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ABSTRACT

Importance: The process of brain development in children with developmental
delay is not well known. Amide proton transfer-weighted (APTw) imaging is a novel
molecular magnetic resonance imaging (MRI) technique that can noninvasively
detect cytosolic endogenous mobile proteins and peptides involved in the myelination
process, and may be useful for providing insights into brain development.

Objective: To assess the contribution of amide proton transfer-weighted (APTw)
imaging and magnetization transfer (MT) imaging to the evaluation of children
with developmental delay (DD).

Methods: Fifty-one patients with DD were recruited to this study. The patients
were divided into two groups according to the state of myelination assessed on
conventional magnetic resonance imaging (MRI). Thirty patients (10 girls, 20
boys; age range: 1-8 months; median age: 4 months) in group A showed delayed
myelination on MRI , while 21 patients (3 girls, 18 boys; age range: 12-36months;
median age: 25months) in group B showed normal myelination on MRI. Fifty-
one age- and sex-matched children with normal developmental quotient (DQ) and
normal MRI appearance were recruited as normal controls. Three-slice APTw/MT
axial imaging was performed at the level of the centrum semiovale, the basal ganglia
and the pons. Quantitative data of the MT ratio (MTR) and APTw were analyzed for
multiple brain regions. Independent-sample #-tests were used to compare differences
in APTw and MTR signals between the two DD groups and normal controls. Analysis
of Covariance was conducted to correct the statistical results. The level of statistical
significance was set to P < 0.05.

Results: For group A, the MTR values were lower in all regions (P = 0.004-0.033)
compared with the normal controls, while the APTw values were higher in the
pons, middle cerebellar peduncle, corpus callosum, frontal white matter, occipital
white matter and centrum semiovale (P = 0.004-0.040 ). For Group B, the MTR
values were slightly reduced, and the APTw values were slightly increased
compared with the normal controls, but the differences were not statistically
significant (P > 0.05).

Interpretation: For DD patients showing signs of delayed myelination on MRI,
MTR and APTw imaging can help to diagnose myelination delay by quantifying
semi-solid macromolecules and cytosolic endogenous mobile proteins and
peptides at a molecular level, providing a new method for comprehensive
evaluation of DD. For DD patients with normal myelination on MRI, the clinical
values of MTR and APTw imaging remain to be explored.
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INTRODUCTION

Developmental delay (DD) is relatively common in
pediatric patients, with an estimated prevalence ranging
from 5% to 10%,"” 1% to 3% among children aged less
than 5 years." DD is defined as a significant delay in two
or more of the following: motor functions (gross/fine),
speech/language, cognition, personal/social skills, and
activities of daily living. Magnetic resonance imaging
(MRI) is generally essential for the assessment of children
with DD, and is prioritized over computed tomography,
for detecting abnormalities in 48.6%—65.5% of children
with global delay.” One study reported that brain
developmental abnormalities on neuroimaging can be
identified in 30%-60% of children with mental retardation
and DD.’ This implies that nearly half of children with
DD demonstrate a normal MRI examination or normal
variants ,'*"" which inspired us to explore novel imaging
methods for the further assessment of DD.

Over the past few years, MRI progressed from structural
to functional and molecular imaging. Several advanced
imaging techniques have been reported to provide more
information for the assessment of DD in pediatrics. The
MRI technique of diffusion tensor imaging has been
employed to assess children with DD, and its application
has led to a suggestion that the white matter fiber tract in
children with DD (whose scans are otherwise commonly
normal on conventional MRI) had different segments to
that in normal children."”"

Molecular MRI is an exciting new approach for recent
biomedical studies. Amide proton transfer-weighted
(APTw) imaging is a novel molecular MRI technique
capable of noninvasively detecting cytosolic endogenous
mobile proteins and peptides involved in myelination,
while conventional magnetization transfer (MT) imaging
is susceptible to a semi-solid macromolecular phase in
tissues. A previous study at our institution used APTw/MT
imaging to quantify brain maturation in pediatric brain
development. It characterized age-related variations in the
magnetization transfer ratio (MTR) and APTw, and offered
additional information in the form of imaging biomarkers
for the assessment of pediatric brain development.'

The present study aimed to evaluate whether APTw/MT
imaging can add valuable information for the assessment
of children with DD by finding abnormalities at the
molecular lever by comparing DD patients with age- and
sex-matched normal controls. We hypothesized that in
comparison with normal subjects, DD patients would show
increased levels of mobile protein content and decreased
semi-solid macromolecular content in the white matter,
thereby leading to an elevated APTw signal and decreased
MTR signal. Such differences at the molecular level
may hold potential as an imaging biomaker for delayed
development.

METHODS
Ethical approval

This study was approved by the Ethics Committee of
Beijing Children’s Hospital(2015—-85). The parents of
all children actively participating in the study provided
written informed consent for their child’s participation in
the study.

Subjects

Each child underwent a full neurological examination
performed by a pediatric neurologist. The developmental
quotient (DQ) was calculated for all children according
to the Gesell Development Scale. Abiding by previous
guidelines.'® two radiologists (Z.H. and Y.P., experienced
in developmental neurology) further assessed the images
in terms of the degree of myelination and the existence of
disease on conventional MR images. Before undergoing
the MRI scans, all subjects were sedated with oral 10%
chloral hydrate (0.5 mL/kg), because of their young age.

All DD patients admitted to our hospital for a
neuroradiologic examination because of mental
retardation of unknown origin but having not undergone
a progressive clinical course and without any evidence
of metabolic abnormalities were recruited. Patients with
recognizable lesions on MRI, cerebral palsy, chromosome
abnormalities, autism, or other neurologic or degenerative
diseases were excluded. No hearing disorders were
identified. Finally, 51 pediatric patients with DD were
recruited to this study. The patients were split into
two groups according to their state of myelination on
conventional MRI. Thirty patients (10 girls and 20 boys;
age range: 1-8 months; median age: 4 months) assigned
to group A exhibited delayed myelination on MRI, with
9 children showing severe retardation (DQ 25-39), 14
showing moderately severe retardation (DQ 40-54), and
7 exhibiting only minor retardation (DQ 55-75). A further
21 patients (3 girls and 18 boys; age range: 12—36 months;
median age: 25 months) showing normal myelination
on MRI were assigned to group B, with 4 having severe
retardation, 8 having moderately severe retardation, and 9
only minor retardation.

A further group of 51 age- and sex-matched children with
normal DQ (DQ > 85) and normal MRI findings were
recruited as normal controls. To comply with the case
control design, these normal control subjects were also
split into groups A’ and B’ (Table 1). The control children
received a brain MRI examination for noncerebral
or nonneurologic indications, the most common of
which were nausea, vomiting, headaches, dizziness and
idiopathic febrile seizures. The general characteristics of
the control subjects included an age between 1 and 36
months; a full-term gestational age between 37 and 41
weeks without a complicated perinatal course; normal
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brain MRI results; normal myelination for the age; normal
results on neurological examinations; absence of current
and past neurological or psychiatric disorders; and no
evidence of genetic, metabolic, or infectious disorders.
A follow-up review of the medical records of all subjects
was performed | year after the MRI examination, and
any children with DD or demonstrating neurologic
abnormalities were excluded.

TABLE 1 Age and sex distribution of normal controls recruited to this study

Age (months)
Group Sex (Male/female)
Range Median
A 1-8 4 20/10
B’ 12-36 25 18/3

MRI protocol and image acquisition

All MRI was acquired on a 3-T scanner (Achieva; Philips
Medical Systems, Best, The Netherlands), using a pencil-
beam, second-order shimming, a dual-channel body
coil for emission, and an eight-channel coil (sensitivity-
encoding) for reception. Conventional MRI with T1-
weighted, T2-weighted, FLAIR, and DWI sequences to
characterize brain morphology was conducted before
MT/APTw imaging. MT/APTw single-section imaging
was performed under off-resonance continuous-wave
radiofrequency irradiation. To increase the signal-to-noise
ratio, a multi-acquisition MT/APTw imaging method
with multiple radiofrequency pulses was performed,
as described in previous study of our institution.”” The
scanning schemes and data processing for the conventional
sequence and MT/APTw imaging were formulated before
the acquisitions were started.

Image processing and analysis

The acquired raw data were uploaded into an IDL
application (ITT Visual Information Solutions, Boulder,
CO, USA) for analysis, measurement and reconstruction
of pseudocolor images. The amide proton transfer (APT)
experiments involved acquisition of three transverse
slices positioned at the levels of the pons, basal ganglia,
and centrum semiovale, according to axial T2-weighted
imaging. Based on the approach used for previous studies
in our hospital,”” ten regions of interest (ROIs) were
manually plotted in a consensus fashion by two senior
staff neuroradiologists (H.Z. and Y.P., with 10 and 15
years of experience in brain imaging respectively), using
the co-registered standard MR images (T2-weighted or
FLAIR) for anatomical reference (Supplementary Figure
S1). These ROIs consisted of the pons, middle cerebellar
peduncle, genu of the corpus callosum, splenium of
the corpus callosum, frontal white matter, occipital
white matter, caudate, putamen, thalamus, and centrum
semiovale. The APTw and MTR signals of all subjects
were measured for all of the regions of interest.

Statistical analysis

The data were analyzed using SPSS version 17.0 (Chicago,
IL, USA). Differences in the MTR/APTw values between
the left and right hemispheres were tested using paired-
sample #-tests. Independent-samples ¢-tests were employed
to compare differences in APTw and MTR signals between
the DD patients and normal controls. ANCOVA was
conducted to control for differences in age and the internal
correlation of the different brain regions, and to prevent
these from affecting the statistical results. The level of
statistical significance was set to P < 0.05.

RESULTS

No statistically significant differences in the MTR/
APTw values were identified between the left and right
hemispheres (P > 0.05); therefore, the data from both
hemispheres were combined for the analysis of all
subjects.

For group A, the DD patient’s MTR values were
considerably lower than those of the normal controls in
all regions (P = 0.004-0.033; Figure 1). The APTw values
in the DD patients were higher than those of normal
controls in the pons, middle cerebellar peduncle, genu of
the corpus callosum, splenium of the corpus callosum,
frontal white matter, occipital white matter and centrum
semiovale (P = 0.004—0.040; Figure 2). In the caudate,
putamen and thalamus, the APTw values were slightly
elevated compared with the normal controls, although the
differences were not statistically significant (P = 0.086—
0.267). The ANCOVA (Table 2) showed that statistically
significant differences in the MTR and APTw values
between patients and normal controls remained after the
effects of age and internal correlation between ROIs were
30 A

controlled for (P < 0.001).
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FIGURE 1 Comparisons of the MTR values of all regions between group
A (red) and the corresponding normal controls (blue). In all regions, the
MTR values of patients are obviously lower than those of normal controls.
Data are shown as mean + SD. P < 0.05, "P < 0.01. MTR, magnetization
transfer ratio; ROIs, regions of interest; MCP, middle cerebellar peduncle;
GCC, genu of the corpus callosum; SCC, splenium of the corpus callosum;
FWM, frontal white matter; OWM, occipital white matter; HCN, head of
caudate nucleus; Put, putamen; Tha, thalamus; CS, centrum semiovale;
DG, delay group; CG, control group.
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TABLE 2 Results of ANCOVA applied to the MTR and APTw values between patients and controls in all regions of group A

MTR APTw
Source
Partial Eta Squared F P Partial Eta Squared F P
Intercept 0.837 3067.066 <0.001 0.452 491.743 <0.001
Group 0.125 85.031 <0.001 0.077 49.373 <0.001
Age 0.528 665.927 <0.001 0.218 166.272 <0.001
ROI 0.073 46.919 <0.001 0.029 17.622 <0.001

MTR, magnetization transfer ratio; APTw, proton transfer-weighted; ROI, regions of interest
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FIGURE 2 Comparisons of the APTw values of all regions between
group A (red) and the corresponding normal controls (blue). The APTw
values of the patients are higher than those of the normal controls in all regions,
especially in the white matter. Data are shown as mean + SD. "P < 0.05, P <
0.01. APTw, amide proton transfer-weighted; ROIs, regions of interest; MCP,
middle cerebellar peduncle; GCC, genu of the corpus callosum; SCC, splenium
of the corpus callosum; FWM, frontal white matter; OWM, occipital white
matter; HCN, head of caudate nucleus; Put, putamen; Tha, thalamus; CS,
centrum semiovale; DG, delay group; CG, control group.

T2W

MTR

Figures 3 and 4 show representative T2-weighted, MTR,
and APTw MR images taken from a 7-month-old child
with DD (group A) and a 7-month-old normal child.
Figure 3 reveals that lower MTR intensities and higher
APTw intensities in the basal ganglia and the white
matter structures were identified in children with
DD in comparison with normal controls. Figure 4
indicates that the MTR signal intensities in the centrum
semiovale of children with DD were lower than those of
the normal controls, while the APTw signal intensities
in the centrum semiovale were higher than those of
normal controls. During myelination, relatively large
variations in MTR and APTw signals can be observed in
white matter structures.

For group B, the MTR values slightly reduced (Figure 5),
while the APTw values slightly increased in comparison
with normal controls (Figure 6). However, the differences
were not statistically significant (P > 0.05).

APTw

0% I

135% -3% I 13%

FIGURE 3 T2-weighted, MTR, and APTw MR images of a 7-month-old child with developmental delay (A) and a 7-month-old normal child (B).
The MTR signal intensities of the child with DD are lower than those of the normal child, while the APTw signal intensities are higher in the white
matter structures and basal ganglia. Larger differences were found in occipital white matter (white arrows) and the splenium of the corpus callosum
(black arrows) where myelination had occurred. Note the presence of cerebral spinal fluid artefacts (curved white arrows). T2W, T2-weighted; MTR,

magnetization transfer ratio; APTw, amide proton transfer-weighted.
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FIGURE 4 T2-weighted, MTR, and APTw magnetic resonance images of a 7-month-old child with DD (A) and a 7-month-old normal child (B).
Compared with the normal controls, the MTR signal intensities of the child with developmental delay are lower, while the APTw signal intensities are

higher in the centrum semiovale (white arrows). T2W, T2-weighted; MTR, magnetization transfer ratio; APTw, amide proton transfer-weighted.

Compared with group B (Figures 5 and 6), the standard
deviations of the MTR and APTw values in group A
(Figures 1 and 2) were relatively higher in all regions,
particularly for the APTw values. The presence of image
artefacts (Figures 3 and 4) was noted, including inevitable
interference from the skull, cerebrospinal fluid and
cerebral ventricles.
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FIGURE 5 Comparison of the MTR values of all regions between group
B (red) and the corresponding normal controls (blue). The MTR values
of patients were slightly lower than these of the normal controls in all
regions, but the differences were not statistically significant (P > 0.05).
Data are shown as mean + SD. MTR, magnetization transfer ratio; ROlIs,
regions of interest; MCP, middle cerebellar peduncle; GCC, genu of the
corpus callosum; SCC, splenium of the corpus callosum; FWM, frontal
white matter; OWM, occipital white matter; HCN, head of caudate
nucleus; Put, putamen; Tha, thalamus; CS, centrum semiovale; DG, delay
group; CG, control group.

1.4 4 DG

i 1 I1

1.2 7 cG

1.0 1

o.s—T
0.6 T TT

0.4 1

oo | L
.

APTw (%)

0.0 +

| |
02 T o [
0.4 A I
FWM OWM HCN Put Tha cs
ROIs

-0.6 -
Pons MCP GCC  SCC

FIGURE 6 Comparison of the APTw values of all regions between group
B (red) and the corresponding normal controls (blue). The APTw values
of patients are were slightly higher than these of normal controls in all
regions, but the differences were not statistically significant (P > 0.05).
Data are shown as mean + SD. APTw, amide proton transfer-weighted;
ROIs, regions of interest; MCP, middle cerebellar peduncle; GCC, genu
of the corpus callosum; SCC, splenium of the corpus callosum; FWM,
frontal white matter; OWM, occipital white matter; HCN, head of
caudate nucleus; Put, putamen; Tha, thalamus; CS, centrum semiovale;
DG, delay group; CG, control group.

DISCUSSION

This study demonstrated the application and feasibility
of APTw/MT imaging for assessing brain development
in children with DD, suggesting the possibility of using
the measurements as non-invasive biomarkers. The most
noteworthy finding of the present study is the significant
differences in the MTR and APTw values between DD
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pediatric patients with delayed myelination on MRI and
age-matched normal controls. Researchers have previously
ascribed magnetization transfer to the presence of
macromolecules associated with myelination, cholesterol,
and galactocerebrosides.'””” APTw imaging was developed
for the detection of intracellular mobile proteins.”’
Developmental studies on immature oligodendrocytes
reported the detection of myelin basic protein in the
oligodendroglial cytoplasm before myelination, with
the highest intensity being exhibited during early
myelination.” Recent studies have shown age-dependent
variations in the MTR and APTw signals of the pediatric
brain,">*** with MTR increasing exponentially with age
and APTw decreasing exponentially with age, and MTR
therefore being negatively correlated with APTw. The
decreasing APTw signal intensity observed in the process
of brain myelination may be primarily associated with
decreasing protein mobility with the change from mobile
proteins to semi-solid proteins."” The exact mechanism
should be investigated in the future work.

This study indicated that the lower MTR values and
higher APTw values obtained in the white matter with
delayed myelination were probably dominated by the
decreased conversion of myelin basic protein to myelin
sheath in the oligodendroglial cytoplasm. Nossin-
Manor et al** conducted an imaging study of deep gray
matter maturation in very preterm neonates, including
measurement of MTR values during brain development.
They showed that neonates with white matter injury
at presentation demonstrated lower MTR in the basal
ganglia than neonates with normal radiologic findings, and
concluded that this indicated delayed maturation in areas
not affected by the primary injury. Previous MT imaging
of the brain in subjects with periventricular leukomalacia
revealed abnormalities of myelination in the splenium of
the corpus callosum and the thalami.”” Slight differences
in the APTw in the basal ganglia regions (e.g., the caudate,
putamen and thalamus) were identified between DD
with delayed myelination on MRI and normal controls,
whereas obvious differences in MTR in these regions were
reported, probably because the MTR approach is reported
to be more susceptible to myelination than APTw."
Moreover, MTR showed more noticeable statistical
differences in the occipital white matter and centrum
semiovale than in any other regions, while APTw showed
the most noticeable differences in the frontal white matter.
These prominent differences were probably due to the
brain functional area being partially located in the frontal
and occipital lobe. The centrum semiovale is composed of
various projection fibers with different functions, including
commissural fibers connecting the two hemispheres, and
any delayed myelination in this region is likely to cause a
noticeable impact on the normal development of children.
However, the correlations between the MTR and APTw
values of various brain functional areas and different types of
delayed development remain to be explored in the future.

The MTR and APTw values of pediatric patients with DD
and normal-appearing myelination on conventional MRI
were also found to be slightly different from those of the
normal controls, with slightly decreased MTR values and
increased APTw values in all regions of the children with
DD. According to previous reports,’*”* myelination is
predominantly complete by the end of the second year. In
group B, the median age of the patients was 25 months,
probably leading to extremely small differences.

There are several limitations to this study. First, the
patients with DD and normal myelination on MRI were
all older than 12 months, and younger patients should be
covered in future studies. Moreover, it should be further
investigated whether there are any correlations between
the MTR or APTw values and the mental performance
of children. From a technological angle, only three-slice
imaging was obtained, which is a limitation of the single-
slice acquisition protocol, and the MRI signal variations
could not be assessed for all brain regions. Cerebrospinal
fluid pulsation artifacts were relatively obvious for the
relatively wide extracerebral space and encephalocele,
particularly in the first years after birth, and therefore
the APTw values in some regions (e.g., corpus callosum
and basal ganglia) will obviously be impacted. The small
APTw effect leads to extremely low spatial resolution;
in the future, a more complicated APTw imaging
acquisition®”’ or analysis’'** method should be adopted to
more accurately quantify the APTw effect.

We believe this study to be the first application of
3-T MRI APTw imaging in children with DD. Using
quantitative APTw and MT imaging, we demonstrated
that children with DD and delayed myelination on MRI
showed lower MTR and higher APTw values than normal
controls, especially in white matter. Moreover, for children
with DD and normal myelination on MRI, APTw/MT
imaging was found to add little additional information
to the neuroradiologic work-up, and the clinical values
of MTR and APTw imaging require further exploration.
Subsequently, we intend to perform a whole brain study of
DD with delayed myelination using 3D-APT technology.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

REFERENCES

1. Drillen CM, Pickering RD, Drummond MB. Predictive
value of screening for different areas of development. Dev
Med Child Neurol. 1998;30:294-305.

2. Peterson MC, Kube DA, Palmer FB. Classification of
developmental delays. Semin Pediatr Neurol. 1998;5:2-14.

3. Shevell MI. The evaluation of the child with a global
developmental delay. Semin Pediatr Neurol. 1998;5:21-26.

4. Shevell M, Ashwal S, Donley D, FlintJ, Gingold M, Hirtz
D, et al. Practice parameter: evaluation of the child with



256|

wileyonlinelibrary.com/journal/ped4

10.

I1.

12.

13.

14.

15.

17.

19.

20.

global developmental delay: report of the Quality Standards
Subcommittee of the American Academy of Neurology and
the Practice Committee of the Child Neurology Society.
Neurology. 2003;60:367-380.

Martin E, Grutter R, Boesch C. In vivo NMR spectroscopy:
investigation of brain metabolism in neonates and infants.
Pediatrie. 1990;45:677-682.

Yokochi K, Aiba K, Horie M, Inukai K, Fujimoto S, Kodama
M, et al. Magnetic resonance imaging in children with spastic
diplegia: correlation with the severity of their motor and
mental abnormality. Dev Med Child Neurol. 1991;33:18-25.
Truwit CL, Barkovich AJ, Koch TK, Ferriero DM. Cerebral
palsy: MR findings in 40 patients. AINR Am J Neuroradiol.
1992;13:67-78.

Demaerel P, Kingsley DP, Kendall BE. Isolated
neurodevelopmental delay in childhood: clinicoradiological
correlation in 170 patients. Pediatr Radiol. 1993;23:29-33.
Young Poussaint T, Barnes PD. Imaging of the
developmentally delayed child. Magn Reson Imaging Clin
N Am. 2001;9:99-119.

van Karnebeek CD, Jansweijer MC, Leenders AG, Offringa
M, Hennekam RC. Diagnostic investigations in individuals
with mental retardation: a systematic literature review of
their usefulness. Eur J Hum Genet. 2005;13:6-25.
Bouhadiba Z, Dacher J, Monroc M, Vanhulle C, Ménard JF,
Kalifa G. MRI of the brain in the evaluation of children with
developmental delay. J Radiol. 2000;81:870-873. (in French)
Wilmott RW. Use of the MRI technique, diffusion tensor
imaging, in children with global developmental delay. J
Pediatr. 2008;152:A2.

Jeong JW, Sundaram S, Behen ME, Chugani HT.
Differentiation of speech delay and global developmental
delay in children using DTI tractography-based connectome.
AJNR Am J Neuroradiol. 2016;37:1170-1177.

Jeong JW, Sundaram S, Behen ME, Chugani HT.
Relationship between genotype and arcuate fasciculus
morphology in six young children with global
developmental delay: Preliminary DTI study. ] Magn Reson
Imaging. 2016;44:1504-1512.

Zhang H, Kang H, Zhao X, Jiang S, Zhang Y, Zhou J, et al.
Amide proton transfer (APT) MR imaging and magetization
transfer (MT) MR imaging of pediatric brain development.
Eur Radiol. 2016;26:3368-3376.

. Barkovich AJ, Kjos BO, Jackson Jr DE, Norman D. Normal

maturation of the neonatal and infant brain: MR imaging at
1.5 T. Radiology. 1988;166:173-180.

Ceckler TL, Wolff SD, Yip V, Simon SA, Balaban RS.
Dynamic and chemical factors affecting water proton relaxation
by macromolecules. ] Magn Reson. 1992;98:637-645.

. Fralix TA, Ceckler TL, Wolff SD, Simon SA, Balaban RS.

Lipid bilayer and water proton magnetization transfer: effect
of cholesterol. Magn Reson Med. 1991;18:214-223.

Koenig SH. Cholesterol of myelin is the determinant of
gray-white contrast in MRI of brain. Magn Reson Med.
1991;20, 285-291.

Kucharczyk W, Macdonald PM, Stanisz GJ, Henkelman
RM. Relaxivity and magnetization transfer of white matter
lipids at MR imaging: importance of cerebrosides and pH.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Radiology. 1994;192:521-529.

Zhou J, Payen JF, Wilson DA, Traystman RJ, van Zijl
PCM. Using the amide proton signals of intracellular
proteins and peptides to detect pH effects in MRI. Nat Med.
2003;9:1085-1090.

Engelbrecht V, Rassek M, Preiss S, Wald C, Modder U. Age
dependent changes in magnetization transfer contrast of
white matter in the pediatric brain. AINR Am J Neuroradiol.
1998;19:1923-1929.

van Buchem MA, Steens SC, Vrooman HA, Zwinderman
AH, McGowan JC, Rassek M, et al. Global estimation
of myelination in the developing brain on the basis of
magnetization transfer imaging: a preliminary study. AJNR
Am J Neuroradiol. 2001;22:762-766.

Nossin-Manor R, Chung AD, Whyte HEA, Shroff MM,
Taylor MJ, Sled JG. Deep gray matter maturation in very
preterm neonates: regional variations and pathology-related
age-dependent changes in magnetization transfer ratio.
Radiology. 2012;263:510-517.

Xydis V, Astrakas L, Drougia A, Gassias D, Andronikou S,
Argyropoulou M. Myelination process in preterm subjects
with periventricular leucomalacia assessed by magnetization
transfer ratio. Pediatr Radiol. 2006;36:934-939.

Brody BA, Kinney HC, Kloman AS, Gilles FH. Sequence of
central nervous system myelination in human infancy. I. An
autopsy study of myelination. J Neuropathol Exp Neurol.
1987;46:283-301.

Knickmeyer RC, Gouttard S, Kang C, Evans D, Wilber
K, Smith JK, et al. A structural MRI study of human
brain development from birth to 2 years. J Neurosci.
2008;28:12176-12182.

Holland BA, Haas DK, Norman D, Brant-Zawadzki M,
Newton TH. MRI of normal brain maturation. AJNR Am J
Neuroradiol. 1986;7:201-208.

Zu Z, Janve VA, Xu J, Does MD, Gore JC, Gochberg DF. A
new method for detecting exchanging amide protons using
chemical exchange rotation transfer. Magn Reson Med.
2013;69:637-647.

Lee JS, Xia D, Ge Y, Jerschow A, Regatte RR. Concurrent
saturation transfer contrast in in vivo brain by a uniform
magnetization transfer MRI. Neuroimage. 2014;95:22-28.
Desmond KL, Moosvi F, Stanisz GJ. Mapping of amide,
amine, and aliphatic peaks in the CEST spectra of murine
xenografts at 7 T. Magn Reson Med. 2014;71:1841-1853.
Cai K, Singh A, Poptani H, Li W, Yang S, Lu Y, et al. CEST
signal at 2 ppm (CEST@2ppm) from Z-spectral fitting
correlates with creatine distribution in brain tumor. NMR
Biomed. 2015;28:1-8.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in
the supporting information tab for this article.

How to cite this article: Tang X, Zhang H, Zhou J, Kang
H, Yang S, Cui H, et al. Brain development in children with
developmental delay using amide proton transfer-weighted
imaging and magnetization transfer imaging. Pediatr Investig.
2020;4:250-256. https://doi.org/10.1002/ped4.12237




