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Abstract

Objectives—To quantify the brain maturation process during childhood using combined APT 

and conventional MT imaging at 3 Tesla.

Methods—Eighty-two neurodevelopmentally normal children (44 males and 38 females; age 

range, 2–190 months) were imaged using an APT/MT imaging protocol with multiple saturation 

frequency offsets. The APT-weighted (APTW) and MT ratio (MTR) signals were quantitatively 

analyzed in multiple brain areas. Age-related changes in MTR and APTW were evaluated with a 

non-linear regression analysis.
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Results—The APTW signals followed a decreasing exponential curve with age in all brain 

regions measured (R2 = 0.7–0.8 for the corpus callosum, the frontal and occipital white matter, and 

the centrum semiovale). The most significant changes appeared within the first year. At 

maturation, larger decreases in APTW and lower APTW values were found in the white matter. 

On the contrary, the MTR signals followed an increasing exponential curve with age in the same 

brain regions measured, with the most significant changes appearing within the initial two years. 

There was an inverse correlation between the MTR and APTW signal intensities during brain 

maturation.

Conclusions—Together with MT imaging, protein-based APT imaging can provide additional 

information in assessing brain myelination in the paediatric population.
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Introduction

Human brain development is a complicated and lifelong process, in which the creation of 

myelin (myelination) occurs between midgestation and the second postnatal year, and 

accompanies neuronal synaptogenesis, as well as gray and white matter growth [1-3]. MRI 

is the modality of choice for assessing normal as well as abnormal brain maturation [4, 5]. 

Commonly used pulse sequences are T2-weighted, T1-weighted, and diffusion-weighted 

MRI [6-9]. In recent decades, MRI has undergone a rapid evolution from structural to 

functional and molecular imaging. It has been reported that several advanced imaging 

techniques can provide additional information about brain maturation [10, 11]. For example, 

based on the diffusion-tensor imaging technique, multiple MRI parameters, such as apparent 

diffusion coefficients, fractional anisotropy, as well as axial and radial diffusivity, have been 

used to characterize the axonal organization and degree of myelination during brain 

development [12-14].

The well-known magnetization transfer (MT) contrast is based on the interaction between 

semi-solid macromolecular protons and the free water protons of tissue [15]. In the brain, 

the semi-solid macromolecules that contribute to the MT contrast include cholesterol and 

many other lipids [16]. The increased MT effect has been observed in the developing brain 

[17, 18]. These changes in MRI parameters are thought to result from myelination, and thus, 

they can be used to assess whether brain maturation is progressing normally. Amide proton 

transfer (APT) imaging [19] is a chemical exchange saturation transfer-based molecular 

MRI approach [20, 21], by which endogenous mobile proteins (such as those dissolved in 

the cytoplasm) can be detected [22]. It has been demonstrated recently that APT-weighted 

(APTW) signals, as image biomarkers, could examine the spatial extent and pathological 

grade of several human tumours due to increased mobile protein and peptide concentrations 

[23, 24], and tissue pH changes in stroke (where pH decreases) [25].

In our study, we explored the normal brain maturation in the paediatric population using 

conventional MT and APT imaging at 3T. The goal was to measure the age-dependent 

patterns of change in the protein-based APTW signals in different paediatric brain regions 
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and to evaluate their relationship to the conventional MTR signals in assessing the process of 

myelination. We hypothesize that the brain myelination process is associated with a decrease 

in the mobile protein content and an increase in the semi-solid macromolecular content, 

leading to both a decreasing APTW signal and an increasing MTR signal. A quantitative 

MRI biomarker at the molecular level during this conspicuous white matter maturation 

period is crucial to better understand the mechanisms of brain development and maturation, 

delayed development, and various neurologic diseases in the paediatric population.

Materials and Methods

Subjects

This study was approved by the local institutional review board. Written, informed consent 

was given by all the children's parents prior to participation to this study. The following 

criteria were used for inclusion of patients: between ages 0 and 18 years; full term 

(gestational age between 37 and 41 weeks) without any complicated perinatal courses; 

normal brain MR imaging results; normal myelination for the corresponding age; clearly 

normal results of the neurological examination; free of current and past neurological or 

psychiatric disorders; no evidence of genetic, metabolic, or infectious disorders. Between 

July 2012 and January 2014, 107 potential participants who were referred for neuroimaging 

for varied indications (the most common of which were dizziness, headaches, and idiopathic 

febrile seizures; see supplementary Table S1) were identified after a preliminary screening. 

To prove that the subjects were neurodevelopmentally normal, a paediatric neurologist 

performed a full neurological examination of each patient. The tests that were used were the 

Gesell Development Scale, the Wechsler Preschool and Primary Scale of Intelligence, and 

the Wechsler Intelligence Scale for Children. The developmental quotient/intelligence 

quotient was calculated in all children. Based on conventional MR images, a radiologist 

(Y.P., who had 11 years of experience in brain imaging) further assessed the images for the 

presence of disease and the degree of myelination, using the guidelines presented previously 

[6]. A follow-up review of the patients' medical records was performed at one year after the 

MR examination, and any children with demonstrated neurologic abnormalities or delays in 

developmental milestones were excluded.

Based on the inclusion criteria, 18 children were excluded from this study (13 children 

because of developmental delay; five children because of abnormal MRI results, such as 

Chiari malformation, Pineal cyst, and Rathke's cyst; see supplementary Table S1). In 

addition, data from seven children were further rejected because of insufficient image 

quality due to obvious motion artefacts. Finally, 82 children (42 males and 40 females; age 

range, 2–190 months; Table 1) with the normal brain development were included in this 

study. The mean developmental quotient/intelligence quotient score of the subjects was 

109.5 ± 6.7 (mean ± standard deviation). Children younger than five years of age were 

sedated with oral 10% chloral hydrate (0.3–0.5ml/kg) before the MRI scans because of their 

young age.
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MRI Protocol

All subjects were imaged on a 3 Tesla MRI system (Achieva, Philips Medical Systems, Best, 

The Netherlands), using a dual-channel body coil for transmission and an eight-channel 

sensitivity-encoding coil for reception. Pencil-beam, second-order shimming was used. 

MT/APT imaging was incorporated into a standard clinical MRI examination protocol for 

the brain (field of view, 230 mm×190 mm; 18 slices; slice thickness, 5 mm; gap, 1 mm), 

including axial T2-weighted (repetition time, 3000 ms; echo time, 100 ms), T1-weighted 

(repetition time, 2308 ms; echo time, 13 ms), fluid-attenuated inversion recovery (FLAIR; 

repetition time, 7000 ms; echo time, 120 ms; inversion recovery time, 2200 ms), and 

diffusion-weighted (repetition time, 7000 ms; echo time, 120 ms; b factors, 0 and 1000 

s/mm2).

MT/APT imaging was based on a pseudo-continuous wave radiofrequency irradiation 

(saturation duration, 200 ms×4; inter-pulse delay, 10 ms; block pulses; average power level, 

2 μT), with a fat-suppressed, single-shot, turbo-spin-echo readout: repetition time, 3000 ms; 

turbo-spin-echo factor, 50; field of view, 230 mm×190 mm; matrix, 144×95, reconstructed to 

be 400×400; slice thickness, 5 mm. We used a multi-offset, multi-acquisition MT/APT 

imaging protocol. The 31 offsets used were: 0, ±0.25, ±0.5, ±0.75, ±1 (2), ±1.5 (2), ±2 (2), 

±2.5 (2), ±3 (2), ±3.25 (2), ±3.5 (8), ±3.75 (2), ±4 (2), ±4.5, ±5, ±6, and 15.6 ppm (the 

values in parentheses are the number of acquisitions, which was one if not specified). An 

unsaturated image was acquired for the signal normalization. Three transverse slices of the 

head, including the pons, the basal ganglia, and the centrum semiovale, were acquired, and 

each of these three slices coincided exactly with one standard MRI slice acquired (T2-

weighted, T1-weighted, FLAIR, and diffusion-weighted). The acquisition time was about 

two minutes 40 seconds per slice. The duration of a complete MR examination was 15–20 

minutes.

Image Processing and Analysis

The image analysis was performed using the Interactive Data Language (IDL; ITT Visual 

Information Solutions, Boulder, CO, USA). To reduce possible motion artefacts during the 

scanning, the acquired MT/APT image series for each slice was registered to the saturated 

image at 3.5 ppm [26], which was first registered with the corresponding slice on the 

standard MRI images acquired. The registration was performed with the analysis of 

functional neuroimages software (AFNI [27]; NIH/NIMH, Bethesda, MD, USA), using a 

rigid-body transformation of three degrees of freedom. The measured MT spectra (Ssat/S0, in 

which Ssat and S0 are the signal intensities with and without selective radiofrequency 

irradiation, plotted as a function of saturation frequency offset, relative to water) were 

corrected for B0 field heterogeneity effects on a pixel-by-pixel basis, as described in the 

literature [28]. The magnetization transfer ratio (MTR) was defined according to the 

equation: MTR = 1 - Ssat/S0. Conventional MTR images were calculated with the saturated 

images at 15.6 ppm (2 kHz). APT imaging was quantified through the standard MTR 

asymmetry (MTRasym) analysis with respect to the water resonance, and the calculated 

MTRasym(3.5ppm) images were called APTW images [23].
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The acquired MR images were reviewed by two radiologists (H.Z. and Y.P., who had six and 

11 years of experience in brain imaging, respectively), and the quantitative image analysis 

was further performed. Ten regions of interest were manually drawn, in consensus, using the 

co-registered standard MR images (T2-weighted or FLAIR) as the anatomical reference 

(Fig. 1): 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. Similar to the previous MT studies of the developing brain [17, 18], 

the change in MTR(15.6ppm signal intensities with age was fitted by a single exponential 

function: y = a1 – b1*exp(−x/c1), while the change in APTW signal intensities with age was 

fitted by a single exponential function: y = a2 + b2*exp(−x/c2).

Statistical Analysis

All data were analyzed using the statistical package SPSS for Windows (Version 17.0, 

Chicago, IL). The MTR/APTW imaging intensities [MTR(15.6ppm), MTRasym(3.5ppm)] 

were reported for each region in all subjects. Left-right hemispheric differences in MTR or 

APTW were tested with a paired Student's t-test. As there were no significant hemispheric 

differences, data from the left and right hemispheres for each subject were combined for 

analysis. Age-related changes in MTR and APTW for each region were evaluated by a non-

linear regression analysis. Three regression model parameters (a1, b1, and c1 for MTR; a2, 

b2, and c2 for APTR) were obtained, and goodness-of-fit was estimated using an R2 value. 

An unpaired Student's t-test was used to compare differences between the regression 

parameters for the white matter and the basal ganglia. Statistical significance was accepted 

at p < 0.05.

Results

Figure 2 shows the MTR/age data-fitting curves, and Table 2 summarizes the fitted 

parameters for the different brain structures in 82 neurodevelopmentally normal children. 

Higher R2 values above 0.5 were obtained in all brain regions measured (particularly in the 

corpus callosum, the frontal and occipital white matter, as well as the centrum semiovale, R2 

= 0.8–0.9), indicating that the model function fitted the MTR data well. The MTR followed 

an increasing exponential curve with age, with the most significant changes appearing within 

the initial two years. Figure 3 showed the APTW/age data-fitting curves, and Table 3 

summarizes the fitted parameters for the different brain structures in 82 

neurodevelopmentally normal children. Although the pons, the caudate, the putamen, and 

the thalamus appeared to have a relatively poor goodness-of-fit (R2 ≈ 0.2) to the exponential 

model, the other structures fitted the model reasonably well (R2 = 0.7–0.8 for the corpus 

callosum, the frontal and occipital white matter, as well as the centrum semiovale). The 

APTW followed a decreasing exponential curve with age, with the most significant changes 

seemingly appearing within the first year.

Based on the fitting, at birth, the highest MTR values (a1-b1 in Table 2) and the lowest 

APTW values (a2+b2 in Table 3) were found in the pons, the middle cerebellar peduncle, 

and the thalamus. The lowest MTR values and the highest APTW values were found in the 

corpus callosum, the frontal and occipital white matter, and the centrum semiovale. After 
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brain myelination, the highest MTR values (“a1” in Table 2) and the lowest APTW values 

(“a2” in Table 3) were measured in the corpus callosum and some other white matter 

structures, while the lowest MTR values and the highest APTW values were measured in the 

caudate, the putamen, and the thalamus. Note that the pons had both high MTR and APTW 

values, and the middle cerebellar peduncle had high MTR values and intermediate APTW 

values. Larger increases in MTR (“b1” in Table 2) and the higher MTR values at maturation 

(“a1” in Table 2) were found in the white matter structures (the corpus callosum, the frontal 

and occipital white matter, and the centrum semiovale) rather than in the basal ganglia (p < 

0.001 and 0.05, respectively). In addition, larger decreases in APTW (“b2” in Table 3) and 

the lower APTW values at maturation (“a2” in Table 3) were found in the white matter 

structures rather than in the basal ganglia (both p < 0.001).

Based on the fitted equations, parameter “c1,2” indicates the rate of the change: a low “c1” 

value corresponding to a quick increase in MTR and a low “c2” value corresponding to a 

quick decrease in APTW. According to Tables 2 and 3, it can be seen that the lowest “c1,2” 

values were measured in the caudate and the putamen (eight months for MTR, four-to-five 

months for APTW), while the highest “c1,2” values were found in the pons and the middle 

cerebellar peduncles (23–26 months for MTR, 12 months for APTW). Notably, the “c1” 

values associating with the MTR-age dependency were significantly higher (p = 0.001) than 

the “c2” values associating with the APTW-age dependency, suggesting that the decrease in 

APTW (“c2” range, four-12 months, namely, within the first year) was faster than the 

increase in MTR (“c1” range, eight-26 months, namely, within the initial two years) in all 

regions of interest.

Figures 4 and 5 show the representative T2-weighted images, MTR images, and APTW 

images acquired from a pair of neurodevelopmentally normal children of three months old 

vs. 155 months old. Based on Fig. 4, the MTR signal intensities increased in the white 

matter structures and the basal ganglia with age, while the APTW signal intensities 

decreased in these brain regions with age. Based on Fig. 5, the MTR signal intensities 

increased in the centrum semiovale with age, while the APTW signal intensities decreased in 

the centrum semiovale with age. Relatively large changes in MTR and APTW can be seen in 

all white matter structures where myelination occurred.

Discussion

In this study, we have demonstrated the feasibility and values of using the MTR and APTW 

MRI signals as imaging biomarkers to assess paediatric brain development. Our examination 

revealed that the MTR signals followed an increasing exponential curve with age, as 

reported before [17, 18], whereas the APTW signals followed a decreasing exponential 

curve with age. There was an inverse correlation between the MTR and APTW changes 

during brain maturation. At maturation, larger increases in MTR and higher MTR values, 

and larger decreases in APTW and lower APTW values were found in the white matter. The 

low R2 values were obtained for MTR in basal ganglia and for APTW in basal ganglia and 

pons, due to the relatively small change in MTR or APTW during the maturation process. 

The relatively higher MTR and relatively lower APTW fitted within the pons and middle 

cerebellar peduncle at birth may be associated with a rapid maturation in these areas in the 
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last few weeks of pregnancy and in the first few weeks post-delivery, as reported in the 

literature [6, 17]. The fact that the MTR signals overall had a relatively better goodness-of-

fit to the exponential model than the APTW signals shows that MTR is likely more sensitive 

to myelination than the APTW approach. On the other hand, our data showed that the 

decrease in APTW with age in the developmental process was more rapid than the increase 

in MTR with age. It was reported previously that the increase in MTR values was more rapid 

than the decrease in T2 values during brain development [17]. Therefore, the protein-based 

APTW signal is potentially a novel imaging biomarker for the early assessment of paediatric 

brain development.

Technically, conventional MT imaging (quantified by MTR) is sensitive to semi-solid 

macromolecules in the more solid environment of the cell (such as lipids and proteins in the 

myelin, membrane, and nucleus). Consistent with previous reports [17, 18], this study found 

that MTR increased with brain myelination, and the myelinated white matter had a higher 

MTR value than the deep gray matter, due to the increased content of semi-solid lipids 

(cholesterol, phospholipids, glycolipids) and structural proteins in myelinated neurons [10, 

29]. On the other hand, APT imaging was designed to detect mobile proteins in biological 

tissues. In principle, if proteins are in a more liquid compartment within a cell, they have a 

specific amide proton resonance frequency at ∼3.5 ppm downfield from water, and could be 

potentially detected by APT MRI [22]. The myelin sheath is a multilamellar membrane 

tightly wrapped around the axons of neurons in the central and peripheral nervous systems 

[29, 30]. Previous polarized microscopy and radiographic diffraction experiments have 

shown that the myelin layers have a protein-lipid-protein-lipid-protein structure. It was 

estimated that proteins constitute ∼30% of the myelin dry weight in the central nervous 

system, and proteolipid protein (∼50% of the myelin proteins) and myelin basic protein 

(∼30–40% of the myelin proteins) are two major proteins in the myelin membrane. 

Developmental studies of immature oligodendrocytes have revealed that the myelin basic 

protein was detected in the oligodendroglial cytoplasm before the beginning of myelination 

and became most intense during early myelination [31, 32]. The decreasing protein mobility 

(from mobile proteins to semi-solid proteins, such as the shift of the myelin basic protein 

from the oligodendroglial cytoplasm to the myelin sheath) may explain the decreasing 

APTW signal intensity observed during brain myelination. The exact mechanism still 

requires a further study in the future.

There were some limitations to this study. First, myelination develops rapidly during the first 

months of life and is nearly completed by the end of the second year [1, 2]. Although little 

myelin exists in the brain at birth, subjects less than two months old should be included in 

future studies. The number of individuals of less than 2 years of age should also be increased 

to better evaluate the changes that happen in early life. Second, children younger than five 

years of age were sedated during the MRI scans to reduce possible motion artefacts. This 

sedative is safe and routinely used in clinical situations. It is possible that anaesthesia can 

alter MTR and APTW signals that are temperature-dependent, which was not evaluated in 

this study. However, the impact should be minimal [19] because the scanning time was short 

and the children were always kept warm during the scanning. Indeed, no unexpected 

changes were observed at five years of age in the measured MTR/age and APTW/age curves 

(Figs. 2 and 3). Third, only three brain slices were obtained because of the limitation of the 
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single-slice acquisition protocol. Thus, the MRI signal changes in other brain regions could 

not be evaluated in the present study. A fast and highly-sensitive, parallel transmission-

based, three-dimensional APT technology that would be the choice for standardization on 

scanners from all manufactures may be used in the future [23, 33]. Forth, the resolution of 

APT-MRI sequence is relatively low. This can result in partial volume effects when drawing 

regions of interests on small structures, like corpus callosum in the first years/months. 

Finally, the standard APTW metric based on the MTR asymmetry analysis could be subject 

to contamination by the upfield nuclear Overhauser enhancement and other effects. To more 

accurately quantify the APT effect, a more complicated APT imaging acquisition [34, 35] or 

analysis [36-38] approach may be used in the future. However, it has been demonstrated 

recently that the MTR asymmetry at 3.5 ppm remains a valid metric for APT imaging at 3 T 

(clinical B0 field strengths) and 4.7 T [38].

In conclusion, the present study evaluated, for the first time, paediatric brain development 

with APT imaging. Our results have shown that the endogenous MTR and APTW signals 

are two promising, complementary imaging biomarkers by which to assess paediatric brain 

development at the molecular level. MTR followed an increasing exponential curve, while 

APTW followed a decreasing exponential curve with the myelination process, reflecting the 

interchange between the semi-solid and mobile macromolecular phases in tissue. At 

maturation, the myelinated white matter has a higher MTR value and a lower APTW value 

than the deep gray matter. The use of protein-based APT imaging has an additional value in 

assessing paediatric brain myelination, which may aid in the early detection of myelination 

disorders and in monitoring the effects of treatment in the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• APTW signals followed a decreasing exponential curve with age

• The most significant APTW changes appeared within the first year

• At maturation, larger APTW decreases and lower APTW were found in WM

• MTR signals followed an increasing exponential curve with age
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Fig. 1. 
Examples of the definition of the regions of interest on the FLAIR images. The pons (blue), 

the middle cerebellar peduncle (pink), the genu of the corpus callosum (red), the splenium of 

the corpus callosum (green), the caudate (yellow), the putamen (purple), the thalamus 

(dashed white), the frontal white matter (solid white), the occipital white matter (solid 

black), and the centrum semiovale (dashed black) had median voxel numbers as follows: 151 

(range, 127–185); 146 (range, 123–190); 98 (range, 74–109); 102 (range, 78–112); 105 

(range, 82–128); 209 (range, 159-247); 160 (range, 128-190); 165 (range, 136–196); 133 

(range, 102–167); and 358 (range, 304-389), respectively.
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Fig. 2. 
Experimental and fitted age-related changes in the MTR values within the different brain 

regions in neurodevelopmentally normal children. a The pons (R2 = 0.751) and the middle 

cerebellar peduncle (MCP; R2 = 0.752); b the genu of the corpus callosum (GOCC; R2 = 

0.902); the splenium of the corpus callosum (SOCC; R2 = 0.889); c the frontal white matter 

(FWM; R2 = 0.861); the occipital white matter (OWM; R2 = 0.865); the centrum semiovale 

(CS; R2 = 0.845); and (d) the caudate (R2 = 0.511), the putamen (R2 = 0.566), and the 

thalamus (R2 = 0.715).
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Fig. 3. 
Experimental and fitted age-related changes in the APTW values within the different brain 

regions in neurodevelopmentally normal children. a The pons (R2 = 0.235) and the middle 

cerebellar peduncle (MCP; R2 = 0.641); b the genu of the corpus callosum (GOCC; R2 = 

0.786); the splenium of the corpus callosum (SOCC; R2 = 0.734); c the frontal white matter 

(FWM; R2 = 0.874); the occipital white matter (OWM; R2 = 0.735); the centrum semiovale 

(CS; R2 = 0.685); and (d) the caudate (R2 = 0.222), the putamen (R2 = 0.188), and the 

thalamus (R2 = 0.221).
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Fig. 4. 
T2-weighted images, MTR images, and APTW images of (a) a three-month-old 

neurodevelopmentally normal child and (b) a 155-month-old neurodevelopmentally normal 

child. With age, the MTR intensities increased, while the APTW intensities decreased in the 

white matter structures (white arrows) and in the basal ganglia (black thick arrows). Note the 

presence of CSF artefacts (black thin arrows). The changes were larger in the white matter 

structures than in the basal ganglia.
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Fig. 5. 
T2-weighted images, MTR images, and APTW images of (a) a three-month-old 

neurodevelopmentally normal child and (b) a 155-month-old neurodevelopmentally normal 

child. With age, the MTR intensities increased, while the APTW intensities decreased in the 

centrum semiovale (white arrows).
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Table 1
Age and gender distribution of neurodevelopmentally normal children recruited in this 
study

Age range (years) No. of Children (Male/Female)

0-2 16 (9/7)

2-4 9 (3/6)

4-7 13 (6/7)

7-10 24 (12/12)

10-16 20 (12/8)

Total 82 (42/40)
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