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ABSTRACT

BACKGROUND AND PURPOSE: Fast macromolecular proton fraction mapping is a recently emerged MRI method for quantitative myelin
imaging. Our aim was to develop a clinically targeted technique for macromolecular proton fraction mapping of the fetal brain and test its
capability to characterize normal prenatal myelination.

MATERIALS AND METHODS: This prospective study included 41 pregnant women (gestational age range, 18 –38 weeks) without abnormal
findings on fetal brain MR imaging performed for clinical indications. A fast fetal brain macromolecular proton fraction mapping protocol
was implemented on a clinical 1.5T MR imaging scanner without software modifications and was performed after a clinical examination with
an additional scan time of �5 minutes. 3D macromolecular proton fraction maps were reconstructed from magnetization transfer-
weighted, T1-weighted, and proton density–weighted images by the single-point method. Mean macromolecular proton fraction in the
brain stem, cerebellum, and thalamus and frontal, temporal, and occipital WM was compared between structures and pregnancy trimes-
ters using analysis of variance. Gestational age dependence of the macromolecular proton fraction was assessed using the Pearson
correlation coefficient (r).

RESULTS: The mean macromolecular proton fraction in the fetal brain structures varied between 2.3% and 4.3%, being 5-fold lower than
macromolecular proton fraction in adult WM. The macromolecular proton fraction in the third trimester was higher compared with the
second trimester in the brain stem, cerebellum, and thalamus. The highest macromolecular proton fraction was observed in the brain stem,
followed by the thalamus, cerebellum, and cerebral WM. The macromolecular proton fraction in the brain stem, cerebellum, and thalamus
strongly correlated with gestational age (r � 0.88, 0.80, and 0.73; P � .001). No significant correlations were found for cerebral WM regions.

CONCLUSIONS: Myelin is the main factor determining macromolecular proton fraction in brain tissues. Macromolecular proton fraction
mapping is sensitive to the earliest stages of the fetal brain myelination and can be implemented in a clinical setting.

ABBREVIATIONS: GA � gestational age; GRE � gradient recalled-echo; MPF � macromolecular proton fraction; MT � magnetization transfer

Myelination is a fundamental physiologic process within the

sequence of human brain maturation, which begins in the

second trimester of pregnancy and continues for several postnatal

years.1,2 Pediatric myelination abnormalities may originate from

various prenatal insults to the central nervous system, such as

intoxications, infections, hypoxia/ischemia, and malnutrition.3

However, little is known about the clinical significance of myeli-

nation defects in the fetal brain due to the absence of clinically

suitable imaging tools that could enable objective quantitative

characterization of myelin development in utero.

Fast macromolecular proton fraction (MPF) mapping4,5 is a

recently emerged quantitative MR imaging method for clinically

targeted assessment of myelination in brain tissue. The MPF is a

biophysical parameter describing the amount of macromolecular

protons in tissues involved in cross-relaxation with free water
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protons and causing the magnetization transfer (MT) effect.4 An-

imal studies have demonstrated close correlations between the

MPF and myelin content.6-10 The fast method enabling whole-

brain MPF mapping based on a single MT-weighted image4

showed promising clinical results in adult brain studies11,12 and

has been histologically validated as an accurate quantitative tool

for measuring demyelination.10 The single-point technique4 also

allowed designing an ultrafast MPF mapping protocol for non-

brain applications.13 In utero brain imaging is a promising area of

MPF mapping applications where this method could identify the

earliest brain tissue changes associated with myelin development

and potentially lead to new diagnostic approaches aimed at de-

tecting delayed myelination of the fetal brain. The objectives of

this pilot study were to develop a fast clinically targeted technique

for MPF mapping of the fetal brain in vivo and test its capability to

characterize normal prenatal brain myelination.

MATERIALS AND METHODS
Study Population
This cross-sectional study was approved by the institutional ethics

committee at the International Tomography Center of the Sibe-

rian Branch of the Russian Academy of Sciences. Written in-

formed consent was obtained from all participants. The study

population included 47 pregnant women referred for clinical fetal

MR imaging for various indications. Patients were prospectively

recruited between December 2015 and July 2017. Gestational age

(GA) was determined from the last menstrual period and con-

firmed by prior sonographic examinations. An MPF mapping

protocol with a total duration of about 5 minutes was executed

after clinical MR imaging subject to the MR imaging facility time

availability. All clinical MR imaging examinations were reviewed

during the scanning session by a radiologist with 16 years’ expe-

rience in pediatric and fetal MR imaging. The fetuses judged to

have normal brain MR imaging findings or borderline abnormal-

ities (mild ventriculomegaly and mega cisterna magna) were in-

cluded in this study. Six cases were excluded due to unacceptable

image quality caused by fetal motion. The final sample included

41 fetuses with a mean GA � SD of 26.8 � 5.9 weeks (range,

18 –38 weeks). To verify the compatibility of MPF measurements

using our protocol with previous studies,4,5,11,12 we also recruited

3 healthy adults (31- and 51-year-old men and a 50-year-old

woman). To study the effect of a possible noise bias on MPF

measurements, we obtained an additional series of brain scans

with variable SNRs from 1 healthy volunteer (a 47-year-old man).

MR Imaging Protocol
MR imaging was performed on a 1.5T scanner (Achieva; Philips

Healthcare, Best, the Netherlands) with an 8-channel body coil

for fetal examinations or a 16-channel neurovascular coil for

adult brain scans. A fast 3D MPF mapping protocol was imple-

mented using standard manufacturer’s software with a multishot

echo-planar imaging readout and included the following se-

quences: spoiled MT-weighted gradient recalled-echo (GRE); ref-

erence spoiled GRE without MT saturation; T1-weighted spoiled

GRE; and proton-density–weighted spoiled GRE. Fetal and adult

brain imaging protocol parameters are summarized in Table 1. To

mitigate fetal motion artifacts, we repeated the above sequences in

separate acquisition blocks from 2 to 4 times, followed by exclu-

sion of motion-corrupted images (if present) and averaging of the

rest of the data during postprocessing. Sample source images are

illustrated in Fig 1. In the experiment with variable SNRs, the

adult brain MPF mapping protocol (Table 1) was executed with-

out the EPI readout and with increased spatial resolution (voxel

size, 1.0 � 1.0 � 1.5 mm3). Different SNR levels were achieved by

varying the receiver bandwidth with the actual values of 109, 217,

434, and 868 Hz/pixel.

Image Processing and Analysis
Source images were inspected for the presence of artifacts and

misregistration. Only datasets without visible displacement of the

fetal brain between scans and motion artifacts were included in

subsequent processing. MPF maps were reconstructed from a sin-

gle dataset in 9 cases (from 2 and 3 initially acquired datasets in

5 and 4 cases, respectively), from 2 datasets in 22 cases (from 2, 3,

and 4 initially acquired datasets in 14, 6, and 2 cases, respectively),

and from 3 datasets in 10 cases (from 3 and 4 initially acquired

datasets in 7 and 3 cases, respectively). In 6 cases, no complete

datasets suitable for reconstruction were obtained.

MPF maps were reconstructed using the single-point algo-

rithm4 implemented in custom-written C-language software with

the following values of the two-pool model parameter constraints:

cross-relaxation rate constant R � 19 s�1; T2 of bound (macro-

Table 1: Fast MPF mapping protocol parametersa

Parameter
3D MT-Weightedb and

Reference GRE 3D T1-Weighted GRE 3D PD-Weighted GRE
TR (ms) 32 20 20
TE (ms) 6.3 (6.1) 6.3 (6.1) 6.3 (6.1)
Flip angle 8° 20° 4°
FOV (mm2) 250 � 250 (240 � 200) 250 � 250 (240 � 200) 250 � 250 (240 � 200)
Acquired/reconstructed in-plane resolution (mm2) 1.5 � 1.5/0.8 � 0.8 1.5 � 1.5/0.8 � 0.8 1.5 � 1.5/0.8 � 0.8
Acquired/reconstructed section thickness (mm) 5/2.5 5/2.5 5/2.5
No. of acquired reconstructed sections 12/24 (40/80) 12/24 (40/80) 12/24 (40/80)
EPI factor 9 9 9
No. of averages 2 2 2
Acquisition time (min:sec) 0:38 (1:55) 0:12 (0:36) 0:12 (0:36)

Note:—PD indicates proton density.
a Data in parentheses correspond to the parameters for adult brain scans if different from fetal ones.
b Standard manufacturer’s off-resonance saturation pulse (3-lobe sinc shape with Gaussian apodization) with the offset frequency of 1.1 kHz, effective flip angle of 520°, and
duration of 15 ms was used in the MT-weighted sequence. Acquisition time includes both MT-weighted and reference images, which were sequentially acquired in a single scan
using a standard manufacturer’s option.
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molecular) protons, T2
B � 10 �s; and the product of the relax-

ation rate R1 and T2 of free water protons, R1T2
F � 0.055. The

parameters R and T2
B were set according to the previous studies4,5

due to their independence of the magnetic field.14 The R1T2
F

value for 1.5T was taken from the literature.15

MPF values were manually measured using ImageJ software

(National Institutes of Health, Bethesda, Maryland) in circular

ROIs placed within the following brain structures: brain stem,

cerebellum, thalamus, and frontal, temporal, and occipital WM.

The scheme of ROI placement is illustrated in Fig 2. The ROI area

varied between 3.7 and 14.6 mm2, depending on the brain and

structure size. Care was taken in placing the thalamic ROIs to

avoid inclusion of the germinal matrix. Additionally, the MPF was

measured in the germinal matrix in a subset of cases where this

structure was clearly identifiable. In adults, ROIs were placed in

approximately similar positions to those in the fetal brain and had

areas in a range of 16.7–36.1 mm2.

Simulations and Measurements of the Noise Bias
To assess the effect of noise bias on MPF measurements, we fitted

a series of simulated signal intensities with a variable added noise

level using the single-point algorithm.4 Noiseless source data were

generated using the matrix signal model4 for the MT-weighted

intensities or the Ernst equation for other intensities. The noise

bias was modeled by adding the noise term � to the signal in the

form Sn � �S0
2

� �
2, where Sn and S0 are the signal intensities

with and without noise, respectively. This approach is based on

the Rician noise distribution and provides a good approximation

for SNR � 3.16 The noise level was expressed as a fraction of the

reference image intensity and uniformly added to other image

intensities (proton density-, T1-, and MT-weighted). Simulations

were performed for the 4 tissue-specific datasets on the basis of

actual MPF and T1 measurements, corresponding to adult frontal

WM, adult GM (caudate nucleus), fetal frontal WM, and the fetal

brain stem.

For all tissues, other model parameters (R, T2
B, and R1T2

F)

were identical to the values listed above, and the proton density

was set to unity. In all simulations, actual protocol parameters

(Table 1) were used. To compare the results of simulations with

experimental data, we measured the SNR and MPF values in the

above anatomic structures for 1 adult and 1 fetal brain dataset

with variable SNRs. The adult data were obtained with the vari-

able receiver bandwidth as described above. The fetal dataset in-

cluded the images obtained in the 3 consecutive acquisition

blocks with the use of 1, 2, or all 3 data subsets for reconstruction

of MPF maps. The SNR in the anatomic structures was calculated

as SNR � 0.7 Sref / �n, where Sref is the signal intensity in the

reference image, �n is the SD of background noise, and the coef-

ficient 0.7 is the correction factor for the multichannel noise dis-

tribution17 applicable to both 8- and 16-channel coils.18

Statistical Analysis
Statistica software (StatSoft, Tulsa, Oklahoma) was used for all

analyses. Normality of data was assessed with the Shapiro-Wilk

test. Parametric analyses were used thereafter because no signifi-

cant deviations from the normal distribution were found. The

entire population was dichotomized into the second and third

pregnancy trimester groups (GAs of 18 –26.5 and 27–38 weeks,

respectively). Repeated-measures ANOVA was used to compare

the MPF between brain structures (within-subject factor) and tri-

FIG 1. Sample source images (MT-weighted [MT-w], reference without saturation, T1-weighted [T1-w], and proton density–weighted [PD-w])
and a reconstructed MPF map obtained from the brain of a healthy 25-week fetus. Source data are presented after averaging the 3 consecutive
image blocks. The MPF map is presented with a gray-scale range corresponding to MPF values from 0% to 10%.

FIG 2. Selected transverse cross-sections of a 3D MPF map obtained from a healthy 25-week fetus with superimposed ROIs corresponding to
the following brain structures: 1) frontal WM, 2) occipital WM, 3) thalamus, 4) temporal WM, 5) brain stem, and 6) cerebellum. All ROI measure-
ments except for the brain stem were taken bilaterally and averaged. Brain stem measurements were obtained as a mean of 2 ROI values placed
at the levels of the pons and medulla. The MPF map is presented with a gray-scale range corresponding to MPF values from 0% to 10%.
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mesters (between-subject factor) followed by post hoc tests with

Bonferroni correction for multiple comparisons. Associations be-

tween MPF and GA were assessed using the Pearson correlation

coefficient (r). Germinal matrix measurements were separately

compared with other structures by paired t tests in a subset of

subjects in whom the germinal matrix was identifiable. Adult data

were not statistically analyzed due to a small sample size. Two-

tailed tests were used in all analyses. P values � .05 were consid-

ered significant. Data are presented as means � SD where

applicable.

RESULTS
MPF maps of the adult and fetal brains are compared in Fig 3.

Sample brain MPF maps of fetuses of different GAs are shown in

Fig 4. Results of MPF measurements across brain regions in the

fetal and adult brains are listed in Table 2. MPF values in the fetal

brain appeared extremely low compared with the adult brain (Fig

3 and Table 2). MPF maps of younger fetuses demonstrated

slightly elevated values in the brain stem, germinal matrix, and

cortical ribbon with a 3-layer supratentorial pattern (Fig 4A, -B).

In older fetuses, a gradual increase of the MPF in the brain stem,

cerebellum, thalamus, and striatum along with disappearance of

the germinal matrix was visible (Fig 4C, -D).

ANOVA revealed highly significant effects of the pregnancy

trimester (F � 21.0, P � .001), brain structure (F � 126.1, P �

.001), and interaction between these factors (F � 33.1, P � .001)

(Table 2). The MPF in the brain stem, cerebellum, and thalamus

was significantly increased during the third trimester relative to

the second one. The MPF in cerebral WM was similar during both

trimesters. The MPF in the brain stem was significantly higher com-

pared with other regions during both trimesters, except for the thal-

amus in the second trimester. MPF in cerebellar WM was similar to

cerebral WM during the second trimester and became significantly

higher in the third trimester. The MPF in the thalamus was signifi-

cantly higher relative to both cerebral and cerebellar WM during

both trimesters. No significant differences were found among fron-

tal, temporal, and occipital WM in both trimesters.

The MPF in the brain stem, cerebellum, and thalamus signif-

icantly correlated with GA (r � 0.88, 0.80, and 0.73, respectively;

all P � .001) (Fig 5). No significant correlations were found for

frontal (r � �0.13, P � .44), temporal (r � 0.28, P � .07), and

occipital (r � �0.07, P � .66) WM.

The germinal matrix was identified in 31 fetuses (GA range,

18 –34 weeks) with a mean MPF of 3.83% � 0.30%. This value was

significantly larger (P � .001) than the MPF in all the above brain

structures within the same subset of cases. No significant correla-

tion between the MPF in the germinal matrix and GA was found

(r � 0.25, P � .18).

The effect of the SNR in source images on the accuracy of MPF

mapping is illustrated in Figs 6 and 7. Figure 6 shows the MPF

maps of adult and fetal brains reconstructed from the datasets

with different SNR levels. Figure 7 demonstrates simulated de-

pendencies of the MPF on the SNR in the reference image with

superimposed experimental measurements corresponding to the

MPF maps presented in Fig 6. Although a reduced SNR resulted in

visible propagation of noise into MPF maps (Fig 6), MPF mea-

surements in the brain regions appeared nearly identical across a

wide SNR range (Fig 7). Simulations suggest that the noise bias

becomes apparent at very low SNRs and results in underestima-

tion of MPF values (Fig 7). At the same time, for practically usable

source images with SNR � 10, the relative systematic errors

caused by noise do not exceed 5%.

DISCUSSION
This study demonstrates the feasibility of fast fetal brain MPF

mapping using a routine clinical MR imaging scanner. The nota-

ble finding of our research is a very low MPF in the fetal brain

consistent with the absence or a small amount of myelin. Com-

parison between fetal and adult brain data shows that the MPF

enables the largest dynamic range of maturation-dependent

changes in brain tissues among quantitative MR imaging param-

eters available in the literature.19-22 Particularly, MPF in WM ex-

hibits about a 5-fold increase from the fetus to adult, whereas the

relaxation times T1,19 T2,19 and T2*20 and the apparent diffusion

coefficient21,22 are characterized by the 2- to 3-fold ranges of

changes.

Despite a generally low level, the MPF in the fetal brain dem-

onstrates substantial regional distinctions and different GA de-

pendencies. Our observations are in good overall agreement with

histologically established patterns of prenatal brain myelina-

tion1,2,23-25 and temporal changes in MR imaging signal intensi-

ties in vivo26-29 and ex vivo.30,31 The MPF in the structures with

known prenatal myelination onset, such as the brain stem, cere-

bellum, and thalamus1,2,23-25 showed strong correlations with

GA, whereas a steadily low MPF with no GA dependence was

found in the WM of the cerebral hemispheres, which begins to

myelinate around the middle of the first postnatal year.1,2 Elevated

MPF in the brain stem observed in the second trimester agrees with

the earliest myelination onset (around the 20th gestational week) in

certain fiber tracts, such as the medial lemniscus and medial longitu-

dinal fasciculus.1,23,24 A relatively high MPF and its correlation with

GA in the thalamus are also in concordance with early myelination of

this structure commencing at the 25th week.25

While the myelin content provides the main determinant of

the MPF in WM according to our results and other studies,6-10

subtle effects of other tissue properties on this parameter are also

discernible. An increased MPF in the germinal matrix observed in

FIG 3. Sample transverse cross-sections of brain 3D MPF maps ob-
tained from a healthy 36-week fetus (left) and a healthy adult volun-
teer (right) using the same clinical MR imaging scanner and protocol
and presented with the same gray-scale range corresponding to the
MPF between 0% and 16%.
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young fetuses suggests that unmyelinated brain tissue creates a

low-signal background highlighting fine distinctions in the mac-

romolecular content not related to myelin and probably associ-

ated with cellularity. Another explanation of elevated MPF in the

germinal matrix could be the presence of collagen, characterized

by an inherently large MPF13 and providing vessel wall support in

this highly vascularized structure.32

An important methodologic result of this study is the demon-

stration of the feasibility of fast MPF mapping with suboptimal

sequence parameters and a low SNR. Prior human brain studies

using the fast MPF mapping method4,5,11,12 used optimal MT

saturation conditions (offset frequencies of �4 kHz4), very high

SNR (�100) in source images,4 and an optimized radiofrequency

and gradient spoiling scheme.33 In the manufacturer’s product

FIG 4. Sample transverse cross-sections of brain 3D MPF maps obtained from fetuses of different GAs: 19 weeks (A), 21 weeks (B), 29 weeks (C),
and 36 weeks (D). Images of younger fetuses (A and B) show a 3-layer pattern in the supratentorial brain with an increased MPF in the germinal
matrix and cortical ribbon compared with the intermediate layer. The brain stem appears hyperintense on all MPF maps (A–D). An increased MPF
in the cerebellum, thalamus, and striatum becomes visible in older fetuses (C and D). WM of the cerebral hemispheres remains hypointense
relative to both cortical and subcortical gray matter (C and D). MPF maps are presented with a gray-scale range corresponding to MPF values
from 0% to 10%.
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sequence used in this work, the offset frequency is substantially

lower (1.1 kHz) and spoiling implementation is suboptimal for

quantitative measurements.33 Fetal images used for MPF map-

ping are also characterized by an inherently low SNR (around

10 –25). Additionally, the software of routine clinical scanners

does not contain specialized B0 and B1 field-mapping sequences;

therefore, field corrections were not used in this study. Neverthe-

less, MPF measurements in the adult brain obtained with our

protocol appeared in close overall agreement with the litera-

ture.4,5,11,12 Furthermore, our experimental data and simulations

demonstrated a negligible noise bias in the MPF measurements

performed at the specified SNR levels. Taken together, these re-

sults suggest that the fast MPF mapping method is inherently

robust with respect to the noise and instrumental errors and can

be successfully deployed in a clinical setting.

This study has some limitations. First, MPF measurements in

the adult brain were performed for illustrative purposes in a small

number of participants and were not compared with those ob-

tained with the optimized pulse sequences and protocol.4,5 Thus,

a possible subtle bias in MPF measurements based on standard

manufacturers’ product sequences cannot be excluded and needs

to be tested in future studies. Second, the constrained values of

cross-relaxation parameters used in the

single-point reconstruction algorithm4

were taken from previous studies in

adults.4,15 While these values may po-

tentially differ for the fetal brain, it is

highly unlikely that improved con-

straints could change the main conclu-

sions of this study regarding the ex-

tremely low MPF values in the fetal brain

and their spatial-temporal behavior.

Third, we did not use specialized

image-processing procedures intended

to mitigate fetal motion but rather relied

on repeat data acquisition with subse-

quent exclusion of corrupted or misreg-

FIG 5. Scatterplots of MPF versus gestational age in the fetal brain structures: brain stem (A), cerebellum (B), thalamus (C), frontal WM (D),
occipital WM (E), and temporal WM (F). The lines depict linear regression plots, and the numbers are Pearson correlation coefficients (r) and P
values. The MPF in the brain stem, cerebellum, and thalamus (A–C) demonstrates strong significant correlations with GA. No significant
correlations with GA are seen for frontal, occipital, and temporal WM (D–F).

Table 2: Mean regional MPF values in the fetal and adult braina

Regional MPF (%)
Second Trimester Fetuses

(18–26.5 GW, n = 23)
Third Trimester Fetuses

(27–38 GW, n = 18) Adults (n = 3)
Brain stem 3.30 � 0.43 4.28 � 0.45b 10.60 � 0.38
Cerebellum 2.32 � 0.41c 3.23 � 0.53b,c 12.28 � 0.63
Thalamus 3.03 � 0.48d 3.74 � 0.46b,c,d 8.62 � 0.21
Frontal WM 2.62 � 0.34c,e 2.36 � 0.33c,d,e 12.63 � 0.54
Temporal WM 2.61 � 0.17c,e 2.63 � 0.26c,d,e 13.20 � 0.24
Occipital WM 2.54 � 0.30c,e 2.41 � 0.27c,d,e 12.11 � 0.45

Note:—GW indicates gestational weeks.
a Fetal data were compared between trimesters and structures using repeated-measures ANOVA. P values are Bon-
ferroni-corrected for multiple pair-wise comparisons. No statistical comparisons were performed for the adult data.
b Significantly different from the second trimester (P � .001).
c Significantly different from the brain stem within the same trimester (P � .001).
d Significantly different from the cerebellum within the same trimester (P � .001).
e Significantly different from the thalamus within the same trimester (P � .001).
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istered source images. The combination of MPF mapping with

appropriate registration and motion-correction algorithms20

may improve the performance and success rate of the method in

future applications.

CONCLUSIONS
This study confirms that myelination is the main factor deter-

mining the MPF in brain tissues. Our results demonstrate that

MPF mapping is sensitive to the earliest stages of myelin de-

velopment in the fetal brain and can be implemented in a clin-

ical setting. Potential clinical applications of fetal MPF map-

ping include various prenatal brain injuries and inherited

myelinopathies for which this method may enable future stud-

ies of associations between fetal myelination abnormalities and

postnatal neurodevelopment.
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