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      Advanced MR Techniques in Pediatric 
Neuroradiology: What Is Ready 
for Clinical Prime Time?                      

     P.     Ellen     Grant    

          Introduction 

 For an advanced MR technique to be ready for  clinical  
prime time, (1) it must reliably detect abnormalities in 
individuals, not just provide statistical group differences; 
(2) processed images must be available rapidly; (3) acqui-
sition times must be reasonable; and (4) time required by 
professional or supporting staff to create relevant images 
must be fi nancially sustainable. Also ideally individual 
differences are visible on an image for the most rapid 
adaption in clinical practice. In this chapter diffusion 
imaging, MR spectroscopy, arterial spin labeling, fetal tri-
plane reconstruction, and quantitative T1 and T2 imaging 
will be discussed, and examples where these sequences 
have clinical utility in individual pediatric patients will be 
provided.  

    Diffusion Imaging 

 All major vendors provide sequences that perform diffusion- 
weighted imaging in at least six noncollinear and noncopla-
nar orientations and provide automatic online reconstruction 
of the following maps for interpretation:

    1.    Apparent diffusion coeffi cient (ADC) maps that provide 
voxel-based measures of the mean water diffusivity.   

   2.    Fractional anisotropy (FA) maps with intensity represent-
ing the degree of coherence of water diffusion with 
increasing intensity representing greater coherence.   

   3.    Color-coded FA maps representing the primary direction 
of water diffusion with the convention that blue repre-
sents water diffusion in the superior to inferior or inferior 

to superior direction, red represents left to right or right to 
left diffusion, and green represents anterior to posterior or 
posterior to anterior diffusion.   

   4.    Tractography images that provide information on the 
coherence of water diffusion over many voxels through 
reconstruction of “tracts.” If the same color coding as in 
the FA maps is used, blue fi bers represent primarily pro-
jection fi bers, red fi bers represent primarily interhemi-
spheric connections and fi bers, and green fi bers represent 
interhemispheric connections.    

There are many different diffusion acquisition schemes and 
analysis approaches. The most common acquisition scheme 
used in clinical practice is the acquisition of 6–30 noncol-
linear and noncoplanar orientations at b values of 1000 s/
mm 2  with up to one volume at  b  = 0 s/mm 2  for every six gra-
dient directions. Newer acquisition methods such as simulta-
neous multislice (SMS) combined with parallel acquisition 
schemes and high-density phased-array coils at 3 T have sig-
nifi cantly decreased acquisition times, allowing 35 gradient 
directions to be acquired in under 3 min [ 1 ]. Additional 
background on DTI principles can be found in many reviews 
articles [ 2 – 4 ]. 

 The ability of ADC maps to detect acute ischemic 
events, metabolic compromise, collections of pus, and 
tumors with high cellular density in individual patients has 
been recognized for many years [ 5 ,  6 ]. In general, ADC 
maps are read visually informed by the individual reader’s 
knowledge of normal ADC values. In infants and young 
children, the regional variability and normal evolution of 
ADC values with brain maturation make interpretation of 
pediatric ADC maps challenging, particularly to those who 
do not read a high number of pediatric studies. There are 
references that provide general guidelines for regional 
ADC values with age, but typically only a few regions are 
reported or the focus is preterms and the entire reference 
data sets are not available [ 7 – 9 ]. There are emerging inter-
active atlases that will provide mean and standard devia-
tions for ADC maps in normal infants and young children 
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(e.g.,   http://mi2b2beta.babymri.org/    ). These interactive, 
high spatial and temporal density atlases are intended to 
guide clinical interpretation and help decrease the variance 
in clinical interpretations by providing a uniform reference 
standard. Such reference standards become helpful when 
interpreting neonatal ADC maps for evidence of hypoxic 
ischemic encephalopathy (Fig.  1 ).

   The clinical interpretation of FA maps is less common 
but can provide highly relevant clinical information in cer-
tain clinical situations. In particular the presence of pre-
served FA in the context of decreased diffusion indicates 
preservation of tissue microstructure at the time of the 
image acquisition [ 10 ]. This information can be a helpful 
hint that a region of decreased diffusion may not be due to 
an evolving ischemic event but another mechanism such as 
metabolic compromise (Fig.  2 ) or tumor infi ltration 
(Fig.  3 ).

    Color FA maps are even less commonly viewed for clini-
cal purposed but are often available for interpretation. These 
color maps may be helpful when trying to further assess 
preservation of tissue microstructure or characterize abnor-
mal organization of major white matter tracts and different 
types of cerebral malformations such as brainstem and cor-
pus callosum abnormalities (Fig.  4 ).

   There are many tools and methods to create tractogra-
phy images with many vendors now providing tools for 
tractography reconstruction on the MR console. As a 
result many radiologists can now easily perform tractog-
raphy on clinical studies. Controversy over the utility of 
clinical tractography persists [ 11 ], but if the radiologist 
understands the limitations of the technique and does not 
over-interpret, useful information may be provided. For 
example, information regarding the displacement or 
involvement of specifi c white matter tracts may be helpful 
[ 12 ] (Figs.  2  and  3 ).  

    MR Spectroscopy 

 Proton ( 1 H) MRS acquisition provides unique information 
about cerebral metabolites and has been proven useful in 
many pediatric applications such as hypoxic ischemic 
encephalopathy, metabolic disorders, tumors, demyelinating 
disorders, and trauma [ 13 – 16 ] (Fig.  5 ). The major brain 
metabolites feasible to assess clinically include myoinositol 
(mI), choline (Ch), creatine (Cr), glutamine and glutamate 
(glx), and N-acetylaspartate (NAA) with ratios to Cr as the 
most common approach. Many abnormal peaks are feasible 
to detect clinically and include lipids, lactate, glycine, ala-
nine, pyruvate, succinate, valine, acetate, isoleucine, and leu-
cine [ 16 ]. Absolute quantifi cation of peaks requires additional 
technical expertise and additional software (most often LC 
Model) not available on clinical scanners. Separation of glu-
tamine and glutamate requires longer scan times but is fea-
sible; however, GABA requires much longer scan times at 
lower resolution as well as special editing techniques and is 
therefore not currently feasible for routine clinical studies.

   Although now FDA approved, clinical application of MR 
spectroscopy has been limited by the ability to sample the same 
region in different imaging sessions, the lack of easy quantifi ca-
tion, the lack of normal regional data at different TEs and differ-
ent ages, as well as the time required for image acquisition. 
Newer 3D  1 H MRS acquisition schemes provide multivoxel 
data making it possible to obtain regional measurements of 
major metabolites within 5 min (Fig.  6 ) [ 17 ]. The fact that these 
new methods can be co-registered to volumetric T1 images 
allows tracking of MRS changes over time. Although there is 
some information on the normal spectroscopy changes over 
time [ 18 ], the ability of 3D  1 H-MRS to be registered to volumet-
ric T1 images opens the door for future development of  1 H-
MRS atlases with regional information across development.

a b  Fig. 1    ( a ) Normal ADC map in 
a neonate. Note the regional 
variation in ADC values due to 
incomplete myelination. ( b ) 
ADC map in a neonate suffering 
from hypoxic ischemic 
encephalopathy (HIE).  Arrows  
point to the abnormally low ADC 
values in the ventrolateral 
thalamus, a common area of 
injury when there is a short but 
signifi cant loss of blood fl ow and 
oxygen to the neonatal brain. 
Note that in the normal neonate, 
this region is also slightly lower 
in ADC values than adjacent 
thalamus making it diffi cult in 
subtle cases to determine how 
low is abnormal       
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  Fig. 2    Young girl with acute 
lymphoblastic leukemia undergoing 
intrathecal methotrexate (MTX) therapy 
presenting with acute onset of right-sided 
weakness. ( a ) DWI and ( b ) ADC map 
shows a focal lesion with decreased 
diffusion. ( c ) FA map shows similar FA 
values in the lesion compared to the 
contralateral normal side. ( d ) Color FA 
map shows similar directions to the 
diffusion coherence as in the contralateral 
side. ( e ) ROIs were placed in the lesion 
and in the contralateral brain to generate 
tracts. ( f ) Tractography shows 
preservation of the long-range coherence 
and confi rms that descending tracts, likely 
corticospinal tract, pass through the 
lesion. On the T2 images (not shown), the 
lesion was diffi cult to detect. The 
differential includes MTX toxicity, 
arterial ischemic stroke, or a 
demyelinating process. Given the clinical 
history of MTX therapy, this lesion likely 
corresponds to an area of metabolic 
compromise or white matter vacuolation 
with preservation of tissue microstructure 
at the time of the MRI. The child 
completely recovered       
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  Fig. 3    A 17-year-old girl 
presenting with new-onset 
right-sided weakness. ( a ) DWI 
and ( b ) ADC map show lesions 
with mixed ADC values. ( c ) FA 
map showed decreased FA and 
( d ) color FA map shows similar 
diffusion directions as in the 
contralateral hemisphere. On the 
T2 image ( e ), the lesion has 
slightly ill-defi ned margins. ( f ) 
Tracks reconstructed using an 
ROI in the lesion show 
preservation of long-range 
coherence. The differential 
includes a demyelinating lesion 
or an infi ltrative neoplasm. Over 
the next few months, the lesion 
continued to grow and was 
biopsied, revealing an infi ltrating 
glioma grade III. As in this case, 
infi ltrating neoplasms can 
decrease ADC due to increased 
cellularity and preserve overall 
tissue coherence       
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b  Fig. 4    A 5-month-old female with 
intermittent apnea and hypoxia. 
( a ) Axial T2 at the level of the 
superior cerebellar peduncles 
shows large superior cerebellar 
peduncles giving a molar tooth 
appearance. ( b ) Color FA map 
shows the green anterior-posterior 
direction of the axonal bundles. ( c ) 
Axial T2 at the level of the mid-
brain appears normal but on ( d ) 
color FA map, the normal red spot 
indicating the decussation of the 
superior cerebellar peduncles is 
absent ( arrow ). ( e ) Hypoplastic and 
dysmorphic vermis and ( f ) coronal 
T2 showing enlarged superior cer-
ebellar peduncles ( arrows ). The 
molar tooth appearance with lack 
of decussation of the superior cere-
bellar peduncles and small dysplas-
tic vermis is diagnostic of Joubert 
syndrome       
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  Fig. 5    A 6-month-old presenting 
with a large head and hypotonia. 
( a ) There is diffuse increased signal 
throughout the white matter on T2 
with relative sparing of the corpus 
callosum and posterior limb inter-
nal capsule but involvement of the 
deep gray nuclei. ( b ) On DWI the 
white matter appears diffusely 
bright. ( c ) The ADC map is isoin-
tense despite the diffuse increased 
T2 seen throughout the white mat-
ter indicating that the edema is not 
extracellular. ( d ) FA values are nor-
mal to increased. ( e ) The patient’s 
MRS has an elevated NAA peak 
( arrow ) compared to ( f ) an age 
matched typically to a developing 
toddler. These fi ndings are consis-
tent with the diagnosis of Canavan 
disease with the white matter 
changes representing spongiform 
degeneration. The toddler had high 
urine N-Acetylaspartate, confi rm-
ing the diagnosis       
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       Arterial Spin Labeling 

 Arterial spin labeling (ASL) is a method for noninvasively 
labeling water molecules in fl owing blood to assess cerebral 
parenchymal perfusion at the capillary level. In ASL infl owing 
arterial blood is labeled by one of many different methods. 
The most common labeling scheme on commercial scanners 
is pulsed ASL (PASL) where a short rf pulse is applied over a 

volume in the neck. After a delay, designed to allow transit of 
labeled protons from the carotid and vertebral arteries into the 
capillaries and extra-axial space of the brain, images of the 
brain are acquired. The control images are obtained with no 
label and the two subtracted to provide a perfusion image. 
ASL is also a low signal-to-noise  technique due to the small 
cerebral capillary vascular volume (5–6 %) and therefore 
requires multiple repetitions making it susceptible to motion 

a b

  Fig. 6    ( a ) Spectra from a 3 min single-voxel PRESS  1 H-MRS acquisi-
tion in one 3.4 cc voxel . ( b ) Spectra from a 3 min accelerated 3D spiral 
CSI  1 H-MRS acquisition providing 30 voxels of 2 cc volume to cover a 

total of 16 × 16 × 10 cm regions with LASER-box excitation as shown 
by the box in the fi gure inset       
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artifacts. ASL is a T1-based technique and therefore must be 
performed prior to contrast administration. Further details on 
ASL methods can be found in review articles [ 19 ,  20 ]. 

 Controversy exists over ability of ASL methods to pro-
vide accurate quantitation of cerebral perfusion due to the 
need to know the T1 of blood, the labeling effi ciency, and 
label delay, as well as the need to control for magnetization 
transfer effects [ 19 ]. In pediatric imaging many of these fac-
tors vary making quantitation even more challenging than in 
adults. However, despite these issues, numerous articles 
describing the potential clinical utility exist [ 20 – 25 ], and in 

addition a consensus article providing guidance to optimiz-
ing ASL across vendors is available [ 26 ]. 

 Due to the above noted issues with absolute quantitation, 
clinical applications of ASL are most robust when assessing 
regional changes in cerebral perfusion. Such changes in 
cerebral perfusion are extremely useful in identifying altera-
tions in cerebral perfusion in symptomatic patients when no 
structural abnormalities are identifi ed or in further character-
izing an abnormality visible on other sequences. Abnormal 
increases or decreases in regional cerebral perfusion can be 
driven by (1) alterations in regional demand, typically due to 

a

c d

b  Fig. 7    An 11-month-old girl pre-
senting with epilepsia partialis con-
tinua. ( a ) Axial T2-weighted 
imaging was normal apart from 
subtle loss of gray white distinction 
in the right parasagittal occipital 
lobe. ( b ) Axial MIP from the 3D 
TOF MRA shows relative promi-
nence of the right PCA compared to 
the right. ( c ) Subtle decreased ADC 
is evident in the right parasagittal 
occipital lobe. ( d ) Right parasagit-
tal occipital lobe hyperperfusion is 
clearly visible on axial PASL. EEG 
revealed rhythmic high-amplitude 
delta with superimposed spikes 
(RHADS), a hallmark of Alpers’ 
syndrome. The imaging fi ndings 
are consistent with hyperfusion and 
mild metabolic compromise from 
ongoing seizure activity. The child 
was confi rmed to have a POLG1 
mutation       
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alterations in regional neural activity (Fig.  7 ), or (2) regional 
abnormalities of the vascular system related to vascular 
anomalies, ischemic events, neovascularization in tumors, 
arteriovenous fi stulas, etc. (Fig.  8 ).

        Fetal Triplane Imaging 

 Single-shot T2-weighted images such as HASTE or 
SSFSE are used in sagittal, coronal, and axial planes for 
clinical evaluation of the fetal brain. Due to motion 

 degradation of slices, these acquisitions are often not 
exactly in the desired plane and often not exactly orthogo-
nal. Many groups have developed post-processing 
approaches to combine the three planes together to create 
a coherent higher resolution 3D brain volume (Fig.  9 ) 
[ 27 – 30 ], but these methods currently require manual 
intervention and many hours of computational time. In 
addition most tools fail approximately 50 % of the time 
due to poor image quality as a result of motion or image 
artifacts. As a result such much needed tools for clinical 
fetal imaging are not yet available.

a

c d

b
  Fig. 8    ( a ) DWI showing 
decreased diffusivity from an 
acute arterial ischemic stroke in 
the left MCA territory. ( b ) On the 
3D TOF MRA, loss of fl ow- 
related enhancement is detected 
in the superior division of the left 
MCA ( arrow ). ( c ) Initial PASL at 
presentation shows a region of 
hypoperfusion is larger region 
than the DWI lesion indicating a 
penumbra. High signal in the 
vessels occurs due to delayed 
arrival of label ( arrows ). ( d ) 
After TPA, the PASL now shows 
near-complete resolution of the 
region of hypoperfusion with 
now a focal region of 
parenchymal hyperperfusion 
( arrow )       
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       Quantitative T1 and T2 

 In the quest for more accurate lesion detection, particularly 
in children with focal epilepsy, there is a continual push to 
improve image resolution and contrast as detection of focal 

cortical lesions signifi cantly improves surgical outcomes 
and confi rmation of multiple lesions in the same clinical 
context will prompt a more thorough evaluation before sur-
gical resection is attempted. With 32-channel phased-array 
coils now commonly available at 3 T, image quality has 
 signifi cantly improved with 1 mm isotropic T1-weighted 
and FLAIR T2 volumetric acquisitions commonly per-
formed in combination with 2 mm-thick T2 TSE images 
with high in- plane resolution. However, as the search for 
lesions intensifi es, subtle differences in cortical signal due 
to variations in proximity to the phased-array coils can 
prove challenging. This has led the desire for quantitative 
T1- and T2-weighted imaging. 

 Sequences that provide estimates of T1 with automati-
cally reconstructed T1 maps for visual inspection such as 
MPXRAGE are becoming commercially available. Such 
sequences remove signal intensity biases due to the recep-
tion profi les of the coils and assist in the visual detection of 
focal lesions. Sequences that provide estimates of T2 are 
also available on some systems; however, the application of 
such sequences is limited by the long acquisition times 
required (~10 min) but may be clinically justifi ed in com-
plex epilepsy cases as a second-line evaluation (Fig.  10 ).

       Summary 

 Although there is still progress to be made, many advanced 
techniques are becoming integrated into the workfl ow of 
clinical pediatric neuroradiology. Over-interpretation and 
defi nitive statements regarding processed data can be 
 misleading and dangerous. Therefore, these advanced 
 techniques require the neuroradiologist to understand the 
breadth of physiologies and pathophysiologies that can alter 
signal intensity or a processed result as well as the potential 
artifacts that can lead to misleading results. 

 In the past, quantitation has been viewed with skepticism, 
but as our tools improve, neuroradiologists need to be 
 open- minded about the potential of quantitative neuroimag-
ing. However, as the fi eld is being pushed toward standard-
ization and quantitation, there will be an increasing need to 
provide normative measures across development that will 
require collaboration and incorporation of data from multi-
ple sites with access to patient populations of different ethnic 
and environmental backgrounds.     

a

b

  Fig. 9    ( a ) One axial HASTE image of a fetal brain. ( b ) Axial image 
through a synthesized volume of a fetal brain that is higher in resolution 
and has less motion degradation after an offl ine super-resolution recon-
struction using as input multiple orthogonal HASTE acquisitions       

 

P.E. Grant



305

a

c d

b  Fig. 10    A 7-week-old infant 
presenting with fever and 
concern for sepsis followed by 
persistent seizure activity. ( a ) 
Axial T2 shows an 
asymmetrically large right 
hemisphere with an enlarged 
genu of the corpus callosum. T2 
signal throughout the right 
hemisphere white matter is 
abnormally low and there is 
apparent thickening of the cortex 
diffusely. The left temporal and 
occipital lobe looks normal but 
the right frontal lobe is 
concerning for involvement. ( b ) 
Axial reformation of a sagittal 
MPRAGE has nonuniform signal 
due to the phased-array coils 
making further evaluation of the 
left frontal lobe diffi cult. ( c ) 
Axial reformation of the uniform 
intensity image created from the 
MP2RAGE acquisition shows 
subtle differences in white matter 
signal in the left frontal and 
occipital lobe. ( d ) Axial 
reformation of the T1 map 
created from the MP2RAGE 
acquisition confi rms the 
abnormal T1 values in the left 
frontal white matter compared to 
the occipital lobe and more 
similar to the right frontal lobe. 
These fi ndings are consistent 
with right hemimegalencephaly 
with additional involvement of 
the left frontal lobe       
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