and other neuroimaging studies. (Modifi ed from 
Dumontheil et al.  [  324  ] )       
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least throughout all gray or white matter, a priori we cannot 
assume that this will always be the case. Therefore, high spa-
tial resolution, perhaps with voxels of 1 cc or less may be 
necessary to detect metabolite effects on the level that the 
brain is actually organized. This would tend to recommend 
MRSI and of course higher  fi eld studies. MRSI voxel shift-
ing employed in some of the above-reviewed studies may be 
an aid. As voxels get smaller and more numerous, it may 
eventually be fruitful to perfect and deploy an MRSI equiva-
lent of the statistical parametric mapping analysis techniques 
popular in fMRI, PET, and structural MRI voxel-based 
morphometry.  

   Metabolite Quantitation 

 “Quantitation” is a synonym for “quanti fi cation” in MRS jar-
gon. Though some regard it as an objectionable neologism, 
we identify at least one highly repuTable attestation  [  311  ] . 

   Metabolite Ratios 
 It was very popular in the above-reviewed studies to report 
metabolite results as ratios to Cr + PCr. There are arguments 
in favor of this practice, but it remains inherently ambiguous. 
If regional tNAA/Cr + PCr is lower in ADHD than in control 
subjects, a priori one cannot know without additional infor-
mation if this is due to lower tNAA, higher Cr + PCr, or some 
combination of both. In ADHD in particular, several of the 
studies reviewed (Tables  18.2 ,  18.3  and  18.4 ) found explicit 
effects of ADHD or of its treatment on Cr + PCr. Hence, 
exclusive reporting of  1 H MRS metabolite results as ratios to 
Cr + PCr in ADHD studies is under most circumstances inad-
visable. An exception is when ratios to Cr + PCr or other ratio 
combinations exhibit an “ampli fi er effect.” For example, if, 
simultaneously, tNAA is lower and Cr + PCr is higher in 
some brain region in ADHD patients, combining the two 
could yield a stronger signal that is more easily detected and 
more likely to yield statistically signi fi cant results than either 
of the separate absolute metabolite levels. When an author 
does opt to use metabolite ratios, we recommend that he or 
she continue to refer to the full ratio throughout the paper 
without dropping the denominator for brevity. For example, 
don’t refer to effects on “NAA,” “Glu,” etc., when one really 
means effects on “tNAA/Cr + PCr,” “Glx/Cr + PCr,” etc.  

   Glutamate and Glutamine 
 It is desirable and nowadays feasible to go beyond Glx and to 
quantitate Glu and Gln separately. There is broad consensus 
among spectroscopists that this is best done at high  fi eld 
( ³ 3 T). Thereby, the variability (e.g., Cramer–Rao bounds) 
of the Gln signal is still often too high to be reliable, but the 
Glu signal usually is reliable. At 4 T, Théberge et al.  [  312–
  315  ]  and other groups have repeatedly identi fi ed regional 

brain effects speci fi c to Gln in psychiatric populations. These 
might also be investigated in ADHD. Some laboratories 
 [  316–  318  ]  have reported particular success in isolating Glu 
from Gln using PRESS sequences at TE = 80 ms or 
TE-averaging methodologies  [  319–  321  ] . Experience in our 
laboratory is consistent with good segregation of Glu at 
TE = 80 ms. Recently, successful segregation of Glu and Gln 
has also been obtained using 2D J-coupled MRS  [  322  ] , 
although acquisition volumes are typically large with 2D 
methods. Thus, at high  fi eld there are several options to 
investigate separate regional effects on Glu and Gln in ADHD 
MRS research. We optimistically expect to see detailed elab-
oration of effects of ADHD and stimulant treatment on abso-
lute levels of regional Glu and Gln over the next few years.  

   Voxel Tissue Composition 
 Most of the studies reviewed did not account for possible 
between-group and/or between-condition differences in 
MRS voxel tissue composition. Metabolite ratios are often 
said to compensate for voxel CSF, but this is not true for 
voxel gray matter or white matter content. As gray matter 
and white matter differ substantially in their typical levels of 
various metabolites, there is a risk of confusing differences 
in tissue composition for genuine differences in metabolite 
levels within a particular tissue if one does not deal with tis-
sue composition explicitly. Therefore, MRS studies of 
ADHD should take account of voxel tissue composition in 
some form. Ideally, one will measure volume percent gray 
matter, white matter, CSF, and nonbrain tissue in every voxel 
of every scan of every subject. Even better, gray matter and 
white matter can also be determined on a regional level, e.g., 
vol% “left pACC gray matter” in the voxel. Assuming near 
zero concentration of the usual metabolites of interest in 
CSF, one can and should adjust metabolite levels for CSF 
content. Otherwise, if one reports, for example, that “tNAA 
is 50% lower in ADHD patients than in controls,” it is not 
clear if this is because the tissue in the ADHD contains half 
as much tNAA as in the control voxel or if the ADHD voxel 
happens to contain 50% CSF while the control voxel is 100% 
tissue. 

 A few of the above studies examining the cingulate cortex 
with 15-mm-thick acquisition volumes describe a technique 
of assuring that their selected MRS voxels contain pure gray 
matter. The technique is to  fl ip through every MRI slice that 
intersects the MRS voxel. At our center, we routinely acquire 
from the cingulate using 9-mm-thick, 0.5-cc voxels and yet 
we rarely encounter 100% gray matter voxels, including in 
children, who typically have tightly packed cortex. Therefore, 
the above investigators may have meticulously selected angle 
and position of their acquisition volumes to maximize high 
gray matter content. While we do recommend careful 
 placement and prescan MRI examination of MRS acquisition 
volumes, we do not recommend relying on this technique 
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without also independently quantifying voxel tissue compo-
sition in of fl ine processing.  

   fMRS. Acute Changes in Neurometabolite Levels 
 Recently, some investigators (e.g., Zhu and Chen  [  323  ] ) have 
revived interest in “functional MRS” (fMRS), analogous to 
fMRI, i.e., examining very short-term and/or activation-
related changes in metabolite levels. Such studies may under-
mine a, perhaps naïve, assumption behind a good deal of 
contemporary MRS work, namely that an individual’s 
regional metabolite levels represent more or less static quan-
tities, like the 7.4 pH of blood. That they change on a times-
cale of days, weeks, and months rather than hours, seconds, 
and ms. fMRS may reveal that this assumption is incorrect 
and needs to be tested more thoroughly. As much as it may 
add to dif fi culties with recruitment and the rigors of experi-
mental procedure, in order to obtain usable results, it may 
ultimately be necessary to control for factors such as time of 
day of scanning, blood sugar level, whether the subject has 
recently drunk coffee or smoked a cigarette before the scan, 
etc. Such practices are not yet widespread in MRS research, 
although they are perfectly routine for certain clinical exams 
where fasting is required, etc.   

   Conclusions 

 ADHD is a prevalent psychiatric disorder in children and 
adults with high public health impact. Core symptoms 
include habitual inattention, hyperactivity, and impulsivity. 
ADHD frequently responds to stimulants and other drugs as 
well as to psychosocial treatments; core symptoms, espe-
cially hyperactivity, often resolve with or without treatment 
within three years or upon maturing into adulthood. 
Nonetheless, patients typically suffer multiple chronic func-
tional and social dif fi culties and poor lifetime outcomes. 
ADHD has three subtypes and is commonly attended by, 
often multiple, psychiatric comorbidities which complicate 
diagnosis and treatment. 

 There is substantial, though by no means exclusive, evi-
dence for (as yet incompletely characterized) genetic sub-
strates of ADHD. Neurophysiological theories of ADHD 
have emphasized hypofunction of brain catecholamines, 
especially DA. More recently, linkages to central Glu dis-
turbances and suboptimal brain energy metabolism have 
been proposed. Possible brain regions implicated in ADHD 
include the pACC and aMCC subregions of the cingulate 
gyrus, middle and inferior frontal cortices, and the cau-
date, globus pallidus, and other subcortical nuclei, as well 
as the cerebellum. Multiple neuroimaging modalities, 
including structural MRI, DTI, fMRI, SPECT, and PET 
have demonstrated effects of ADHD and its treatment in 
these regions. 

 MRS of the brain currently has no direct clinical applica-
tions to ADHD but has the potential to make contributions 
in the areas of diagnosis, prognosis, treatment response, and 
elucidation of biochemical pathways that may inform devel-
opment of future pharmacotherapies. MRS studies to date 
have detected metabolite abnormalities and effects of drug 
treatment in many of the same brain regions as other neu-
roimaging modalities. Neurometabolites possibly implicated 
include mainly tNAA, Glx, Cr + PCr, and Cho. A meta-anal-
ysis  [  228  ]  of MRS studies found effects on Cho most widely 
measured. Several MRS  fi ndings in ADHD are interpreTa-
ble as consistent with the astroglial-based brain-energy 
hypotheses of Todd and Botteron  [  116  ]  and Russell et al. 
 [  117  ] . Weaknesses of some ADHD MRS studies to date 
include small subject numbers not always balanced for sex, 
partial-voluming in MRS acquisition voxels, failure to deter-
mine voxel tissue composition, and reporting of metabolite 
results as ratios to Cr + PCr, especially since some effects of 
disease or treatment on regional brain Cr + PCr have been 
documented. 

 We present an adaptation of Middleton’s  [  296  ]  cingulo-
centric subcortical loop model of OCD to ADHD, including 
a speculative effort to link the dynamics of subjective mental 
and behavioral symptomatology in ADHD to neurochemical 
processes at cortical glutamatergic synapses. We identify 
some gaps in the ADHD MRS literature to date and make 
some methodological recommendations for future work.      
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 Over the last decade, considerable progress has been made 
in the care of the developing brain. In spite of these 
advances, non-invasive methods that reliably assess and 
monitor the high-risk fetus are not readily accessible. 
Presently, indirect measures of fetal well-being include the 
non-stress test, the biophysical pro fi le, and Doppler mea-
sures (e.g., middle cerebral artery). However, these mea-
sures have been shown to not be very accurate in 
discriminating between pregnancies requiring delivery to 
optimize neonatal well-being and those that do not. 
Similarly, these measures have been shown to have limited 
speci fi city for ongoing fetal brain injury that could be 
potentially prevented by expedited delivery. Direct, non-
invasive, and reliable measures of fetal well-being are 
needed to optimize the care of the compromised fetus. 

 Proton magnetic resonance spectroscopy ( 1 HMRS) has 
contributed considerably to our understanding of acute brain 
injury the high-risk newborn and prediction of outcome. 
More recently,  1 HMRS has been studied in the living fetus 
and has shown to be a promising non-invasive brain imaging 
technique for measuring metabolic substrates in brain tissue 
in the fetus. This chapter provides an overview on the use of 
 1 HMRS to understand normal brain maturation in the living 
fetus and explore the potential role of  1 HMRS in assessing 
and monitoring the compromised fetus. The advantages and 
limitations of fetal brain  1 HMRS will also be summarized 
and the emerging role of  1 HMRS in high-risk pregnancies 
will be appraised. 

   In Vivo Fetal Brain  1 HMRS 

 The advent of ultrafast single-shot magnetic resonance 
 imaging (MRI) techniques has greatly facilitated the in vivo 
study of the developing brain. This in turn has accelerated 
our understanding of the highly orchestrated developmental 
processes that underlie normal brain maturation in vivo, and 
have provided important insights into the timing and pro-
gression of acquired brain injury and developmental lesions. 
Although conventional fetal MRI provides detailed structural 
information of the immature nervous system and offers reli-
able cerebral biometry, it does not assess metabolic function 
of the fetal brain. 

 More recently, the emerging role of  1 HMRS has been 
explored in the fetus for the evaluation of biochemical tissue 
in vivo. Fetal brain  1 HMRS is based on the similar physio-
logical tents as MRI but provides biochemical information of 
different metabolites in the brain in the form of a spectrum. 
The feasibility of  1 HMRS in vivo was  fi rst examined by 
Heerschap and van den Berg  [  1  ] , and has since been increas-
ingly performed in fetuses between 22 and 39 weeks gesta-
tional age. To date, most fetal  1 HMRS studies have 
characterized the emergence and progression of metabolic 
pro fi les in the developing fetal brain. These studies have pro-
vided important, previously unavailable reference brain met-
abolic information in the second and third trimester of 
pregnancy. More recently, studies have begun to investigate 
the application and clinical utility of in vivo  1 HMRS in the 
compromised fetus. These data are summarized below. 
A brief overview of the technique and current challenges of 
fetal  1 HMRS is  fi rst warranted. 

   Technical Challenges 

 Fetal  1 HMRS is performed on a 1.5-Tesla scanner. The 
mother lies supine or in side lying if she cannot tolerate 
lying on her back. A multi-channel torso phased-array coil 
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is used to allow maximal coverage of the fetal head and 
increased signal-to-noise ratio. Conventional MRI is  fi rst 

carried out to determine the position of the fetal brain. A 
single voxel fetal  1 HMRS is usually acquired over 3 min 
using a 20 × 20 × 20 mm 3  voxel of interest or 20 × 15 × 15 mm 3  
voxel placed in the fetal brain (Fig.  19.1 ). The location of 
the voxel is usually placed centrally in the brain, although a 
more speci fi c anatomical location may be used in older ges-
tational age fetuses  [  2,   3  ]  given the current challenges of 
fetal MRI (described below). To date multivoxel  1 HMRS 
has not been reported in the living fetus.  

 Fetal  1 HMRS is carried out without sedation. 
Consequently, a number of factors render the acquisition 
technically challenging. These include fetal and maternal 
motion, small head size, lipid contamination (Fig.  19.2 ), 
high water content of the fetal brain, low signal to noise 
(i.e., distance between the receiver coil and the fetal brain), 
radio frequency receiver coil sensitivities, susceptibility 
artifacts, and speci fi c absorption rates. Overcoming these 
challenges and obtaining good quality spectroscopy data 
relies on a number of considerations which can be summa-
rized as follows (1) identifying the optimal imaging coil, (2) 
placing the receiver coil as close as possible to the fetus  [  4  ] , 
(3) using water suppressions to avoid metabolite signals 
being  fl ooded by larger water peaks, (4) careful selection of 
the imaging parameters to optimize the quality of the spec-
tra, and (5) acquiring multiple data sets (e.g., blocks of 3 or 
4 averages), in order to eliminate aberrant spectra in the 
post-processing stage  [  5  ] . Some investigators will perform 
 1 HMRS in fetuses of advanced gestational age only, once 
the fetal head is engaged in the maternal pelvis to limit fetal 
motion  [  4,   6  ] . We and others have recently reported that 
over 70% of metabolic spectra acquired are interpretable 
between 25 and 37 weeks gestational age  [  3,   5  ] . Despite 
these promising preliminary reports, fetal  1 HMRS is pres-
ently not routinely incorporated in clinical fetal imaging 
protocols because of the technical limitations outlined 
above. Available data are summarized below.    

   Brain Metabolites in the Developing Fetus 

 It is well established that the developmental pro fi le of 
brain metabolites change in the developing brain in utero 
and ex utero, after birth  [  2,   3,   7–  9  ] . Prior knowledge of the 
normal chemical composition of the fetal metabolic spec-
tra is critical in order to understand the corresponding 
maturational changes that are associated with increases or 
reductions in the concentrations of these biologically 
active metabolic substrates in the typically developing 
fetus in order to “at-risk” fetus. 

 Single voxel techniques used for fetal  1 HMRS include 
Stimluated Echo Acquisition Mode (STEAM) and Point 
Resolved Spectroscopy (PRESS). The fundamental differ-
ence between the two techniques is that PRESS uses spin 

  Fig. 19.1    Example of a single 20 × 20 × 20 mm 3  voxel of interest posi-
tioned in the left cerebral hemisphere of a coronal slice in a 33 week 
gestational age fetus       

  Fig. 19.2    Example of technical challenges of fetal  1 HMRS related to 
maternal lipid contamination       
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echo (short echo time of 15 ms or 20 ms) and STEAM uses 
a stimulated echo sequences (long echo time of 135 ms or 
144 ms). Although both techniques have been studied in 
fetuses, PRESS has been used more commonly in fetal spec-
troscopic imaging as it provides double the signal compared 
to the STEAM technique which is extremely valuable in the 
immature brain  [  2,   10  ] . Accordingly, metabolites that have 
been frequently described in the fetus using  1 HMRS include 
 N -acetylaspartate, creatine, choline, myo-inositol, and lac-
tate (Fig.  19.3 ). Other metabolites have also been identi fi ed 
(e.g., glutamate and glutamine) but described less frequently. 
The emergence and developmental progression of these 
metabolites are summarized below.  

    N -acetylaspartate 

  N -acetylaspartate (NAA) is a neuronal marker and re fl ects 
not only the development of dendrites and synapses but also 
plays a role in oligodendrocyte proliferation and differentia-
tion in early brain development  [  2,   3,   5  ] . In vitro studies have 
shown that NAA is expressed in oligodendrocyte type-2 
astrocyte progenitor cells and immature oligodentdrocytes 
 [  11  ] .  N -acetylaspartate resonates at 2.02 ppm and has the 
second highest concentration in the human brain after gluta-
mate.  N -acetylaspartate has been detected as early as 22 
week gestational age  [  2  ]  in vivo and has been shown to 
increase from 24 to 40 weeks gestational age,  [  2–  4,   10  ]  
attaining approximately 50% of adult values at term equiva-
lent. These in vivo studies of the NAA metabolic pro fi le cor-
roborate ex vivo studies in premature infants  [  8,   12,   13  ] . 

 Interestingly, postmortem chromatographic analyses 
comparing full-term and preterm infants have revealed 
signi fi cantly higher regional NAA concentrations in the 
basal ganglia and thalamus compared to the precentral area 

and frontal lobe, presumably due to the high density of 
neuronal tissues, and myelination occurring earlier in the 
subcortical structures  [  12  ] . In fact, NAA has been shown 
to be a donor of acetyl groups necessary for lipid synthesis 
in myelin deposition  [  14  ] . Indeed, between 32 and 40 
weeks gestational age, NAA concentrations remain stable 
in the perithalamic voxels, where myelination has already 
begun at 32 weeks  [  15  ] . Conversely, NAA increased in the 
central cerebral white matter where the onset of myelina-
tion occurs later  [  16  ] . 

 Taken together, these data demonstrate that NAA re fl ects 
not only the development of dendrites and synapse, but also 
oligdentrocyte propagation and differentiation  [  17  ] . Postnatally, 
NAA concentrations reach about half the adult values, and 
exhibit a slow increase throughout infancy  [  7,   18  ] .  

   Myo-Inositol 

 Myo-Insitol is an osmolyte and a precursor for inositol-
derived lipid synthesis and the phosphatidylinosito  [  19  ] . 
Myo-Insitol is important in osmoregulation, cellular nutri-
tion, and detoxi fi cation  [  19  ] . Myo-Insitol is also an astrocyte 
marker and plays an important role in the neurulation pro-
cess  [  20  ]  including neuronal plasticity and cell growth regu-
lation  [  21  ] . Myo-Inositol is located primarily in the glia, 
functioning as an actrocyte marker and guiding the conduc-
tion of nerve pulses  [  22  ] . 

 Myo-Inositol resonates at 3.56 ppm and is a dominant reso-
nance in the brain spectrum at short echo time from 22 to 28 
weeks gestational age  [  2  ] . This likely re fl ects the high density 
of glial cells in the white matter at this gestational age range. 
Girard  [  2  ]  reported a signi fi cant decrease in myo-inositol 
between 22 and 39 weeks gestational age, similar to the values 
that Kreis et al.  [  8  ] , described in preterm infants ex utero. On 
the other hand, Kok et al.  [  10  ] , found no signi fi cant change in 
myo-inositol levels over the third trimester of pregnancy. 
Postnatally, myo-inositol has been shown to markedly decrease 
in the  fi rst weeks, followed by a more gradual reduction in the 
 fi rst year of life  [  23,   24  ] . De fi ciencies in inositol induces 
abnormal neurulation and these de fi ciencies can be reversed 
by inositol supplementation in mouse embryo  [  25,   26  ] .  

   Choline 

 Choline is composed of several choline-containing com-
pounds, including glycerophosphorylcholine and phospho-
lipids as well as free choline  [  27  ] . These compounds are 
involved in membrane synthesis and degradation  [  27  ] . Both 
glia and neurons are involved in choline uptake  [  28  ] . Choline 
plays a role in myelination and is central to the metabolism 
of membrane lipids. 

  Fig. 19.3    Spectrum acquired in a 32-week gestational age fetus with 
congenital heart disease using a PRESS sequence (TE = 144 ms). 
Identi fi able peaks include myo-Inositol (Myo-Ino),  N -acetyl-aspartate 
(NAA), creatine (Cr), choline (Cho), and Lactate       
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 Choline resonates at 3.2 pmm. Choline is also dominant 
resonance at short echo time during the second trimester 
(i.e., 22–28 weeks gestational age)  [  2  ] , and undergoes a pro-
gressive decline with increasing gestational age at long echo 
time (TE)  [  2,   3  ] . This reduction in choline likely re fl ects 
accelerated myelination in the third trimester  [  10  ] , and dur-
ing the  fi rst postnatal months  [  8  ] . The most pronounced 
decrease in choline happens after 2 years of age, which pre-
sumably corresponds to near completion of myelination  [  7  ] . 

 The biochemical sequences of integration of different 
constituents of myelin are identical in the different sites of 
myelination; at mid-gestation phospholipids are detected 
 fi rst, followed by sphyngomyelin which also contains cho-
line galactocerebrosides and glycoproteins, while at the same 
time phospholipid concentration is decreased  [  29  ] . Therefore, 
choline likely represents the high levels of substrate needed 
for the formation of cell membranes, as previously suggested 
 [  30  ]  with a gradual reduction as soon as incorporation of lip-
ids has occurred. 

 During pregnancy, large amounts of choline are delivered 
to the fetus through the placenta, with a progressive decrease 
in blood choline concentration that begins in utero, and a 
high-af fi nity choline transport early in pregnancy  [  31  ] . 
Choline is needed for neural-tube closure  [  32  ]  and later in 
gestation for hippocampal development  [  33  ] . Noteworthy is 
the fact that experimental studies have demonstrated that 
dietary choline supplementation during pregnancy increases 
hippocampal progenitor-cell proliferation, decreases apopto-
sis of the same cells, and enhances long-term potentiation 
and memory function in rodent off spring.  

   Creatine 

 The creatine signal comprises both creatine and phosphocre-
atine, which are involved in cellular energy metabolism. In 
vitro studies have demonstrated regional variations in cho-
line with a 2–4 fold higher concentration of creatine in glial 
cells than in neurons  [  34  ] . Similarly, a higher concentration 
of creatine is present in the gray matter versus white matter 
and in the cerebellum versus the cerebrum  [  35  ] . 

 Creatine is a dominant resonance (3.04 ppm) in the brain 
spectrum at short echo time from 22 to 28 weeks gestational 
age. In the living fetus, Girard and colleagues  [  2  ]  reported a 
signi fi cant increase in total creatine over the second and third 
trimester (22–39 weeks gestation age), while Kok et al.  [  10  ] , 
found not change in creatine levels in the third trimester. 
Notably, ex utero studies  [  8  ]  have described higher total con-
centrations of creatine in preterm infants at term corrected 
age compared to full-term infants suggesting that intrauter-
ine and extrauterine brain maturation may be different. 

 Postnatally, creatine increases over the  fi rst 2 years of life 
 [  8  ]  as well as before and around term. Autopsy reports from 

preterm and term infants have demonstrated an age-depen-
dent increase and regional speci fi city in creatine concentra-
tions in the subcortical regions (thalamus and basal ganglia 
compared to the cortical regions (frontal and precentral 
areas)  [  12  ] , suggesting that higher metabolic rates in these 
subcortical regions where the energy demanding process of 
myelination occurs earlier than in cortical regions.  

   Glutamate and Glutamine 

 Glutamate and glutamine resonate as a composite peak 
around 3.7 ppm. Glutamate is the principal neurotransmitter 
and the most profuse amino acid in the brain  [  36  ] . In vitro 
studies have demonstrated that glutamate receptors on neu-
rons are needed for synaptogenesis during normal develop-
ment  [  37  ] . In vitro studies have illustrated glutamate 
mediated interactions between neurons and glia are also 
critical for neuronal migration and cerebral cortical develop-
ment  [  38  ] , while glutamate and glutamate receptor antago-
nists regulate proliferation and differentiation of 
oligodendrocytes  [  39,   40  ] . In vivo studies have shown that 
glutamate and glutamine are visible by 24 weeks gestational 
age. Although Kreis and colleagues  [  8  ]  reported a progres-
sive increase in glutamate in ex utero preterm infants with 
increasing gestational age, this has not been observed in the 
fetus in vivo at short echo time  [  2  ] . 

 Although the function of glutamate in the developing 
white matter remains controversial, the excitotoxic effects of 
excessive glutamate release are well established in animal 
and clinical models of hypoxic–ischemic injury  [  41,   42  ] . 
Glutamate receptor susceptibility to hypoxic ischemic injury 
has been shown to be age-speci fi c in animal models  [  43  ] . 
Clinical neuroimaging studies support age-and regional 
dependent areas of vulnerability. For example, in the preterm 
infant, white matter injury and periventricular leukomalacia 
are observed, while in the full-term infants, injury primarily 
affects the cortical areas. However, recent clinical and exper-
imental evidence suggests that this gray–white matter injury 
distinction is far less discrete  [  44,   45  ] . In vitro studies lend 
further credence to the potential toxic effects of glutamate on 
oligodendroglia, particularly the premyelinating oligoden-
drocytes  [  46,   47  ] .  

   Lactate 

 Cerebral lactate is a marker of anaerobic metabolism/gly-
cholysis. Lactate (and NAA) re fl ects neuronal mitochondrial 
function and may be valuable measures of brain metabolism 
 [  26,   48  ] . Although a lactate peak is identi fi ed at 1.3 ppm, 
lactate is typically not detected under normal conditions in 
the mature brain. In the immature brain, a possible role for 
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lactate has been de fi ned as a neuronal energy substrate  during 
physiologic activation. Lactate is considered a fuel for the 
normal immature brain by using it as an alternative organic 
substrate it may be elevated in the fetus during starvation or 
severe hypoglycemia of the mother  [  49,   50  ] . Severe dysfunc-
tion of the placenta causing hypoxia ischemia may also 
induce production of lactate in the immature fetal brain (dis-
cussed below). Although lactate has been detected in the 
apparently normal preterm neonatal brain using  1 H-MRS, we 
and others have not found lactate to be present in the healthy 
fetal brain  [  2,   3  ] .   

   The Role of Fetal Brain  1 H-MRS 
in the Compromised Fetus 

 One of the biggest challenges in fetal medicine is the man-
agement of the fetus at risk for brain injury. Importantly, 
brain morphology may appear normal although brain metab-
olism may be abnormal. In this respect,  1 H-MRS may prove 
to be useful in monitoring the compromised fetus (e.g., 
growth restricted fetus) in conjunction with other established 
instruments for detection of fetal distress. In this regard,  1 H-
MRS may provide important insights into impaired fetal 
metabolism resulting fetal growth restriction or other 
acquired conditions. 

 The presence of elevated cerebral lactate measures by  1 H-
MRS in the newborn infants following hypoxic–ischemic 
insult has been shown to be predictive of both short term 
adverse outcomes and long term motor and cognitive out-
comes  [  51,   52  ] . In the fetus, animal models of growth restric-
tion and hypoxia have described the presence of lactate 
 [  53–  55  ] . In the living fetus, clinical studies have recently 
begun to explore the role of  1 H-MRS in the compromised 
fetus. These data are summarized below. 

   Intrauterine Growth Restriction 

 Lactate has been described in growth-restricted fetuses in a 
number of case reports in the literature  [  48,   56–  58  ] . Robinson 
 [  56  ]  reported lactate in the fetal back muscle in a 20 week 
gestational age fetus and the pregnancy ended with fetal 
demise the next day. Azpurua and colleagues  [  57  ]  reported 
the presence of lactate and a low N-AA/choline index (a 
metabolic marker for starvation/hypoxia) in a case report of 
a 25 week fetus with intrauterine growth restriction. The 
fetus was delivered at 29 weeks and neurologic follow-up 
after 4 years was reported to be normal. Placental pathology 
revealed intervillous thrombosis. Additionally, Girard et al. 
 [  48  ] , reported increased glutamate+glutamine, low NAA, 
and total creatine, as well as the presence of lactate in a fetus 
with intrauterine growth restriction. 

 More recently, Charles-Edwards  [  58  ]  reported the 
quanti fi ed fetal cerebral lactate in four third trimester fetuses 
with intrauterine growth restriction. The concentrations of 
lactate measured in this study were comparable with levels 
described in MRS studies of normal preterm infants ex utero 
 [  59,   60  ] . Moreover, concentrations of NAA, total choline, 
and total creatine were comparable to literature values for 
normal fetal brain  [  10  ] . In a study by Sanz-Cortes and col-
leagues  [  61  ]  comparing eight small for gestational age and 
 fi ve matched appropriate for gestational age singleton fetuses 
at 37 weeks GA with normal umbilical artery Doppler ultra-
sound scans. SGA fetuses showed a signi fi cant increase in 
inositol/choline ratio, suggesting elevated levels of inositol. 
A trend towards lower Cho/Cr ratio in small for gestational 
age fetuses was also observed but did not reach statistical 
signi fi cance, likely due to the small sample size. These data 
corroborate ex utero postnatal studies in newborn with 
hypoxic ischemic encephalopathy, in which Ino/Cr ratios 
were signi fi cantly increased during the  fi rst postnatal week 
and correlated with abnormal developmental outcome at 1 
year of age  [  62  ] . Interestingly, diffusion weighted imaging of 
the same cohort also showed signi fi cantly higher water diffu-
sion (i.e., higher apparent diffusion coef fi cient values) in the 
pyramidal tract suggesting delayed brain development and 
decreased microstructural organization.  

   Hydrocephalus/Ventriculomegaly 

 The presence of cerebral lactate has also been reported previ-
ously in fetuses with hydrocephalus  [  13  ] . Roalants-van Rijn 
 [  13  ]  studies six fetuses with hydrocephalus between 29 and 
38 weeks gestational age and lactate was present in two 
fetuses (33%), absent in two and not detectable in the other 
two because of fetal motion. Additionally, Kok et al.  [  63  ] , 
used fetal  1 H-MRS in ten hydrocephalic fetuses and com-
pared with healthy controls between 28 and 37 weeks gesta-
tional age. Decreased inositol/creatine ratio was reported in 
fetuses with hydrocephalus versus controls, suggesting a 
hypo-osmolar state  [  64  ] . Interestingly, Girard and colleagues 
 [  48  ]  described increased glutamate+glutamine, and a broad 
NAA peak in a fetus with mild unilateral ventriculomegaly, 
and germinal matrix hemorrhage. Follow-up brain histology 
demonstrated ependymal destruction and white-matter 
gliosis.  

   Gastroschisis 

 A single case report by Wolfberg et al.  [  65  ]  described the 
presence of lactate in a fetus with gastroschisis at 33 5/7 
weeks gestational age. The pregnancy was also complicated 
by preeclampsia. The authors speculate that the lactate was 
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generated either as a result of transient hypoxia from inter-
mittent torsion of the dilated looks of bowel, or hypoxia 
related to preeclampsia-induced placental insuf fi ciency. 
Neurologic follow-up at 4 months was normal.  

   Congenital Heart Disease 

 In one of the largest in vivo fetal MRI studies to date, 
Limperopoulos and colleagues  [  3  ]  obtained  1 H-MRS spectra 
in 75 fetuses: 36 with congenital heart disease and 39 con-
trols. Cerebral lactate was detected in 20% of fetuses with 
congenital heart disease, while no control fetuses had detect-
able lactate. Compared with controls, NAA:choline in CHD 
fetuses was signi fi cantly and progressively lower between 27 
and 36 weeks gestational age. The presence of lactate was 
identi fi ed as an independent predictors of lower NAA:choline 
ratios. Moreover, fetuses with cerebral lactate demonstrated 
the greatest impairment in volumetric brain growth over the 
same gestational age time frame. This study presents the  fi rst 
in vivo MRI evidence of progressive third trimester impair-
ment in brain metabolism in fetuses with congenital heart 
disease, and suggests that an abnormal cardiovascular sys-
tem fails to support the metabolic demands of accelerated 
third trimester brain development.  

   Metabolic Disorders 

 Studies have also begun to explore the role of  1 H-MRS in 
inherited inborn errors of metabolism enzyme. Speci fi cally, 
Robinson et al.  [  66  ]  reported a case of a 31-year-old dicho-
rionic, diamniotic twin pregnancy with a history of two 
prior infants affected with pyruvate dehydrogenase 
de fi ciency. Pyruvate dehydrogenase de fi ciency comprises a 
heterogeneous groups of inborn errors of metabolism char-
acterized by mutations in the gene which codes for the E 

1 a 
  

subunit of the private decarboxylase complex  [  67,   68  ] . This 
metabolic disorder is associated with early death or pro-
found neurologic sequelae and developmental disability. 
Magnetic resonance imaging and  1 H-MRS were performed 
on both fetuses at 32 weeks gestational age. The affected 
fetus had mild ventriculomegaly, increased extracerebrospi-
nal  fl uid, and decreased cortical sulcation and gyration. The 
normal fetus had a structurally normal brain. There was no 
evidence of elevated cerebral lactate levels in either fetus on 
 1 H-MRS. Postnatally, both twins had normal lactate levels 
at delivery but one twin developed increased lactate levels 
from 8 h postnatally and died at 3 days of life. Although 
elevated lactate has been reported in pediatric cases with 
pyruvate dehydrogenase de fi ciency  [  69,   70  ] , the authors 
speculate that the placental–maternal circulation may pro-
vide an ef fi cient mechanism to remove any excess lactate in 

utero. Further studies are needed to address this intriguing 
question. 

 In summary, the long-term neurodevelopmental conse-
quences of fetal cerebral lactate remains unknown and awaits 
further study. Animal studies suggest that the immature brain 
has an enhanced capability to metabolize lactate compared 
with the mature brain as an adaptation to the relatively 
hypoxemic and hyperlacticacidemic state of the perinatal 
period  [  71  ] . Longitudinal studies are needed to elucidate the 
role of lactate as a marker for hypoxemia in the prenatal and 
vulnerable transitional periods in high-risk fetuses.   

   Conclusions 

 Fetal  1 H-MRS is a promising noninvasive technique for 
assessing metabolic integrity in the developing brain, and 
has the potential to open a critical presently unavailable win-
dow for antenatal cerebral surveillance in the high-risk preg-
nancy. However ongoing work is needed to improve the 
technical success of this emerging technique so as to increase 
and optimize its utility in the clinical setting. To date in vivo 
studies have provided important normative data for second 
and third trimester fetal brain metabolic concentrations in 
healthy fetuses. Additional studies are needed to elucidate 
the complex role of these metabolites throughout gestation. 
This in turn will lay the foundation for the development of 
clinically meaningful  1 H-MRS biomarkers for the accurate 
assessment of fetal health and well-being. Finally, although a 
number of studies have performed in vivo spectroscopy stud-
ies, the long-term prognostic signi fi cance of these acute met-
abolic  fi ndings warrant further study.      
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 The most frequently encountered intracranial pathologies 
in the neonatal period include hemorrhage (e.g., germinal 
matrix/intraventricular hemorrhages (IVH), intraparenchy-
mal hemorrhages or extraaxial hemorrhages), hypoxic–
ischemic injuries (i.e., hypoxic–ischemic encephalopathy, 
stroke), and encephalopathy of prematurity, which includes 
both focal and diffuse injury to the developing white mat-
ter. Less frequently encountered are congenital malforma-
tions involving the cerebrum (e.g., diffuse migrational 
abnormalities, intrahemispheric cysts) or the posterior 
fossa (e.g., congenital aqueductal stenosis, chiari malfor-
mations), infections, trauma, tumors/masses, and early-
onset metabolic disorders. 

 Although it is likely that many of these abnormalities are 
associated with altered cerebral metabolism in either a rela-
tively discrete region or diffusely throughout the cerebrum or 
brainstem in line with the neuroanatomic distribution of the 
underlying cerebral pathology, remarkably little systematic 
investigation has been conducted in relation to some of the 
most common intracerebral pathologies of the neonate (e.g., 
periventricular leukomalacia). Thus, much work remains to 
be done. In this chapter, we will describe the current state of 
knowledge pertaining to the application of MRS to patho-

logical processes that affect neonates. Please note that the 
use of MRS for profound hypoxic–ischemic encephalopathy 
at term and neonatal non-accidental trauma are described in 
detail elsewhere in this book (Chaps.   8     and   9    ) and thus will 
not be covered in this chapter. Additionally, although norma-
tive reference points and knowledge of normal brain matura-
tional processes in late fetal and early postnatal life are 
essential for understanding and interpreting MRS in neo-
nates, those topics have been covered separately in earlier 
chapters. This chapter will instead focus on other pathologic 
processes that affect neonate preterm and term neonates, 
including hemorrhage, perinatal white matter injury, meta-
bolic diseases, and infections. 

   Germinal Matrix-Intraventricular Hemorrhage 

 Hemorrhage into the germinal matrix and/or lateral ventri-
cles is common among preterm infants and can range from a 
tiny, punctate hemorrhage restricted to the subependymal 
lining of the lateral ventricles (a Grade I intraventricular 
hemorrhage or IVH) to a large hemorrhage into the lateral 
ventricles causing ventricular dilatation (Grade III IVH) and 
even periventricular infarct secondary to a clogging of the 
venous out fl ow (Grade IV IVH, Fig.  20.1 ). IVH is less com-
mon in term infants; however, spontaneous intraparenchymal 
or intraventricular hemorrhage can be related to venous 
infarction (venous thrombosis), vascular malformations, and 
tumors in this population. MRS is generally unnecessary for 
the diagnosis of intraparenchymal hemorrhage or IVH (MRI 
or cranial ultrasound are the diagnostic imaging modalities 
of choice); however, the few MRS studies conducted in pre-
term infants with IVH have revealed important information 
regarding the metabolic functions of surrounding “normal 
appearing” tissues. One study of preterm infants (mean GA 
29.3 ± 2.5 weeks) with Grade I–IV IVH demonstrated an 
elevation in lactate and a decrease in Cr and NAA in the stri-
atal region adjacent to the hemorrhage compared to the stri-
atal region in contralateral hemisphere  [  1  ] . By three months 
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of age, corrected for GA, conventional MR imaging was 
largely unremarkable, lactate had disappeared for all but two 
cases, and NAA had normalized; however, choline was 
higher in the striatal region ipsilateral to the prior hemor-
rhage. In general, the pattern of results suggested that metab-
olism in the adjacent striatial areas is transiently affected in 
preterm infants with IVH.  

 In another longitudinal study, high-energy phosphorus 
metabolites in temporoparietal cortex were compared in 
preterm infants with grade III/IV IVH to preterm infants 
without IVH using phosphorous ( 31 P) MRS. Results from 
that study demonstrated that the ratio of phosphocreatine 
to adenosine triphosphate was decreased through term-
equivalency and that the ratio of phosphocreatine to inor-
ganic phosphate was decreased in the infants with IVH 
who were less than 30 weeks postconceptional age  [  2  ] . In 
general, much work remains to be done to understand the 
impact of hemorrhage on cerebral metabolism in the sur-
rounding tissues.  

   White Matter Injury 

 White matter injury is the most predominant  fi nding in pre-
term infants, owing in large part to the intrinsic vulnerabili-
ties of the white matter during the period of rapid development 

(i.e., axonal outgrowth, development of the oligodendrocyte 
lineage, onset of myelination) in the late second and early 
third trimesters of fetal development  [  3  ] . Additionally, white 
matter injury may be observed in term born infants, particu-
larly those with congenital heart disease (especially transpo-
sition of the great arteries and hypoplastic left heart syndrome 
 [  4,   5  ] , likely due in part to a delay in brain maturation in 
utero  [  6,   7  ] , and also in infants with severe cardiopulmonary 
disorders (e.g., meconium aspiration syndrome, persistent 
pulmonary hypertension) requiring extracorporeal mem-
brane oxygenation (ECMO). 

 In general, three patterns of white matter abnormalities 
are most often described on conventional MR imaging: 
immature white matter development, focal injury (which 
includes focal white matter necroses, sometimes referred 
to as periventricular leukomalacia or PVL, its presumed 
neuropathological correlate) and diffuse injury (sometimes 
described as “diffuse excessive high signal intensity” or 
DEHSI on T2-weighted MR images)  [  8–  10  ] . While these 
three patterns can be diagnosed using conventional MR 
imaging techniques with diffusion, MR spectroscopic 
techniques are useful adjunctive tools: they provide more 
information regarding timing of the injury and more 
detailed metabolic/physiologic information about the 
integrity of the damaged periventricular white matter 
(Fig.  20.2 ).  

 Early MRS studies of neonates with cystic leukomalacia 
(also referred to as periventricular leukomalacia or cystic 
PVL), diagnosed using cranial ultrasound and/or MRI dem-
onstrated a decreased NAA/Cho ratio in preterm and term 

  Fig. 20.1    Single voxel MRS (PRESS, TE 35 ms, 1.5 T) of a preterm 
neonate with Grade IV hemorrhage. The top voxel was placed in the left 
parietal white matter which part of the voxel overlapping with the CSF 
in the dilated lateral ventricle. The bottom voxel was placed in the 
region of the medial posterior parietal lobe. The parietal white matter 
voxel showed predominately elevated lactate with all other metabolites 
reduced or depleted. The gray matter voxel showed elevated lipids with 
reduced NAA. A strikingly high glucose (Glc) signal was observed       

  Fig. 20.2    Single voxel MRS (PRESS, TE 35 ms, 1.5 T) ( top ) and 
multi-voxel long-echo time ( bottom ) MRS of focal white matter necro-
sis or PVL in the white matter of a preterm neonate. Both spectra 
showed reduced NAA and elevated lipids and lactate       
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neonates with grade III or Grade IV lesions (i.e., extensive 
periventricular or subcortical cystic lesions, respectively), 
which predicted poorer neurodevelopmental outcome at 
18–24 months  [  11  ] . However, it should be noted that some of 
the preterm infants with grade II and grade III lesions had 
NAA/Cho ratios within normal limits, even when cystic 
lesions were included in the MRS volume, indicating that a 
normal NAA/Cho ratio does not preclude injury and that 
cerebral metabolism may normalize in the chronic epoch 
after brain injury. 

 Lactate was detected in more than half of the preterm and 
term infants included in the study, but did not improve pre-
diction of outcome at 18–24 months  [  11  ] . Notably, a low 
concentration of lactate has also been reported to be a “nor-
mal”  fi nding in the brain of preterm infants, increasing with 
decreasing gestational age  [  12,   13  ] , and is hypothesized to 
re fl ect greater reliance on glycolysis compared to mitochon-
drial respiration in the fetal/preterm brain  [  14  ] . 

 Direct examination of intracellular metabolism using 
phosphorous MRS in preterm infants with white matter 
injury/PVL compared to healthy preterm and term born 
infants has demonstrated that a reduction in the ratio of 
phosphocreatine (PCr) to inorganic orthophosphate (Pi) 
may be a strong predictor of adverse outcome in infants 
with ultrasound evidence of white matter injury  [  15  ] . 9/15 
infants with white matter injury diagnosed on cranial ultra-
sound (CUS) found to have a decreased PCr/Pi ratio on 
MRS conducted 0–8 days later (median 1 day) subsequently 
died. Moreover, the remaining 6 had evidence of white 
matter injury on follow-up imaging studies (e.g., cysts, 
microcephaly) and were neurodevelopmentally abnormal 
at follow-up. Of the 12 infants with white matter echoge-
nicities on CUS but normal PCr/Pi, all survived and only 3 
had subsequent evidence of white matter abnormalities 
(e.g., cysts, microcephaly) and concomitant abnormal neu-
rodevelopment at follow-up. Of the remaining 9 who did 
not evidence subsequent white matter abnormalities, 6 were 
within normal limits at neurodevelopmental follow-up 
between 16 and 21 months. 

 White matter injury has also been associated with a shift 
in the biochemical association among metabolites in cerebral 
white matter. In one study, myo-inositol/Cr and lactate/Cr 
were signi fi cantly correlated among preterm infants with 
white matter disease (WMD, resulting primarily from cystic 
PVL and grade III/IV IVH) but not preterm infants without 
WMD. Mean lactate/Cr was also higher among preterm 
infants with WMD, compared to preterm infants without 
WMD. The ratio of NAA/Cr did not differ among the pre-
term groups  [  14  ] . Another study found similar concentra-
tions of NAA, Cho, and myo-inositol among healthy preterm 
infants at term equivalency and term-born peers, suggesting 
that metabolite concentrations are most dramatically altered 

by cerebral pathology and not early birth, per se  [  16  ] . Again, 
much work remains to be done to understand the precise 
changes in cerebral metabolism that follow different patterns 
of white matter abnormalities and the relation between the 
changes in cerebral metabolism and long-term neurodevel-
opmental outcome.  

   Neonatal Metabolic Disorders 

 Clinically, metabolic disorders in the newborn often present 
as neonatal encephalopathy and may be dif fi cult to distin-
guish from other potential cerebral (or systemic) pathologies 
that cause encephalopathy such as profound hypoxia–isch-
emia secondary to perinatal asphyxia (covered in Chap.   8    ) or 
white matter injury. These disease entities may be classi fi ed 
as either acquired or as inborn error of metabolism. In these 
instances, MRS may not only provide important information 
about energy metabolism in the cerebrum or brainstem, it 
may also provide key diagnostic information. 

   Acquired Metabolic Disorders 

   Kernicterus 
 Kernicterus, or bilirubin encephalopathy, is the result of 
direct injury to neurons and astrocytes by bilirubin and most 
often occurs in the context of elevated serum bilirubin, and in 
particular free bilirubin (rather than bilirubin bound to albu-
min). Bilirubin is the end product of catabolism of heme, and 
nearly every term infant undergoes a transient elevation in 
bilirubin during the  fi rst week of life, with healthy, breast-fed 
infants demonstrating a higher peak and a slower decline 
compared to formula-fed infants. A variety of conditions in 
the neonate may lead to further elevations in the concentra-
tion of unconjugated bilirubin, which left untreated, may 
result in a clinical syndrome: kernicterus. On conventional 
MR images, kernicterus often results in signal abnormalities 
in the subthalamic nucleus and the globus pallidus  [  17–  21  ] ; 
however, neuropathological data suggests that other regions 
may also be damaged, including the hippocampus (CA2 and 
CA3 sectors), substantia nigra, various brainstem nuclei 
(particularly the oculomotor, vestibular, auditory, especially 
the cochlear, and facial nerve nuclei), the reticular formation 
of the pons, inferior olive, and certain cerebellar nuclei (par-
ticularly the dentate)  [  22–  26  ] . Although diagnosis of kernict-
erus is typically made based on the clinical presentation and 
imaging features on conventional MR image (i.e., high 
T1-signal in the globus pallidum and subthalamic nucleus 
described above), MRS (Fig.  20.3 ) may be a useful adjuvant 
tool to aid in differential diagnosis when the clinical presen-
tation is incomplete (e.g., when serum bilirubin is not 
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signi fi cantly elevated), and possibly to assess treatment 
response, as the neurological de fi cits are potentially revers-
ible, if treatment is initiated early enough. A possible ker-
nicterus metabolite signature has been proposed using a 
voxel placed over the basal ganglia: elevations in taurine 
(Tau), glutamate (Glu), glutamine (Gln), and myo-inositol 
relative to creatine (mI/Cr), and a decreased choline relative 
to creatine (Cho/Cr), with no signi fi cant elevation of lactate 
(essentially ruling out a hypoxic–ischemic encephalopathy) 
 [  27  ] . Kernicterus has also been characterized by decreased 
ratios of NAA/Cho and NAA/Cr  [  28  ]  and increased Glu + Gln 
relative to Cr  [  21,   28  ] .   

   Hypoglycemia 
 Glucose is the primary fuel for energy metabolism in the 
human brain. Additionally, in the neonatal brain, glucose 
may be used toward the synthesis of amino acids and lipids 
via the respective biosynthetic pathways. Although the pre-
cise threshold is somewhat controversial, neonatal enceph-

alopathy secondary to hypoglycemia occurs when glucose 
concentrations fall below 30 mg/dl in the term infant or 
20 mg/dl in the preterm infant. The clinical presentation of 
neonatal hypoglycemia includes stupor, jitteriness, seizures, 
respiratory abnormalities, and hypotonia. MR imaging can 
show abnormal edema in the occipital lobes, more discern-
able on DWI than on conventional imaging, which often 
progresses to cystic lesions in the occipital or occipital white 
matter  [  29  ] . MRS at the time of insult may be useful for 
discerning the severity of insult, as an increased lactate–
lipid peak and a decreased NAA peak have been reported in 
the involved areas  [  30  ]  (Fig.  20.4 ). It remains to be deter-
mined whether lactate and NAA concentrations are predic-
tive of long-term neurodevelopmental outcome in this 
population.  

   Inborn Errors of Metabolism 
 Inborn errors of metabolism usually present with signs and 
symptoms related to the involvement of one or more of the 

  Fig. 20.3    Ex-34 week preterm infant admitted from home at 15-days 
of age for hyperbilirubinemia and apnea/bradycardia requiring intuba-
tion in the emergency room. Baby was subsequently treated with pho-
totherapy in the NICU. MRI at 19-days of age shows mildly increased 
signal in the globus pallidi ( arrows ) and subthalamic nuclei ( arrow-
heads ), bilaterally, consistent with kernicterus. Single-voxel PRESS 

was acquired contemporaneously with the conventional MR imaging 
and demonstrates mildly above normal lactate (Lac) in frontal white 
matter and basal ganglia. NAA was close to normal, whereas glutamine/
glutamate appeared to be slightly above normal. Myo-inositol (mI) was 
close to normal or slightly below       

 



28920 MRS of the Neonatal Brain: Abnormal Development and Neonatal Pathology

organ systems, including the central and the peripheral ner-
vous system, the musculoskeletal system, visceral organs 
(particularly the heart and the liver), and even the skin. 
Some inborn errors of metabolism exclusively involve the 
nervous system, but those occur later in life and have not 
been described in detail in the neonatal period. Inborn 
errors of metabolism are broadly classi fi ed into organic 
academia, disorders of amino acid oxidation, disorders of 
fatty acid  oxidation, primary lactic acidosis, mitochondria 
function, lysosomal storage disorders, and peroxisomal 
disorders  [  31,   32  ] . Whereas some inborn errors of metabo-
lism manifest immediately at birth (primary lactic acidosis, 
type 2 glutaric aciduria, long-chain acyl coenzyme A dehy-
drogenase, hydroxymethylglutaryl (HMG)-CoA lyase, 
ornithine transcarbamylase, and carbamyl phosphatase 
synthetase de fi ciencies), others take a few days to manifest 
clinically (isovaleric acidemia, methylmalonic acidemia, 
propionic acidemia, non-ketotic hyperglycinemia, citrul-
linemia, argininosuccinic aciduria, and maple syrup urine 
disease or MSUD). 

 MRS can provide, as described in more detail for the 
pediatric population in Chaps.   10    –  12    , valuable information 
regarding speci fi c metabolites in certain disorders. These 
include increased branched chain amino acids (l-leucine, 

l-isoleucine, valine) in MSUD, increased glycine (Gly) in 
non-ketotic hyperglycinemia, increased NAA in Canavan’s 
disease, and absence of Cr in guanidinoacetate methyltrans-
ferase de fi ciency  [  33–  37  ] . 

 Peroxisomal disorders that manifest in the neonatal period 
are primarily due to a failure to form viable peroxisomes, 
resulting in multiple metabolic abnormalities  [  38  ] . Examples 
of these conditions include Zellweger syndrome and neona-
tal adrenoleukodystrophy (NALD). Zellweger syndrome is 
characterized on conventional imaging by delayed myelina-
tion, temporal parietal polymicrogyria, and subependymal 
germinolytic cyst formation in the region of the frontal horns 
of the lateral ventricles. In NALD, dys- or demyelination in 
the cerebellar and/or cerebral white matter are characteristic. 
Given the pathognomonic nature of these  fi ndings on con-
ventional radiography, advanced imaging techniques are 
often not required for a de fi nitive diagnosis of these condi-
tions. In the case of Zellweger syndrome,  fi ndings on MRS 
may include marked decreased NAA in the gray and white 
matter, thalamus and/or cerebellum. Elevated glutamine and 
a decreased  myo -inositol in the gray matter suggest concom-
itant hepatic dysfunction. 

 Notably, MRS has detected changes in normal appearing 
white matter in patients with NALD, suggesting that MRS 

  Fig. 20.4    17-day-old ex-36-week preterm infant with history of 
 hypoglycemia and congenital adrenal insuf fi ciency. Conventional MR 
imaging demonstrates subacute infarcts in the occipital lobes bilater-
ally, evidenced by low ADC ( b ) and high T1 signal in the pericalcarine 
cortex and adjacent white matter ( c ). The MR spectrum of “normal” 

appearing occipital/parietal gray matter rostral and superior to the 
infarcted cortex showed a slightly above normal lactate (Lac) and below 
normal NAA. Follow-up imaging at 17 months of age demonstrates a 
chronic lesion involving the calcarine cortex and subadjacent white 
matter ( e )       
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may be more sensitive than conventional MRI in detecting 
changes in the white matter associated with disease progres-
sion  [  39  ] , and consequently, better for identifying patients in 
need of hematopoietic cell transplantation  [  40  ] .     

   Neonatal Infection 

 Infections affecting the neonatal brain can often be distin-
guished from each other and from their adult counterparts 
by speci fi c imaging  fi ndings  [  41,   42  ] . The three major 
types of neonatal infection are  [  1  ]  congenital infections 
(TORCH =  T oxoplasmosis,  O ther infections,  R ubella, 
 C ytomegalovirus,  H erpes simplex),  [  2  ]  neonatal meningitis, 
and  [  3  ]  disseminated fungal infection. 

   Congenital Infections 

 TORCH infections are transmitted via direct contact through 
the birth canal (herpes), hematogenous transplacental trans-
mission (viruses and toxoplasmosis), or by ascending infec-
tion from the cervix (bacterial). Their imaging appearance is 
dependent on the actual timing of infection  [  41,   42  ] . For 
instance, while early gestation infections lead to destructive 
and developmental lesions, late gestation infections only 
lead to the former. Cytomegalovirus (CMV), when present 
at the beginning of the second trimester, is associated with 
an in fl ammatory process in the germinal matrix, leading to 
migration problems and/or a hypoplastic cerebellum. An 
infection later in pregnancy results in periventricular cystic 
lesions lined with dystrophic calci fi cation with sparing of 
the cortex, and is well-visualized on CT. From a neuropa-
thology perspective, the substrates of WMI of prematurity 
and dysplastic white matter of cytomegalovirus appear to be 
similar. Congenital CMV infection and WMI of prematurity 
affect the cerebral white matter in the same developmental 
period, in which the oligodendrocytes are immature and 
particularly vulnerable. Both demonstrate increased ADC 
values, reduced FA values and magnetization transfer ratios, 
and reduced concentrations of total NAA and Cho; slightly 
increased myo-inositol concentrations may also be present 
(Fig.  20.5 ), which is suggestive of axonal losses, lack of 
myelin deposition due to oligodendrocytic losses and/or 
astrogliosis  [  43  ] .  

 In a toxoplasmosis infection, calci fi cations and signal 
abnormalities are present in the basal ganglia and the periven-
tricular white matter. In contrast, congenital HIV infections 
are characterized by calci fi cations in the cortical–subcortical 
junction and the basal ganglia, which are typically not pres-
ent at birth. HSV (herpes simplex virus) 2 infection results in 

severe meningo-encephalitis with ischemic and hemorrhagic 
infarction which can be detected by diffusion MR imaging. 
Rubella infection can manifest in a variety of ways, includ-
ing migration abnormalities, abnormal periventricular signal 
intensities, cerebellar hypoplasia, and basal ganglia 
calci fi cations. Much remains to be discovered about how 
these lesions impact cerebral metabolic functions in these 
regions. An example of MRS of a patient with acute HSV 
encephalitis is shown in Fig.  20.6 .   

   Bacterial Infections 

 The most common form of CNS bacterial infection in the 
newborn is bacterial meningitis.  [  44  ] . Group B streptococcus 
and Escherichia coli are the most common pathogens; other 
pathogens include  Staphylococcus aureus ,  Pseudomonas 
aeruginosa , and  Listeria monocytogenes . As part of this 
infection, there is irritation of the leptomeninges with subse-
quent ventriculitis and arachnoiditis. The in fl ammatory reac-
tion can extend to the vasculature leading to a vasculitis and 

  Fig. 20.5    Single voxel MRS (PRESS, TE 35 ms, 1.5 T) of a 1-week-
old premature-born (33 weeks gestational age) with a congenital CMV 
infection       

 



29120 MRS of the Neonatal Brain: Abnormal Development and Neonatal Pathology

resulting infarction. Diffusion imaging is a useful tool in 
detecting infarction secondary to meningitis. MRS has not 
yet been shown to provide additional information in the dif-
ferential diagnosis or understanding of meningitis in neo-
nates. One study demonstrated a mild elevation in lactate 
with normal levels of creatine, choline, NAA, and myo-inos-
itol in a patient with meningitis  [  45  ] . In our experience, MRS 
is useful in determining whether meningitis is associated 
with additional parenchymal involvement (encephalitis) and 
in the differential diagnosis of intraparenchymal abscess 
from other intracranial lesions.  

   Disseminated Fungal Infection 

  Candida albicans  is the most common systemic infection 
affecting the newborn, affecting 3–5% of low-birth weight 
infants, with CNS involvement in 64% of cases. Meningitis, 
ependymitis, and brain parenchymal microabscesses are 
associated with this infection. These microabscesses can be 
detected with contrast, T1-weighted imaging and diffusion 
imaging and usually involve the subcortical, periventricular, 
and basal ganglia regions. Later stages of this infection can 
entail severe cavitation of the periventricular white matter. 

Experimental MRS studies suggest that these lesions might 
demonstrate elevated lipids and lactate  [  46  ] .   

   Migration Disorders 

 During brain development, neurons that arise at the germinal 
ventricular zone at the surface of the lateral ventricles migrate 
to their  fi nal locations in the brain. Migration disorders are birth 
defects where abnormal migration resulted in structurally 
abnormal or missing areas of the brain. Migration disorders are 
rarely encountered and very few MR spectroscopy studies have 
been carried out in this population. In a case report, Shiroishi 
et al.  [  47  ]  present data from a 5-day-old neonate with  hemi-
megalencephaly . MRI of this patient demonstrated an enlarged 
right cerebral hemisphere and diffused volume loss in the con-
tralateral hemisphere. MRS of these two hemispheres was dis-
tinctly different with relatively higher NAA in right frontal 
white matter whereas in the contralateral white matter lactate 
appeared elevated (Fig.  20.7 ). Spectra obtained from individual 
patients diagnosed with  holoprosencephaly  and  lissencephaly  
are shown in Figs.  20.8  and  20.9 . Clearly, more studies are 
needed to determine whether MRS has a role for a better char-
acterization of migration disorders of the developing brain.         

  Fig. 20.6    Single voxel MRS 
(PRESS, TE 35 ms, 3 T) of an 
11-month-old baby with acute 
HSV encephalitis and an 
associated right lateral 
temporoparietal infarct. Spectra 
acquired from non-infarcted 
tissue in the medial 
parietooccipital gray matter and 
left parietal white matter both 
demonstrate elevated lactate, 
Gln, and Cho relative to Cr, 
whereas NAA and mI appear to 
be reduced. A doublet next to the 
Lac doublet at approximately 
1.1 ppm is consistent with 
propylene glycol, possibly used 
as a solvent for drugs 
administered to this patient       
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  Fig. 20.8    16-day-old term infant with middle hemispheric variant of 
holoprosencephaly (syntelencephaly). Note the fused thalami (T) and 
the abnormally migrating cells in the middle of the parietal white matter 

(*). Single voxel MRS in this patient showed no major abnormalities. 
Different levels of myo-inositol (mI) in the white matter and basal gan-
glia spectra are normal       

  Fig. 20.7    MRI of a patient with 
hemimegalencephaly 
demonstrated an enlarged right 
cerebral hemisphere and diffuse 
volume loss in the contralateral 
hemisphere. MRS of these two 
hemispheres was distinctly 
different with relatively higher 
NAA in right frontal white matter 
whereas in the contralateral white 
matter lactate appeared elevated       
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 MR imaging and  1  H MRS are based on the magnetic moments 
of the nuclei of hydrogen atoms. However, also other nuclei 
of atoms with an uneven number of nucleons (protons and 
neutrons) do have a spin and a detectable magnetic moment 
when brought into a magnetic  fi eld (Table  21.1 ). Because 
in vivo MR spectroscopy today is dominated by proton MRS, 
it is hard to imagine that in the early days of MRS other 
nuclei, particularly phosphorous ( 31 P) MRS, received far more 
attention. However, the need for additional expensive equip-
ment, special expertise (PhD on site), the relative low sensi-
tivity (= long scan times), and the ever increasing competition 
from well-reimbursed clinical MR imaging have pushed MRS 
methods other than  1  H MRS to the side. On the other hand, 
there is currently a shift from 1.5 T to 3 T or even higher  fi eld 
strengths MR scanners and an effort by manufacturers to pro-
vide multinuclear MRS capabilities with  proton-decoupling.  1  
Multinuclear spectroscopy (MNS) bene fi ts from higher  fi eld 
strength and from proton-decoupling considerably and it is 
therefore expected that there will be a renewed interest in 
studying important medical and biological question with 
MNS in the future. Still, because of the additional expertise 
and resources required, it needs to be emphasized that the use 
of MNS will almost certainly be limited to a small number of 
academic centers.  

   Phosphorous ( 31 P) MRS 

 The phosphorous nucleus ( 31 P) has 100% natural abundance 
and approximately 6.63% of the sensitivity of the hydrogen 
nucleus (Table  21.1 ). With  31 P MRS the energy metabolites 
adenosine triphosphate ATP, by many biologists considered 
the most important molecule for life, phosphocreatine (PCr) 
and inorganic phosphate (Pi) can be measured. From the 
chemical shift difference between the PCr and Pi peaks the 
pH of the tissue can be measured quite accurately non-inva-
sively.  31 P MRS also allows the observation of phosphomo-
noesters (PME) and phosphodiesters (PDE). Using a 
technology termed  proton-decoupling  the phosphomonoesters 
phosphorylcholine (PC) and phosphorylethanolamine (PE) 
and the phosphodiesters glycerophosphorylcholine (GPC) 
and glycerophosphorylethanolamine (GPE) can be observed 
individually (Fig.  21.1 ).  31 P MRS has been mostly used to 
study muscle metabolism. Despite the low physiological con-
centration of  31 P in tissue, using surface coils, skeletal mus-
cles have been studied rested and during exercise with a time 
resolution of a few seconds  [  1,   2  ] . Also in the brain,  31 P MRS 
has been used long before  1  H MRS became available.  

 Interestingly, clinical MRS in the human brain began with 
 31 P MR spectroscopy of newborns using smaller magnets not 
suitable for adults in the mid eighties. Several studies showed 
that hypoxic–ischemic disease of the brain could be moni-
tored by the changes in high-energy phosphates, Pi and pH 
 [  3–  5  ] . These studies also showed that the outcome after 
severe hypoxic–ischemic injury is determined by the intrac-
erebral pH and Pi/ATP ratio. Wide-bore high- fi eld magnets 
eventually permitted extension to adults and infants beyond 
a few weeks of age.  31 P MRS in adult stroke exactly mir-
rored the  fi ndings in hypoxic–ischemic disease of newborns, 
and even appears to offer predictive value through intracel-
lular pH and Pi/ATP  [  6,   7  ] . In the subsequent years, also 
other areas of human neuropathology have been studied by 
 31 P MRS. Oberhaensli et al  [  8  ] . overturned three decades of 
thought about brain tumors in particular, showing their intra-
cellular pH to be generally alkaline not acidic. More recently, 
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proton-decoupled  31 P MRS in pediatric patients (Fig.  21.2 ) 
con fi rmed this observation  [  9  ] . Indeed, the pH of untreated 
tumors was slightly higher (more alkaline) than the pH of 
normal brain tissue. Proton-decoupled  31 P MRS also revealed 
more details about the composition of the PME and PDE 
peaks in the  31 P spectra of tumors and their relation with the 
choline peak observed with  1  H MRS. It was shown that the 
PE/GPE and PC/GPC ratios were signi fi cantly higher in 
medulloblastoma than in control tissue or other tumors. Also, 
mean PC/PE was elevated in tumors relative to normal tissue 
but there was no difference between medulloblastoma and 
other tumors. Total choline concentration determined with 
quantitative  1  H MRS was signi fi cantly elevated while cre-
atine was reduced in tumors. A quantitative comparison of 
total phosphorylated cholines (PC + GPC)/ATP measured 
with  31 P MRS and total choline measured with  1  H MRS 
showed that in tumors a large fraction of the choline signal 
was not accounted for by PC and GPC. The fraction of unac-
counted choline was particularly large in medulloblastoma.  

 The  31 P spectrum also undergoes considerable age-depen-
dent changes  [  10,   11  ] . Van der Knapp et al.  [  12  ]  correlated 
the changes in the  31 P PME and PDE and long echo time  1  H 
MRS with the development of myelination. They found 
decreasing levels of PME and increasing PDE as the brain 
matures. Using proton-decoupled  31 P MRS the individual 
components of PME and PDE resonances, PE, PC and GPE, 
GPC, were studied in the developing brain  [  13  ] . 

 In the neonate, PE dominated the spectrum and decreased 
with age along with PC, whereas GPE, GPC, and PCr 
increased in concentration with postnatal age. Whereas in 
the newborn the majority of the choline peak detectable by 
 1  H MRS is PC, in the mature brain, GPC accounts for close 
to 2/3 and PC for 1/3 of total choline. ATP slightly decreased 
with age whereas inorganic phosphate and the pH did not 
show signi fi cant developmental changes (Fig.  21.3 ).  

 Proton-decoupled  31 P was also used to study a rare leu-
kodystrophy termed Van der Knaap syndrome  [  14  ] . In this dis-
ease, extreme rarefaction of white matter is caused by mutations 
in one of the  fi ve subunits of the translation initiation factor 2B 
(eIF2B).  31 P MRS showed that of the metabolites involved in 
biosynthesis and catabolism of membrane phospholipids, GPE 

  Fig. 21.1    Standard  31 P MRS of the brain ( top ) and a  31 P MRS spectrum 
acquired with proton-decoupled of the same volume of tissue with the 
same acquisition sequence ( bottom ). Standard  31 P MRS allows the 
detection of the energy metabolites phosphocreatine (PCr), adenosine 
triphosphate (ATP), and inorganic phosphate (Pi). From the chemical 
shift difference between PCr and Pi, the pH of the tissue can be deter-
mined. In addition, broad peaks of phosphomonoesters (PME) and 
phosphodiesters (PDE) can be observed. Using proton-decoupling, 
the PME and PDE resonances are resolved and their individual compo-
nents phosphoethanolamine (PE), phosphocholine (PC) and glycero-
phosphoethanolamine (GPE), glycerophosphocholine (GPC) can be 
observed sitting on top of a broader baseline signal, likely membrane 
phospholipids. Spectra were acquired with a spinecho sequence with a 
self-refocusing radiofrequency (RF) pulse, an echo time of TE = 2.5 ms, 
and a repetition time of TR = 2 s. A WALTZ-4 sequence was used for 
broadband proton-decoupling with a decoupling bandwidth of 500 Hz. 
The irradiation by WALTZ-4 pulses was continued at a tenfold reduced 
power level during the recovery period to generate signal enhancement 
due to the Nuclear Overhauser Effect (NOE). Data were acquired at 
Children’s Hospital Los Angeles       

   Table 21.1    Properties of some of the more commonly observed nuclei   

 Nucleus  Spin 
 Gyromagnetic ratio 
(rel. to  1  H) 

 Frequency 
at 1.5 T (MHz) 

 Natural 
abundance (%) 

 Sensitivity 
(rel. to  1  H) a  

  1  H  ½  1  63.86   99.98  1 
  31 P  1/2  0.405  25.85  100  6.63 × 10 −2  
  13 C  ½  0.252  16.06    1.11  1.76 × 10 −5  
  19 F  ½  0.941  60.08  100  0.83 

   a The sensitivity is proportional to (gyromagnetic ratio) 3  × natural abundance  

 



  Fig. 21.2    Proton-decoupled  31 P MRS,  1  H MRS, and MRI of cerebellar 
medulloblastoma ( a  +  b ), anaplastic ependymoma ( c ), anaplastic astrocy-
toma ( d ), and mixed gray/white matter of a control (patient with minor 
indication for MRI) ( e ).  31 P spectra are scaled to ATP as an internal refer-
ence.  1 H spectra are scaled to measure absolute concentrations to allow 
direct comparison with each other. Areas or amplitudes of  31 P and  1 H 
spectra cannot be directly compared. All spectra were acquired on a clini-
cal 1.5 T scanner. A custom-designed dual tuned head coil was used for 
clinically indicated MR imaging, proton MRS, and for experimental  31 P 
MRS. The total examination time was approximately 70 min and  1 H and 

 31 P acquisitions were integrated in routine pre-operative work-up of patients. 
ROIs for  1  H ( small box ) and  31 P are marked on MRI, respectively.  PC  
phosphocholine,  GPC  glycerophosphocholine,  PE  phosphoethanolamine, 
 GPE  glycerophosphoethanolamine,  Pi  inorganic phosphate,  PCr  phos-
phocreatine,  DN  dinucleotides,  NAA N -acetyl-aspartate,  mI  myo-inositol 
(peak may also comprise small amounts of glycine),  tCho  total choline (= 
PC + GPC + free choline),  Cr  total creatine (= PCr + free Cr),  LipMM13  
lipid and macromolecule signal at 1.3 ppm (−CH2- groups),  LipMM09  
lipid and macromolecule signal at 0.9 ppm (−CH3 groups),  Lac  lactate. 
All data were acquired at Children’s Hospital Los Angeles       
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was reduced and PE was increased, while the choline contain-
ing phosphorylated metabolites, PC and GPC, were unchanged. 
ATP and inorganic phosphate was reduced and PCr was ele-
vated whereas intracellular pH was elevated (Fig.  21.4 ).  

 Minshew et al.  [  15  ]  studied high-functioning autistic chil-
dren and adolescents with  31 P MRS. They found signi fi cantly 
abnormal levels of phosphorylated metabolites such as PCr. In 
addition, they found a correlation between test performance and 
PME and PDE. Speci fi cally, PME was decreasing and PDE was 
increasing with declining performance scores. In another study 
by the same group, offspring at risk for schizophrenia or schizo-
affective disorder were examined with 31P MRS  [  16  ] . Subjects 
at risk showed reductions of PME but showed signal increases 
for the broad signal underlying the PME and PDE peaks. 
However, follow-up studies are needed to determine whether 
these  fi ndings are indeed of predictive value. 

 Several groups have used  31 P MRS to monitor treatment 
of patients where the biosynthesis of creatine is impaired 
 [  17  ] . The combination of  1  H MRS and  31 P MRS allows not 
only monitoring of increasing levels of total creatine and 
phosphocreatine but at the same time, by monitoring directly 
Cr and PCr in the brain, the optimum (minimum) dose of Cr 

intake can be determined for different types of creatine 
de fi ciency (e.g., de fi cient creatine transport versus de fi cient 
de novo synthesis of creatine)  [  18,   19  ] .  

   Carbon ( 13 C) MRS 

 The application of  13 C MRS for basic research/medical appli-
cations is challenging and, despite being available for more 
than twenty- fi ve years, only a few groups have attempted  13 C 
MRS in vivo.  13 C MRS has a much lower sensitivity than  1  H 

  Fig. 21.3    Whereas in the newborn the majority of the choline peak 
detectable by  1 H MRS is PC, in the mature brain, GPC accounts for 
close to 2/3 and PC for 1/3 of total choline. ATP slightly decreased with 
age whereas inorganic phosphate and the pH did not show signi fi cant 
developmental changes       

  Fig. 21.4    Phosphomonoester/diester region of proton-decoupled  31 P 
MR spectra of individual Van der Knaap syndrome patients and a con-
trol. Two peaks from inorganic phosphate are labeled. The inorganic 
phosphate peak Pi 

CSF
  at a chemical shift consistent with a pH of 7.35 of 

extracellular water and cerebrospinal  fl uid increases with the severity of 
the disease quanti fi ed here as the extent by which CSF replaced brain 
tissue in the region of interest. The Pi 

i
  peak is consistent with the Pi 

peak observed in controls. All data were acquired at Huntington Medical 
Research Institutes, Pasadena       
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MRS (Table 21.1) and the natural abundance of  13 C is only 
1.1% whereas most of the carbon in tissue is MR-invisible 
 12 C. Although there might be applications for in vivo natural 
abundance  13 C MRS, possibly outside the brain as a noninva-
sive tool to assess lipid composition  [  20  ] , to harvest the full 
potential of  13 C MRS, enrichment of metabolites with  13 C via 
intra-venous (i.v.) or oral administration of  13 C labeled sub-
strates is necessary. 

 Glucose is the principal substrate for energy metabolism 
for both neurons and glia cells in the brain and facilitates the 
de novo synthesis of many neurochemicals. In normal brain, 
 13 C -labeled glucose ( 13 C-Glc) passes the blood–brain barrier 
and is readily metabolized through glycolysis and in the tri-
carboxylic acid (TCA) cycle.  13 C enrichment of individual 
carbon atoms of glutamate, glutamine, aspartate (Asp), NAA, 
 g -amino butyric acid (GABA), lactate, alanine (Ala), and 
bicarbonate (HCO  

3
  -  ) follows  [  21–  26  ]  (Figs.  21.5  and  21.6 ). 

From repeated  13 C MR spectra acquired during studies over 
2–3 h, the in vivo rates of several of the principal bioener-
getic pathways of normal adult brain have been determined 
 [  22,   23,   27  ] . The interested reader is referred to an entire 
issue of NMR in Biomedicine  [  28  ]  for more details about the 
methods and recent advances of  13 C MRS.   

 The future role of  13 C glucose MRS as a clinical tool to 
study  diseased brain  remains a matter of speculation consid-
ering the technical challenges. Only a very small number of 
patient studies have been performed. In adults, striking abnor-
malities in glucose metabolism and glutamate and glutamine 
label accumulation were observed in patients with chronic 
hepatic encephalopathy. In children, glucose oxidation was 
reduced in a juvenile with hypoxic injury and in a premature 
infant. Abnormalities were also detected in pediatric patients 
with leukodystrophies and in children with mitochondrial dis-
orders  [  25,   26  ] . The information obtained from following the 
fate of  13 C labeled glucose goes beyond that of providing a 
rate for energy production. A tight coupling between cerebral 
glucose metabolism and glutamate neurotransmitter  fl ux in 
humans has been proposed by Magistretti et al  [  29  ] . Aspartate 
(a neurotransmitter?) can be studied in vivo in humans by its 
 13 C label accumulation. The role of NAA in mammalian brain, 
a neuronal/axonal marker which is central for its diagnostic 
power in  1  H MRS, is incompletely understood. NAA synthe-
sis can be measured with  13 C MRS after glucose infusion in a 
clinical setting. Moreno et al  [  30  ] . reported that the NAA syn-
thesis rate in children with Canavan disease is lower than in 
normal brain. 

 The application of  13 C MRS after substrate infusion is by 
no means limited to glucose. Glucose is convenient because 
of its rapid oxidation and the fast appearance of  13 C label in its 
metabolites and its non-toxicity even at extremely high con-
centrations. However, the use of other substrates may further 
enhance the potential of  13 C MRS as a research and diagnostic 
tool in human brain disease. The candidate next best to glu-

  Fig. 21.5    The breakdown of glucose and  13 C label accumulation in glu-
cose breakdown products is illustrated for a glucose molecule where the 
 12 C at C1-position of the molecule has been replaced with  13 C (1- 13 C-Glc). 
Glycolysis breaks down the glucose molecule into two pyruvate mole-
cules ( a ). One of the two pyruvate molecules is labeled at the C 

1
 -position, 

the other pyruvate molecule is unlabled. From there the  13 C labeled can be 
transferred to lactate (detectable if there is a signi fi cant concentration of 
lactate in tissue). The  13 C label enters the TCA-cycle at the C 

4
 -position of 

citrate ( b ). From there the label is transferred to the C 
4
 -position  a -ketogl-

utarate ( a -KG) which is in fast exchange with glutamate C 
4
 .In vivo con-

centrations of glutamate are high and glutamate C 
4
  is generally the  fi rst 

peak detectable in this particular experiment using 1- 13 C-Glc. From glu-
tamate C 

4,
  the  13 C-label moves to glutamine C 

4
 . Within the TCA-cycle, is 

transferred with equal probability from the asymmetric  a -KG C 
4
  to the C 

2
  

and C 
3
  positions of succinate (Suc) and than oxaloacetate (OAA). From 

there, 13C label can go to aspartate (Asp) and NAA C 
2
  and C 

3
 .  13 C label 

remaining in the TCA-cycle will start the second turn at the C 
2
  and C 

3
  

positions of citrate ( c ). Label accumulation at  a -KG C 
2,3

 , glutamate C 
2,3

 , 
glutamine C 

2,3
  follows. During the 2nd turn of the TCA-cycle also other 

positions of Asp and NAA accumulate label.  13 C label leaves the TCA-
cycle during the third turn (not shown) as bicarbonate when also the C 

1
  

positions of glutamate and glutamine accumulate label       
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cose appears to be acetate  [  31,   32  ] . Acetate (Ac) is metabo-
lized to acetyl-CoA only in the glial compartment  [  33  ] . Using 
the same MR technique as for  13 C-glucose, glial acetate 
metabolism can be investigated in normal and diseased brain. 
 13 C label accumulation in HCO 

3
 , in Glu C 

5
  and Gln C 

5
  ( fi rst 

turn of the TCA-cycle), and in Glu C 
1
  and Gln C 

1
  (second 

turn) can be observed after [1- 13 C] Ac in fusion. The rate of 
Ac oxidation in human brain was estimated to be  » 20% of the 
total neuronal/glial TCA-cycle rate in fasted human brain  [  31, 
  32  ] . Recently it was demonstrated that Glu C 

5
  and Gln C 

5
 , 

which are primarily derived from acetate in the glial compart-
ment, accumulated more in patients on ketogenic diet (KD) 
than in controls, whilst accumulation of bicarbonate was sim-
ilar or lower  [  31  ]  (Fig.  21.7 ). These results are consistent with 
altered glutamate–glutamine neutrotransmitter cycling and 
adaptation to ketogenic diet with up-regulation of acetate oxi-
dation relative to glucose oxidation. KD is a treatment option 
for epileptic patients, which is particularly effective in chil-
dren. The biochemical mechanisms why KD improves sei-
zure activity are incompletely understood. In vivo  13 C MRS 
may elucidate a possibly biochemical basis for reduction in 
seizures during KD therapy. These studies indicate that  13 C 
MRS is an appropriate tool to investigate diseases which are 
believed to originate in glial cells. Together with data from 
glucose infusion experiments this could result in a more com-
plete understanding of cerebral metabolism in normal and 
diseased human brain.  

   Read This Before Attempting  13 C MRS 

  13 C MRS requires expensive additional equipment and con-
siderable technical expertise. Even when technical obstacles 
have been resolved, the investigator still needs to plan any 
study very carefully. In vivo  13 C studies, in particular of 
humans requiring large amounts of  13 C labeled substrates, 
are expensive, lengthy, and the subsequent data analysis 
requires a considerable effort. To avoid frustration and jeop-
ardizing the success of a  13 C experiment, all “peripheral” 
steps of a study need to be planned with due diligence as the 
acquisition of the  13 C spectra. Depending on the biological 
question, it needs to be decided what substrate should be 
infused for how long and in what fashion. For some applica-
tions oral administration may be appropriate  [  34,   35  ] , which 
would simplify the procedure considerably because one 
inter-venous (i.v.) infusion line could be eliminated. For 
studies of humans, i.v. administered substrates need to be 
prepared with great care, kept refrigerated, and used within a 
couple of days. It is usually necessary to determine fractional 
 13 C enrichment of the substrate in plasma. Therefore the 
drawing, storage, and analysis of blood samples need to be 
planned. A new investigator is advised to carefully read the 
“Methods” sections of previous publications  [  22,   23,   36  ]  and 
references therein. 

 With the dramatically improved stability of MR systems 
other approaches to dynamic MRS might be feasible. Recently, 
it has been demonstrated that standard FDA approved proton 
MRS can be used to monitor  13 C label accumulation after  13 C 
glucose administration  [  37  ]  (Fig.  21.8 ). No additional hardware 
or special MR sequences are required. However, it is acknowl-

  Fig. 21.6    Proton-decoupled  13 C MR spectra of adult ( a ) and newborn 
( b ) after 1- 13 C labeled glucose infusion are shown. As  13 C-enriched glu-
cose enters the brain, peaks of the two isomers of glucose appear in the 
spectra within a few minutes after the (here intra-venous) administra-
tion of the substrate. Thereafter peaks form the various carbons of glu-
tamate, glutamine, and aspartate become detectable. In this particular 
experiment, the glutamate C 

4
  carbon accumulates label in the  fi rst turn 

of the TCA-cycle (cf. Fig. 5) and is thus detected  fi rst. In the premature 
infant, retrospectively classi fi ed as neurologically normal, glucose 
uptake is markedly prolonged and its breakdown slowed-down when 
compared with an adult control. All spectra were acquired on a 1.5 T 
scanner using a home-built dual-tuned  13 C– 1 H surface coil arrangement. 
Using a pulse-and-acquire sequence, baseline spectra and spectra dur-
ing and after infusion of  13 C-enriched glucose were obtained. Difference 
spectra were calculated to remove the prominent lipid signal and to 
highlight the  13 C label accumulation at the various positions of TCA-
cycle intermediates. Peak heights can be converted to concentrations of 
 13 C labeled compounds. From concentration vs. time curves, metabolic 
 fl ux rates can be determined. All data were acquired at Huntington 
Medical Research Institutes, Pasadena       
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  Fig. 21.7    Shown are proton-decoupled  13 C spectra acquired before ( a , 
 bottom ) and after infusion of 1- 13 C-acetate ( a ,  middle and upper trace ) 
in a control and pediatric patient with seizures on ketogenic diet. 
Infusion of 1- 13 C-Ac results in label accumulation in glutamate C 

5
  and 

glutamine C 
5
  and bicarbonate. There appears to be more  13 C label accu-

mulation in glutamine C 
5
  in the patient than in the control. All data were 

acquired at Huntington Medical Research Institutes, Pasadena       

  Fig. 21.8    Illustrated is the indirect detection of  13 C label accumulation 
with standard  1 H MRS. Shown are spectra obtained from mostly occipi-
tal gray matter ( a ,  b ) at baseline and after oral  13 C-labeled glucose 
administration.  13 C label accumulated in breakdown products of Glc, 

such as glutamate. Due to heteronuclear  13 C– 1  H J-coupling, intensity is 
spread to sidebands and  13 C accumulation can be detected indirectly as 
an apparent reduction of the proton glutamate, aspartate, GABA signal 
( c ). Data were acquired at Children’s Hospital Los Angeles       
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edged that the simplicity of this approach comes at the cost of 
a vastly inferior speci fi city when compared with more 
advanced approaches such as direct  13 C detection, polarization 
transfer, and methods that employ more complex editing for 
indirect detection (1–4)  [  25,   38–  40  ] . Still, this method may be 
useful to answer important biological questions in clinical 
settings where the logistical challenges of more advanced 
methods cannot be overcome.    

   Fluorine ( 19  F) 

 Fluorine ( 19  F) has 100% natural abundance and the sensitiv-
ity of  19  F MRS is comparable with that of  1  H MRS. On the 
other hand, the physiological concentration of  19  F in tissue is 
practically zero. Thus,  19  F MRS is only feasible after admin-
istration of  19  F containing compounds. This has the advan-
tage that the metabolism of these compounds can be observed 
practically without any background signal. In this context, a 
possible application is the monitoring of chemotherapies 
with 5-Fluorouracil (5FU) with  19  F MRS in cancer  [  41–  43  ]  
outside of the brain. To the best of our knowledge,  19  F MRS 
studies of the brain in children have not been performed.      
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 This section consists of a selection of individual cases we 
deem to be interesting and educational examples for the use 
of MR spectroscopy in a clinical or research environment. 
Some of the case studies are complex including follow-up 
with several MRS studies whereas often only a single study 
was available for review. There are a few caveats for the 
reader. First,  fi ndings in individual patients may be inciden-
tal and thus should not be generalized. When selecting the 
cases we did not always look for the most typical studies 
but for the more striking cases. Second, whenever available, 
 fi nal diagnoses/outcomes are provided. Still, in a substan-
tial number of cases that information, as of today, is not 
available. We nevertheless decided to include such cases. 
Under the head Interpretation/Discussion, the  fi ndings as 
 fi led in the medical records of a patient at the time of the 
study are summarized. This may also include interpreta-
tions that turned out to be incorrect (which we 
acknowledge)—illustrating pitfalls and opportunities. In 
addition, essentially for all spectra, absolute concentrations 
of metabolites were available and used for the original 
interpretation of MRS. We have omitted information about 
absolute concentrations whenever we deemed absolute 
quantitation not essential to arrive at a  fi nal interpretation. 
MRS remains a technically challenging modality. For that 
reason we also included cases where MRS studies were 
incomplete or failed for technical or other reasons. The 
“natural” strategy for the interpretation of MRS, in our 

opinion, is to consider clinical information and to look at 
the MRI  fi rst, followed by reviewing spectra. We have gen-
erally  followed this strategy when  presenting the cases. 
Essentially all spectra were acquired and processed using 
the same methodology, which simpli fi es the interpretation 
of the studies. All cases were selected from a database of 
more than 3,000 pediatric cases studied at Children’s 
Hospital Los Angeles between 2001 and 2011. 

   Case 1: Classic Medulloblastoma, Typical 
and Atypical 

   Clinical Background 

 Three pediatric patients with newly diagnosed, untreated 
tumors of the posterior fossa.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 All three lesions were subsequently resected and the tissue 
samples were interpreted to be consistent with  classic 
medulloblastoma.  These cases are shown to illustrate the 
metabolic/biologic heterogeneity even within medulloblas-
tomas of the  same subtype . The framed spectrum in the cen-
ter is the most typical and most likely appearance of a classic 
medulloblastoma (Fig.  22.1 ). It is possible to observe spectra 
that are substantially  different in their appearance. Here 
medulloblastoma spectra with very low and very high Tau 
are shown. The inset shows the histogram of Tau concentra-
tions measured at Children’s Hospital LA in classic medullo-
blastoma. As expected, it follows a normal (Gaussian) 
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distribution. As several groups have shown [1, 2], the  elevated 
Tau is a very good indicator for medulloblastoma, however, 
not in 100% of the cases. Despite the low Tau of the spec-
trum on the left, this tumor was nevertheless diagnosed cor-
rectly, as the very high absolute concentration of Cho is not 
typical for ependymoma (or pilocytic astrocytoma). Of note, 
most medulloblastoma will demonstrate restricted diffusion 
or low ADC on diffusion-weighted imaging. It is worth not-
ing that these three patients all fell in the same risk class and 
were treated equally. One may wonder whether the quite dif-
ferent metabolic pro fi le correlates with different biological 
behavior, which could (some day in the future) be exploited 
to optimize therapies.   

   Conclusions 

 The metabolic pro fi les of medulloblastoma can vary 
signi fi cantly, although elevated taurine can be seen in a large 
subset with classic histology.   

   Case 2: Medulloblastoma, Anaplastic 

   Clinical Background 

 8-year-old male with cerebellar mass  .

   MRS method 

 1.5 T, SV-PRESS TE 35 ms, lesion  .

   Interpretation/Discussion 

 MRI showed a heterogeneous solid/cystic mass consistent 
with a medulloblastoma. The MR spectrum showed promi-
nent lipids (and lactate), depleted NAA, and below normal 
tissue levels Cr (Fig.  22.2 ). Cho was prominent and 
signi fi cantly above normal tissue levels. Tau was detected 
and mI was above normal. MRS was consistent with 

  Fig. 22.1    Classic Medulloblastoma, Typical and Atypical       
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medulloblastoma. Anaplastic medulloblastoma is a subtype 
of medulloblastoma and is believed to be more aggressive 
than classic medulloblastoma. Extensive leptomeningeal 
disease spread was observed in the patient within 1 year 
after initial diagnosis.   

   Conclusions 

 MRS features of anaplastic medulloblastoma are comparable 
with features observed in classic medulloblastoma, includ-
ing elevated Tau.   

   Case 3: Medulloblastoma, Large Cell, 
Disseminated 

   Clinical Background 

 8-year-old male with cerebellar mass.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, lesion  .

   Interpretation/Discussion 

 MRI showed a mass adjacent to the roof of the fourth ven-
tricle and extending into the left medial cerebellar paren-
chymal region (Fig.  22.3 ). There was evidence of diffuse 
leptomeningeal metastases involving the leptomeninges 
surrounding the cerebellum and brainstem and basilar cis-
terns. The MR spectroscopy demonstrates elevated lipids. 
There was residual NAA, possibly due to small partial vol-
ume of surrounding tissue with the ROI. Cr was close to 

normal tissue levels whereas Cho was slightly elevated. Tau 
was readily detectable and mI was slightly below normal 
levels. Large cell medulloblastoma is a subtype of medullo-
blastoma and is believed to be more aggressive than classic 
medulloblastoma. Extensive leptomeningeal disease spread 
was observed in the patient already at initial diagnosis. 
Clinical course was poor.   

   Conclusions 

 MRS features of anaplastic medulloblastoma are comparable 
with features observed in classic medulloblastoma including 
elevated Tau.   

   Case 4: Medulloblastoma, Desmoplastic I 

   Clinical Background 

 2-year-old male with posterior fossa mass.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, lesion.  

   Interpretation/Discussion 

 The MRI showed a homogeneously enhancing lobulated 
mass centered in the fourth ventricle with mass effect on 
the dorsal pons (Fig.  22.4 ). MRI was interpreted as con-
sistent with a highly cellular tumor such as a medulloblas-
toma. The MR spectrum showed only slightly elevated 
lactate and lipids. NAA was depleted and Cr was well 
below normal tissue levels. Cho was prominent and 

  Fig. 22.2    Medulloblastoma, 
Anaplastic       
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signi fi cantly above normal tissue levels. Tau was readily 
detectable and mI was above normal. MRS was consistent 
with medulloblastoma. This lesion was resected and 
classi fi ed as a desmoplastic medulloblastoma, a subtype 
of medulloblastoma believed to have more favorable out-
comes. It is our impression that Tau levels are lower in the 
desmoplastic subtype compared to other medulloblastoma 
histological types. However, due to biological variations 
and overlap, Tau does not appear a good predictor for sub-
type in individual cases. This patient has been stable for 
more than 4 years after diagnosis.   

   Conclusions 

 MRS features of desmoplastic medulloblastoma are compa-
rable with features observed in classic medulloblastoma.   

   Case 5: Medulloblastoma, Desmoplastic II 

   Clinical Background 

 3-year-old female with left cerebellar mass.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, lesion.  

   Interpretation/Discussion 

 The MRI showed a left parenchymal-based inferior cerebellar 
hemisphere hypercellular mass (Fig.  22.5 ). Due to the lateral 
placement, a desmoplastic type medulloblastoma was 

  Fig. 22.3    Medulloblastoma, 
Large Cell, Disseminated       

  Fig. 22.4    Medulloblastoma, 
Desmoplastic I       

  Fig. 22.5    Medulloblastoma, Desmoplastic II       
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suggested. The MR spectrum showed prominently elevated 
lactate and lipids. NAA was depleted and Cr was well below 
normal tissue levels. Cho was prominent and signi fi cantly above 
normal tissue levels. There was no evidence for Tau in this case 
and mI was below normal. MRS was consistent with medullo-
blastoma. The desmoplastic subtype was subsequently con-
 fi rmed. There has been only limited follow-up of this patient.   

   Conclusions 

 MRS features of desmoplastic medulloblastoma are 
 comparable with features observed in classic medulloblas-
toma. There is a signi fi cant heterogeneity of the metabolic 
pro fi les among desmoplastic medulloblastoma (cf.  Case 4 ).   

   Case 6: CNS Primitive Neuroectodermal 
Tumor (PNET) 

   Clinical Background 

 4-year-old female with right occipital mass.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms and TE 144 ms, lesion.  

   Interpretation/Discussion 

 MRI showed a right occipital mass heterogeneously enhancing 
mass that was interpreted as possibly intraventricular 
(Fig.  22.6 ). Spectroscopy indicated elevated lactate and 
possibly the presence of alanine (Ala). NAA was depleted 
and Cr was below normal. Cho was elevated and Tau was 
readily detectable. mI was also elevated. Inverted peaks con-
sistent with lactate and alanine were observed in the spec-
trum acquired at a long echo time of 144 ms (upper trace). 
Medulloblastoma and CNS PNET are the same type of tumor 
distinguished in name only by their different location within 
the brain.   

   Conclusions 

 A CNS PNET demonstrated elevated Tau.   

   Case 7: Atypical Rhabdoid/Teratoid Tumor 
(AT/RT), Recurrent, Serial MRS 

   Clinical Background 

 18-month-old male with lethargy/vomiting with CT showing 
right frontoparietal intraparenchymal mass with calci fi cation.  

  Fig. 22.6    CNS Primitive 
Neuroectodermal Tumor (PNET)       
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   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of lesion, subsequently 
of areas at risk/suspicious for residual/recurrent tumor.  

   Interpretation/Discussion 

 At initial diagnosis (A), the MRI showed a large heterogeneously 
enhancing mass centered in the right temporal lobe with exten-
sion into the region of the right basal ganglia (Fig.  22.7 ). The 
lesion appeared to be likely paraventricular in location with both 
parenchymal and intraventricular components.  

 The lesion demonstrated restricted diffusion, which would 
be suggestive of a hypercellular tumor. The MRI report sug-
gested as this to be a glial tumor, primitive neuroectodermal 
tumor (PNET), or an ependymoma. The MRS showed elevated 
lipids and lactate whereas NAA was depleted. Cr was close to 

normal tissue levels whereas Cho was slightly elevated. mI was 
also above normal. Tau was not detectable. Prominent lipids and 
lactate in MRS have been associated with tumors that are more 
aggressive. However, in case of an aggressive astrocytoma, Cho 
levels would have been expected to be more prominent as well. 
Lactate was unusually prominent for ependymoma. On the 
other hand, Tau has been observed frequently in PNET/medullo-
blastoma. Thus, this spectrum was slightly atypical for the three 
tumor types mentioned in the MRI report. No speci fi c tumor 
type was suggested from the pattern of the spectrum. The lesion 
was subsequently resected and an AT/RT was diagnosed. AT/
RTs are the subtype among embryonal tumors (other embryonal 
tumors are medulloblastoma and CNS PNETs) with the worst 
prognoses. Five months after resection (B), MRS was performed 
of a small area suspicious for residual/recurrent disease. The 
MRS showed features comparable with pro fi le of the untreated 
tumor at initial diagnosis and was reported as consistent with 
tumor. A MRI/S study 10 months after diagnosis provided fur-
ther evidence for recurrent disease (C). A  fi nal study at 12 
months after initial diagnosis showed progressive disease and 
an MR spectrum consistent with an aggressive tumor (D).  

   Conclusions 

 MRS of an AT/RT, tumors with very poor prognoses, 
showed moderate Cho signal but high lactate and lipids at 
diagnosis. At progression, a spectrum with more prominent 
Cho was observed. Tau, frequently observed in other primi-
tive embryonal tumors, was not detectable at baseline or at 
progression.   

   Case 8: Atypical Rhabdoid/Teratoid Tumor 
(AT/RT), Intraventricular 

   Clinical Background 

 13-month-old male with mass in left lateral ventricle and 
hydrocephalus, previous CT interpreted as choroid plexus 
papilloma.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion, two locations.  

   Interpretation/Discussion 

 MRI was not suggestive for a choroid plexus tumor as the 
lesion was only minimally enhancing and showed restricted 
diffusion consistent with a hypercellular tumor. MRS showed 

  Fig. 22.7    Atypical Rhabdoid/Teratoid Tumor (AT/RT), Recurrent, 
Serial MRS       
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elevated lipids and lactate, NAA was depleted, Cr was 
reduced, and Cho was elevated (Fig.  22.8 ). mI was also above 
normal and Tau was not detectable. Based on MRI  fi ndings 
and the MRS pattern an atypical rhabdoid/teratoid tumor was 
suggested as the most likely tumor type. This was subse-
quently con fi rmed after the lesion was resected.   

   Conclusions 

 MRS in conjunction with MRI may narrow differential of 
tumors and improve initial diagnosis.   

   Case 9: Medulloblastoma After Surgery, 
Residual Tumor Versus Postoperative Changes 

   Clinical Background 

 6-year-old male with a medulloblastoma. MRI performed 
immediately after resection was inconclusive. There were 
concerns for residual tumor.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of original lesion and 
of suspicious tissue after resection.  

   Interpretation/Discussion 

 The preoperative MRS (A) showed a spectrum consistent with 
a medulloblastoma. Lactate was present, NAA was depleted, 
Cr was reduced, Cho was prominent, and Tau was observed 
(Fig.  22.9 ). Postoperatively, within the posterior fossa thick 
and bulky T2 heterogeneous material along the margins of the 
resection cavity was observed on MRI. Because of the rela-
tively mild enhancement of the tumor preoperatively the 
assessment of residual tumor was dif fi cult. It was suggested 
that some of these changes might be postoperative in etiology. 
Still, there were concerns of residual tumor. MR spectroscopy   Fig. 22.8    Atypical rhabdoid/teratoid tumor (AT/RT), intraventricular       

  Fig. 22.9    Medulloblastoma after surgery, residual tumor versus post-operative changes       
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was recommended to evaluate suspicious tissue. The subse-
quently performed MRS study was compromised in its quality 
probably because of blood products. Nevertheless, a promi-
nent Cho peak was noted suggestive for residual tumor.   

   Conclusions 

 MRS can be useful to distinguish between treatment-related 
changes and residual tumor.   

   Case 10: Recurrent Medulloblastoma 

   Clinical Background 

 4-year-old female found to have hydrocephalus and posterior 
fossa mass.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of untreated lesion at 
initial diagnosis, of recurrent tumor 19 months after diagno-
sis and complete resection of initial mass.  

   Interpretation/Discussion 

 At initial diagnosis (A), the MRI showed a large mass centered 
within the fourth ventricle extending inferiorly through the fora-
men of Magendie and foramen magnum into the upper cervical 
spine with associated mass effect on the cervicomedullary con-
sistent with a medulloblastoma (Fig.  22.10 ). The MRS showed 
elevated lipids and lactate, NAA was depleted, Cr was close to 
normal tissue levels, Cho was signi fi cantly elevated, and mI was 
reduced. Tau was prominent and the MRS was interpreted to be 
consistent with medulloblastoma. The lesion was resected with 
no residual disease detectable on several follow-up studies. 
However, at 19 months recurrent disease was noted (B). MRS at 
that time showed a spectrum that was slightly altered when 
compared with the baseline scan. Lipids and lactate were less 
prominent. Also, absolute Cho and Cho relative to Cr were less 
prominent. However, Tau was clearly detectable.   

   Conclusions 

 MRS of a recurrent medulloblastoma showed a metabolic 
pro fi le that was slightly different than what has been observed 
at initial diagnosis. Recurrent medulloblastoma is associated 
with elevated Tau.   

   Case 11: Pilocytic Astrocytoma, Infratentorial 

   Clinical Background 

 2-year-old male presenting with cyclical vomiting, concerning 
for hydrocephalus and brain tumor based on CT.  

   MRS Method 

 3 T, SV-PRESS TE 35 ms, lesion.  

   Interpretation/Discussion 

 The MRI showed a large, complex cystic and solid mass arising 
from the right cerebellar hemisphere with supratentorial exten-
sion. Imaging  fi ndings were most consistent with a pilocytic 
astrocytoma. The MR spectrum showed elevated lactate and lip-
ids (Fig.  22.11 ). There was a residual peak consistent with NAA, 
despite the fact that the ROI was placed carefully to exclude any 
partial volume of surrounding tissue. Cr was signi fi cantly below 
normal tissue concentrations. Cho, albeit appearing prominent 
was only slightly above levels observed in normal tissue. mI 
was below normal tissue levels. The MRS was interpreted to be 
consistent with a pilocytic astrocytoma subsequently con fi rmed 
after resection. Low absolute metabolite concentrations of this 
tumor were consistent with a globally hypocellular lesion when 
compared to other tumor types.   

   Conclusions 

 Pilocytic astrocytoma may have a peak consistent with NAA. 
Cho may appear prominent, albeit pilocytic astrocytomas are 
WHO grade I tumors.   

  Fig. 22.10    Recurrent Medulloblastoma       
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   Case 12: Pilocytic Astrocytoma (WHO I) 
with Aggressive Behavior 

   Clinical Background 

 16-year-old female with vertigo and vomiting, assess intrac-
ranial mass.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of lesion.  

   Interpretation/ Discussion  

 On MRI, at diagnosis (A) a left cerebellar mass with central 
necrosis and a moderate amount of edema and mass effect 
was seen. In addition, mild hydrocephalus of the third and 
lateral ventricles was noted (Fig.  22.12 ). Based on MRI, it 
was felt that the lesion was likely a glioma, probably ana-
plastic astrocytoma. The MRS pro fi le (upper trace) was not 
typical for a regular astrocytoma. Cr levels were very low. 
Cho appeared prominent, albeit absolute concentration Cho 

was close to normal tissue levels. mI was low, which is also 
not typical for regular astrocytoma. MRS was more consis-
tent with a pilocytic astrocytoma, which was subsequently 
con fi rmed after surgical resection of the tumor. However, a 
second spectrum acquired from a different part of the lesion 
showed a pattern that was not consistent with pilocytic astro-
cytoma. Indeed, the spectrum showed elevated lactate, con-
siderable residual NAA, elevated (likely) Gln, unremarkable 
Cr and Cho, and below normal mI. This pattern is not typical 
for tumors. Instead, similar patterns have been observed in 
edema and hypoxic/ischemic injury. In addition, acute infec-
tion and acute hepatic encephalopathy may sometime pres-
ent with similar MRS pro fi les. Clinical course was very 
atypical for this patient. Pilocytic  astrocytomas are WHO 
grade I tumors and rarely progress. In this case, however, 
clinicians were unable to control the disease despite two sur-
geries, radiation, and chemotherapies. The diagnosis of a 
pilocytic astrocytoma was con fi rmed by the second surgery. 
A spectrum obtained shortly before the patient died showed, 
when compared with the baseline scan, much higher metabo-
lite levels consistent with a more cellular lesion at that time. 
Speci fi cally, Cho concentration was approximately three 
times higher than at baseline.   

  Fig. 22.11    Pilocytic astrocytoma, infratentorial       

  Fig. 22.12    Pilocytic Astrocytoma (WHO I) with aggressive behavior       
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   Conclusion 

 Albeit considered low grade, some pilocytic astrocytoma 
may show aggressive behavior. Presently, it is unclear 
whether there are any metabolic indicators that would allow 
identifying individual patients at risk at an early stage.   

   Case 13: Pilocytic Astrocytoma, MRI Unusual 

   Clinical Background 

 13-year-old female with right cerebral mass seen on previous 
CT obtained at different hospital.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, lesion.  

   Interpretation/Discussion 

 The MRI was interpreted as showing a presumed extra-
axial mass displacing the posterior right frontal lobe. There 
was surrounding edema and effacement of the right lateral 
ventricle. The mass had multiple ring enhancing areas 
within the tumor (Fig.  22.13 ). There were multiple cysts 
seen within the lesion and the overall signal on T2 was 
relatively low. The MRI differential diagnosis included 
peripheral PNET, sarcoma, metastasis, and less likely an 
intrinsic glial tumor. The MRS showed prominent lactate, 
reduced NAA, and very low Cr. Cho was the most promi-
nent peak. However, absolute Cho was low. mI was low as 
well. The MRS was interpreted to be consistent with pilo-
cytic astrocytoma subsequently con fi rmed when the lesion 
was resected.   

   Conclusions 

 MRS can improve accuracy of initial diagnoses.   

   Case 14: Pilocytic Astrocytoma, Supratentorial 

   Clinical Background 

 19-month-old female with new hypothalamic mass and 
hydrocephalus on CT.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, lesion.  

   Interpretation/Discussion 

 The MRI showed a large enhancing mass centered in the 
suprasellar region/third ventricle with secondary obstructive 
hydrocephalus. There was no evidence for metastatic dis-
ease. The characteristics were most suggestive of glial tumor/
astrocytoma. The MR spectrum showed elevated lactate 
and lipids (Fig.  22.14 ). There was a residual peak consistent 
with NAA, despite the fact that the ROI was placed carefully 
to exclude any partial volume of surrounding tissue. Cr was 
signi fi cantly below normal tissue concentrations. Cho, albeit 
appearing prominent was close to levels observed in normal 
tissue. mI was below normal tissue levels. The MRS was 
interpreted to be consistent with a pilocytic astrocytoma 
subsequently con fi rmed after resection. Low absolute metab-
olite concentrations of this tumor were consistent with a 
globally hypocellular lesion when compared to other 
tumor types.   

  Fig. 22.13    Pilocytic Astrocytoma, MRI unusual       
  Fig. 22.14    Pilocytic Astrocytoma, Supratentorial       
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   Conclusions 

 Pilocytic astrocytoma may have a peak consistent with NAA. 
Cho may appear prominent, albeit pilocytic astrocytomas are 
WHO grade I tumors.   

   Case 15: Pilocytic Astrocytoma, Supratentorial, 
Partially Cystic/Necrotic 

   Clinical Background 

 2-year-old female with hypothalamic pilocytic astrocytoma.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, solid appearing part of lesion 
and necrotic appearing part.  

   Interpretation/Discussion 

 The MRI showed a large mixed cystic solid mass consistent 
with a hypothalamic pilocytic astrocytoma. The mass had 

increased in size when compared to an earlier study from a 
different hospital. The MR spectrum of the more solid part 
of the lesion (A) showed elevated lactate and lipids 
(Fig.  22.15 ). There was a residual peak consistent with NAA 
and Cr was virtually undetectable. Cho was prominent 
and was slightly above normal tissue levels. mI was below 
normal tissue levels. The MRS including partially necrotic 
tissue showed more prominent lipids but had otherwise a 
comparable pro fi le (B). The MRS pro fi le was typical for 
pilocytic astrocytoma.   

   Conclusions 

 Pilocytic astrocytoma may have a peak consistent with NAA. 
Cho may appear prominent, albeit pilocytic astrocytomas are 
WHO grade I tumors. Lipids might be prominent in the spec-
trum if necrotic parts of the lesion are enclosed in the region 
of interest.   

   Case 16: Pilocytic Astrocytoma, Supratentorial, 
Partially Cystic/Necrotic, High mI 

   Clinical Background 

 3-year-old male with mass in brain demonstrated on CT with 
neurological changes with hydrocephalus.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, solid appearing part of lesion 
and necrotic appearing part.  

   Interpretation/Discussion 

 The MRI showed a partly cystic partly solid mass with het-
erogeneous contrast accumulation centered in the suprasellar 
cistern extending into the midbrain, right basal ganglia, and 
thalamus. 

 MRI was interpreted as consistent with either pilocytic 
astrocytoma or a diffuse astrocytoma. The MR spectrum of 
the more solid part of the lesion (A) showed elevated lactate 
and lipids. There was a residual peak consistent with NAA 
and Cr was very low (Fig.  22.16 ). Cho was prominent and 
was moderately above normal tissue levels. mI was also ele-
vated. Lipids were more prominent in the MRS that included 
partially necrotic tissue (B). mI was, however, not prominent 
in this spectrum. The MRS was reported to be consistent 
with a pilocytic astrocytoma albeit the very prominent mI 
was considered slightly unusual.   

  Fig. 22.15    Pilocytic Astrocytoma, Supratentorial, Partially Cystic/
Necrotic       
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   Conclusions 

 A suprasellar pilocytic astrocytoma shows unusually promi-
nent mI but is otherwise consistent with a pilocytic lesion.   

   Case 17: Unusual Peak at 2.8 ppm: 
Pilocytic Astrocytoma 

   Clinical Background 

 3-year-old male with a pilocytic astrocytoma, evaluate for 
progression.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms and 144 ms of lesion.  

   Interpretation/Discussion 

 The MRI showed a large hypothalamic pilocytic astrocy-
toma. MRS demonstrated elevated lipids and lactate 
(Fig.  22.17 ). There was also a peak consistent with NAA 
(note: no partial volume with surrounding tissue) in both 
long TE and short TE MRS. Cr levels were very low and 
Cho, albeit prominent relative to Cr, was at or below normal 
levels. There was an unknown peak at   »  2.8 ppm in the short 
TE spectrum. The origin and signi fi cance of this peak is 
unknown. There have been reports in the literature that poly-
unsaturated fatty acids (PUFA) may have a peak in this part 
of the spectrum (1). Despite pilocytic astrocytoma being a 
low-grade WHO I tumor, the lesion kept on growing and the 
patient died from the disease.   

   Conclusions 

 An unusual peak, possibly from PUFA, was observed in a 
spectrum of a hypothalamic pilocytic astrocytoma.   

   Case 18: Pilocytic Astrocytoma, Supratentorial, 
Serial MRS 

   Clinical Background 

 2-year-old male with optic pathway pilocytic astrocytoma, 
diagnosed several months earlier, undergoing chemotherapy.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, lesion, follow-up MRS 
studies.  

  Fig. 22.16    Pilocytic Astrocytoma, Supratentorial, Partially Cystic/
Necrotic, High mI       
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   Interpretation/Discussion 

 The MRI showed a large optic chiasmal glioma with exten-
sion along both left and right optic tracts to the mesial tem-
poral lobes and thalami, which had slightly increased in 
size when compared with an earlier study (no MRS at that 
time). The  fi rst MRS study (A) showed elevated lactate and 
lipids (Fig.  22.18 ). NAA was signi fi cantly reduced or 
depleted and Cr was virtually undetectable. Cho was prom-
inent with absolute Cho concentrations slightly above nor-
mal   . mI was signi fi cantly increased relative to normal tissue 
(cf.  Case 16 ). The MRS was interpreted as consistent with 

pilocytic astrocytoma although the mI peak was unusually 
prominent. It is unclear whether this could be associated 
with treatment, which had commenced at the time of the 
study. In subsequent studies, a reduction of the lesion vol-
ume was observed on MRI (B-D). Spectroscopy showed 
an increase of NAA and Cr whereas Cho and mI decreased. 
It was noted that this process was already apparent when 
the MRS region of interest enclosed clearly abnormal 
appearing tissue (cf. A–C). The  fi nal spectrum (D), acquired 
from an area with essentially normal MRI features   , was 
consistent with mostly normal tissue having replaced large 
parts of the pathologic tissue.   

   Conclusions 

 Serial MRS shows dramatic changes of the metabolic pro fi le 
of a pilocytic lesion after therapy.   

   Case 19: Ependymoma I 

   Clinical Background 

 22-month-old female with suspicion for brain tumor.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 On MRI, a patchy enhancing mass  fi lling the fourth ventricle, 
growing out the left lateral recess crossing into the spinal 
canal was noted. MRI was consistent with an ependymoma or 
medulloblastoma. MRS showed elevated lactate and depleted 
NAA (Fig.  22.19 ). Cr was close to normal tissue levels and 
Cho was only slightly above normal levels. mI was prominent 
and Tau was not detectable. MRS was not consistent with 
pilocytic astrocytoma with respect to the high Cr peak and the 
lack of hypocellularity. The very moderate Cho levels and the 
absence of any evidence for Tau were not typical for medullo-
blastoma. MRS was suggestive for an ependymoma. A grade 
II ependymoma was con fi rmed after resection of the lesion.   

   Conclusions 

 MRS can help narrowing the differential from MRI of poste-
rior fossa lesions.   

  Fig. 22.17    Unusual Peak at 2.8 ppm: Pilocytic Astrocytoma       
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   Case 20: Ependymoma II 

   Clinical Background 

 4-month-old female with suspicion for brain tumor  .

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion, baseline and 
follow-up at 16 months after diagnosis.  

   Interpretation/Discussion 

 At diagnosis (A), a large posterior fossa mass was noted. It 
showed mostly peripheral enhancing. CT (not shown) indi-
cated possibly hemorrhagic areas (Fig.  22.20 ). The MRI dif-
ferential included ependymoma as the most likely tumor 
type. Medulloblastoma and choroid plexus tumors were also 
mentioned. The MR spectrum was of low quality, likely 
because of the hemorrhages. Particularly, the linewidth was 
poor. Prominent lipid signal was detected. Cr and Cho peaks 
were questionable. MRS did not add speci fi c information 
that would have improved the reading of MRI alone in this 
case. After resection, an ependymoma was con fi rmed. 
Recurrent tumor was noted at 16 months after diagnosis (B). 

  Fig. 22.18    Pilocytic 
Astrocytoma, Supratentorial, 
Serial MRS       

  Fig. 22.19    Ependymoma I       
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At that time a slightly better quality MRS was obtained with 
prominent lipids and Cho and Cr peaks detectable.   

   Conclusions 

 The presence of blood products may render the interpretation of 
MRS dif fi culty. Correlation with CT imaging and blood sensitive 
sequences (including GRE and SWI) maybe useful to exclude the 
possibility of blood compromising the quality of the voxel.   

   Case 21: Anaplastic Ependymoma I 

   Clinical Background 

 5-year-old male with new posterior fossa tumor.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 On MRI, there was an inhomogeneously enhancing mass 
centered in the fourth ventricle growing out the lateral 
recess to the foramen magendie (Fig.  22.21 ). The impres-

sion from MRI was that this lesion was consistent with 
an ependymoma and less likely a medulloblastoma. The 
MR spectroscopy demonstrates elevated lipids. NAA 
was depleted and Cr was slightly below normal tissue 
levels. Cho and mI were slightly elevated. The relatively 
higher level of mI is more suggestive of an ependymoma 
compared to a medulloblastoma. It is unclear whether 
there is a Tau signal. MRS was interpreted at being more 
typical for ependymoma albeit an unusual medulloblas-
toma with comparably low Cho could not be ruled out. A 
grade III anaplastic ependymoma was con fi rmed after 
resection of the lesion. This tumor turned out to be highly 
aggressive and progressed within two years after initial 
diagnosis despite complete resection and chemotherapy.   

   Conclusions 

 MRS of an anaplastic ependymoma with poor outcome is 
shown.   

   Case 22: Anaplastic Ependymoma II 

   Clinical Background 

 9-year-old male with large posterior fossa mass.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 The MRI scanned showed a fourth ventricular posterior fossa 
mass in the midline with calci fi cations and heterogeneous 
attenuation with heterogeneous enhancement following 
contrast administration (Fig.  22.22 ). The lesion was contiguous 

  Fig. 22.20    Ependymoma II       

  Fig. 22.21    Anaplastic Ependymoma I       
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with both  fl oor and the roof of the fourth ventricle. The MRI 
differential included ependymoma and PNET. The MR spec-
troscopy showed undetectable levels of Tau. The Cr level 
was low and the Cho to Cr ratio was high. A large mI peak 
and elevated lipids and lactate were noted. MR spectroscopy 
supported ependymoma. After resection an anaplastic 
ependymoma was diagnosed.   

   Conclusions 

 MRS can help narrowing the differential from MRI. There is 
a signi fi cant metabolic heterogeneity within ependymoma of 
the same grade (cf.  Case 21 ).   

   Case 23: Diffuse Pontine Glioma I, 
Homogeneous, Nonenhancing 

   Clinical Background 

 10-year-old female with new pontine mass.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion at diagnosis 
and at disease progression ( fi nal study).  

   Interpretation/Discussion 

 At baseline (A), the MRI showed a T2-hyperintense, nonen-
hancing mass within the center of the pons with a slightly 
in fi ltrative superior border (Fig.  22.23 ). There was partial 
encasement of the basilar artery. MRS showed no evidence 
for elevated lipids. However, there was evidence of elevated 
lactate, reduced NAA, reduced Cr, and total Cho below nor-
mal levels for brainstem. The mI was elevated. The presence 

of citrate was noticed. Both MRI and MRS were highly 
suggestive for a diffuse intrinsic pontine glioma. This patient 
was subsequently treated with radiation therapy and chemo-
therapy and improved clinically. At 10 months after diagno-
sis, the patient relapsed. The MRI performed at that time (B) 
showed a nonenhancing lesion increased in size when com-
pared with previous studies (not shown in detail). The MRS 
pattern was very comparable with the initial scan.   

   Conclusions 

 Overall, MR spectra acquired at baseline and at progression 
(10 months) showed spectra that were not typical for high-
grade gliomas, which typically feature elevated lipids and 
lactate and prominent Cho. The metabolic features of the 
tumor did not change signi fi cantly.   

   Case 24: Diffuse Pontine Glioma II, 
Homogeneous, Nonenhancing, 
Enhancing at Progression 

   Clinical Background 

 9-year-old male with pontine mass.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion at diagnosis 
and at disease progress ( fi nal study). 

  Fig. 22.22    Anaplastic Ependymoma II       

  Fig. 22.23    Diffuse Pontine Glioma I, Homogeneous, Nonenhancing       

  



32322 Case Reports

 At baseline (A), the MRI showed a T2-hyperintense, 
nonenhancing mass within the center of the pons consistent 
with diffuse pontine glioma (Fig.  22.24 ). MRS showed 
elevated lactate, reduced NAA, reduced Cr, and total Cho 
below normal levels for brainstem. The mI was elevated and 
the presence of citrate was noted. MRS was consistent with 
a diffuse intrinsic pontine glioma. This patient was subse-
quently treated with radiation therapy and chemotherapy and 
improved clinically temporarily. Six months after initial 
diagnosis the patient relapse and an MRI study performed at 
that time showed a new focus of enhancement (B, arrow). 
The lesion appeared now less T2-hyperintense. The MRS, 
acquired from the nonenhancing part of the lesion, showed 
generally increased metabolite levels with the exception of 
citrate, which appeared to be reduced. Cho appeared to be 
more prominent relative to Cr and mI when compared with 
the baseline scan.   

   Conclusions 

 Mild to moderate changes of the metabolic pro fi le were 
observed in a pontine glioma from baseline to progression. 
Cho/Cr ratios tend to be higher in higher grade gliomas.   

   Case 25: Diffuse Pontine Glioma III, Enhancing 

   Clinical Background 

 6-year-old female with ataxia and weakness, evaluate for 
brain mass.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, nonenhancing and 
enhancing part of lesion.  

   Interpretation/Discussion 

 On MRI the lesion showed heterogeneously low signal on 
T1-weighted and heterogeneously high signal on 
T2-weighted MRI (Fig.  22.25 ). The lesion was largely 
centered in the right portion of the pons but extended 
superiorly to the midbrain and superior cerebral pedun-
cle, inferiorly into the medulla, and laterally into the cer-
ebellopontine angle and the right cerebellar hemisphere. 
A portion of this lesion in the right middle cerebellar 
peduncle demonstrated cystic appearance and mild 
peripheral enhancement suggesting necrosis. The MR 
spectrum acquired from the more solid nonenhancing 
part of the lesion (lower trace) showed elevated lactate. 
NAA was depleted whereas Cr and Cho were both 
below normal levels for the brainstem. mI was elevated. 

  Fig. 22.24    Diffuse Pontine Glioma II, Homogeneous, Nonenhancing, 
Enhancing at Progression       

  Fig. 22.25    Diffuse Pontine Glioma III, Enhancing       
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The MRS from the more cystic/necrotic appearing and 
enhancing area showed elevated lipids and generally 
lower metabolite levels of Cr, Cho, and mI (upper trace). 
This patient was too sick for therapy at the time of diag-
nosis and died soon after above examination. There was 
no clear evidence for citrate in the spectra.   

   Conclusions 

 A pontine glioma that appeared to have progressed at ini-
tial presentation showed no clear evidence for citrate. 
Other metabolite features of the spectrum acquired from 
the solid part of the lesion were consistent with pontine 
glioma.   

   Case 26: Diffuse Pontine Glioma IV, 
Metabolic Progression 

   Clinical Background 

 7-year-old female with pontine mass.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion, baseline and 
follow-up.  

   Interpretation/Discussion 

 At baseline, MRI showed a nonenhancing mass centered in 
the pons consistent with a pontine glioma. MR spectros-
copy showed elevated lactate, signi fi cant residual NAA, 
and a signal consistent with citrate (Fig.  22.26 ). Both Cr 
and Cho were close to or below normal levels for brainstem 
whereas mI was above normal. MRS was consistent with a 
pontine glioma. This patient subsequently underwent stan-
dard radiation therapy. MRS immediately after completion 
of radiation therapy was not performed. MRS at 5 months 
showed now more prominent lipids and lactate, reduced 
NAA and Cr, and Cho elevated and more prominent rela-
tive to Cr, whereas mI was slightly lower than at baseline. 
At that time the patient was clinically stable albeit MRS 
would be suggestive for progressing disease. Clinical pro-
gression was noticed around 6 months after initial diagnosis. 
MRS at that time was comparable with the previous scan at 
5 months. The patient underwent one more study at 8 
months where lipids and Cho had increased further. The 
patient died soon after that scan.   

   Conclusions 

 Metabolic changes consistent with progression, despite radi-
ation and chemotherapy, were observed in this patient prior 
to clinical progression.   

   Case 27: Metastatic Pontine Glioma 

   Clinical Background 

 10-year-old boy with pontine glioma 9 months after radiation 
therapy. MRI/MRS was carried out for disease monitoring.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of brainstem lesion and 
of suspicious tissue in region of the left frontal ventricle.  

  Fig. 22.26    Diffuse Pontine Glioma IV, Metabolic Progression       
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   Interpretation/Discussion 

 Albeit being the worst tumor in pediatric neuro-oncology, 
pontine gliomas do rarely metastasize. In this case, however, 
a suspicious lesion anatomically not contiguous with the 
brainstem glioma was noticed. The frontal lesion likely 
represents a secondary metastatic ependymal seeding of the 
frontal horn. Spectra, obtained from the brainstem lesion (A) 
and the metastasis (B), demonstrate similar patterns and 
con fi rm disease progression (Fig.  22.27 ).   

   Conclusions 

 MRS of a rare metastatic pontine glioma is shown.   

   Case 28: Brainstem Tumor, Exophytic Pilocytic 
Astrocytoma 

   Clinical Background 

 7-year-old female with brainstem tumor, initially suspected 
to be a diffuse intrinsic pontine glioma.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms and TE 144 ms, lesion 
at baseline and residual lesion after partial resection.  

   Interpretation/Discussion 

 MRI showed an intrinsic eccentrically located mass 
centered at the right side of the pons. The lesion demon-
strated heterogeneous enhancement. MRI was consistent 
with an exophytic brainstem tumor, which are often pilo-
cytic lesions. The MR spectrum at baseline (A) showed 
prominent lactate, residual NAA, and signi fi cantly reduced 
Cr. Cho was prominent (Fig.  22.28 ). However, absolute Cho 
concentrations were close to normal tissue levels. mI was 
low. A peak from likely glucose (Glc) was noted. A spec-
trum acquired with a long echo time of 144 ms showed an 
inverted lactate signal. The lesion was subsequently par-
tially resected and a pilocytic astrocytoma was con fi rmed. 
MRS of the residual tumor was essentially unchanged 
from the baseline scan and consistent with a pilocytic astro-
cytoma (B).   

  Fig. 22.27    Metastatic Pontine Glioma       
  Fig. 22.28    Brainstem Tumor, Exophytic Pilocytic Astrocytoma       
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   Conclusions 

 MRS may be useful for characterization of exophytic brainstem 
tumors and help distinguish them from diffuse intrinsic pon-
tine gliomas or other brainstem tumors.   

   Case 29: Brainstem Tumor, Atypical Long-Term 
Survivor 

   Clinical Background 

 11-year-old female with brainstem tumor, atypical long term 
survivor.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 Several previous MRI studies showed a mass in the belly of the 
pons with inhomogeneous enhancement following contrast. 
The mass extended to the midbrain but not into the thalami. 
The impression from MRI was that the lesion was consistent 
with a diffuse pontine glioma. A spectrum acquired from a 
T2-hyperintense part of the lesion (A) showed generally low 
metabolite concentrations (Fig.  22.29 ). Lactate was present 
and Cho was prominent, albeit absolute Cho concentrations 

were low. Cr was not detectable and mI was very low. This 
pro fi le is not typical for pontine gliomas but more typical for 
the pattern observed in pilocytic astrocytoma. For illustration, 
averaged spectra of infratentorial pilocytic astrocytoma (B) and 
pontine gliomas (C) are shown. Clinically, this patient did very 
well and was alive and stable until at least 8 years after the 
lesion was diagnosed. This patient was treated with radiation 
therapy and chemotherapy. Radiation therapy has signi fi cant 
adverse long-term effects in children. One may wonder whether 
advanced imaging could help to identify subtypes of brainstem 
tumors that require less aggressive therapy to maintain a good 
quality of life for patients.   

   Conclusions 

 An unusual brainstem glioma with atypical long survival 
shows a spectrum more typical for a pilocytic lesion than 
for a diffuse pontine glioma. MRS may be useful in differ-
entiating different types of brainstem tumors, which may 
overlap in conventional MRI  fi ndings with diffuse intrinsic 
pontine glioma.   

   Case 30: Brainstem Tumor, Stable, Exophytic 

   Clinical Background 

 11-year-old male with history of exophytic brainstem tumor 
dating back 7 years—no biopsy.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of lesion with small 
partial volume of surrounding tissue.  

   Interpretation/Discussion 

 On MRI, an expansile mass centered on the left-sided 
superior cerebellar peduncle was seen. The imaging char-
acteristics were stable when compared with earlier stud-
ies. MRS showed no clear evidence for elevated lactate 
(Fig.  22.30 ). NAA was reduced whereas Cr was slightly 
above normal. Both Cho and mI were above normal. MRS 
was not typical for pilocytic astrocytoma. This pattern 
was felt to be more typical for other low-grade tumors. 
However, the location and clinical history is nevertheless 
suggestive for a now indolent pilocytic lesion. It is thus 
possible that the biochemical pro fi le observed is that of an 
indolent pilocytic lesion that may have become “gliotic” 
and thus changed its biochemical pro fi le.   

  Fig. 22.29    Brainstem Tumor, Atypical Long-Term Survivor       
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   Conclusions 

 MRS of a long-term stable exophytic brainstem tumor 
showed a pro fi le of a low-grade lesion. Considering the long 
history of stable appearance of this lesion, one might specu-
late that this lesion might present an old indolent and gliotic 
pilocytic lesion.   

   Case 31: Citrate, Anaplastic Astrocytoma 

   Clinical Background 

 Seven-year-old female with brain lesion. MRS was per-
formed for lesion characterization.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms.  

   Interpretation/Discussion 

 On MRI a left thalamic/left intraventricular solid-cystic hypo-
cellular mass most likely presenting a pilocytic astrocytoma was 
reported. Perfusion MRI was also performed and indicated a 
hypoperfused tumor (Fig.  22.31 ). MRS was not consistent with 
pilocytic astrocytoma and a regular glial tumor was suggested. 
Subsequent resection revealed an anaplastic astrocytoma. The 
unusual peak at   »  2.6 ppm was consistent with citrate, which has 
previously been observed most consistently in diffuse brainstem 
gliomas but also in other grade II and grade III gliomas [1]. 
Despite surgical resection and chemotherapy, disease progres-
sion was noted at 5 months after initial diagnosis and the patient 
died within 1 year after diagnosis.   

   Conclusions 

 Citrate may be observed in subgroups of pediatric brain 
tumors, mostly likely in glial tumors. The role of citrate and 
its potential value as a predictor for malignant progression is 
currently being investigated [2].   

   Case 32A: Citrate, 3 T, Short TE 

   Clinical Background 

 Seven-year-old male with brain lesion. MRS was performed 
for lesion characterization.  

  Fig. 22.30    Brainstem Tumor, Stable, Exophytic       

  Fig. 22.31    Citrate, Anaplastic Astrocytoma       

  



   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 On MRI a bithalamic/left nonenhancing lesion was detected. 
Subsequent biopsy revealed a low-grade (WHO II) astrocytoma 
(Fig.  22.32a ). Perfusion MRI was also performed and indicated 
a hypoperfused tumor. MRS was consistent in a low-grade 

glioma. Moderate levels of Cho are more typical for lower grade 
lesions albeit there is a signi fi cant overlap. The unusual signal at 
  »  2.4–2.8 ppm was consistent with citrate. This tumor eventually 
progressed and the patient died from the disease.   

   Conclusions 

 Note that the citrate signal at 1.5 and 3 T are substantially 
different even when the same acquisition method is used. 
Citrate may predict poor outcome despite the low grade of 
the lesion.   

   Case 32B: Citrate, 3 T, Long TE 

   Clinical Background 

 Seven-year-old male with brain lesion. MRS was performed 
for lesion characterization.  

   MRS Method 

 3 T, 2D-CSI, TE 85 ms, lesion and surrounding tissue. A TE 
of 85 ms was selected as citrate is inverted at this echo time 
at 3 T.  

   Interpretation/Discussion 

 Multivoxel MRS con fi rms moderate levels of Cho through-
out lesion (not shown in detail) (Fig.  22.32b ). An inverted 
peak consistent with citrate was observed.  

   Conclusions 

 Note that the citrate signal is inverted at 3 T when an echo 
time of 85 ms is selected.   

   Case 33: Choroid Plexus Carcinoma 

   Clinical Background 

 14-month-old male with new tumor in right lateral ventricle  .

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

  Fig. 22.32    Citrate, 3 T, Short TE ( top ), Citrate, 3 T, Long TE ( bottom )       
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   Interpretation/Discussion 

 MRI showed a multilobular avidly enhancing mass in the atria 
of the right lateral ventricle without invasion of the surround-
ing brain parenchyma most consistent with a grade I choroid 
plexus papilloma (Fig.  22.33 ). MR spectroscopy showed ele-
vated lipids (and possibly lactate), depleted NAA, and depleted 
Cr. Cho was prominent, whereas mI was below normal. MRS 
was not consistent with choroid plexus papilloma. Instead, a 
grade III choroid plexus carcinoma was suggested. This was 
subsequently con fi rmed after the lesion was resected.   

   Conclusions 

 MRS can readily distinguish between grade I choroid plexus 
papilloma versus grade III choroid plexus carcinoma, par-
ticularly in regards to the relationship between mI and Cho 
(cf.  Case 34 ).   

   Case 34: Choroid Plexus Papilloma 

   Clinical Background 

 22-month-old female with new ventricular tumor.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 MRI showed a large lobulated avidly enhancing mass in the 
atria of the right lateral ventricle with minimal transependy-
mal    edema on the right side (Fig.  22.34 ). MRI mentioned 
grade III choroid plexus carcinoma as the most likely tumor 
type. MR spectroscopy showed only minimal elevated lipids 

(and possibly lactate), depleted NAA, and depleted Cr. Cho 
was elevated but much less prominent than mI. MRS was 
consistent choroid plexus papilloma. This was subsequently 
con fi rmed after the lesion was resected.   

   Conclusions 

 MRS can readily distinguish between grade I choroid plexus 
papilloma versus grade III choroid plexus carcinoma partic-
ularly in regards to the relationship between mI and Cho.   

   Case 35: Choroid Plexus Papilloma, 3 T 

   Clinical Background 

 2-year-old female with new ventricular tumor.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 MRI showed an intraventricular lesion consistent with a 
choroid plexus papilloma (Fig.  22.35 ). MR spectroscopy 
showed only minimal elevated lipids (and possibly lactate), 
depleted NAA, and depleted Cr. Cho was elevated but much 
less prominent than mI. Note that at 3 T the mI peak is more 
complex than at 1.5 T.   

   Conclusions 

 An example of choroid plexus papilloma spectrum acquired 
at 3 T is shown with more complex rendered mI signal.   

  Fig. 22.33    Choroid Plexus Carcinoma       
  Fig. 22.34    Choroid Plexus Papilloma       
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   Case 36: Choroid Plexus Carcinoma, 3 T 

   Clinical Background 

 14-month-old male with left parietal/temporal mass.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms and 144 ms, of lesion.  

   Interpretation/Discussion 

 The MRI showed an avidly enhancing, hemorrhagic mass 
centered in the atrium of the left lateral ventricle with 
 fi ndings suggestive of invasion of the adjacent brain paren-
chyma (Fig.  22.36 ). Primary consideration was that of a 
choroid plexus neoplastic process. Given the posterior 
mediastinal mass on the concurrent spine MRI, favored eti-
ology was that of metastatic neuroblastoma. Other poten-
tial etiologies based on the appearance include high-grade 
primary neoplasms of the choroid plexus such as carci-
noma, PNET/ATRT, and anaplastic ependymoma. The 
MRS showed elevated lipids, no evidence for lactate, and 
NAA and Cr were depleted. Cho was prominent and mI 
was signi fi cantly above normal but less prominent than 
Cho. MRS was not typical for PNET/ATRT or ependymoma. 
It was concluded that the MRS was consistent with choroid 
plexus carcinoma. This was subsequently con fi rmed after 
surgical resection of the lesion.   

   Conclusions 

 MRS can provide additional information to improve initial 
diagnoses.   

   Case 37: Atypical Choroid Plexus Papilloma 

   Clinical Background 

 10-year-old girl presenting with chronic headaches. A tumor 
was found on CT in the cerebellar region.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of lesion and sur-
rounding tissue.  

  Fig. 22.35    Choroid Plexus Papilloma, 3 T       

  Fig. 22.36    Choroid Plexus Carcinoma, 3 T       
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   Interpretation/Discussion 

 The MRI of this enhancing lesion was suggestive for a 
choroid plexus tumor or an ependymoma. Ependymoma 
often present with prominent lipids, which were unremark-
able in this case (Fig.  22.37 ). Depleted Cr, as observed in 
this case, would also be unusual for ependymoma. On the 
other hand, in choroid plexus papilloma, mI is highly prom-
inent, whereas Cho is the most prominent in choroid plexus 
carcinoma. Neither was observed and it was thus felt that 
the above case might fall between grade I papilloma and 
grade III carcinoma and represent an atypical choroid 
plexus papilloma (WHO II). This pathological diagnosis 
was subsequently con fi rmed after the lesion was resected. 
Lactate was observed and possibly also alanine (Ala).   

   Conclusions 

 Combined MRI/MRS improves initial diagnoses of posterior 
fossa tumors.   

   Case 38: Craniopharyngioma, NAA? 

   Clinical Background 

 Patient 1: 7-year-old boy with hydrocphalus and suprasellar 
mass with CT suggestive for craniopharyngioma. Patient 2: 
11-year-old male with head ache, vomiting, and fatigue for 8 
months. CT suggestive for craniopharyngioma.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms and 144 ms, of lesion 
and surrounding tissues.  

   Interpretation/Discussion 

 Patient 1: The MRI showed a complex cystic and partially 
solid enhancing suprasellar mass with areas calci fi cation, 
suggestive of craniopharyngioma. Short TE MRS showed 
elevated lipids/macromolecules at 0.9 ppm, prominent 
lactate, and a prominent peak at around 2.0 ppm 
(Fig.  22.38 ). This peak is not consistent with NAA, which 
has a more complex spectrum. The signal was substan-
tially diminished in a spectrum acquired with a long TE of 
144 ms. Patient 2: A comparable spectrum was obtained 
from another craniopharyngioma con fi rming the presence 
of the unusual peak.   

   Conclusions 

 Spectra of craniopharyngioma may show an unusual peak at 
approximately 2.0 ppm. The signal appears to be not consis-
tent with NAA.   

   Case 39: Disseminated, Rare Atypical 
Neurocytoma 

   Clinical Background 

 5-year-old female with a disseminated atypical neurocytoma.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of lesion and surround-
ing tissues.  

   Interpretation/Discussion 

 The MRI showed a diffuse leptomeningeal, basilar cistern, 
and perivascular space tumor (Fig.  22.39 ). The tumor 
appeared to have slowly progressed in size of overall tumor 
volume from previous studies. MRS was performed in three 
regions of interest: within resection cavity (ROI1), cystic 
appearing tumor tissue in right parietal tissue (ROI2), and 
right cerebellar tumor (ROI3). Cho was most prominent in 
ROI1 but also elevated relative to Cr in ROI2. There was 
considerable residual NAA in ROI3. However, residual NAA 

  Fig. 22.37    Atypical Choroid Plexus Papilloma       
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  Fig. 22.38    Craniopharyngioma, NAA?       

  Fig. 22.39    Disseminated, Rare Atypical Neurocytoma       
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was also observed for ROI2 and ROI1, where there is little 
partial volume of surrounding normal tissue. Lactate was 
elevated in ROI1, which also showed a comparably promi-
nent Glc peak. Other tumors that may show signal consistent 
with NAA even when partial volume with surrounding tissue 
can be ruled out are pilocytic astrocytoma and mixed neu-
ronal-glial tumors.   

   Conclusions 

 Spectra of a disseminated neurocytoma showed a peak con-
sistent with NAA despite no partial volume with  surrounding 
normal tissue.   

   Case 40: Astrocytoma, High Scyllo-Inositol 

   Clinical Background 

 4-year-old girl is presenting progressive right-sided weak-
ness. Started as limp, progressed to include arm. Prior CT 
showed a brain lesion. MRI/MRS was performed for lesion 
characterization.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms of solid lesion and cys-
tic lesion.  

   Interpretation/Discussion 

 The MRI showed a multicentric mass involving the right hip-
pocampus, chiasm, hypothalamus, left thalamus, and mid-
brain (Fig.  22.40 ). Following contrast administration, the 
multilobulated tumors showed inhomogeneous enhancement. 
There was a 2 cm in diameter cyst within the midbrain with a 
12 mm enhancing nodule along the wall. A glial tumor was 
suggested. MRS of the solid tumor showed elevated lactate 
and depleted NAA. Cho was only moderately more promi-
nent than Cr. mI was prominent. Noted was an unusual prom-
inent peak consistent with scyllo-inositol (sI). The tumor was 
resected and was determined to be a grade II astrocytoma. 
The tumor eventually progressed and outcome was poor.   

   Conclusions 

 An unusual high scyllo-inositol peak was detected in a grade 
II astrocytoma. The signi fi cance of high sI is unclear.   

   Case 41: Acute Myeloid Leukemia, Myeloid 
Sarcoma 

   Clinical Background 

 23-year-old male with history of acute myeloid leukemia 
(AML), swelling of right mastoid and mandible, vertigo and 
headache. CT showed right cerebellar mass.  

  Fig. 22.40    Astrocytoma, High Scyllo-Inositol       
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   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of lesion.  

   Interpretation/Discussion 

 On MRI, an avidly enhancing extra-axial mass in the right 
aspect of the posterior fossa involving the right temporal 
bone, right parotid space, and extending into and occluding 
the right sigmoid sinus and internal jugular vein was seen 
(Fig.  22.41 ). Findings were consistent with a neoplastic pro-
cess such as a myeloid sarcoma (chloroma, granulocytic sar-
coma) correlating with patient’s history of AML. MRS 
con fi rms impression from MRI of an extra-axial tumor by 
showing a spectrum with depleted Cr and NAA. Cho was 
very prominent suggestive for a malignant lesion.   

   Conclusions 

 MRS of a myeloid sarcoma shows prominent Cho and 
depleted Cr.   

   Case 42: Gemistocytic Astrocytoma: Newborn 
Tumor 

   Clinical Background 

 4-day-old female baby (36 weeks gestational age at birth) 
with intracranial mass versus hemorrhage.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of lesion and surround-
ing tissues.  

   Interpretation/Discussion 

 The incidence of primary brain tumors in newborns is 
very low. An example for a rare gemistocytic astrocytoma 
is shown (Fig.  22.42 ). There was no evidence for lactate 
or lipids. NAA is depleted. Cr, Cho, and mI were above 
normal tissue concentrations for a normal neonatal MRS 
study in this location. Overall, the MRS is similar to the 
pattern of regular grade II astrocytoma observed in 
pediatrics.   

  Fig. 22.41    Acute Myeloid Leukemia, Myeloid Sarcoma       

  Fig. 22.42    Gemistocytic Astrocytoma: Newborn Tumor       
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   Conclusions 

 A rare case of gemistocytic astrocytoma in a newborn is 
shown. The pattern is comparable with the pro fi le of regular 
pediatric diffuse astrocytoma.   

   Case 43: Brainstem PNET, Glioma 

   Clinical Background 

 15-month-old boy with left-sided weakness.  

   MRS Method 

 1.5 T, repeated single-voxel PRESS, TE 35 ms, lesion, at 
presentation  

   Interpretation/Discussion 

 On MRI a well-circumscribed nonenhancing lesion, which is 
bright on T2w images was detected (Fig.  22.43 ). The diffu-
sion signal is hyperintense with a low ADC value. The lesion 
was hypointense on T1w images but nevertheless considered 
to be consistent with large epidermoid tumor. MRS was not 
consistent with epidermoid, where previous studies have 

shown mostly lactate. The MR spectrum showed prominent 
lactate and a small residual signal from NAA. Both Cho and 
mI were elevated relative to Cr. However, absolute Cho and 
mI were below normal tissue levels. There is no evidence for 
Tau. The MRS pattern  fi ts best the pattern of a glial tumor. 
Due to the absence of Tau, the low concentration of Cho, and 
relatively prominent mI it was felt that MRS was not consis-
tent with a primitive neuroectodermal tumor (PNET). 
However, the tumor was biopsied/partially resected and the 
pathologist classi fi ed the tumor as a PNET. The tumor was 
treated with radiation therapy but with limited response, 
which is unusual for PNET. The patient died approximately 
two years after initial diagnosis.   

   Conclusion 

 The typical MRS pattern of brainstem PNETs is unknown. 
However, this individual study indicates that brainstem 
PNET do not necessarily present with elevated Tau.   

   Case 44: Meningioma, Alanine, Unusual MRI 

   Clinical Background 

 12-year-old previously healthy male with left-sided lower 
CNS dysfunction. MRS was carried out to improve initial 
lesion characterization.  

   MRS Method 

 3 T, single-voxel PRESS with TE = 35 ms (A) and TE = 144 ms 
(B), centered in lesion without partial volume of surrounding 
tissue.  

   Interpretation/Discussion 

 On MRI an enhancing extra-axial posterior fossa lesion was 
seen (Fig.  22.44 ). A nerve sheath tumor was suggested as the 
most likely tumor type due to the growth pattern. The MRS 
showed elevated lipids. A doublet consistent with  alanine  
was noted. Cr appeared depleted whereas Cho was the most 
prominent peak. The long TE spectrum con fi rmed the 
presence of  alanine . MRS was suggestive for meningioma 
as the most likely tumor type since alanine has frequently 
been reported in these tumors. The pathology was con fi rmed 
by biopsy.    

  Fig. 22.43    Brainstem PNET, Glioma       
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   Case 45: Anaplastic Astrocytoma, Disease 
Monitoring, Metabolic Progression 

   Clinical Background 

 Nine-year-old girl with history of recurrent anaplastic astro-
cytoma post gross total resection. MRS was carried to distin-
guish between treatment-related changes versus residual/
recurrent disease.  

   MRS Method 

 1.5 T, repeated single-voxel PRESS, TE 35 ms, of enhancing 
tissue adjacent to site of resection 2 days (A), 1 month (B), 
2½ months (C), and 7 months (D) after surgery. Spectra are 
scaled to present absolute concentrations to allow direct 
comparison.  

   Interpretation/Discussion 

 The MRI at 1 month (B) suggested “… interval decrease 
of … edema, enhancement … probably due to resolution of 
post-op changes and ongoing therapy …”. In contrast, MRS 
demonstrates relatively increased levels of Cho and reduced 
NAA suggesting recurrent/residual disease already at 1 
month after surgery (Fig.  22.45 ). The subsequent MRI at 2½ 
months (C) was consistent with disease progression. MRS at 
that time was interpreted as likely grade IV glioblastoma. 
The MRI performed at 7 months (D) shows dramatic disease 
progression.   

   Conclusions 

 Increasing levels of Cho (either absolute concentrations or 
relative to NAA and/or Cr) in serial MRS studies may indi-
cate recurrent disease.   

  Fig. 22.44    Meningioma, Alanine, Unusual MRI       

  Fig. 22.45    Anaplastic Astrocytoma, Disease Monitoring, Metabolic Progression       
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   Case 46: Serial MRS, Low-Grade Astrocytoma 
Versus High Grade Astrocytoma 

   Clinical Background 

 16-year-old male with a cerebellar/brainstem lesion. History 
of left temporal rhabdomyosarcoma at seven years of age. 
MRI/MRS was performed to rule out glioblastoma or ana-
plastic astrocytoma.  

   MRS Method 

 1.5 T and 3 T, single-voxel, TE 35 ms PRESS of the lesion at 
initial diagnosis and at several follow-up examinations.  

   Interpretation/Discussion 

 MRI at diagnosis: T2 hyperintense lesion at left-sided middle 
cerebellar peduncle, extending into the left pons and medulla 
and left cerebellar hemisphere, with mass effect and mild 
heterogeneous enhancement, suggestive of a tumor such as a 
glioma (Fig.  22.46 ). Given the patient’s history, it was sug-
gested that this tumor might have been a radiation-induced 
glioma. MRS showed slightly elevated lipids whereas NAA 
was reduced. Cr was below normal levels. Cho is very promi-
nent and mI is slightly elevated. Considering the very high 
Cho, MRS was interpreted as being consistent with a malig-
nant tumor such as anaplastic astrocytoma (Grade III) or grade 
IV glioblastoma. Subsequent to the initial (baseline) MRI/S 
study, the lesion was biopsied and an astrocytoma grade II (!) 
was diagnosed. The patient was nevertheless treated 

  Fig. 22.46    Serial MRS, Low-Grade Astrocytoma Versus High Grade Astrocytoma       
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aggressively with radiation therapy considering clinical his-
tory and the features of the lesion on MRI and MRS. The 
lesion initially appeared to respond to therapy as Cho concen-
trations declined during and immediately after therapy. 
However, lipids remained unremarkable indicating no sub-
stantial necrosis after therapy. Cho levels started to increase 
again at 7 months after diagnosis (3½ months after completion 
of RT). On subsequent MRI, progression of the disease was 
noted. The patient succumbed to the disease approximately 18 
months after initial diagnosis. It is noteworthy that MRI and 
MRS are “out of sync” with MRS preceding observations on 
MRI. For example, between 5 months and 7½ months post-
baseline, the MRI appearance of the lesion improved, whereas 
on MRS, Cho was past its minimum and started to increase 
again. In addition, lipids increased at that time, both observa-
tions consistent with a worsening of the disease.   

   Conclusions 

 Prominent Cho may be helpful for identifying patients at 
high risk for progression and for disease monitoring.   

   Case 47: Tectal Glioma, Spontaneous Change, 
Serial MRS 

   Clinical Background 

 7-year-old female presenting with headache.  

   MRS Method 

 1.5 T and 3 T, single-voxel PRESS, TE 35 ms, of lesion at 
diagnosis and follow-up for 4½ years.  

   Interpretation/Discussion 

 A tectal lesion extending into the left thalamic region 
was diagnosed. Patient had enlarged ventricles and a 
third ventriculostomy was performed to address the clin-
ical symptoms. A biopsy was considered not bene fi cial. 
Two single-voxel MRS studies were carried out at that 
time (Fig.  22.47 ). The MRS of the more thalamic part of 

  Fig. 22.47    Tectal Glioma, Spontaneous Change, Serial MRS       
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the lesion was consistent with a low-grade lesion and 
remained stable as of today (not shown). MRS of the tec-
tal part was more concerning as Cho was more promi-
nent. Close monitoring with MRI and MRS was 
recommended. Eight studies (all 3 T) are shown in the 
 fi gure. The lesion remained stable for more than 3 years. 
Forty-four months after initial diagnosis the patient 
experienced increased clinical symptoms. On MRI, the 
tectal lesion increased signi fi cantly in size within 2 
months. Spectroscopy showed decreased metabolite lev-
els (for example a 55% reduction of Cho) and dramati-
cally increased lipids. Only after these changes were 
observed, radiation therapy was initiated at 46 months. 
The lesion reached its maximum size at the end of radia-
tion therapy. Two months after radiation therapy, the size 
of the lesions was considerably reduced.   

   Conclusion 

 This study demonstrates that lesions can undergo spontane-
ous and dramatic metabolic changes. The cause of the 
observed anatomical and metabolic changes is unclear.   

   Case 48: Unusual Disease Course 
of High-Grade Glioma 

   Clinical Background 

 16-year-old female with new intracranial mass on CT. MRI/
MRS was carried out for initial lesion characterization for 
treatment monitoring.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of lesion and sur-
rounding tissues.  

   Interpretation/Discussion 

 Baseline: On MRI a large heterogeneous and enhancing 
mass involving the left-sided frontal and temporal lobes, 
with additional foci of abnormal enhancement within the 
posterior right temporal lobe, and with associated mild 
midline shift from the left to the right was noted (Fig.  22.48 ). 
The appearance of this mass was interpreted to be consistent 
with a multifocal high-grade glioma. As other, less likely, 
diagnostic considerations based on MRI, supratentorial 
ependymoma or primitive neuroectodermal tumors were 

suggested. The MRS was not typical for a high-grade glioma. 
Although, Cho was the most prominent peak, absolute Cho 
concentration was low. A biopsy and a resection were per-
formed. A grade IV glioblastoma was diagnosed.  

 Follow-up studies: MRI appearance and MRS improved 
considerably in follow-up studies. The MRI/S performed 13 
months after initial diagnosis was not consistent with tumor. 
A NAA peak indicates considerable normal tissue at the 
original site of the lesion. The most recently performed MRI 
study (without MRS, not shown), more than two years after 
diagnosis, was also stable.  

   Conclusions 

 Posttreatment MRS indicates considerable “normal” tissue 
at location of original tumor. It is unclear whether the 
 observation of low Cho at baseline correlates with the, as of 
now, unusually good clinical course.   

  Fig. 22.48    Unusual Disease Course of High-Grade Glioma       
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   Case 49: Newborn, Rhabdoid Tumor, 
Metabolic Acidosis 

   Clinical Background 

 Female newborn (34 weeks gestational age at birth) with 
large facial/scalp mass (suspected hemangioma) and 
hepatosplenomegaly.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms of left frontal WM single-
voxel PRESS, TE 144 ms of lesion in the right upper neck.  

   Interpretation/Discussion 

 MR imaging features of the lesion were atypical for a 
hemangioma (Fig.  22.49 ). Instead, concerns for a highly 
vascular malignant tumor such as hemangiopericytoma, 
 fi brosarcoma, angiosarcoma, or other sarcoma were 
raised. MRS supports suspicion of a malignant lesion by 
identi fi cation of a prominent Cho peak (B). No discern-
able peak would have been expected for a hemangioma. 
This lesion was later con fi rmed to be a rhabdoid tumor. 
MRI of the brain was reported to be unremarkable. MRS 
of the brain showed abnormally elevated lactate (A). 
Metabolic acidosis was con fi rmed 2 weeks after the MRI/
MRS study.   

   Conclusions 

 MRS can help with distinguishing benign from malignant 
lesions. Abnormally elevated lactate could indicate meta-
bolic acidosis.   

   Case 50: Glioneuronal Tumor, 
Pre/Postradiation Therapy 

   Clinical Background 

 4-year-old female with brain tumor, evaluation for surgery.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of lesion at baseline and 
of lesion and parietal WM at postradiation therapy 
follow-up.  

   Interpretation/Discussion 

 On MRI, an expansile partially exophytic mass involving 
the pons, medulla, and cervical cord was observed. The 
MRI was suggestive for an exophytic pilocytic astrocy-
toma or a diffuse astrocytoma. The MRS (A) showed ele-
vated lipids and lactate and an NAA peak that exceeded 
the intensity of the Cr peak (Fig.  22.50 ). Cho was promi-
nent; however, absolute levels of Cho were close to nor-

  Fig. 22.49    Newborn, 
Rhabdoid Tumor, 
Metabolic Acidosis       
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mal levels. MI was above normal levels and there was no 
citrate detectable. Albeit, elevated mI is unusual for pilo-
cytic lesions, MRS pattern was more consistent with a 
pilocytic astrocytoma but was not typical for regular astro-
cytoma. In a subsequently performed biopsy, a rare glion-
euronal tumor was diagnosed. The lesion was inoperable 
and was treated with radiation therapy. Post therapy, the 
lesion had changed little and the MRS spectrum was com-
parable with the pro fi le obtained at initial presentation 
(B). A spectrum obtained at that time from right parietal 
WM (C) showed elevated lactate, signi fi cantly reduced 
NAA, and reduced Glu + Gln (=Glx).   

   Conclusions 

 A glioneuronal tumor showed residual signal consistent with 
NAA—similar to what is being observed in pilocytic astro-
cytomas. MRS provided evidence for axonal damage/loss 
likely caused by radiation therapy.   

   Case 51: PNET, Rapid Disease Progression? 
Leucine? 

   Clinical Background 

 13-year-old female with supratentorial primitive neuroec-
todermal tumors (PNET) diagnosed 10 months earlier. 
The tumor was resected and radiation and chemotherapy 
was performed. MRI/MRS was performed for disease 
monitoring.  

   MRS Method 

 1.5 T and 3 T, single voxel PRESS, TE 35 ms and TE 144 ms, 
of lesion and surrounding tissues.  

   Interpretation/Discussion 

 The MRI study performed 8 months after diagnosis (A) 
showed a large resection cavity in the right parietal lobe with 
no evidence of residual or recurrent tumor (Fig.  22.51 ). Diffuse 
areas of white matter T2 hyperintensity involving the bilateral 
cerebral hemispheres were interpreted as most likely treat-
ment related. Similarly, signal abnormalities involving the 
bilateral basal ganglia were interpreted as treatment related. 
No areas suspicious for recurrent or residual tumor were 
reported. MRS at that time was consistent with MRI. Although, 
NAA of a spectrum acquired of abnormal parietal white mat-
ter was clearly reduced, in the absence of evidence for elevated 
Cho, this was interpreted as treatment related. Albeit diffuse 
areas of white matter T2 hyperintensity involving the increased 
over the next 2½ months were noticed, these were neverthe-
less interpreted as most likely treatment related (B). At that 
time, MRS showed increased lactate and possibly leucine at 
0.9 ppm (see inset in B—inverted peaks in long TE spectrum) 
but otherwise similar to the previous study and thus interpreted 
as consistent with treatment-related changes but not recurrent 
disease. However, 3½ months later, bilateral abnormal paren-
chymal areas of focal abnormal signal intensity with abnormal 
enhancement were noted (C). This was interpreted as likely 
due to progression of patient’s primary PNET. The MR spec-
trum acquired from the parietal lobe showed increased lipids 

  Fig. 22.50    Glioneuronal Tumor, Pre/Postradiation Therapy       
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and lactate, reduced NAA, and increased Cho. The MR spec-
trum was interpreted to be consistent with recurrent disease. 
The patient died soon after the study at 14 months.   

   Conclusions 

 A dramatic change of the spectral appearance (and MRI) was 
noted. MRS indicates that disease progression accompanied 
by a striking change of the metabolic pro fi le can occur very 
rapidly for some tumors. A resonance at 0.9 ppm consistent 
with leucine was detected in short TE and long TE spectra. 
Since Leucine has frequently been observed in infections 
one could speculate that other processes have contributed to 
rapid change of the MRS profi le.   

   Case 52: Residual Tumor? 

   Clinical Background 

 8-year-old girl status post left temporal resection of a pilo-
cytic astrocytoma after experiencing a seizure-like episode. 
MRI/MRS was performed to evaluate for tumor residual.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of lesion and sur-
rounding tissues.  

   Interpretation/Discussion 

 On MRI there was no evidence of signi fi cant residual abnor-
mal enhancing tumor. It was cautioned that areas of T2 
hyperintensity posterior to of the resection margin may rep-
resent areas of vasogenic edema, but also areas of in fi ltrate 
nonenhancing tumor (administration of steroids can dimish 
contrast uptake of tumors) (Fig.  22.52 ). Close follow-up was 
recommended. On MRS, lipids and lactate were unremark-
able. Absolute NAA was reduced but was well preserved 
relative to Cr. Cho was slightly above normal and mI within 
normal range. MRS appeared to be consistent with mostly 
normal tissue. The slightly relative (when compared with Cr) 
prominence of Cho was of concern as it may re fl ect a small 
partial volume of residual tumor tissue in region of interest. 
Still, 2 years later (not shown) no evidence for residual tumor 
was detectable.   

  Fig. 22.51    PNET, 
Rapid Disease 
Progression? Leucine?       
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   Conclusions 

 MRS can assist MRI with assessment of postoperative edema 
versus residual tumor.   

   Case 53: Pilocytic Astrocytoma, Recurrent 
Versus Edema 

   Clinical Background 

 8-year-old female with recurrent pilocytic astrocytoma seven 
years after initial diagnosis. MRI/MRS was performed at 
diagnosis and several studies were performed to evaluate for 
the extent of the disease at the time of recurrent disease and 
thereafter.  

   MRS Method 

 1.5 T and 3 T, single-voxel PRESS, TE 35 ms, of lesion and 
surrounding tissues.  

   Interpretation/Discussion 

 MRS at initial presentation (A, lower trace) was consistent 
with a pilocytic astrocytoma (Fig.  22.53 ). The tumor was sub-
sequently resected. Due to the location of the lesion complete 
resection was not achieved and the residual tumor was   Fig. 22.52    Residual Tumor?       

  Fig. 22.53    Pilocytic Astrocytoma, Recurrent Versus Edema       
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monitored by MRI (no MRS studies) over several years. 
Multiple resections were carried out and the patient was 
treated with chemotherapies. Seven years after initial diagno-
sis, MRI was again suggestive for tumor growth. MRS per-
formed at that time was consistent with tumor (A, upper 
trace). Also noticed, at that time were white matter abnor-
malities and there were concerns for spreading disease versus 
edema due to increased size of adjacent lesions. MRS showed 
reduced NAA (B, lowest trace) but was not consistent tumor 
and more suggestive for edema. Subsequently, the abnormal-
ity on MRI resolved and the MRS pattern returned to a pro fi le 
close to that of normal white matter (B, upper traces).   

   Conclusion 

 MRS helped to distinguish edema from recurrent/dissemi-
nated pilocytic astrocytoma.   

   Case 54: Anaplastic Astrocytoma, Follow-up 

   Clinical Background 

 14-year-old female with a history of thalamic anaplastic 
astrocytoma. Post (incomplete?) resection and radiation 
therapy eight years ago. MRI/MRS was performed for dis-
ease status monitoring.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of suspicious lesions 
with partial volumes of surrounding tissue  .

   Interpretation/Discussion 

 On MRI multiple cysts in the brain parenchyma of both cere-
bral hemispheres which were unchanged in appearance from 
the prior examinations. There was increased signal present 
within the putamen and globus pallidus and within the thala-
mus on the unenhanced images. MR spectra did not show 
evidence for lactate (Fig.  22.54 ). There was signi fi cant residual 
NAA, Cr was slightly reduced, and Cho slightly elevated. 
MRS pattern of tissue in region of interest was interpreted as 
not typical for astrocytoma. This patient has remained stable 
5 years after above studies have been completed.   

   Conclusions 

 MRS is useful to distinguish treatment-related changes from 
recurrent tumor.   

   Case 55: Lesion Characterization 

   Clinical Background 

 5-year-old previously healthy boy after an episode of near 
drowning. A CT scan was reported abnormal with an inci-
dental  fi nding of a brain lesion. MRI/S was performed to 
characterize the lesion.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of lesion in right occipi-
tal lobe—partial volume with surrounding tissue.  

   Interpretation/Discussion 

 MRI: A T2-hyperintense lesion involving the posterior right 
temporal and right occipital lobes was noted (Fig.  22.55 ). 
The imaging characteristics for the lesion were suggestive of 
a focus of cortical dysplasia/cortical tuber. MRI was inter-
preted as less likely to be consistent with a focus of demyeli-
nation or an alternative in fl ammatory or infectious etiology. 
A low-grade tumor was also considered less likely.  

  Fig. 22.54     Anaplastic Astrocytoma, Follow-up       
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 MRS: Lactate was mildly above normal. Other metabo-
lites were close to or below normal levels. Cho was unre-
markable when compared with Cr. mI also within normal 
range. MRS was not typical for glial tumor or other neoplas-
tic process. Low levels of lactate and lipids are not typical for 
acute in fl ammatory processes. MRS is not consistent with an 
infection.  

   Conclusions 

 MRS con fi rms impression from MRI of a benign lesion.   

   Case 56: Aspergilloma 

   Clinical Background 

 10-year-old male with history of acute myeloid leukemia 
(AML), multifocal osteoma, and pulmonary aspergillosis   . 
Now with 3 days of headache and emesis. CT showed mass 
in left side of brain.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of the lesion.  

   Interpretation/Discussion 

 Aspergilloma (or mycetoma) is a fungus ball inside tissue. 
The conventional MRI showed a ring enhancing lesion with 
signi fi cant surrounding vasogenic edema in the left parietal 
lobe (Fig.  22.56 ). A highly unusual spectrum was observed 
with Cho the only readily detectable peak.   

   Conclusions 

 Aspergilloma (or mycetoma) have prominent Cho. If MRS is 
interpreted alone without MRI, the spectrum could be con-
fused with a tumor spectrum.   

   Case 57: Pontine Lesion, Cerebral Dysgenesis 

   Clinical Background 

 10-month-old male with microcephaly, schizencephaly with 
 fl uid collections on CT.  

  Fig. 22.55    Lesion Characterization       

  Fig. 22.56    Aspergilloma       
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   MRS Method 

 1.5 T and 3 T, single-voxel PRESS, TE 35 ms, of lesion with 
small partial volume of surrounding normal appearing tissue.  

   Interpretation/Discussion 

 On MRI, a dysplastic frontal lobe cortex and a dysplastic 
corpus callosum were noticed. An abnormal focus of edema 
in the center of the pons was also described and the differen-
tial included a demyelinating lesion, encephalitis, or possi-
bly a pontine tumor (Fig.  22.57 ). The MR spectroscopy at 
initial presentation (baseline) showed elevated Cho and 
decreased NAA relative to age-matched controls. There was 
no evidence for lactate or citrate, two metabolites that are 
frequently detectable in diffuse intrinsic pontine gliomas 
(lower trace: DIPG—average MRS of 20 patients at diagno-
sis). mI was also low when compared with a typical spec-
trum of DIPG. It was felt that MRS was not consistent with 
a DIPG. The MRS was also not consistent with encephalitis 
where lipids, lactate, and Gln are elevated and mI is reduced 

(acute encephalitis, cf.  Cases 60, 61, 68, and 71 ). Follow-up 
4½ years after diagnosis showed an essentially unchanged 
spectrum of the same lesion.   

   Conclusion 

 MR spectroscopy is helpful for initial characterization of 
brainstem lesions, which are in the differential for diffuse 
intrinsic pontine gliomas.   

   Case 58: Edema, Moderate, Severe 

   Clinical Background 

 Patient A: 2-year-old boy with suspicion for brain tumor. 
MRI/MRS was performed for lesion characterization. 
Patient B: 3-year-old girl with choroid plexus carcinoma 
after resection.  

   MRS Method 

 Patient A: 3 T, single-voxel PRESS, TE 35 ms, of lesion 
(pilocytic astrocytoma, not shown) and edema. Patient B: 
1.5 T, single-voxel PRESS, TE 35 ms, of edema.  

   Interpretation/Discussion 

 Patient A: The lesion obstructed CSF  fl ow and caused 
periventricular edema. The spectrum of edema (Fig.  22.58a , 
upper trace) showed generally reduced metabolite concen-
trations (cf. control,  fi gure A lower trace, spectra are scaled 
to concentrations) and lactate was elevated. MI appeared to 
be disproportionally reduced whereas the relative concentra-
tions of NAA, Cr, and Cho appeared to be similar in edema 
and in the control spectrum.  

 Patient B: This patient appeared to have had more severe 
edema. Metabolite concentrations were below normal with 
the exception of Gln, which was above normal. NAA was 
reduced consistent with axonal/neuronal damage/loss. Seven 
years after the MRS study was performed, a follow-up MRI 
revealed large extra-axial  fl uid collection along the margin of 
the right cerebral hemisphere.  

   Conclusions 

 There appears to be a wide range of spectral appearances for 
edema. MRS might potentially be useful to predict recovery 
from edema versus permanent tissue damage.   

  Fig. 22.57    Pontine Lesion, Cerebral Dysgenesis       
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   Case 59: Extreme Edema, Glutamine, 
NF1, Unusual Tumor 

   Clinical Background 

 12-year-old boy with neuro fi bromatosis 1 and right frontal 
lobe mass.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, lesion and surrounding edema.  

   Interpretation/Discussion 

 MRI showed a large enhancing mass involving the anterior 
right frontal lobe. There was adjacent extensive T2 hyperinten-
sity, which was thought to represent vasogenic edema, 
in fi ltrating tumor, or a combination of the two (Fig.  22.59 ). The 
lesion demonstrated restricted diffusion consistent with a high-
grade lesion. Spectroscopy of the lesion (A) showed prominent 
lipids and only moderately above normal absolute Cho levels. 
Spectroscopy of the surrounding edema showed elevated lac-
tate and strikingly elevated Gln. NAA was reduced (approxi-
mately 15% of normal) and mI was depleted (0%). The causes 
for the striking accumulation of Gln are unclear. Increased Gln 
has been observed in acute hypoxic/ischemic injury and in 

hepatic encephalopathy believed to be secondary to ammonia 
accumulation. Gln is an osmolyte and mI might be depleted to 
counterbalance the Gln accumulation. This spectrum was inter-
preted as not consistent with tumor in fi ltration. The pattern of 
signi fi cantly below normal NAA may indicate permanent dam-
age. However, long-term follow-up of this patient was not 
available to con fi rm this interpretation.   

   Conclusions 

 A case of extreme edema is presented with strikingly high 
Gln. MRS may be useful in distinguishing vasogenic edema 
from in fi ltrative tumor edema.   

   Case 60: Acute Herpes Encephalitis, 
7 Months Old 

   Clinical Background 

 7-month-old male with focal seizures, oral herpetic sores.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms and 144 ms, of suspi-
cious tissue and of contralateral side.  

  Fig. 22.58    Edema, 
Moderate, Severe       
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   Interpretation/Discussion 

 The MRI showed multiple areas of abnormal T2 hyperin-
tensity (Fig.  22.60 ). These showed correlative DWI/ADC 
restriction suggestive of a cytotoxic process. The distribu-
tion was interpreted as compatible with HSV encephalitis, 
although an ischemic process could have had a similar 
appearance with the caveat that the distribution would have 
been unusual. The MRS of abnormal appearing tissue (A) 
showed elevated lactate, reduced NAA, and elevated 
(likely) Gln. Cho was normal for age of 7 months whereas 
mI was below normal. The spectrum acquired from the 
brain hemisphere from normal appearing tissue was within 
normal limits.   

   Conclusions 

 MRS of a 7 months old with acute herpes encephalitis shows 
high lactate, elevated Gln, and reduced mI. NAA was also 
reduced.   

   Case 61: Acute Encephalitis 

   Clinical Background 

 2-year-old female with acute onset of left arm and leg 
weakness.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of abnormal basal 
ganglia tissue, two studies 11 days apart.  

   Interpretation/Discussion 

 On MRI abnormal signal intensity, involving the bilateral 
basal ganglia, subcortical white matter, and cortex of the 

  Fig. 22.59    Extreme Edema, Glutamine, NF1, Unusual Tumor       

  Fig. 22.60    Acute Herpes Encephalitis, 7 Months Old       
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bilateral frontal and parietal lobes was noted (Fig.  22.61 ). 
MRI was consistent with severe encephalitis. The MRS 
showed elevated lactate, reduced NAA, and elevated (likely) 
Gln. mI was below normal. Eleven days later, MRS of the 
same lesion showed decreased lactate, decreased Gln, and 
further reduced mI. At that time areas of abnormal signal 
intensity on MRI had decreased.   

   Conclusions 

 MRS of a 2-year-old girl with acute viral encephalitis shows 
high lactate, elevated Gln, and reduced mI. NAA was also 
reduced. Improved appearance on MRI correlated with 
reduced levels of Gln.   

   Case 62: Systematic Lupus Erythromatosis 

   Clinical Background 

 16-year-old female with history of systematic lupus erythro-
matosis (SLE), now with multiple hospitalizations in past 2 
months for diffuse pain of unclear etiology, possible increase 
in depressive symptoms, assess for neuropsychiatric lupus.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, parietal WM (WM) 
and parietal–occipital GM (GM).  

   Interpretation/Discussion 

 The MRI was interpreted as normal (Fig.  22.62 ). MRS of 
GM also appeared to be within normal range when compared 
with controls. The somewhat lower Cho in the patient may 
be due to the slightly lower age of the subjects included in 
the control group (approximately 10 years versus the 16-year-
old patient), considering that Cho continues to decrease rela-
tive to Cr through adolescence. In WM, on the other hand, 
NAA was reduced whereas Cho was increased in the 
patient.   

   Conclusions 

 MRS of systematic lupus erythromatosis (SLE) can be 
abnormal when MRI is unremarkable. WM appears to be 
more affected than GM.   

   Case 63: Citrullinemia I 

   Clinical Background 

 Seven-year-old boy with new-onset seizures and tremors, 
prior diagnosis of citrullinemia.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, occipital mostly gray 
matter-containing tissue.  

   Interpretation/Discussion 

 Citrullinemia is an autosomal recessive urea cycle disor-
der that causes ammonia to accumulate in the blood. The 
MRI showed moderate diffuse volume loss and hyperin-
tensity on FLAIR images in subcortical and periventricu-
lar white matter (Fig.  22.63 ). MRS of normal appearing 
occipital gray matter was strikingly abnormal with promi-
nent Gln and depleted mI. NAA was only slightly reduced 
in this patient.   

   Conclusion 

 MRS of citrullinemia is consistent with acute hyperammonia 
and accumulation of Gln.   

  Fig. 22.61    Acute Encephalitis       
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   Case 64: Status Post-Bone Marrow Transplant 
(BMT), Posterior Reversible Encephalopathy 
Syndrome (PRES) 

   Clinical Background 

 3-year-old girl with history of rhabdoid tumor, status post-
BMT, now with acute vision loss, CT concerning for PRES 
following FK-506 administration for immunosuppression.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of lesions in white matter 
and in right occipital/visual cortex.  

   Interpretation/Discussion 

 On MRI, evolving parenchymal  fi ndings compatible with pos-
terior reversal encephalopathy syndrome (PRES) with some 
areas that were improved but some areas that had worsened 
when compared with an earlier MRI of this patient (Fig.  22.64 ). 

The MRS showed slightly elevated lactate and lipids. NAA 
was moderately but signi fi cantly reduced, whereas Cr was 
close to normal. Cho was slightly above normal and mI was 
reduced. Glc was consistently observed and was signi fi cantly 
above normal levels. Elevated Glc may indicate abnormal 
Glc energy metabolism.   

   Conclusions 

 MRS provided evidence for moderate but signi fi cant neu-
ronal/axonal damage/loss in regions examined.   

   Case 65: Newborn Infarct, Lactate, 
Propylene Glycol 

   Clinical Background 

 22-day-old baby boy with congenital heart defect, after sur-
gical procedure (Blalock Taussig shunt), now with focal left 
hand seizure. Concerns for stroke.  

  Fig. 22.62    Systematic Lupus Erythromatosis       
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   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of parieto/occipital GM 
(GM) and right parietal infarct lobe.  

   Interpretation/Discussion 

 On MRI, an acute infarction involving approximately two-
thirds of the right MCA distribution, with sparing of the 
majority of the right temporal lobe was observed (Fig.  22.65 ). 
MRS of the infracted area shows overall reduced metabolite 
concentrations when compared with spared areas (spectra in 
 fi gure are scaled to concentrations), except lactate, which was 
elevated. Also, observed was signal consistent with propylene 
glycol in both spectra. Note that lactate was also detectable in 
normal appearing parieto/occipital GM. Also note the unusual 
shoulder of the Cho peak in the stroke spectrum.   

   Conclusions 

 Metabolites were generally reduced in a newborn infarct 
when compared with normal appearing brain tissue. 
Propylene glycol was likely used as a solvent for drugs 
administered to this patient and can sometimes be confused 
for lactate and lipids in the clinical setting.   

   Case 66: Low mI: Posterior Reversible 
Encephalopathy Syndrome (PRES) 

   Clinical Background 

 12-year-old male with T-cell acute lymphoblastic leukemia 
(ALL) who is undergoing chemotherapy began to have new 
seizures and found to have scattered lesion in brain. A previ-
ous MRI from a few days before was suggestive for either an 
infectious or a neoplastic process. MRS was ordered to specify 
nature of lesion(s).  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of lesions and surround-
ing tissues.  

   Interpretation/Discussion 

 NAA was well preserved relative to Cr (Fig.  22.66 ). Cho, 
considering a mixed gray matter/white matter ROI as 
reference, was unremarkable. mI was markedly reduced. 

  Fig. 22.63    Citrullinemia I       

  Fig. 22.64    Status Post-Bone Marrow Transplant (BMT), Posterior 
Reversible Encephalopathy Syndrome (PRES)       

 

 



352 S. Blüml and A. Panigrahy

This pattern was observed also in two other locations (not 
shown). MRS was not consistent with signi fi cant neuronal/
axonal loss. MRS was not typical for a neoplastic process or 
an acute infection. A third MRI study conducted a few days 
later showed interval near resolution of numerous bilateral 
white matter lesions compared with prior examinations. This 
was interpreted as being most suggestive of resolving 
PRES.   

   Conclusions 

 MRI/MRS can be used to characterize lesions better than 
with MRI alone.   

   Case 67: Liver Failure, Comatose, 
High Glutamine 

   Clinical Background 

 15-year-old male with new diagnosis of T-cell acute lympho-
blastic leukemia (ALL) with new onset of disorientation, 
headache, with coagulopathy, then liver failure and coma-
tose, possible intracranial hemorrhage.  

  Fig. 22.65    Newborn Infarct, Lactate, Propylene Glycol       

  Fig. 22.66    Low mI: Posterior Reversible Encephalopathy Syndrome 
(PRES)       
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   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of the standard occipital 
GM and parietal WM.  

   Interpretation/Discussion 

 The MRI was reported to be unremarkable with the brain 
parenchyma of normal signal intensity on all sequences and 
without focal abnormalities (Fig.  22.67 ). The MRS demon-
strated severely elevated levels of (likely) Gln and moder-
ately reduced mI. These  fi ndings were reported to be 
consistent with hepatic encephalopathy. Noticed were also 
above normal Glc levels.   

   Conclusions 

 MRS of hepatic encephalopathy can be strikingly abnormal 
when MRI is unremarkable.   

   Case 68: Acute Cerebellar Encephalitis 

   Clinical Background 

 7-year-old male with history of headache for 1 week.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of cerebellar tissue.  

   Interpretation/Discussion 

 On MRI, increased T2 signal was noted within cerebellar 
hemispheres with sparing of the vermis (Fig.  22.68 ). MRI 
was consistent with cerebellar encephalitis and was less sug-
gestive for a low-grade glioma. MRS showed elevated lactate 
and NAA signi fi cantly reduced. Gln was elevated and Cho 
was slightly prominent relative to Cr, whereas mI was 
depleted. These  fi ndings were interpreted as consistent with 
encephalitis. The almost depleted NAA would suggest 
signi fi cant long-term tissue damage. Unfortunately, there has 
been no follow-up of this patient to con fi rm this hypothesis.   

   Conclusions 

 Encephalitis can sometimes be confused with low-grade 
gliomas on MRI. Note that the spectrum of acute encephali-
tis is quite different from spectra of low-grade gliomas—
particularly with regards to the depletion of the mI peak.   

   Case 69: Hypertensive Encephalopathy, 
Posthypertensive Crisis, Acute Lymphoblastic 
Leukemia 

   Clinical Background 

 12-year-old female with acute lymphoblastic leukemia after 
treatment and bone marrow transplant. Hypertensive crisis, 
now with new seizures of unknown etiology.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, two studies.  

  Fig. 22.67    Liver Failure, Comatose, High Glutamine       

  Fig. 22.68    Acute Cerebellar Encephalitis       
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   Interpretation/Discussion 

 On the  fi rst MRI multifocal lesions within the cerebral hemi-
spheres involving cortical and subcortical white matter with 
some brain stem and presumably pulvinar changes were noted 
immediately after a hypertensive crisis (Fig.  22.69 ). 2½ weeks 
later, a follow-up MRI showed resolving multifocal lesions 
consistent with the history of hypertensive encephalopathy. 
The initial MRS (A) study demonstrated elevated lactate and 
moderately reduced NAA. Gln was also elevated. At follow-
up (B), lactate had increased whereas NAA was slightly fur-
ther reduced. There was no apparent increase of Gln detectable 
at that time. The difference spectrum between the two MR 
studies was computed and compared with model solution 
spectra of Glu and Gln (C). This comparison showed that 
indeed Gln was initially elevated. Of note, the increased lac-
tate and the further reduced NAA suggest some neuronal loss/
damage has occurred in this patient.   

   Conclusions 

 MRS of hypertensive encephalopathy can be considerably abnor-
mal. MRS may be useful to assess the extent of tissue damage.   

   Case 70: Acute and Subacute Encephalitis, 
Serial MRS 

   Clinical Background 

 16-year-old boy with new onset seizures, suspicion for tumor.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of suspicious tissue, 
serial MRS.  

   Interpretation/Discussion 

 The MRI performed at baseline spectroscopy showed an 
abnormal right parietal lesion associated with abnormal 
cortical thickening and edema and leptomeningeal enhance-
ment (Fig.  22.70 ). The differential from MRI included 
encephalitis and in fi ltrating glioma. The MRS showed 
signi fi cantly decreased mI, decreased NAA, slightly ele-
vated Cho, and slightly reduced Cr relative to normal gray 
matter values. Lactate, lipids, and Gln (or Gln + Glu) were 
elevated. MRS was interpreted as not consistent with 

  Fig. 22.69    Hypertensive Encephalopathy, Posthypertensive Crisis, 
Acute Lymphoblastic Leukemia       

  Fig. 22.70    Acute and Subacute Encephalitis, Serial MRS       
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glioma. Due to the clinical impression, favoring tumor a 
biopsy was obtained which was interpreted as consistent 
with a low-grade glioma. The patient subsequently under-
went surgery. After surgery, increased abnormalities on 
MRI were noticed with MRS again showing a spectrum not 
suggestive for a low-grade tumor. At that time tissue sam-
ples were reviewed again and it was concluded that the 
original interpretation might have been wrong. The patient 
was subsequently treated for encephalitis. Two more MRI/S 
studies were performed. In the  fi nal study, 76 days after 
baseline, abnormalities on MRI had improved. On MRS, 
lactate and lipids were not detectable and mI had returned 
to close to normal levels.   

   Conclusions 

 MRS may be useful for distinguishing encephalitis from 
neoplastic processes particularly with regards to the deple-
tion of mI.   

   Case 71: Acute Cerebellar Encephalitis, 
10 Years Old, Serial MRS 

   Clinical Background 

 10-year-old female with abnormal appearing pons on previ-
ous CT, vomiting, MRI/MRS for lesion characterization.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of suspicious tissue, 
follow-up 5 days later.  

   Interpretation/Discussion 

 A mass effect and T2 signal abnormality was noted in the 
right cerebellar hemisphere. Apart from the mass effect 
from the cerebellum, the pons itself was unremarkable 
(Fig.  22.71 ). Abnormal contrast enhancement was identi fi ed 
in the  adjacent meninges more suggestive of meningoen-
cephalitis (cerebellitis) albeit it was felt that a diffuse glioma 
remained in the differential. The MRS at baseline (A) 
showed elevated lactate, reduced NAA, and elevated (likely) 
Gln. mI was below normal. Five days later, MRS of the 
same lesion showed decreased lactate but increased Gln and 
further reduced mI.   

   Conclusions 

 Acute viral encephalitis can sometimes be confused with 
low-grade gliomas on MRI. MRS can reaf fi rm the impres-
sion from MRI.   

   Case 72: Multicentric Gliomatosis 
Versus Encephalitis 

   Clinical Background 

 9-year-old female with suspicion of posterior fossa lesion.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of suspicious cerebel-
lar tissue and of abnormal tissue in right basal ganglia/
thalamus.  

   Interpretation/Discussion 

 The MRI showed multifocal edema in the right cerebellum, 
brainstem, thalami, right basal ganglia, and selected areas 
of the cortex (Fig.  22.72 ). The differential included multi-
centric gliomatosis and encephalitis. MRS of the cerebellar 
abnormality showed high lactate, depleted NAA, prominent 

  Fig. 22.71    Acute Cerebellar Encephalitis, 10 Years Old, Serial MRS       
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Cho, and mI above normal. The prominent Cho and high 
mI is not typical for acute encephalitis. The MRS of the 
abnormality in the basal ganglia showed reduced NAA, 
unremarkable Cho, and elevated mI. Again, this pattern is 
not typical for encephalitis. MRS was interpreted to be con-
sistent with a multifocal tumor. MRS of the cerebellar 
lesion was more suggestive for a higher grade tumor 
whereas in the basal ganglia MRS was more compatible 
with a low-grade lesion. Subsequent biopsy con fi rmed an 
anaplastic astrocytoma in the cerebellum. Other parts of the 
brain were not biopsied.   

   Conclusions 

 MRS may be useful to distinguish multifocal tumors from 
acute viral encephalitis.   

   Case 73: Gliomatosis Cerebri Versus 
Encephalitis 

   Clinical Background 

 14-year-old female with suspected encephalitis presenting 
with new onset seizure and right cerebral hemisphere lesion 
seen on a previous MRI from an outside hospital.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of suspicious tissue at 
several occasions.  

   Interpretation/Discussion 

 MRI showed abnormal edema seen in the right temporal 
lobe, including the medial temporal lobe and hippocampus, 
with extension into the right insular cortex and right basal 
ganglia (Fig.  22.73 ). These  fi ndings were interpreted as being 
consistent encephalitis with herpes encephalitis as the main 
differential. MRS, on the other hand, showed a spectrum 
with elevated lipids and lactate, low or depleted NAA, prom-
inent Cho, and elevated mI. This pattern was interpreted as 
being not consistent with acute encephalitis. Subsequent 
biopsy and clinical course con fi rmed an anaplastic astrocy-
toma and gliomatosis cerebri.   

   Conclusions 

 MRS may be useful to distinguish brain tumors from acute 
viral encephalitis.   

   Case 74: Canavan Disease 

   Clinical Background 

 4-month-old male infant with truncal hypotonia and spastic 
extremities.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal WM.  

   Interpretation/Discussion 

 On MRI diffuse T2 white and deep gray matter signal abnor-
mality were observed (Fig.  22.74 ). The MR spectrum dem-
onstrated elevated NAA (and mI), consistent with Canavan 

  Fig. 22.72    Multicentric Gliomatosis Versus Encephalitis       

  Fig. 22.73    Gliomatosis Cerebri Versus Encephalitis       
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disease. In Canavan disease the enzyme that breaks down 
NAA (aspartoacylase) in the brain is de fi cient. Thus, NAA 
accumulates to abnormally high concentrations.   

   Conclusions 

 Canavan disease is readily diagnosed by MRS by strikingly 
elevated NAA.   

   Case 75: Leukodystrophy (Unknown Etiology), 
Hypomyelination? 

   Clinical Background 

 6-year-old girl with familial history of leukodystrophy.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal abnormal appearing WM.  

   Interpretation/Discussion 

 On MRI abnormal signal in all of the cerebral white matter 
with some sparing of the corpus callosum and subcortical 
 fi bers was noted and white matter volume was reduced 
(Fig.  22.75 ). Findings were interpreted with consistent hypo-
myelination and leukodystrophy of unknown type with 
involvement of most of the white matter of both cerebral hemi-
spheres. The MR spectrum showed no evidence for elevated 
lactate or lipids. NAA was well within normal levels for age. 
Cho was at or slightly below normal levels whereas mI was 
close to or slightly above normal levels. A follow-up study 1 
year later showed no signi fi cant changes on MRI and MRS.   

   Conclusions 

 MRS of child with abnormal WM interpreted as hypomyelina-
tion and leukodystrophy showed close to normal pattern with 
well-preserved NAA and moderately below normal Cho.   

   Case 76: Leukodystrophy (ALD), Symptomatic 

   Clinical Background 

 14-year-old male with symptomatic frontal adrenoleu-
kodystrophy (ALD).  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, frontal and parietal white matter 
pre- and 9 months post-bone marrow transplant (BMT).  

   Interpretation/Discussion 

 On MRI the  fi ndings were consistent with leukodystrophy, 
suggestive for an unusual variant of adrenal leukodystrophy 
with white matter signal abnormalities in the anterior rather 
than in the posterior part of the brain (Fig.  22.76a ). The fol-
low-up exam after BMT (B) showed again extensive bifrontal 
leukoencephalopathy with new changes representing volume 
loss. MRS of normal appearing parietal white matter was 
within normal limits for age. Both pre- and post-BMT of 
frontal white matter showed depleted NAA. Pre-BMT, lipids, 
and lactate were elevated and Cho was more prominent rela-
tive to the post-BMT study. mI, on the other hand, was more 
prominent in the post-BMT study. The pre-BMT study is 
more consistent with acute damage/tissue stress (lactate and 
lipids), whereas the post-MRS is more consistent with chronic 
abnormalities. Depleted NAA is consistent with the wide-
spread destruction/damage to axons already prior to BMT.   

  Fig. 22.74    Canavan Disease       
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  Fig. 22.75    Leukodystrophy (Unknown Etiology), Hypomyelination?       

  Fig. 22.76    Leukodystrophy (ALD), Symptomatic       

 

 



35922 Case Reports

   Conclusions 

 MRS can be used to assess the extent of white matter damage 
in leukodystrophies.   

   Case 77: Leukodystrophy (ALD) 

   Clinical Background 

 5-year-old male with symptomatic adrenoleukodystrophy 
(ALD).  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, abnormal white matter, pre/
post-bone marrow transplant.  

   Interpretation/Discussion 

  Baseline  (Fig.  22.77a ): On MRI abnormal con fl uent T2/
FLAIR hyperintensity in the periatrial white matter with 
extension into the splenium of the corpus callosum consis-
tent with adrenoleukodystrophy were observed. The MR 

spectrum showed increased lipids and lactate. NAA was 
signi fi cantly reduced. Cho and mI were elevated.  2 months 
(B, post-BMT) : Abnormalities were consistent with the ear-
lier pre-BMT scan. In addition, there has been interval devel-
opment of edema in the bilateral posterior parietal and 
occipital regions. This was interpreted as being consistent 
with FK-506 toxicity. FK-506 has been administered to 
reduce likelihood of BMT rejection. Lipid levels were lower 
than pre-BMT. However, lactate was now more prominent. 
Cho and Cr appeared to be unchanged whereas mI was lower 
than in the pre-BMT MRS. It is unclear whether the increase 
in lactate is due to FK-506 toxicity.  3 years (C):  MRI dem-
onstrated continued abnormalities as described in earlier 
studies. However, abnormal white matter lesions appear to 
have consolidated and were less prominent in size. MRS was 
remarkably different when compared with the previous stud-
ies. There was no evidence for elevated lipids or lactate. 
NAA, albeit not normal, was more readily detectable. Cho 
was unremarkable and mI was elevated. Another MRS obser-
vation worth mentioning is the apparent similarity of MRS in 
this case of leukodystrophy with tumor MRS. Lactate, 
reduced NAA, prominent Cho, and elevated mI (especially 
study B) are frequently observed in tumors, particularly in 
astrocytoma.   

   Conclusions 

 MRS of abnormal parietal white matter improved signi fi cantly 
in a case of ALD, despite only minor changes on MRI. There 
appears to be an overlap in the spectra appearances of leu-
kodystrophies and tumors such as astrocytomas.   

   Case 78: Leukoencephalopathy 

   Clinical Background 

 4-year-old male with leukoencephalopathy of unknown eti-
ology, intractable epilepsy.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms,  fi ve studies over a period of 14 
months, abnormal parietal and frontal white matter.  

   Interpretation/Discussion 

 Baseline MRI showed extensive white matter and gray mat-
ter abnormalities (Fig.  22.78 ). Over time a decreased involve-
ment of subcortical white matter and cerebellum as well as 
the deep gray nuclei and thalami was observed. There was   Fig. 22.77    Leukodystrophy (ALD)       

 



360 S. Blüml and A. Panigrahy

no signi fi cant interval change in the overall volume of the 
cerebral hemispheres. Spectroscopy, at baseline showed for 
both white matter locations elevated lactate, severely 
decreased NAA, and possibly elevated Gln (likely) or Glu 
(less likely). Cho was prominent whereas mI was below nor-
mal. In subsequent MR spectra lactate levels declined, NAA 
remained unchanged in frontal white matter whereas it 
increased in parietal white matter, albeit to levels signi fi cantly 
below normal. Cho levels decreased and mI increased over 
time. Overall, the pattern of MRS changed from a more acute 
appearing pro fi le (elevated lactate, Gln) to a more chronic 
appearing pro fi le. An additional MRI (no MRS) study car-
ried out 2 years later (38 months after initial presentation) 
showed stable MRI abnormalities. For this patient, no  fi nal 
diagnosis has been made. The patient continues to suffer 
from weakness, intractable epilepsy, and seizures.   

   Conclusions 

 Serial MRS over 14 months demonstrates progressive 
changes from “acutely” abnormal appearing pro fi le of frontal 
and parietal WM to a more “chronic” abnormal pro fi le in a 
patient with abnormal white matter of unknown etiology.   

   Cases 79–82: Leukodystrophy, van der 
Knaap or “Vanishing White Matter Disease” 
in Four Siblings 

   Clinical Background ( sibling 1 ) 

 5-year-old male being evaluated for possible Canavan disease.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal white matter and occip-
ital gray matter.  

   Interpretation/Discussion 

 This was the  fi rst of the siblings to undergo an MR examina-
tion (Fig.  22.79 ). Canavan disease was discussed as a possible 
cause for clinical symptoms at that time. On MRI there was 
marked abnormal signal of the white matter throughout both 
cerebral hemispheres. No focal absence of tissue is noted. 
Findings were interpreted as consistent with leukodystrophy. 

  Fig. 22.78    Leukoencephalopathy       
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MR spectroscopy did not demonstrate elevated NAA and 
Canavan disease was ruled out. Indeed, MRS showed gener-
ally reduced metabolites in white matter (spectra are scaled to 
absolute concentrations to allow direct comparison). These 
features, together with the MRI presentation, were suggestive 
for van der Knaap leukodystrophy. MRS of gray matter 
showed only minor abnormalities, possibly due to partial vol-
ume of white matter.   

   Conclusions 

 MRS of Van der Knaap leukodystrophy or “Vanishing White 
Matter Disease” showed severely abnormal MRS of white 

matter with all metabolites signi fi cantly reduced. MRS of 
gray matter was close to normal.  

   Clinical Background ( sibling 2 ) 

 2-year-old female being evaluated for possible Canavan disease.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal/frontal white matter 
and occipital gray matter.  

   Interpretation/Discussion 

 This sibling was examined at the same time as her older 
brother with Canavan disease discussed as a possible cause 
for clinical symptoms. MRI and MRS were comparable with 
what has been observed in her older sibling (Fig.  22.80 ).   

   Conclusions 

 MRS of Van der Knaap leukodystrophy or “Vanishing White 
Matter Disease” showed severely abnormal MRS of white 

  Fig. 22.79    Leukodystrophy, van der Knaap or “Vanishing White 
Matter Disease” in Four Siblings       

  Fig. 22.80    Leukodystrophy, van der Knaap or “Vanishing White 
Matter Disease” in Four Siblings       
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matter with all metabolites signi fi cantly reduced. MRS of 
gray matter was close to normal.  

   Clinical Background ( sibling 3 ) 

 9-month-old boy with two siblings with known 
leukodystrophy.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal white matter and occip-
ital gray matter.  

   Interpretation/Discussion 

 MRI and MRS were comparable with what has been observed 
in the two older siblings (Fig.  22.81 ).   

   Conclusions 

 MRS of Van der Knaap leukodystrophy or “Vanishing White 
Matter Disease” showed severely abnormal MRS of white 
matter with all metabolites signi fi cantly reduced. MRS of 
gray matter was close to normal.  

   Clinical Background ( sibling 4 ) 

 12-month-old male with three siblings with known leu-
kodystrophy, developmental delay.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal white matter and occipital 
gray matter.  

   Interpretation/Discussion 

 MRI and MRS were interpreted as within normal range for 
age (Fig.  22.82 ). There is no follow-up examination avail-
able for this child.   

   Conclusions 

 Normal MRS in a child with three siblings that has previ-
ously been diagnosed with of Van der Knaap leukodystrophy 
or “Vanishing White Matter Disease.”   

  Fig. 22.81    Leukodystrophy, van der Knaap or “Vanishing White 
Matter Disease” in Four Siblings       

  Fig. 22.82    Leukodystrophy, van der Knaap or “Vanishing White 
Matter Disease” in Four Siblings       
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   Case 83: Unusual 0.9 ppm: High Glucose 

   Clinical Background 

 4-month-old female with congenital heart disease (Truncus 
Arteriosus) status post repair, congenital cystic adenomatoid 
malformation (CCAM) with right lower lobe (RLL) lung 
resection, ventilator dependent, and seizure disorder. MRI and 
MRS were performed to assess the extent of tissue damage.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of the left occipital white 
matter—partial volume with ventricle and the left thalamus.  

   Interpretation/Discussion 

 On MRI, diffuse signal abnormality of the bilateral cerebral 
hemispheres with associated volume loss was noted 
(Fig.  22.83 ). This was interpreted as likely representing the 
sequela of acute, subacute, and chronic areas of infarction. 
MRS demonstrated signi fi cantly elevated lactate, whereas 
NAA was depleted. In both spectra acquired, Glc was promi-
nent. The depleted NAA is suggestive for substantial neu-
ronal/axonal loss in the remaining tissue and poor outcome. 
The prominent Glc may indicate reduced glycolysis in apop-
totic and necrotic tissue. The resonance at 0.9 ppm, generally 

believed to represent methyl (−CH 
3
 ) end-groups of lipids and 

macromolecules, was prominent. For lipids, in the absence 
of equally prominent signal from CH 

2
 -groups (at 1.2 ppm), 

this would indicate the accumulation of small and short-
chain lipids in this case. More regular lipid molecules have 
several CH 

2
 -groups for each molecule-terminating -CH 

3
  

group. Thus, generally the 1.2 ppm is more prominent than 
the peak at 0.9 ppm.   

   Conclusions 

 An unusually prominent signal at 0.9 ppm was observed. 
The origin of the signal is unclear. Prominent Glc may indi-
cate impaired glycolysis.   

   Case 84: Unusual “Local” Global Hypoxia 

   Clinical Background 

 2-year-old female status post drowning for unknown amount 
of time.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of the occipital abnormal 
appearing GM, right frontal WM, and standard parietal WM.  

  Fig. 22.83    Unusual 
0.9 ppm: High Glucose       
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   Interpretation/Discussion 

 On MRI extensive swelling, T2 prolongation, and restricted 
diffusion involving the paramedian parietal lobes, parame-
dian posterior frontal lobes, bilateral occipital lobes, right 
posterior temporal lobe, and right cerebellar hemisphere 
compatible with acute to subacute infarctions was observed 
(Fig.  22.84 ). MRS was unusual for an event that would gen-
erally cause global damages. The gray matter MRS was con-
sistent with severe hypoxic/ischemic injury. Metabolites 
were generally reduced with NAA approximately 30% of 
normal levels (spectra are scaled to absolute concentrations). 
Lactate was elevated and Gln was above normal. In addition, 
it was noted that Glc was above normal. On the other hand, 
there was no clear evidence for elevated lactate in frontal and 
parietal WM and NAA was close to normal. Unusual, how-
ever, was the Cho signal, which was above normal levels in 
both white matter locations.   

   Conclusions 

 Unusual “global” hypoxic/ischemic injury with white matter 
apparently preserved. Signi fi cance of the high Cho levels is 
unknown.   

   Case 85: Acute Seizures 

   Clinical Background 

 15-year-old female with hemolytic uremic syndrome, acute 
renal failure, had seizures 5 h before MR examination. 
Thereafter, the patient had no coherent verbalizations and 
had decreased strength in the right arm. MRI/MRS was per-
formed to rule out stroke and posterior reversible encephal-
opathy syndrome (PRES).  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, of left parietal WM, 
parietal–occipital GM, right visual/occipital cortex, and 
basal ganglia.  

   Interpretation/Discussion 

 The MRS acquired from left parietal WM appeared to be 
close to normal (cf. Fig.  22.85a , upper and lower traces). 
MRS of parietal–occipital GM showed reduced NAA and 
increased Cho (cf. B, upper and lower traces). Noted was 

  Fig. 22.84    Unusual 
“Local” Global 
Hypoxia       
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also a Glc peak slightly more prominent than generally 
observed. NAA appeared to be reduced in the spectrum 
obtained from the basal ganglia (C), whereas there was evi-
dence for elevated lactate in the right visual/occipital cortex 
spectrum (D). Lactate could indicate a more acute metabolic 

imbalance whereas the low NAA in the basal ganglia could 
raise concerns for more permanent/chronic abnormalities. 
The MRI was reported to be normal. Follow-up MRI one 
year later was also reported to be unremarkable (no MRS 
performed).   

  Fig. 22.85    Acute Seizures       
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   Conclusions 

 MRS showed signi fi cant abnormalities in a patient with acute 
seizures.   

   Case 86: Newborn Trauma (Negative), 
Follow-up 

   Clinical Background 

 2-month-old male, CT scan chronic extra-axial hemorrhage, 
concern for nonaccidental trauma (NAT).  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal WM, occipital/parietal 
GM, baseline and 6-months follow-up.  

   Interpretation/Discussion 

  Initial study (at 2 months):  The MRI showed cerebral 
extra-axial  fl uid collections and acute/subacute subdural 
hemorrhage (Fig.  22.86 ). There was no evidence for acute 
infarction (diffusion negative). The MRS of parietal WM 
was interpreted as unremarkable with no evidence of ele-
vated lactate and other metabolites within normal range 

for age.  Follow-up (at 8 months):  MRI showed a small 
residual left subdural hematoma with well-de fi ned 
membranes reduced in size. Also, extracerebral  fl uid 
collections were resolved and the MRI was otherwise nor-
mal. The MR spectrum obtained from a comparable posi-
tion showed markedly increased NAA consistent with 
normal developmental changes. Other metabolites were 
also within normal range for age.   

   Conclusions 

 No evidence from MRS for traumatic brain injury. Metabolic 
changes between initial and follow-up MRS consistent with 
normal biochemical maturation.   

   Case 87: Intractable Seizures 

   Clinical Background 

 6-month-old male with seizures of unknown etiology.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal WM, occipital/parietal 
GM, re-examined at 11 months.  

   Interpretation/Discussion 

 Initial MRI at 6 months (Fig.  22.87a ) was interpreted as 
normal. At that time, MRS was interpreted as borderline 
normal with, for example, NAA concentrations approxi-
mately 86% of what has been established for normal at this 
age at Children’s Hospital Los Angeles. Other metabolites 
were also close to normal for age. At 11 months (B), the 
brain parenchyma was of normal signal intensity on all 
sequences without focal abnormality. Myelination was 
appropriate for the patient’s age. However, a slight increase 
in the size of the lateral ventricles and sulci suggesting 
mild diffuse volume loss was noted on MRI. Spectroscopy 
was clearly abnormal with NAA reaching only 65% of 
normal (C). On the other hand, Cr did not change 
signi fi cantly (D). The same pattern was observed for 
occipital/parietal gray matter (not shown). These changes 
are consistent with progressive neuronal/axonal damage/
loss. Four years after theses studies were conducted the 
patient exhibits global developmental delays and contin-
ues to have seizures.     Fig. 22.86    Newborn Trauma (Negative), Follow-up       
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   Conclusions 

 MR spectroscopy identi fi ed progressive neuronal/axonal 
damage/loss in a patient with intractable seizures of unknown 
etiology.   

   Case 88: Newborn Hypotonia, “Normal” 
Age-Dependent Changes 

   Clinical Background 

 7-day-old boy with hypotonia and seizures.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal WM, occipital/parietal 
GM, re-examined at 9½ months.  

   Interpretation/Discussion 

 The initial MRI demonstrated multiple foci of parenchymal 
necrosis in the white matter of the left frontal and parietal 

lobes (black arrow, Fig.  22.88 ). The gray matter was unre-
markable. At the 9½ months follow-up WM necrosis was 
still present but had improved, although associated with 
white matter volume loss. Gray matter was again unremark-
able and appropriate for age. The MR spectrum showed a 
signi fi cant increase of NAA, slightly increased Cr, and 
reduced mI consistent with the expected age-dependent 
changes.   

   Conclusions 

 Serial MRS in a patient with hypotonia and seizures and 
focal white matter necrosis showed normal age-dependent 
changes in parietal/occipital gray matter.   

   Case 89: Nonaccidental Trauma, Severe 
Hypoxic/Ischemic Injury Pattern, Progression 

   Clinical Background 

 2-month-old boy, admitted with suspicion for nonaccidental 
trauma 3 days before the initial study.  

  Fig. 22.87    Intractable Seizures       
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   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, occipital/parietal GM, baseline 
and one-month follow-up.  

   Interpretation/Discussion 

  Initial study : On MRI there was evidence of diffuse cerebral 
edema with diffusion pattern of abnormality suggestive of a 
bilateral border zone (low perfusion) acute infarct, with acute 
subdural hemorrhage in the posterior fossa (Fig.  22.89 ). 
Spectroscopy demonstrated elevated lactate and lipids, 
reduced NAA, and increased (likely) Gln. MRS was consis-

tent with severe, acute hypoxic/ischemic injury.  One-month 
follow-up : MRI showed evidence of diffuse cerebral multi-
cystic volume loss secondary to the previously seen diffuse 
cerebral edema with diffusion pattern suggestive of a bilat-
eral border zone (low perfusion) acute infarcts. Spectroscopy 
showed now lipids to be more prominent than lactate. NAA 
was not detectable and Gln, which was increased previously, 
was now depleted.   

   Conclusions 

 An example for progression of severe hypoxic/ischemic 
injury at 1-month postinsult in a 2-month-old baby is shown.   

  Fig. 22.88    Newborn Hypotonia, “Normal” Age-Dependent Changes       
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   Case 90: Hypoxic/Ischemic Injury, 
Newborn, Citrate 

   Clinical Background 

 11-day-old male with perinatal depression, asphyxia now 
seizures, born at 34 weeks gestational age.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, parietal and frontal 
white matter, parieto/occipital gray matter.  

   Interpretation/Discussion 

 The MRI showed multiple areas of signal abnormality 
and restricted diffusion involving the basal ganglia, thal-
ami, internal capsule, and corona radiata bilaterally most 
likely related to areas of hyperperfusion injury given the 
provided history of birth asphyxia (Fig.  22.90 ). An under-
lying metabolic abnormality cannot be excluded. MRS 
was signi fi cantly abnormal. It showed increased lactate 
and lipids in all regions examined suggesting acute or 
subacute injury. NAA was possibly slightly reduced for 
age. Cr, Cho, and mI appear to be close to normal for age. 

Noted was a signal consistent with citrate in all three 
spectra. The signi fi cance of citrate is unclear. In normal 
brain, citrate is involved in energy metabolism and is the 
 fi rst intermediate in the TCA cycle.   

   Conclusions 

 A slightly unusual pattern in a newborn with ischemic/
hypoxic was observed. The presence of citrate may raise the 
possibility of an underlying inborn error with abnormal 
energy metabolism.   

   Case 91: Charge Syndrome 

   Clinical Background 

 14-day-old infant (38 weeks gestational age at birth) with 
CHARGE association, hearing loss.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal WM, occipital/parietal 
GM, re-examined at 2½ months.  

  Fig. 22.89    Nonaccidental Trauma, Severe Hypoxic/Ischemic Injury Pattern, Progression       
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   Interpretation/Discussion 

 First study (Fig.  22.91a ): Structural abnormalities such 
as absent olfactory tracks and bulbs were noted on MR 
images (not shown). The brain parenchyma demonstrated 
bands of migrating cells in the white matter of both cere-
bral hemispheres of unknown signi fi cance, but can be 
seen in case of congenital heart disease and other con-
genital syndromic cases. These may represent makers of 
immature white matter maturation. Myelination was 
appropriate for the patient’s age and the ventricles were 
normal in size and con fi guration. MR spectroscopy 
showed a biochemical pro fi le close to normal for age. 
The exception was mI, which appeared to be slightly 
above normal levels. Second study (B): The MRI inter-
pretation did not change with structural abnormalities 
noted as above but with brain parenchyma and myelina-
tion appropriate for age. MR spectroscopy was also con-
sistent with the initial study showing only mI to be 
slightly above normal levels (C).   

   Conclusions 

 Increased mI, possibly incidental, was observed in Charge 
syndrome in two studies of the same patient. Other metabo-
lites were within the normal range.   

   Case 92: Scyllo-Inositol, Prominent 

   Clinical Background 

 18 month old with hypotonia and respiratory failure, MRI/S 
was performed to rule out ischemic event and to explain 
decreased respiratory function.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms, parietal WM, occipital/pari-
etal GM. 

 Interpretation/Discussion 

 On MRI there was no evidence of acute infarction. However, 
bilateral striatal (basal ganglia) T2 hyperintensity was noticed 
(Fig.  22.92 ). The differential included chronic hypoxic– 
ischemic injury. Other differential considerations were toxic 
injury and metabolic disease. The spectra did not show evi-
dence for elevated lactate and/or reduced NAA. Cho was 
prominent relative to Cr. In both white matter and gray matter, 
scyllo-inositol (sI) was prominent. Scyllo-inositol is often too 
small for reliable detection. In this case, it was readily detect-
able and estimated to be 500–700% above normal levels.   

   Conclusions 

 A case with prominent scyllo-inositol is shown. The cause 
and signi fi cance of prominent sI is unclear. Cho was also 
elevated in this patient.   

   Case 93: Focal White Matter Necrosis, 
Periventricular Leukomalacia (PVL) 

   Clinical Background 

 6-week-old male with seizures, born at 31 weeks gestational age.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, parietal and frontal 
white matter, parieto/occipital gray matter.  

   Interpretation/Discussion 

 The MRI showed ventricles that were normal in size and 
con fi guration (Fig.  22.93 ). However, there were multiple 

  Fig. 22.90    Hypoxic/Ischemic Injury, Newborn, Citrate       
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1–2 mm focal areas of coagulation necrosis in the white 
matter of both cerebral hemispheres which was detected 
on 3D spoiled gradient-echo imaging (not shown). 
Myelination was deemed appropriate for the patient’s 
age. No malformations were identi fi ed. The MRS 

appeared to be mostly unremarkable for age. Only in 
parietal white matter, lactate appeared to be slightly abnor-
mal. As all studies in very small babies, the interpretation 
of the spectra is complicated by the lack of appropriate 
control data.   

  Fig. 22.91    Charge Syndrome       

  Fig. 22.92    Scyllo-Inositol, 
Prominent       
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   Conclusions 

 A patient with focal white matter necrosis presents with 
slightly abnormal lactate in parietal white matter.   

   Case 94: Diffuse Excessive High Signal Intensity 
(DEHSI) I, Newborn 

   Clinical Background 

 2-week-old male with congenital heart defect, born at 34 
weeks gestational age, examined for brain abnormalities.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, parietal and frontal 
white matter, parieto/occipital gray matter.  

   Interpretation/Discussion 

 The MRI showed features consistent with severe Diffuse 
Excessive High Signal Intensity (DEHSI), an abnormality 

putatively thought to represent diffuse WM gliosis within the 
spectrum of perinatal white matter injury (Fig.  22.94 ). In 
addition, the ventricles were enlarged and there was above 
normal extra-axial  fl uid accumulation. The MRS showed in 
both white matter locations evidence for slightly elevated 
lactate. Other metabolites appear to be within normal range. 
However, the interpretation of the spectra is complicated by 
the lack of appropriate control data.   

   Conclusions 

 A patient with severe DEHSI shows readily detectable lac-
tate. A more detailed interpretation of data from very young 
babies is complicated by the unavailability of appropriate 
control data.   

   Case 95: Diffuse Excessive High Signal Intensity 
(DEHSI) II, Newborn 

   Clinical Background 

 Newborn male with abnormal perfusion examined to rule out 
infarction, born at 33 weeks gestational age.  

  Fig. 22.94    Diffuse Excessive High Signal Intensity (DEHSI) I, Newborn         Fig. 22.93    Focal White Matter Necrosis, Periventricular Leukomalacia 
(PVL)       
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   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, parietal and frontal 
white matter, parieto/occipital gray matter.  

   Interpretation/Discussion 

 The MRI showed features consistent with severe Diffuse 
Excessive High Signal Intensity (DEHSI), an abnormality 
putatively thought to represent diffuse WM gliosis 
(Fig.  22.95 ). The MRS showed in both white matter loca-
tions evidence for slightly elevated lactate. It is also possible 
that there were small amounts of propylene glycol, which 
has often been used as a solvent for medication administered 
to patients. Other metabolites appear to be within normal 
range. However, the interpretation of the spectra is compli-
cated by the lack of appropriate control data.   

   Conclusions 

 A patient with severe DEHSI shows lactate. A more detailed 
interpretation of data from very young babies is complicated 
by the unavailability of appropriate control data.   

   Case 96: Extreme Prematurity, Normal MRI, 
Lactate 

   Clinical Background 

 Premature baby with respiratory distress. Gestational age at 
birth was 25 weeks. The patient was studied 1 week after birth.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, two locations in undif-
ferentiated brain tissue  

   Interpretation/Discussion 

 MRI was reported to be within normal limits and clinical 
follow-up of more than 4 years after the study was unre-
markable for this patient (Fig.  22.96 ). Lactate is present in 
both spectra. NAA is very low, whereas mI is the most 
prominent peak.   

   Conclusions 

 Lactate detected at very early brain development (prema-
turity) does not necessarily indicate brain injury. 
Similarly, very low NAA and elevated mI levels are nor-
mal at this age.   

  Fig. 22.95    Diffuse Excessive High Signal Intensity (DEHSI) II, 
Newborn       

  Fig. 22.96    Extreme Prematurity, Normal MRI, Lactate       
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   Case 97: Newborn, Propylene Glycol, 
 Not  Lactate 

   Clinical Background 

 Two-month-old male with hemorrhage and suspected head 
trauma. MRS was performed to rule out axonal/neuronal injury.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE = 35 ms, occipital gray matter.  

   Interpretation/Discussion 

 On MRI, the brain parenchyma appeared normal on all 
sequences and the ventricles were of normal size (Fig.  22.97 ). 
An acute subdural hemorrhage along the falx and tentorium 
was noted. A prominent signal from propylene glycol (Pgc), 
also known as propan-1,2-diol, was detected in the MR spec-
trum. Pgc presents with a doublet that can be confused with 
the lactate doublet. The concentration of Pgc in brain tissue 
was   »  20 mmol/kg. Additionally, NAA was reduced in this 
patient indicating signi fi cant brain damage. A later CT scan 
revealed shrunken gyri and ventriculomegaly suggesting 
parenchymal volume loss in both hemispheres.   

   Conclusions 

 To ensure proper identi fi cation of lactate and/or propylene 
glycol the chemical shift of the down fi eld doublet needs to 

be checked carefully. Note that the Pgc doublet is centered at 
  »  1.2 ppm whereas the double from lactate is centered at 
  »  1.3 ppm. Propylene glycol is often used as a solvent for 
drugs (antiseizure drugs) and its accumulation in brain tissue 
of small babies has been reported by several groups (1). It is 
unknown whether Pgc by itself can cause brain damage.   

   Case 98: Cockayne Syndrome 

   Clinical Background 

 3-month-old female with dysmorphic features.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of parietal WM, 
occipital GM.  

   Interpretation/Discussion 

 The initial MRI study showed enlarged lateral ventricles and a 
cystic lesion at right posterior ventricle (Fig.  22.98 ). Extensive 
diffuse predominantly white matter signal abnormality was 
noted. The spectrum showed signi fi cantly elevated lactate. 
NAA was slightly reduced, Cr and Cho were close to normal, 
and mI was elevated. Glc appeared to be slightly prominent. 
A repeat MRI (no MRS performed) 3 months later showed 
signi fi cant volume loss. At that time the patient suffered from 
uncontrollable hyperglycemia. Cockayne syndrome is cur-
rently discussed as the underlying disease of this patient.   

  Fig. 22.97    Newborn, 
Propylene Glycol,  Not  
Lactate       
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   Conclusions 

 A spectrum of a patient tentatively diagnosed with Cockayne 
syndrome showed elevated lactate.   

   Case 99: Leigh’s Disease 

   Clinical Background 

 17-month-old male with developmental delay  .

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, basal ganglia, occipi-
tal GM  .

   Interpretation/Discussion 

 The MRI showed abnormal edema in the midbrain and basal 
ganglia, which is suggestive of Leigh’s disease (Fig.  22.99 ). 
There was high diffusion signal seen within the lesion sug-
gesting an acute etiology. MRS of basal ganglia showed 
prominent lactate. MRS of gray matter was close to normal 
with only a small amount of lactate detectable.   

   Conclusions 

 A patient with suspected Leigh’s disease had prominent lac-
tate in a spectrum obtained from abnormal basal ganglia. 
Gray matter MRS was close to normal.   

   Case 100: Mitochondrial Encephalomyopathy 
with Lactic Acidosis (MELAS), Normal MRI 

   Clinical Background 

 12-year-old male with MELAS syndrome.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, occipital GM.  

  Fig. 22.98    Cockayne 
Syndrome       

  Fig. 22.99    Leigh’s Disease       
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   Interpretation/Discussion 

 The MRI was interpreted as normal. MRS of gray matter 
showed elevated lactate but was otherwise close to normal 
(Fig.  22.100 ).   

   Conclusions 

 A patient with MELAS and normal MRI showed readily 
detectable elevated lactate.   

   Case 101: Mitochondrial Encephalomyopathy 
with Lactic Acidosis (MELAS), New Acute 
Symptoms, Abnormal MRI 

   Clinical Background 

 The patient is a 14-year-old male with a history of MELAS 
syndrome.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, occipital GM, lesion . 

   Interpretation/Discussion 

 The MRI showed multiple acute and subacute infarcts 
(Fig.  22.101 ). MRS of gray matter showed elevated lactate 
and reduced NAA. MRS of abnormal periventricular white 
matter showed more signi fi cantly elevated lactate and 

signi fi cantly reduced NAA. Reduced NAA is consistent with 
neuronal/axonal damage/loss.   

   Conclusions 

 A patient with MELAS and abnormal MRI showed readily 
detectable elevated lactate and reduced NAA.   

   Case 102: Reproducibility of MRS, 
State-of-the-Art 

   Clinical Background 

 Healthy adult control.  

  Fig. 22.100    Mitochondrial 
Encephalomyopathy with 
Lactic Acidosis (MELAS), 
Normal MRI       

  Fig. 22.101    Mitochondrial Encephalomyopathy with Lactic Acidosis 
(MELAS), New Acute Symptoms, Abnormal MRI       
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   MRS Method 

 3 T, SV-PRESS TE 35 ms, occipital/parietal GM, two studies 
2 months apart.  

   Interpretation/Discussion 

 MRS has often been perceived as being an unreliable methodol-
ogy (Fig.  22.102 ). However, signi fi cant advances in hardware 
have improved the reliability of MRS considerably. In the above 
study, the volunteer was examined twice—2 months apart. The 
ROIs were carefully placed in standard parietal white matter 
and parietal/occipital gray matter. Both white matter and gray 
matter spectra obtained at the session were highly comparable. 
This not only includes the major peaks of the proton spectrum 
such as NAA, Cr, Cho, or mI but also smaller details of the 
spectra (e.g., see “ticks” in white matter spectra).   

   Conclusions 

 With an appropriate effort, proton MRS on modern scanners 
is highly reproducible.   

   Case 103: Stability, State-of-the-Art 

   Clinical Background 

 Healthy adult control.  

   MRS Method 

 3 T, SV-PRESS TE 35 ms, parietal WM and occipital/pari-
etal GM, repeated MRS studies after oral administration of a 
Glc solution (oral Glc tolerance test (OGT)).  

   Interpretation/Discussion 

 This study was undertaken to demonstrate the excellent stability 
provided by modern MR scanners and thus sensitivity to detect 
small changes in individual subjects. A healthy adult control 
(over-night fasting) was examined after the administration of 
oral Glc. Spectra were acquired from two locations repeatedly 
(Fig.  22.103 ). Highly consistent data were obtained with varia-
tions of the major peaks (NAA, Cr, Cho, and mI) of less than 
10% over the duration of this study (A). The only metabolite 
with signi fi cant not-random changes was Glc, which, as 
expected, increased in both GM (B) and WM (not shown).   

   Conclusions 

 Modern scanners provide excellent stability for proton 
MRS.   

   Case 104: Cerebrospinal Fluid (CSF) 

   Clinical Background 

 3-day-old boy with congenital hydrocephalus.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, three locations with 
increasing partial volume of CSF.   

   Interpretation/Discussion 

 Metabolites are mostly intracellular and thus little signal is 
observed in spectra containing substantial amounts of CSF 
(Fig.  22.104 ). CSF itself, however, does not necessarily 
degrade the quality of the MRS. The linewidths of peaks in 
the spectra were excellent. Considering the partial volume of 
CSF is important when absolute quantitation is attempted. In 
this example, metabolite concentrations would be underesti-
mated without applying a correction for the small amount of 
tissue enclosed in the ROI.   

  Fig. 22.102    Reproducibility of MRS, State-of-the-Art       
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   Conclusions 

 CSF does not degrade spectral linewidth. Spectra from ROIs 
with large partial volume of CSF may be compromised by 
low SNR. For absolute quantitation, a correction for the 
amount of CSF enclosed in the ROI is required.   

   Case 105: Voxel Size and Signal to Noise 

   Clinical Background 

 Three infants with various indications for MRI/S.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, 128 averages.  

   Interpretation/Discussion 

 These cases illustrate the importance for a realistic assessment 
of the impact of the voxel size on the signal-to-noise ratio 
(SNR). Shown are the original measured spectra (gray lines) 
with superimposed  fi ts (black lines) (Fig.  22.105 ). The SNR 

  Fig. 22.103    Stability, State-of-the-Art       

  Fig. 22.104    Cerebrospinal Fluid (CSF)       
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increases (decreases) linearly with the volume of the region of 
interest. Fitting the low SNR spectrum (top trace), a spectrum 
with readily recognizable features such as peaks from NAA, 
Cr, Cho, and mI is produced. However,  fi tting procedures gen-
erally “assume” that there are resonances at prede fi ned posi-
tions. So it is not a surprise that a readily recognizable pattern 
is generated by the  fi t. For the interpretation, the random noise 
needs to be considered before arriving at any conclusions. 
That means, for this case, very little can be concluded from the 
spectrum shown on the top. With all parameters identical, 
except the volume of the voxel, the bottom spectrum has a six-
fold higher SNR and can be interpreted with much more 
con fi dence. For the upper spectrum to have the same SNR 
without increasing the voxel size, the acquisition time would 
need to be increased by a factor of 36 (SNR increases with the 
square root of the acquisition time). A compromise between 
an acquisition with a voxel too small for suf fi cient SNR and an 
example of somewhat large and not very speci fi c box in a 
small child is shown in the middle.   

   Conclusions 

 The random noise of a spectrum needs to be considered when 
interpreting a study.   

   Case 106: Low Signal to Noise 

   Clinical Background 

 14-year-old boy with history of pineal germinoma, postradi-
ation therapy.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion, 2D CSI, TE 
144 ms, lesion and surrounding tissue.  

  Fig. 22.105    Voxel Size and 
Signal to Noise       
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   Interpretation/Discussion 

 On MRI a small focus of enhancement in the region of the 
superior tectal plate was detected. Single-voxel and 2D 
chemical shift imaging (CSI) was attempted (Fig.  22.106 ). 
The single-voxel MRS of the lesion was not interpreted due 
to low signal to noise. On CSI, in the spectrum covering the 
suspicious lesion, Cho was the most prominent peak and an 
increased Cho/Cr ratio was reported. Subsequent surgical 
resection, however, yielded only scar tissue. The patient has 
been followed and is currently, 6 years later, free of any 
residual/recurrent disease.   

   Conclusions 

 Spectra of low quality, in this case low signal to noise, need 
to be interpreted carefully.   

   Case 107: Quality Compromised, Poor SHIM 

   Clinical Background 

 18-year-old male after resection of a posterior fossa pilocytic 
astrocytoma being evaluated for residual disease.  

  Fig. 22.106    Low Signal to Noise       
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   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of partially enhanc-
ing/suspicious tissue.  

   Interpretation/Discussion 

 The MRI was interpreted to be consistent with residual 
tumor. The MRS showed a spectrum with no metabolites dis-
cernable (Fig.  22.107 ). Inspection of the quality parameters 
showed that the linewidth (18 Hz) was more than 10 standard 
deviations above the linewidth routinely achieved. MRS was 
thus not reported. Blood in the surgical cavity may have 
caused poor magnetic  fi eld homogeneity in the region of 
interest.

Conclusions  

 The quality of MRS may be severely compromised by 
poor magnetic  fi eld homogeneity. In severe cases, MRS 
should not be reported. If there are concerns for bleeds 
it might be useful to have T2*weighted GRE or SWI 
imaging available when planning voxel placement for 
neoplasms.   

   Case 108: Quality Compromised, Braces, 
Poor SHIM 

   Clinical Background 

 17-year-old female with cerebellar lesion believed to be low 
grade.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, of lesion with partial 
volume of surrounding tissue. The patient was wearing 
braces. 3 T, single-voxel PRESS, TE 35 ms, repeat study 
without braces.  

   Interpretation/Discussion 

 On MRI, a nonenhancing cerebellar lesion consistent with a 
low-grade lesion was observed. Image distortions due to the 
braces were noticed (Fig.  22.108 ). The MRS (A) showed a 
low-quality spectrum with a linewidth four standard devia-
tions above the linewidth routinely achieved. There was no 
evidence for NAA. There appears to be a Cho peak more 
prominent than Cr and mI is possibly detectable. Nevertheless, 
MRS was reported as “ cannot be interpreted ”. In a later 
study (B) a spectrum was obtained that is more typical for a 
low-grade lesion (but not pilocytic astrocytoma). The patient 
has been stable with no evidence of lesion growth since 
initial diagnosis.   

   Conclusions 

 Braces may have a signi fi cant impact on the quality of MRS. 
MRS may not be interpretable. Programmable shunts may 
also cause similar artifacts.   

   Case 109: Artifact, Voxel Placement, 
Prominent Lipids 

   Clinical Background 

 3-week-old female admitted for concern of central hypoven-
tilation, for evaluation of brain structures.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms  .

   Interpretation/Discussion 

 The MR spectrum showed a massive lipid peak (Fig.  22.109 ). 
However, other MR spectra obtained from this patient had 
unremarkable lipids (not shown). When reviewing the posi-
tion of the ROI it was noticed that it has not been carefully 
placed and that it partially overlapped lipid-containing tissue 
next to the eye.   

  Fig. 22.107    Quality Compromised, Poor SHIM       
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   Conclusions 

 An important part of the interpretation of MRS is the careful 
review of the position of the ROI. In this case, the prominent 
lipids are explained by the “sloppy” positioning of the ROI.   

   Case 110: Shifted Head Position Relative 
to Localizer MRI 

   Clinical Background 

 16-year-old female with pilocytic astrocytoma.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 The MR spectrum of an vividly enhancing lesion (suspected 
pilocytic astrocytoma) showed a spectrum close to normal 
with NAA being the most prominent peak and Cho 

 unremarkable relative to Cr (Fig.  22.110 ). MR images before 
and after MRS were compared and it was noticed that the 
patient shifted the head signi fi cantly. The scan was repeated 
and a spectrum consistent with a pilocytic astrocytoma was 
obtained (not shown).  

Conclusions

 In case the MR spectrum of a lesion is obviously not compat-
ible with metabolic pattern generally observed in lesions 
(e.g., low NAA), MR images before and after the MRS study 

  Fig. 22.109    Artifact, Voxel Placement, Prominent Lipids       

  Fig. 22.110    Shifted Head Position Relative to Localizer MRI       

  Fig. 22.108    Quality Compromised, Braces, Poor SHIM       
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should be compared to rule out signi fi cant shifts of the head. 
For this to be possible, the MRS should not be the very last 
sequence of an MR examination. If there is concern for the 
length of an examination, the number signal averages can 
be changed (decrease) to help acquire the spectra faster 
(at the risk of having less SNR).   

   Case 111: Frequency Jump, Patient Moving? 

   Clinical Background 

 7-year-old boy with posterior fossa tumor.  

   MRS Method 

 1.5 T, SV-MRS PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 The  fi rst spectrum acquired (Fig.  22.111a ) showed lipids and 
depleted NAA. Instead of Cr peak, a broad shoulder next to Cho 
peak was noticed. The Cho peak itself was split in what looked 
like two peaks. The same was observed for mI. An artifact or a 
technical problem was suspected and the scan was repeated (B). 
The repeat scan showed “clean” peaks for Cr, Cho, and mI. The 
exact cause that resulted in the artifact in spectrum A is unclear. 
However, it is apparent that at approximately half way through 
data acquisition, a distinct “jump” of the frequency must have 
occurred. A more gradual shifting of the frequency can be ruled 
out, as this would have resulted in a spectrum with broad 
lines instead of two distinct peaks for Cho and mI, respectively. 
A slow/steady shifting of the position of the head as cause for 
the frequency jump appears thus unlikely. It is possible is that 
the head moved at some stage from one distinct position to 
another one.   

   Conclusions 

 Unexpected “splitting” of peaks was observed. A repeat MRS 
without “splitting” of lines indicated that this was likely due to 
the patient moving the head between two distinct positions.   

   Case 112: Hemorrhage, MRS Degradation 
by Blood Products 

   Clinical Background 

 Patient 1: Frontal lobe hemorrhage, diagnosed 1 year earlier. 
 Patient 2: Acute parenchymal hemorrhage in the superior 

vermis of the cerebellum. 
 Patient 3: Ependymoma, 4 months postresection.  

   MRS Method 

 1.5 T (patients 1 + 3), 3 T (patient 2), single-voxel PRESS, 
TE 35 ms, lesion.  

   Interpretation/Discussion 

 All spectra were of low quality with broad lines 
(Fig.  22.112 ). No metabolites were detectable in any of the 
spectra. Note that for patient three, a good quality spectrum 
(inset) was acquired from a ROI adjacent to the hemor-
rhagic part of the lesion. That spectrum showed elevated 
Cho consistent with residual/recurrent disease, which was 
subsequently con fi rmed.   

  Fig. 22.111    Frequency Jump, Patient Moving?       
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   Conclusions 

 Quality of MRS is severely compromised by the presence of 
blood products. It should be noted that cavernoma lesions 
can also cause this type of spectra. Cavernoma are some-
times in the differential diagnosis of brain tumors.   

   Case 113: Calci fi cation 

   Clinical Background 

 7-year-old boy postresection of an anaplastic oligoastrocy-
toma with residual disease 3 years after surgery.  

   MRS Method 

 1.5 T, single-voxel PRESS, TE 35 ms, lesion.  

   Interpretation/Discussion 

 MRI/CT showed a large calci fi ed mass, which involved the 
tectal plate and the left thalamus consistent with residual 
tumor (Fig.  22.113 ). The MR spectrum was acquired from an 
ROI that included calci fi ed parts of the lesion. Despite the 
calci fi cation, a spectrum with suf fi cient quality for interpre-
tation was obtained. Although, the linewidth of the spectrum 
was worse than generally observed, peaks of Cho, Cr, and mI 

  Fig. 22.112    Hemorrhage, MRS Degradation by Blood Products       
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were well separated. Generally, the quality of MR depends 
on the extent of calci fi cation. In extreme cases, the spectrum 
may not be interpretable.   

   Conclusions 

 Calci fi cation apparent on CT does not necessarily rule out 
MRS based on technical grounds.   

   Case 114: Medulloblastoma (Classic), 
High Lipids, Atypical, Scaling: Advantage 
of Absolute Quantitation 

   Clinical Background 

 12-year-old male with new posterior fossa tumor.  

   MRS Method 

 1.5 T, SV-PRESS TE 35 ms.  

   Interpretation/Discussion 

 A left cerebellar tumor consistent with medulloblastoma was 
seen on MRI (Fig.  22.114 ). The tumor was resected and 
initially classi fi ed as desmoplastic medulloblastoma based 
on frozen sections. The diagnosis was changed after a more 

  Fig. 22.113    Calcifi cation       

  Fig. 22.114    Medulloblastoma (Classic), High Lipids, Atypical, 
Scaling: Advantage of Absolute Quantitation       
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thorough review of tissue samples to classic medulloblas-
toma. MRS showed an unusually prominent lipid signal—
more than 10 standard deviations higher than the mean lipid 
signal observed in other medulloblastomas. Spectra are often 
arbitrarily scaled to the most prominent peak and this 
spectrum. In this case, the Cho peak appeared to be of low 
intensity, when compared with the lipid signal (lower trace). 
The same spectrum with rescaled by a factor of four is shown 
in the upper trace. Indeed, absolute quantitation revealed that 
Cho was prominent and consistent with an aggressive tumor. 
Tau was not readily detectable, Cr was very low, and mI was 
unremarkable.   

   Conclusions 

 Spectra with unusual prominent signal from lipids need to be 
interpreted carefully as manufacturer provided software 
often scales the spectra to the peaks with the highest inten-
sity. Absolute quantitation removes this ambiguity.   

   Case 115: Out-of-Voxel Lipid Artifact 

   Clinical Background 

 13-year-old girl with brain tumor postradiation therapy.  

   MRS Method 

 3 T, single-voxel PRESS, TE 35 ms, parietal WM.  

   Interpretation/Discussion 

 The spectrum showed metabolites were close to normal. 
However, unusual and prominent lipid signal was observed 
(Fig.  22.115 ). This signal is most likely contamination by 
lipids outside the region of interest due to a combination of 
effects. First, this patient may have moved the head slightly 
between the MRI used for the placement of the voxel and the 
MRS study. This is documented by comparing MR images 
from the same absolute position before and after the acquisi-
tion of the MR spectrum. Second, the chemical shift artifact 
causes the ROI to be slightly different for each chemical 
depending on their resonance frequencies. In this case, the 
ROI for lipids was shifted closer to the skull. Third, RF 
pulses are not perfect and will excite tissue outside the ROI. 
This can be a problem if the signal from the tissue outside the 
ROI is very strong, as can be the case with lipids. In the 
example above, the lipid signal is “out-of-phase,” which is a 

strong indicator that the signal originates from tissue outside 
the ROI.   

   Conclusions 

 Lipid contamination can occur even when ROIs do not 
include tissues with a high lipid content due to the imperfections 
of slice selective RF pulses, patient movement, and chemical 
shift artifact. “Out-of-phase” appearance is a strong indicator 
for the signal not originating from within the ROI. Saturation 
bands can sometimes be placed on bone structures that are 
adjacent to regions for MRS voxel placement, in order to 
help reduce lipid contamination.       
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