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Quantitative  magnetic  resonance  imaging  (MRI)  with  multislice,  multi-echo,  and multi-delay  acquisition
enables  simultaneous  quantification  of  R1 and  R2 relaxation  rates,  proton  density,  and  the  B1 field  in a  sin-
gle  acquisition,  and  requires  only about  6 minutes  for full-head  coverage.  Using  dedicated  SyMRI  software,
radiologists  can  generate  any  contrast-weighted  image  by  manipulating  the acquisition  parameters,
including  repetition  time,  echo  time,  and  inversion  time.  Moreover,  automatic  brain  tissue  segmenta-
uantitative MRI
ynthetic MRI
utomatic Brain tissue volumetry
yelin measurement

tion,  volumetry,  and  myelin  measurement  can  also  be performed.  Using  the  SyMRI  approach,  a  shorter
scan time,  an  objective  examination,  and  personalized  MR  imaging  parameters  can  be  obtained  in  daily
clinical  pediatric  imaging.  Here  we  summarize  and  review  the  use  of SyMRI  in  imaging  of  the  pediatric
brain,  including  the  basic  principles  of  MR  quantification  along  with  its  features,  clinical  applications,
and limitations.

© 2019  Elsevier  Masson  SAS.  All  rights  reserved.
ntroduction

Magnetic resonance imaging (MRI) is now widely used to eval-
ate the development and pathologies of the pediatric brain [1,2].

owever, practical and technical challenges have limited the use
f MR  examinations in daily practice. First, relatively long scanning
imes can be an obstacle, especially for infants and young children

Abbreviations: BPF, brain parenchymal fraction; BPV, brain parenchymal
olume; CSF, cerebrospinal fluid; DIR, double inversion recovery; FLAIR, fluid-
ttenuated inversion recovery; GM,  gray matter; Gd, gadolinium; VEPW, excess
arenchymal water partial volume; ICV, intracranial volume; MRI, magnetic res-
nance imaging; MERS, mild encephalopathy with a reversible splenial lesion; MS,
ultiple sclerosis; VMY, myelin partial volume; NoN, non-WM/GM/CSF; PD, pro-

on density; PSIR, phase-sensitive inversion recovery; QRAPMASTER, quantification
f  relaxation times and proton density by multiecho acquisition of a saturation-
ecovery using turbo spin-echo readout; STIR, short T1 inversion recovery; SWS,
turge-Weber syndrome; TE, echo time; TI, inversion time; TR, repetition time; WM,
hite matter.
∗ Corresponding author at: Department of Radiology, Juntendo University Grad-
ate  School of Medicine, 2-1-1, Hongo, Bunkyo-ku, Tokyo, 113-8421, Japan.

E-mail address: a-hagiwara@juntendo.ac.jp (A. Hagiwara).

https://doi.org/10.1016/j.neurad.2019.02.005
150-9861/© 2019 Elsevier Masson SAS. All rights reserved.
[1,2]. Second, conventional MR  images are interpreted qualitatively
by comparing the signal intensities of tissues with surrounding
areas. Therefore, signal intensities cannot be used for comparison
with normal reference values or for follow-up studies [3]. Third,
signal intensities on conventional MR  images are affected by the
type of scanner or sequences used, differing coil sensitivities, and
B1 field inhomogeneities [4].

However, quantitative MRI  provides absolute values for tissue
properties, such as R1 and R2 relaxation rates (the inverses of T1 and
T2 relaxation times, respectively), and proton density (PD) [5–7]. In
pediatric imaging, quantitative information may  enable us to chart
developmental trajectories or identify brain pathologies, to assess
the degree of change in disease severity, and to monitor the course
of therapy in an objective manner [8,9]. Moreover, dependence on
MR  scanner hardware and parameter settings can be minimized
[7,10].

MR quantification method using the QRAPMASTER (quan-

tification of relaxation times and proton density by multiecho
acquisition of a saturation-recovery using turbo spin-echo readout)
pulse sequence enables quantification of R1, R2, PD, and the B1 field
in a single acquisition in only about 6 minutes for full-head coverage

https://doi.org/10.1016/j.neurad.2019.02.005
http://www.sciencedirect.com/science/journal/01509861
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurad.2019.02.005&domain=pdf
mailto:a-hagiwara@juntendo.ac.jp
https://doi.org/10.1016/j.neurad.2019.02.005
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Fig. 1. The brains of a 3-month-old male infant (first row), a 2-year-old boy (second row), and a 13-year-old girl (third row). SyMRI quantitative maps [only R1 map  (shown
o 40%) 

u M seg
i

w
d
w
v
p

i
o
s
t

B

r
fi
n
p
m
t
s
f

o
o
R
n
t
s

n  a scale 0–2.5 s-1) is shown (A)], myelin partial volume map  (shown on a scale 0–
sed  to evaluate development of the brain. However, in young children, WM and G

s  a limitation of the currently implemented algorithm.

ith good accuracy and reproducibility even across different ven-
ors [7,10,11]. Based on the quantitative values, tailored contrast-
eighted images can be synthesized and automatic brain tissue

olumetry, and myelin measurement can be performed using post-
rocessing SyMRI (SyntheticMR, Linköping, Sweden) software.

Use of SyMRI may  overcome the limitations of conventional MRI
n pediatric brain imaging. This review article provides an overview
f SyMRI, including the basic principles of the QRAPMASTER pulse
equence along with its features, clinical applications, and limita-
ions.

asic principles of MR  quantification

The QRAPMASTER sequence includes two phases that are
epeated for complete quantification of tissue parameters. In the
rst phase, a slice-selective saturation pulse (�) acts on a slice
, followed by spoiling of the signal (“saturation”). In the second
hase, a slice-selective turbo spin-echo acquisition of another slice

 (“acquisition”), consisting of multiple echoes that are acquired
o measure the R2, is performed [7,10]. The echo times and echo
pacing can be freely chosen to accommodate any dynamic range
or the measurement of R2 [7,10].

By shifting the order of the slices n and m in relation to each
ther, the desired delay time between saturation and acquisition
f a particular slice can be set. By using different delay times, the

1 after a saturation pulse is retrieved from multiple scans. The
umber of scans and the delay times can be freely chosen, therefore,
he dynamic range of R1 can also be set as desired [7]. Further, the
tarting position of the R1 relaxation curve will be a function of the
(B), WM segmentation (C), GM segmentation (D), and CSF segmentation (E) can be
mentation is suboptimal because the unmyelinated WM is assigned as GM,  which

B1 field. Based on R1, R2, and B1, the unsaturated magnetization
(M0) that is proportional to the PD can be extracted [10].

QRAPMASTER is using a combination of multiple echo times and
delay times; for example, 2 echo times and 4 delay times are used
to generate 8 complex images [10]. The quantification of R1, R2,
and PD is performed simultaneously, and the resulting maps are
intrinsically co-registered.

Features of SyMRI

Measurements of quantitative values

In the first few years of life, the development of the brain is
marked by progressive myelination of WM and growth of new
synapses in the GM [12,13]. Quantitative relaxometry studies have
observed prolonged relaxation times for neonates, followed by a
steep decline in both T1 and T2 values, especially during the first
2 years of life; subsequently, a slower decrease extends into the
third year, at which time the relaxation parameters approach adult
values [12]. Thus, changes in T1 and T2 values provide a sensi-
tive index for assessment of normal brain maturation that reflects
the alterations in water content and distribution (Fig. 1) [14]. Hag-
mann et al. [15] showed a prolonged T2 for cerebral WM in preterm
infants imaged at term-equivalent age when compared with T2 in
term-control infants. Moreover, Abernethy et al. [16] also showed

increased T2 in preterm children with minor motor impairment.

The quantitative values, i.e., R1, R2, and PD, can be obtained by
drawing ROIs on the synthetic quantitative maps. Thus, quantita-
tive MRI  allows an objective comparison between brains based on
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have also shown that VMY correlates well with magnetization
70 C. Andica et al. / Journal of N

he absolute values of relaxation behavior and water content [7,10].
revious study has demonstrated the age-dependent changes of
1, T2, and PD values obtained using synthetic MRI  in 89 healthy
hildren, from neonate to adolescent [19]. They also provided age-
pecific regional reference values that could be used as objective
ools for the assessment of normal/abnormal brain development
19].

ynthetic contrast-weighted images

In pediatric imaging, patient-to-patient-based imaging param-
ters are necessary to optimize the brain-tissue contrast because:

heavily T2WI is needed in infants younger than 12 months of age
because the water content in the brain is higher than that in older
children and adults; and;
the contrast between GM and WM and between normal and
pathologic tissues is poor [20].

However, adjusting the parameters of conventional MRI to each
atient is difficult in daily clinical practice.

Using the approach of synthetic MRI, radiologists can manip-
late TE, TR, and TI, retrospectively and “synthesize” any contrast

mage without the need for additional scanning time [7]. The signal
ntensity, S, can be calculated using known R1, R2, and PD values
or each voxel with the following equation [7]:

 ∝ PD [1 − exp (−R1TR)] exp(−R2TE)

Inversion-recovery images, such as fluid-attenuated inversion
ecovery (FLAIR) and short T1 inversion recovery (STIR) images
7,10] can also be synthesized by adding TI, according to

 ∝ PD[1 − 2 exp (R1TI) + exp (−R1TR)]exp(−R2 TE)

Furthermore, a double inversion recovery (DIR) [10] can be syn-
hesized using 2 TIs (TI1 and TI2), according to

S ∝ PD[1 − 2 exp (−R1TI1) + 2 exp (−R1TI2)

−exp(−R1TR)]exp(−R2TE)

The clinical feasibility of synthetic MR  images in the pediatric
rain has been evaluated and compared with conventional MR

mages. Overall, image quality for conventional and synthetic T1WI
nd T2WI were comparable and can be used in daily clinical practice
3,4,24–26]. Moreover, the pattern of myelination based on patient
ge was estimated similarly between the conventional and syn-
hetic approaches [3].

Motion artifact is one of the main concerns in pediatric brain
maging, especially with longer acquisition time, while the use of
edation may  increase the risk of morbidity or complications [1].
revious studies compared the artifacts in synthetic T1WI, T2WI,
nd FLAIR to conventional T1WI, T2WI, and FLAIR in pediatric
rains, including motion artifacts. The results demonstrated that
verall motion was mild in synthetic images and not significantly
ifferent from conventional images [3,26]. So far, synthetic MRI
as been solely performed with Cartesian sampling, while radial
ampling may  reduce motion artifacts. However, caution is warr-
nted when applying radial sampling to synthetic MRI, because of
he possible change in acquired signals and larger aliasing effects
han Cartesian sampling [27].

rain tissue segmentation and volumetry
Longitudinal studies of brain volumetry can be a good
bjective indicator for detecting developmental disorders. For
xample, the whole brain and GM volumes in children with
diology 46 (2019) 268–275

cerebral palsy were significantly reduced in comparison with
those in controls [28]. Meanwhile, brain volume overgrowth
has been observed in children with autism spectrum disorder
[29]. Assessment of brain tissue volumetry may also be advan-
tageous in the evaluation of some brain pathologies, such as
follow-up of ventricular size in patients with hydrocephalus
or in the monitoring of severity of atrophy in those with
leukodystrophies [4].

Automatic brain tissue segmentation by SyMRI was  devel-
oped based on a predefined quantitative value for each type of
brain tissue, which forms a cluster in three-dimensional space,
i.e., the R1-R2-PD space [30]. A lookup grid is then created to
relate tissue partial volumes to the R1-R2-PD space, so that the
partial volume error can be reduced [30]. The lookup grid then
translates the acquired MR  quantitative values into WM,  GM,  or
cerebrospinal fluid (CSF) tissue volume fractions, and the voxels
outside the lookup grid are considered as Non-WM/GM/CSF (NoN).
Brain parenchymal volume (BPV) as the sum of WM,  GM,  and NoN,
intracranial volume (ICV) as the sum of BPV and CSF, and brain
parenchymal fraction (BPF) as the ratio of BPV to ICV can also be
calculated automatically.

Automatic SyMRI brain tissue volumetry has been shown to be
robust and to have a shorter post-processing time than manual seg-
mentation and other types of automatic MR-based brain volumetry
software [10,31–33]. Further, SyMRI brain tissue volumetry has also
shown good repeatability with different in-plane resolutions and
geometries [30,34].

McAllister et al. [35] proposed that age-associated intracra-
nial tissue volumes derived from SyMRI had good agreement with
known child brain volume growth chart. However, there are some
limitations in very young subjects because of suboptimal GM  and
WM segmentations where unmyelinated WM tends to be assigned
as GM (Fig. 1). Even though SyMRI volumetry has been extensively
studied in adults [30–33,36–38], segmentation may  not be accurate
in children when using fully automated image processing meth-
ods that are not adapted to normalize and segment the pediatric
brain.

Measurement of myelin

Assessment of myelination has become a key factor in the evalu-
ation of neurologic development [39,40]. At the present time, brain
myelination is evaluated based on changes in the pattern of signal
intensity on T1WI and T2WI and considers neuroanatomic distri-
bution. However, precise visual evaluation is difficult, especially in
the presence of developmental variability or if the observer lacks
experience [41]. An objective assessment is required for accurate
quantification of myelination [40,42].

Warntjes et al. [43] proposed a model in which each acquisition
voxel is assumed to be composed of four partial volumes: myelin
partial volume (VMY); cellular partial volume; free water partial vol-
ume; and excess parenchymal water partial volume (VEPW), where
each partial volume has its own R1, R2, and PD [43]. The estima-
tion of VMY in this model also considers magnetization exchange
between the myelin water component trapped between the myelin
sheaths and the surrounding intracellular and extracellular water
[10,43].

Warntjes et al. [44] showed the validity of this myelin mea-
surement model by demonstrating a good correlation with brain
slices stained using Luxol Fast Blue [44]. Hagiwara et al. [45]
transfer imaging, which is considered to be one of the criterion
standards for myelin imaging. In the normal pediatric popula-
tion, myelin measured by SyMRI was well fitted to a maturation
curve [19,35,46].
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Fig. 2. Images from a 7-month-old male infant with right facial angiomatosis and suspected to have Sturge-Weber syndrome. No significant finding, including of lep-
tomeningeal angiomatosis, is shown on synthetic T1WI or T2WI before or after administration of gadolinium (Gd). Here we show post-Gd synthetic T1WI (A) and pre-Gd
synthetic T2WI (B). However, a myelin partial volume map  (shown on a scale 0–40%) overlaid on a synthetic T1WI (C) shows increased a myelin partial volume in the cerebral
WM  on the right side (ipsilateral) when compared with the left hemisphere with decreased PD on a PD map  (shown on a scale 50–100 pu) (D). The total volume of myelin is
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.32  mL in the right cerebral hemisphere and 7.86 mL  in the left hemisphere. These

linical applications

turge–Weber syndrome

Sturge–Weber syndrome (SWS) is characterized by facial and
eptomeningeal angiomatosis [47,48]. Previous case reports have
emonstrated the utility of SyMRI in the diagnosis of SWS
21,22,49].

Dural enhancement in SWS  is rarely reported, although
ngiomatous changes in the dura mater have been demonstrated in
WS  pathologically [22,48]. Gadolinium (Gd)-enhanced synthetic
IR images, which suppress signals of bone marrow fat and CSF,
an be used to show dural enhancement [22].

Accelerated myelination has been shown to be one of the pos-

ible causes of abnormal T2 hypointensity in the ipsilateral WM
47]. Quantitative SyMRI maps are useful for showing shorter T1,
2, and lower PD in the affected area, reflecting the myelination
rocess (Fig. 2) [20,21]. Synthetic T2WI with longer TR and TE
gs may  reflect accelerated hypermyelination.

can be used to optimize the contrast and show the hypointen-
sity more clearly [21], while synthetic DIR can be used to suppress
the non-myelinated area and CSF so that the myelinated area can
be highlighted [21]. Further, VMY map  and myelin volumetry can
provide objective values for evaluation of accelerated myelination
by comparing the right and left hemispheres (Fig. 2).

Meningitis

The clinical presentation of meningitis in infancy is usually non-
specific and CSF analysis is less useful [23]. The sensitivity of Gd
enhanced-FLAIR images has been reported to be higher than Gd-
enhanced T1WI, but Gd enhanced-FLAIR is not routinely performed

[50]. In SyMRI, Gd-enhanced synthetic FLAIR can be readily synthe-
sized after image acquisition. Gd-enhanced synthetic DIR, which
suppresses signals of CSF and fat, may  also be useful for showing
subtle meningeal enhancement [23].
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Fig. 3. A case of brainstem glioma (arrow) scanned with conventional and synthetic MRI  before (first row) and after (second row) administration of gadolinium. A pre-
gadolinium synthetic T1WI (B) shows the hypointense lesion in the pons more clearly than a pre-gadolinium conventional T1WI (A). Post-gadolinium conventional and
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ynthetic T1WI shows only a subtle enhancement. The R1 map  (shown on a scale 

ith  the pre-gadolinium image (0.79 s-1), reflecting accumulation of gadolinium in
or  diagnosis but also for follow-up studies.

ultiple Sclerosis

Pediatric multiple sclerosis (MS) (with onset before the age of
8 years) accounts for up to 3%–5% of all MS  cases [51–53]. MS  in
hildren is more aggressive and has a higher relapse rate that MS
n adults, and tends to be associated with development of cognitive
ysfunction [53,54].

Synthetic MR  images enable detection of more MS  plaques than
onventional MRI  [36,55] and use of synthetic DIR and PSIR images
ay  be useful for detection of intra-cortical or mixed WM-GM

esions [55]. Vargberg et al. [33] showed that SyMRI volumetry is a
alid and reproducible method for determining BPF in MS.  In line
ith adult MS,  the BPF has been shown to be significantly lower in
ediatric MS,  and the decrease is mostly accounted for by loss of
M [53].

Contrast-enhancing plaques are markers of active inflamma-
ion in MS  [56]. Blystad et al. [56] showed that enhancing plaques
ad significantly higher R1 and R2 and lower PD values than non-
nhancing plaques. These quantitative values can be a predictor for
d enhancement. Further, VMY and VEPW have also been found to
e sensitive biomarkers of the MS  disease process [57,58].

rainstem Glioma

Brainstem glioma accounts for 10%–20% of all intracranial

umors in children, and 75%–85% of these tumors are classified as
iffuse midline glioma [59,60]. Most diffuse brainstem gliomas do
ot enhance or only show minimal heterogeneous enhancement
61]. However, assessment of enhancement can be used to predict
 s-1) (C) shows a higher R1 on the post-gadolinium image (1.03 s-1) in comparison
sion. The quantitative R1 value might be used as an objective assessment not only

the prognosis of brainstem glioma and to evaluate the response to
therapy or a recurrence [59].

As discussed previously, quantitative values acquired by SyMRI
enable us to show Gd enhancement, revealing an increased R1 in
enhanced tissues [56]. Therefore, SyMRI might be used to evaluate
enhancement objectively and for comparisons in follow-up studies
(Fig. 3).

Further, quantitative values might also be used in the eval-
uation of brain tumors, i.e., to discriminate differences between
glioblastomas and metastases [17]. Quantitative values can also
demonstrate the internal structure of the tumor when compared
with normal regions, i.e., a very short T1 in a tumor with lipid con-
tent, a long T1 and T2 in cysts and areas of necrosis, a short T1 and
T2 in hemorrhage, and low PD in areas of calcification [18].

Mild Encephalopathy with a Reversible Splenial Lesion

Mild encephalopathy with a reversible splenial lesion is char-
acterized by a symmetric lesion in the splenium of the corpus
callosum with high-signal intensity on T2WI and FLAIR and iso or
low signal intensity on T1WI, with corresponding restriction of dif-
fusion and no contrast enhancement [62]. It has been postulated
that intramyelinic edema might be the cause of this entity [63].

This lesion can be shown more clearly using synthetic DIR
images than with synthetic T1WI and T2WI, as shown in Fig. 4.

In this figure, the VMY map  shows decreased myelin in the lesion
with a lower R1 and R2 and a higher PD on the quantitative maps,
indicating increased water content. This observation may  support
the ‘intramyelinic edema’ theory. Note that the SyMRI VMY map
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Fig. 4. A lesion (arrow) that is hyperintense on DWI  (A) and T2WI (B) and hypointense on T1WI (C) is seen in the splenium of the corpus callosum. Here the lesion is seen
more  clearly on DIR with WM-CSF suppression (D) and GM-CSF suppression (E). The lesion had resolved completely on the follow-up DWI  scan (F) acquired 10 days after
the  first scan, supporting a diagnosis of MERS. Further, on the initial scan, the myelin content of the lesion was shown to be decreased on the myelin partial volume map  (G)
with  a higher water content shown by the lower R1 and R2, and a higher PD on the R1 (shown on a scale 0–2.5 s-1) (H), R2 (shown on a scale 0–20 s-1) (I), and PD (shown on
a  scale 50–100 pu) (J) maps, respectively. These results might support the ‘intramyelinic edema’ theory of MERS. MERS, mild encephalopathy with reversible splenial lesion.

Fig. 5. A subcortical tuber (arrow) that was hypointense on synthetic T1WI (A) and hyperintense on synthetic T2WI seen in the right temporal lobe (B). The lesion is seen
more  clearly on synthetic phase-sensitive inversion recovery (C) and double inversion recovery (D) with CSF and WM suppressed images. Loss of myelin is evident in this
lesion  on the myelin partial volume map  (shown on a scale 0–40%) overlaid on the synthetic T2WI (E).
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as developed based on the fixed R2 value of myelin [43], and any
hange in the quantitative values might affect the calculation of
yelin.

uberous Sclerosis

Tuberous sclerosis is a phakomatosis that frequently affects chil-
ren and young adults [64]. Cortical or subcortical tubers have
een reported in 82%–100% of patients with tuberous sclerosis
nd are thought to be related to the neurologic manifestations
f the disease. Histologic studies have shown that the tubers are
ypomyelinated hamartomas [65]. In line with MS,  detection of the
ubers can be improved by using synthetic DIR and PSIR (Fig. 5). Fur-
her, a myelin partial volume map  overlaid on the synthetic T2WI
nabled us to show loss of myelin within these tubers (Fig. 5).

imitations of SyMRI

Synthetic FLAIR images have inferior image quality (lower
ontrast-to-noise ratio) when compared with conventional FLAIR
mages [3,4,53,66]. Further, the interface of the brain parenchyma
nd CSF is hyperintense on synthetic FLAIR images, possibly
ecause of partial volume effects [10]. This artifact might be misin-
erpreted as brain pathology, such as subarachnoid hemorrhage or

 cortical MS  lesion, so acquisition of additional conventional FLAIR
mages may  be necessary. However, mistakes could be avoided if
he images are read cautiously.

Further, Kerleroux et al. [26] showed that phase encoding and
uid pulsation artifacts were more common in synthetic T2WI
hen compared with conventional T2WI. However, they noted that

he phase encoding artifact was easily recognizable and should not
e confounded with pathological condition [26]. But, fluid pulsation
rtifacts might disturb the evaluation of lower brain areas, such as
rain stem or cerebral peduncles. Additional conventional images
ight be beneficial when the clinical symptoms indicate potential

athologies of these structures [26].

onclusions

A quantitative approach to pediatric brain imaging provides an
bjective evaluation of the developing brain and its pathologies.
he QRAPMASTER pulse sequence enables acquisition of R1, R2,
nd PD in a single acquisition in a clinically acceptable period of
ime. Reconstruction of various contrast-weighted images, auto-

atic brain tissue volumetry, and measurement of myelin can be
erformed retrospectively using dedicated post-processing SyMRI
oftware. Overall, the synthetic images are of a quality comparable
ith that of conventional MR  images and seem to be useful for diag-
osis of brain pathologies. Further, SyMRI brain tissue volumetry
nd myelin measurement demonstrated good agreement with the
urve for brain growth. However, some limitations, such as the infe-
ior quality of FLAIR images, and phase encoding and fluid pulsation
rtifacts, should be noted, and further studies of this technique in
atients with various brain diseases are needed.
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