Published June 20, 2019 as 10.3174/ajnr.A6114
ORIGINAL RESEARCH

PEDIATRICS

Quantitative Analysis of Punctate White Matter Lesions in
Neonates Using Quantitative Susceptibility Mapping and
R2* Relaxation
X Y. Zhang, X A. Rauscher, X C. Kames, and X A.M. Weber

ABSTRACT
BACKGROUND AND PURPOSE: It is difﬁcult to distinguish punctate white matter lesions from focal hemorrhagic lesions in neonates on
conventional MR imaging because both kinds of lesions show increased signal intensity on T1-weighted images and, frequently, decreased
signal intensity on T2-weighted images. Our aim was to distinguish punctate white matter lesions and focal hemorrhagic lesions using
quantitative measures.
MATERIALS AND METHODS: In the current study, we acquired multiecho gradient recalled-echo MR imaging data from 24 neonates
with hypoxic-ischemic encephalopathy and postprocessed them as R2* relaxation maps and quantitative susceptibility maps. Seven
subjects who were found to have multifocal punctate white matter lesions and/or focal hemorrhagic lesions on R2* maps were
included (mean gestational age at birth, 33 ⫾ 4.28 weeks; mean gestational age at scanning, 38 ⫾ 2 weeks). Manually drawing ROIs on
R2* maps, we measured R2* and magnetic susceptibility values of the lesions, along with white matter regions within the corpus
callosum as healthy comparison tissue.
RESULTS: R2* and magnetic susceptibility values were both found to easily distinguish punctate white matter lesions, focal hemorrhagic lesions, and healthy white matter tissue from each other (P ⬍ .05), with a large Hedge g. R2* and magnetic susceptibility
values were signiﬁcantly increased in focal hemorrhagic lesions compared with punctate white matter lesions and healthy white
matter tissue. Punctate white matter lesions were also found to have signiﬁcantly increased values over healthy white matter
tissue.
CONCLUSIONS: R2* and quantitative susceptibility maps can be used to help clinicians distinguish and measure focal hemorrhages,
punctate white matter lesions, and healthy white matter tissue.
ABBREVIATIONS: GRE ⫽ gradient recalled-echo; PWML ⫽ punctate white matter lesion; QSM ⫽ quantitative susceptibility mapping

W

ith benefits that come with improved neonatal intensive
care, an increasing number of preterm neonates are surviving with reduced cystic periventricular leukomalacia and periventricular hemorrhagic infarction, which can be diagnosed by
sonography.1,2 However, developmental outcomes following preterm birth remain poor, with 5%–10% having major motor defReceived December 14, 2018; accepted after revision April 29, 2019.
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icits and more than half developing cognitive, behavioral, and
social difficulties later in life.3,4
Noncystic punctate white matter lesions (PWMLs) are detected by MR imaging in one-third of preterm neonates and are
not accurately detected by sonography.5-9 Histologic and MR
imaging studies suggest that PWMLs have intense macrophage
and microglial infiltration and reduced astroglia, which coincide with microscopic necrosis and early gliosis.10,11 Whether
these multifocal PWMLs in neonatal brain injuries are associated with neurodevelopmental outcomes is still a matter of
debate.12-15
The etiology of PWMLs remains unclear. Only sporadic reports exist of neonates presenting with perinatal asphyxia16-18 or
convulsions19 accompanied by similar white matter lesions.
Cornette et al15 reported the MR imaging characteristics and neurodevelopmental outcomes of PWMLs in a large cohort of preterm and term neonates and found that these lesions were preAJNR Am J Neuroradiol ●:●
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dominantly associated with preterm birth but could also be seen
in term infants.
PWMLs were defined as foci of T1- and T2-weighted hypointensity with no evidence of cystic degeneration.8,20 Previous MR
imaging studies investigating PWMLs have been based on T1weighted images, which have primarily evaluated the lesions by
their number, diameter, and location.13,20,21 A grading system on
MR imaging was developed to classify white matter abnormalities
as normal (no periventricular white matter lesions), minimal (ⱕ3
areas of T1-weighted signal abnormalities measuring ⬍2 mm),
moderate (⬎3 areas of T1-weighted signal abnormalities or areas
measuring ⬍2 mm but ⬍5% of the hemisphere involved), and
severe (T1-weighted signal abnormalities involving ⬎5% of the
hemisphere).8,13 The degree of signal intensity of these lesions,
however, is underestimated, which, in turn, is likely to result in a
misdiagnosis of the degree of injury. On the other hand, it is
difficult to distinguish PWMLs from focal hemorrhage on conventional MR imaging because both kinds of lesions show increased signal intensity on T1-weighted images and frequently
decreased signal on T2-weighted images.22,23 Accurate predictive
tools are essential for clinicians to identify and quantify brain
injury and provide early interventions to improve clinical outcomes of these neonates.21
R2* mapping is a semiquantitative technique derived from
multiecho gradient recalled-echo (GRE) MR imaging scans. R2*
values are influenced by iron and myelin content and are relatively
easy to calculate.24 Quantitative susceptibility mapping (QSM),
on the other hand, is a newer technique and can be derived from
the same scan as R2* (or from a more common single-echo GRE
scan) but which fully quantifies magnetic susceptibility using the
phase data of the scan.25 QSM has, until recently, been difficult to
calculate, due to the ill-posed inverse field-to-susceptibility problem. In the current study, we acquired multiecho GRE scans in
both preterm and term neonates to investigate PWML injuries
with R2* and QSM maps. We hypothesized that these GRE-based
MR imaging maps would allow us to distinguish PWMLs from
hemorrhagic lesions with higher precision than conventional MR
imaging scans.

have multifocal PWMLs and/or focal hemorrhagic lesions and
were included for further study.

MR Imaging Acquisition
Brain MR images were obtained on a 3T system (Achieva; Philips
Healthcare, Best, the Netherlands) using an 8-channel sensitivity
encoding head coil. Data for R2* mapping and QSM were collected using a 3D GRE sequence with 5 echoes (TR ⫽ 30 ms,
TE1 ⫽ 4.5 ms, echo spacing ⫽ 5.5 ms, ␣ ⫽ 17°, FOV ⫽ 196 ⫻
154 ⫻ 103 mm3, acquired voxel size ⫽ 0.50 ⫻ 0.75 ⫻ 1.0 mm3,
reconstructed voxel size ⫽ 0.5 ⫻ 0.5 ⫻ 0.5 mm3).26 Other scans
included the following: inversion recovery turbo spin-echo T1weighting (TR/TI ⫽ 7000/600 ms, TE ⫽ 15 ms, slice thickness ⫽
5 mm, FOV ⫽ 160 ⫻ 151 ⫻ 98 mm3, acquisition matrix ⫽ 220 ⫻
163); and turbo spin-echo T2-weighting (TR ⫽ 5000 ms, TE ⫽
100 ms, slice thickness ⫽ 5 mm, FOV ⫽ 160 ⫻ 149 ⫻ 98 mm3,
acquisition matrix ⫽ 332 ⫻ 205). Total acquisition time was 9
minutes 39 seconds.

MR Image Analysis
R2* maps were calculated from the multi-GRE scans by fitting
a monoexponential function to the magnitude signal decay in
each voxel. QSM images of all 5 echoes were postprocessed
from the phase data. Phase unwrapping was achieved using a
3D Laplacian algorithm,27 while the background field was removed using the variable-kernel sophisticated harmonic artifact reduction for phase method.28 Last, a Gaussian filter ( ⫽
0.5) was applied to the normalized field maps to smooth out
high-frequency errors originating from the reconstruction
steps before the inversion. A 2-step dipole inversion algorithm29 was used to solve the dipole inversion problem. Finally, QSM images were then averaged across the third, fourth,
and fifth echoes.
Authors Y.Z. and A.R. drew the ROIs independently. Neonates with scans with high motion or image artifacts were excluded. 3D ROIs encompassing PWMLs and focal hemorrhagic
lesions were defined manually on consecutive slices of the R2*
maps. Three ROIs of each subject were defined within the corpus
callosum as normal white matter. For each ROI, the R2* and
magnetic susceptibility values were measured.

MATERIALS AND METHODS
Patients

Statistical Analysis

Between January 2017 and January 2018, preterm and term
neonates with a clinical history of perinatal asphyxia and hypoxic-ischemic encephalopathy who transferred to the Children’s Hospital of Chongqing Medical University intensive
care nursery were approached for enrollment in a study evaluating the detection of brain injury by MR imaging. The institutional review board of Children’s Hospital of Chongqing
Medical University approved the study protocol, and informed
consent was obtained from the parents. In total, 24 neonates
were initially examined. The diagnostic criteria for PWMLs
was foci of T1- and T2-weighted hypointensity with no evidence of cystic degeneration.8,20 Patients with T1 and T2 abnormalities were identified by 2 pediatric radiologists as part of
the routine radiologic assessment, and any discrepancies were
resolved through consensus. Eight neonates were found to

Statistical analysis was performed using R statistical and computing software (http://www.r-project.org). To assess interrater reliability, we calculated a 1-way intraclass correlation coefficient
from the full set of R2* and QSM values obtained from the 2
different observers’ ROIs. Due to the small sample size, a nonparametric Kruskal-Wallis rank sum test was used to test differences of R2* and magnetic susceptibility values among the
different tissue types. Post hoc Dunn tests were performed with
Holm-Bonferonni correction for multiple comparisons to test
differences among the different tissue types (Tables 1 and 2). The
Hedge g was used to estimate effect size.
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RESULTS
In total, 8 subjects were found to have multifocal PWMLs and/or
focal hemorrhagic lesions on R2* maps, with 1 patient with large

maps appear to be larger compared with the actual hyperintense signal area on T1-weighted images. In follow-up studies,
hemorrhagic lesions can be absorbed and no longer seen on
conventional scans, whereas PWMLs, which may represent
early gliosis and evolve into early glial scars, can still be present.22 In a previous study, some PWMLs on T1-weighted scans
of preterm neonates were absent or decreased near termequivalent age, whereas others were worse on follow-up
scans.23 Thus, changes in R2* and magnetic susceptibility may
provide a biomarker of PWML progression.
Previous MR imaging studies have been based on T1-weighted
images evaluating PWMLs by features such as the number, diameter, and location of lesions.13,20,21 The signal intensity of these
lesions, however, is likely underestimated13-15; this underestimation may result in a misdiagnosis of injury. For example, while
Jeon et al12 found that punctate lesions were significant predictors
of cerebral palsy and Miller et al13 found that punctate lesions
predicted a higher risk of neurodevelopmental disabilities, Dyet et
al14 found that there were no significant differences in developmental outcomes between infants with and without PWMLs. Furthermore, Cornette et al15 found that isolated punctate lesions
might imply a good prognosis because most subjects had a normal
DISCUSSION
neurodevelopmental outcome at 29.5 months of age. It is difficult
Paramagnetic hemorrhagic products substantially increase
to distinguish PWMLs from focal hemorrhagic lesions on conR2* relaxation rates and magnetic susceptibility.31,32 In our
ventional MR imaging because both kinds of lesions show instudy, we have shown that R2* and magnetic susceptibility
creased signal intensity on T1-weighted images and frequently
values of focal hemorrhagic lesions were significantly indecreased signal on T2-weighted images.22,23
creased compared with PWMLs. Due to the magnetic suscepFrom the results we obtained, R2* and magnetic susceptibility
tibility effect, signal increases indicating hemorrhage on R2*
values were able to easily distinguish healthy WM, PWMLs, and
focal hemorrhagic lesions from each other. The R2* and magnetic
Table 1: R2*—Dunn Kruskal-Wallis multiple comparisonsa
susceptibility values of the PWMLs ranged from 9.76 to 17.06 Hz
Comparison
Z
P.unadj
P.adj
and from 0.002 to 0.035 ppm, respectively, which may be caused
CC FH
⫺5.88
4.05e–09
1.21e–08
by the different disease stage and injury degree. The R2* and susCC PWML
⫺4.24
2.19e–05
4.38e–05
ceptibility values of the focal hemorrhagic lesions showed an even
FH PWML
2.40
1.64e–02
1.64e–02
greater range, from 30.42 to 65.94 Hz and from 0.085 to 0.209
Note:—P.unadj indicates unadjusted P values; P.adj, adjusted P values; CC, corpus
ppm, respectively. A large sample size and follow-up of the neocallosum; FH, focal hemorrhagic lesion.
a
nates is in progress, and it will be of interest to see whether there is
P values were adjusted using the Bonferroni-Holm correction for multiple comparisons.
a difference in outcome in those neonates with different R2* and
a
magnetic susceptibility values of PWMLs.
Table 2: QSM—Dunn Kruskal-Wallis multiple comparisons
While both R2* and QSM show great promise in measuring
Comparison
Z
P.unadj
P.adj
and
differentiating PWMLs and focal hemorrhagic lesions, methCC FH
⫺5.70
1.19e–08
3.58e–08
odologic
pros and cons should be weighed and discussed. R2* has
CC PWML
⫺3.75
1.75e–04
3.50e–04
FH PWML
2.61
9.04e–03
9.04e–03
historically been easier to postprocess because it requires simpler
Note:—P.unadj indicates unadjusted P values; P.adj, adjusted P values; CC, corpus
and fewer steps than QSM. Recently, however, QSM is becoming
callosum; FH, focal hemorrhagic lesion.
more mainstream, with wide dissemination possibly becoming
a
P values were adjusted using the Bonferroni-Holm correction for multiple comparfeasible in the very near future.33 R2*, unlike QSM, may have
isons.
confounding factors such as fat, fibrosis,
Table 3: Clinical data and MR imaging ﬁndings in the study population
and edema33 and saturation and bloomGA (Birth)
BW
Scan Age
ing artifacts. For instance, QSM, comNo.
(wk)
(g)
Apgar
Sex
(wk)
PWML
FH
IVH
pared with R2*, has been shown to be
1
39
3750
7
Male
41
2
2
Yes
more sensitive in identifying increased
2
38
3645
7
Male
40
4
2
Yes
3
31
1508
4
Female
37
8
0
No
nigral iron in patients with Parkinson
4
28
1210
6
Female
37
2
1
Yes
disease compared with healthy con5
29
1100
8
Female
35
2
0
No
trols,34 to have a superior contrast-to6
35
2770
9
Male
38
0
2
No
noise ratio in locating and identifying
7
34
1425
7
Female
38
0
2
No
the subthalamic nuclei,35 and to be betNote:—GA indicates gestational age; BW, birth weight; Apgar, Apgar score (5 minutes); IVH, presence of intraventricular
ter at determining iron concentration of
hemorrhage; FH, focal hemorrhagic lesion.
MR imaging artifacts being excluded. This resulted in 7 subjects
being used (mean gestational age at birth, 33 ⫾ 4.28 weeks; mean
gestational age at scanning, 38 ⫾ 2 weeks). Of these 7 subjects, 5
were preterm (Table 3).
In all, 18 PWMLs, 9 focal hemorrhagic lesions, and 21 normal
white matter ROIs (3 ROIs within the corpus callosum of each
subject) were identified in the 7 subjects we examined (Table 3
and Fig 1). PWMLs in preterm infants are usually linearly organized along the periventricular white matter. The PWMLs in term
infants and focal hemorrhagic lesions are relatively isolated in the
white matter.
The interclass correlation coefficient for the values obtained
from the 2 observers’ ROIs was calculated to be 0.98, which is
defined as excellent by Koo and Li.30
The R2* and magnetic susceptibility values for the 3 tissue types
for each subject are shown in Fig 2. R2* and magnetic susceptibility
boxplots are shown in Fig 3. The means and SDs of R2* and magnetic
susceptibility values of the ROIs within the corpus callosum,
PWMLs, and focal hemorrhagic lesions are listed in Table 4. The R2*
and magnetic susceptibility values were found to be significantly different (P ⬍ .05), with a large Hedge g, among all 3 regions.
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FIG 1. A–D, Punctate white matter lesions in a term neonate born at 38 weeks’ gestational age, scanned at 40 weeks’ gestational age
(corresponding to case 2 in Table 3). A, T1-weighted axial image shows isolated high-intensity spots (arrows) corresponding to punctate
white matter lesions in the white matter of the left frontal lobe and right posterior periventricular white matter. B, Corresponding
T2-weighted axial image. Low-intensity spots (arrows) correspond to punctate lesions. C, R2* shows high signal in the punctate white
matter lesions (arrows). D, QSM shows high signal at the punctate white matter lesions (arrows). E–H, Focal hemorrhagic lesions in a
preterm neonate born at 35 weeks’ gestational age, scanned at 38 weeks’ gestational age (corresponding to case 6 in Table 3). E,
T1-weighted axial image shows isolated high-intensity spots (arrows) corresponding to focal hemorrhagic lesions in the bilateral cerebellar hemispheres. F, Corresponding T2-weighted axial image. Low-intensity spots (arrows) correspond to focal hemorrhagic lesions, G
and H, R2* and QSM, respectively, show very high signal at the focal hemorrhagic lesions (arrows), indicative of paramagnetic hemorrhagic
products. I–L, Punctate white matter lesions in a preterm neonate born at 31 weeks’ gestational age, scanned at 37 weeks’ gestational age
(corresponding to case 3 in Table 3). T1-weighted axial image (I), T2-weighted axial image (J), R2* (K), and QSM (L) through the body of the
lateral ventricles show more punctate white matter lesions than the above term neonates in the 2 hemispheres (arrows). Lesions are
linearly organized in the periventricular white matter.

various tissues, such as the liver, heart, and brain.33,36 On the other
hand, our data suggest that R2* best distinguishes healthy white matter and PWMLs (see subject 7 in Fig 2 and the boxplots in Fig 3).
While QSM studies have often used well-characterized tissue
as a reference to scale susceptibility values, such as CSF in the
ventricles, recent studies have reported insignificant differences
between raw and reference-normalized QSM.37 To avoid making
basic assumptions inherent in normalization, we decided to report raw values here.
Histologic and MR imaging studies suggest that PWMLs result in
intense macrophage and microglial infiltration and reduced astroglia, which coincide with microscopic necrosis and early gliosis.10,11
4
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What components in these lesions lead to faster T2* signal decay and
increased magnetic susceptibility? Is there an increase in iron content
within PWMLs?38 More histopathologic studies would be welcome.
While iron can also be expected to be present in macrophages as
hemosiderin deposits in the PWMLs, the lesions classified as focal
hemorrhage might, as well, arise from a PWML, which has been
hemorrhagically transformed. Of course, many focal hemorrhagic
lesions are expected to be excluded from being falsely identified as
PWMLs, but there might be an unknown proportion of actual PWMLs that have transformed hemorrhagically and are excluded from
being further analyzed as PWMLs though they might be relevant
according to disease outcome.

FIG 2. The R2* (A) and susceptibility (B) values for the 3 tissue/lesion types for each subject (S1–S7).

FIG 3. Boxplots of R2* (A) and susceptibility (B) values for the 3 tissue/lesion types.
Table 4: The mean and SD of R2* and susceptibility in 3 groups
ROIs
CC
PWMLs
FH
R2* (Hz)
7.23 ⫾ 1.57
12.65 ⫾ 1.94 50.04 ⫾ 11.42
Susceptibility (ppm) 0.0054 ⫾ 0.0067 0.024 ⫾ 0.010 0.127 ⫾ 0.039
Note:—CC indicates corpus callosum; FH, focal hemorrhagic lesion.

CONCLUSIONS
R2* relaxation and QSM can be used to distinguish PWMLs from
focal hemorrhagic lesions and may be used as quantitative predictive tools to evaluate the correlation between PWMLs and neurodevelopmental outcomes in future studies.
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