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Introduction
MR imaging and spectroscopy play important roles in  
the management of our neuropediatric patients. While 
structural assessments of the central nervous system by 
conventional MRI constitute an essential part of clinical 
routine, recent technical advances have facilitated insights 
not only into brain structures but also into function and 
metabolism as well as into the dynamics of cerebrospinal 
fluid (CSF) and aspects of myelination as an indicator of 
brain maturation. Many of these techniques contribute to 
faster diagnosis and, even more importantly, to evaluation 
of therapies, e.g., in neurometabolic disorders. Further-
more, novel methods like real-time phase-contrast (PC) 
flow MRI will be of great importance in unravelling the 

pathophysiological mechanisms in pediatric patients with 
disturbed CSF circulation like hydrocephalus, pseudotumor 
cerebri, as well as spinal cord disorders such as syringomyelia. 
Pertinent insights promise a basis for new approaches to 
therapeutic interventions.

1H-MR spectroscopy for diagnostics and 
therapy monitoring
MRS characterizes brain cellular composition and  
metabolism and thus offers complementary information  
to structural MRI. For example, tissue-specific placements 
of volumes-of-interests may help to differentiate between 
gray-matter (GM) and white-matter (WM) diseases. The 

1   1H-MR spectroscopy in a girl with 
creatine deficiency syndrome  
(caused by guanidinoacetate  
methyltransferase deficiency).

  (1A, B) (Age 1.3 years1): (1A) axial T2- 
weighted image without abnormalities. 
Myelination is appropriate for the age. 
(1B) Gray matter (GM) spectrum reveals 
two significantly reduced tCr peaks 
indicating cerebral creatine deficiency.

  (1C, D) After three months of creatine 
and ornithine supplementation (age  
1.6 years): (1C) Axial T2-weighted image 
demonstrates physiological advancement 
of myelination. (1D) tCr peaks have 
increased, reflecting effective therapy. 
(1E) Voxel placement in posterior 
paramedian GM.

  tNAA: N-acetylaspartate and  
N-acetylaspartylglutamate 
tCr: creatine and phosphocreatine 
Cho: choline-containing compounds 
Ins: myo-inositol 
ppm: parts per million
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2   1H-MR spectroscopy in a boy (age 10.5 years) with a mitochondriopathy (caused by Kearns-Sayre syndrome). 
(2A) Axial T2-weighted image with high signal bilateral in the pallidum as well as subcortical occipital. (2B) Gray matter (GM) spectrum with 
lactate doublet at 1.3 ppm indicating increased brain lactate concentration. (2C) Voxel placement in posterior paramedian GM. Note the 
atrophy of the whole brain. 
Lac: lactate; other parameters see Fig. 1.

2A 2B 2C

neuronal marker N-acetylaspartate (NAA) dominates a  
pediatric brain spectrum from about five months of age 
and is of significant clinical relevance. Other metabolites 
accessible by MRS are creatine (Cr), which reflects energy 
metabolism, choline-containing compounds (Cho)  
depicting membrane turnover, and myo-inositol (Ins)  
as an astrocytic marker [1]. Postnatal brain development  
and maturation processes (e.g., myelination) result in  
considerable biochemical changes and correspondingly  
altered metabolite patterns [2]. Such knowledge allows  
for the evaluation of normal and pathological brain  
development and is one essential feature in pediatric  
applications. Insights into the “in vivo biochemistry” of  
the brain by MRS may greatly facilitate the diagnostic  
work-up of patients with neurometabolic or WM diseases,  
neurodegeneration, or brain tumors. In general, only very 
few metabolite patterns in a MR spectrum unequivocally 
point toward a specific diagnosis and hence obviate  
the need for further diagnostic procedures except for  
appropriate genetic tests. Prominent examples are the  
appearance of succinate (2.4 ppm) in succinate dehydroge-
nase deficiency [3], of succinyladenosine (8.3 ppm) in  
adenylosuccinate lyase deficiency [4], or the absence of  
Cr in creatine deficiency syndromes (Fig. 1) [5, 6]. In cases 
where specific MRS results precede genetic or biochemical 
confirmation, decisions about therapies can be made  
earlier in the process. More commonly, MRS patterns  
reflect general pathophysiologic processes like neurode-
generation (decrease in NAA), astrocytosis (elevation of 
Ins), hypomyelination (decrease in Cho) or demyelination 
(increase in Cho). Detection of lactate (doublet at 1.3 ppm) 
facilitates the diagnosis of a mitochondriopathy and  
supports the clinical management of those patients (Fig. 2). 

In our understanding, MRS techniques will be of  
increasing relevance for the evaluation and monitoring  
of future therapies. To date, the effective supplementation  
of creatine and ornithine in the treatment of a creatine  
deficiency is monitored by a rise in the intracerebral Cr  
concentration as measured by MRS (Fig. 1). Sufficient  
substitution of folinic acid normalizes perturbed brain  
metabolism in cerebral folate deficiency, which can also  
be monitored by MRS, as shown in Figure 3 [7]. 

1H-MR spectroscopy protocol 
Our routine MRS protocol is well established and easy  
to handle in order to allow for comparable and reliable  
follow-up studies. Currently, we use a 3T MAGNETOM  
Prismafit for our patient measurements and a 64-channel 
receive array. Sometimes we utilize the 20-channel  
head coil, depending on patient condition. Fully relaxed  
1H MR spectra (64 accumulations) are almost consistently 
acquired using a single-voxel STEAM (stimulated echo  
acquisition mode) localization sequence with TR/TE/TM = 
6000/20/10 ms [8]. Short TE ensures access to a large 
number of metabolites. Voxel sizes range between 4.1 mL 
in WM and 12 mL in GM and are routinely placed within 
frontal or parieto-occipital WM, posterior paramedian GM, 
basal ganglia and thalamus, or cover a structural lesion. 
Usually, a manual shim further improves the homogeneity 
achieved by automated shimming. Absolute concentra-
tions of N-acetylaspartate and N-acetylaspartylglutamate 
(tNAA) at 2.01 ppm, creatine and phosphocreatine (tCr)  
at 3.02 and 3.93 ppm, Cho at 3.22 ppm, Ins at 3.35 ppm, 
and lactate are determined by LCModel [9] and compared 
with age-matched controls from our own data base.
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Cerebrospinal fluid dynamics  
studied by real-time flow MRI
So far, almost all studies investigating CSF flow have  
employed ECG-synchronized cine PC MRI [10–12].  
Thus, CSF dynamics have been thought to mainly follow 
cardiac-related oscillations as implicitly suggested by the 
experimental approach. Recent methodological advances 
toward real-time PC flow MRI now allow for the unique 
possibility of directly measuring CSF dynamics at high  
spatial and temporal resolution irrespective of the assump-
tion of any periodicity. These studies have revealed the  
significant influence of respiration. In particular, forced  
inspiration has been identified as the dominant regulator 
of CSF dynamics in all its compartments (Fig. 4D and Fig. 5, 
left column) [13, 14]. The onset of every forced inspiration 
prompted an upward surge of CSF from the spinal canal 
into the head and further into the aqueduct toward the 3rd 

ventricle (Fig. 5). On the other hand, forced expiration led 
to a reversal of the flow direction and hence a downward 
movement, albeit to a variable extent (Fig. 4, column E  
and Fig. 5, left column). Figure 5 illustrates CSF flow and 
flow volumes during four cycles of forced respiration  
(see breathing protocol at the bottom). The occurrence  
of upward CSF flow into the head and brain in response  
to forced inspiration has been explained as a necessity  
to counterbalance the inspiratory-regulated venous flow 
out of the head/neck region [15]. CSF and venous blood 
flow appear tightly interconnected and balanced to ensure 
the Monro-Kellie doctrine of a constant intracranial volume. 
So far, CSF dynamics has mainly been investigated under 
normal physiological conditions, as illustrated in Figures 4 

and 5 for a healthy eight-year-old boy. We are currently  
in the process of translating real-time PC flow MRI to  
clinical applications in pediatrics, which will be of eminent 
importance to reveal mechanisms of perturbed CSF  
circulation and open new approaches to therapeutic  
nterventions. For example, spinal cord malformations and 
many forms of pediatric hydrocephalus are still poorly  
understood and therapeutic options often controversially 
discussed.

Real-time PC flow MRI protocol2

Real-time PC flow MRI is based on highly undersampled  
radial gradient-echo acquisitions in combination with  
image reconstruction by regularized nonlinear inversion 
(NLINV). It offers access to high spatial and temporal  
resolutions [16–18]. Recently, real-time PC flow MRI was 
extended to a model-based reconstruction technique  
that jointly estimates an anatomical image, a set of  
coil sensitivities, and a PC velocity map directly from  
the flow-encoded raw data [19]. The model-based recon-
struction, as seen in Figure 4 (column C, lower parts),  
provides velocity maps free of phase noise in regions  
without signal support (e.g., the lungs) thereby improving 
the spatial acuity of flow regions. A highly parallelized  
version of the reconstruction algorithm was used to recon-
struct the real-time data online on a bypass computer  
(Sysgen, Bremen, Germany) consisting of two processors 
(SandyBridge E5-2650, Intel) and eight graphical process-
ing units (GeForce GTX TITAN, Nvidia) [20]. The entire  
reconstruction process is fully integrated into the MRI  
system so that the reconstructed magnitude images and 

3   1H-MR spectroscopy in a girl  
with cerebral folate deficiency  
(caused by cerebral folate transporter  
α deficiency).

  (3A, B) (Age 5 years): (3A) Axial 
T2-weighted image depicts hypomyelin-
ation. (3B) White matter (WM) spectrum 
reveals absence of an Ins peak and a 
significantly reduced Cho peak. 

  (3C, D) After two years of folinic acid 
therapy (age 7 years): (3C) Axial 
T2-weighted image shows significant 
advancement of myelination now 
appropriate for the age. (3D) Ins and  
Cho peaks have increased, indicating 
normalization of brain metabolism under 
therapy. 

  (3E) Voxel placement in left parieto-oc-
cipital WM. Note mild cerebellar atrophy. 

 Parameters see Fig. 1.
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4    Real-time PC flow MRI of CSF dynamics in spinal canal and aqueduct (healthy control (age 8.2 years))
   (4A) Lower image: Midline sagittal T2-weighted images of lumbar and lower thoracic spine; Upper image: cervical spine and brain.  

White rectangles indicate placement of ROIs.
  (4B): Magnitude images of all ROIs during forced inspiration. Note bright flow signal in the CSF spaces at all levels (white arrows).  

White rectangles indicate magnified sections displayed in column (C).
  (4C): Magnified sections of the magnitude images (upper part) and corresponding velocity maps (lower part) indicating upward fluid flow 

(bright signal; white arrows) in CSF spaces. Note the dark signal in spinal epidural veins at C3 (orange arrow) reflecting downward venous 
blood flow (note also phase wrap in right vein). Spinal epidural veins are also visible at Th8 and L3 (orange arrows) showing upward blood 
flow (bright signal).

  (4D): Selected CSF flow velocity profiles during forced inspiration and 
  (4E): during forced expiration. Color code ranges from -10 to 10 cm/s; blue and red represent minimum and maximum velocities respectively.

Velocity / cm s-1 Velocity / cm s-14A 4B 4C 4D 4E

velocity maps can be viewed on the scanner monitor  
during the measurement. 

For CSF flow studies, the scan parameters were  
optimized to provide images with an in-plane resolution of 
0.75 × 0.75 mm2 and a temporal resolution of 125 ms. The 
other parameters are TR / TE = 5.68 / 4.61 ms, a flip angle 
of 10°, and slice thickness of 5 mm. The flow-encoded and 
flow-compensated acquisitions were each acquired with  
11 radial spokes. Quantitative and qualitative analyses of 
real-time PC flow MRI measurements were performed  
using CaFur prototype software (Fraunhofer Mevis,  
Bremen, Germany) especially designed for automatic  
segmentation tasks using real-time image series [21]. 
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1 MR scanning has not been established as safe for imaging fetuses and infants less than two years of age. The responsible physician must evaluate the benefits of the 
MR examination compared to those of other imaging procedures. Note: This disclaimer does not represent the opinion of the authors.

2 The information shown herein refers to products of 3rd party manufacturers and thus are in their regulatory responsibility. Please contact the 3rd party manufacturer  
for further information.
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Founded in 1993 the MAGNETOM Flash magazine has 
been around almost as long as MAGNETOM MRI scanners.

In times of online media and digitalization we would value 
your feedback to ensure that the magazine continues to fit 
your interests and professional needs.

Please take a moment to complete a brief reader survey at
www.siemens.com/magnetom-world

We are looking forward to hearing from you
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