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Objective: To investigate the profiles of brain volumetric measurements in children
with attention deficit hyperactivity disorder (ADHD), and the consistency of these brain
volumetric measurements derived from the synthetic and conventional T1 weighted MRI
(SyMRI and cT1w MRI).

Methods: Brain SyMRI and cT1w images were prospectively collected for 38 pediatric
patients with ADHD and 38 healthy children (HC) with an age range of 6–14 years. The
gray matter volume (GMV), white matter volume (WMV), cerebrospinal fluid (CSF), non-
WM/GM/CSF (NoN), myelin, myelin fraction (MYF), brain parenchyma volume (BPV),
and intracranial volume (ICV) were automatically estimated from SyMRI data, and the
four matching measurements (GMV, WMV, BPV, ICV) were extracted from cT1w images.
The group differences of brain volumetric measurements were performed, respectively,
using analysis of covariance. Pearson correlation analysis and interclass correlation
coefficient (ICC) were applied to evaluate the association between synthetic and cT1w
MRI-derived measurements.

Results: As for the brain volumetric measurements extracted from SyMRI, significantly
decreased GMV, WMV, BPV, and increased NON volume (p < 0.05) were found in
the ADHD group compared with HC; No group differences were found in ICV, CSF,
myelin volume and MYF (p > 0.05). With regard to GMV, WMV, BPV, and ICV estimated
from cT1w images, the group differences between ADHD and HC were consistent with
the results estimated from SyMRI. And these four measurements showed noticeable
correlation between the two approaches (r = 0.692, 0.643, 0.898, 0.789, respectively,
p<0.001; ICC values are 0.809, 0.782, 0.946, 0.873, respectively).
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Conclusion: Our study demonstrated a global brain development disability, but normal
whole-brain myelination in children with ADHD. Moreover, our results demonstrated
the high consistency of brain volumetric indices between synthetic and cT1w
MRI in children, which indicates the high reliability of SyMRI in the child-brain
volumetric analysis.

Keywords: attention deficit hyperactivity disorder, synthetic MR, brain volumetric measures, gray matter (GM),
white matter (WM)

KEY POINTS

- Children with attention deficit hyperactivity disorder show
global brain development disability, but normal whole-
brain myelination.

- The synthetic MR showed high consistency with conventional
T1 weighted images in brain segmentation of children over 5
years.

INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is the most
common childhood-onset neurodevelopmental disorder that
may continue through adolescence and adulthood (Biederman
and Faraone, 2005), with a prevalence of 1.4–3.0%. Studies
of brain volumetric analysis in ADHD have demonstrated its
development abnormalities (Valera et al., 2007; Gehricke et al.,
2017; Gui et al., 2019). However, the developmental mechanism
underlying these changes is still unclear. According to previous
studies, the reduction of total brain parenchymal volume (BPV)
and gray matter volume (GMV) are consistent findings in
individuals with ADHD. With regard to regional differences,
the volume reduction predominantly exists in some brain
nuclei like the accumbens, amygdala, caudate, hippocampus,
and putamen (Hoogman et al., 2017). Specifically, the smaller
hippocampal volume was found to correlate with IQ in ADHD
patients (Boedhoe et al., 2020). But the change of total white
matter volume (WMV) and intracranial volume (ICV) remains
controversial (Valera et al., 2007; Frodl and Skokauskas, 2012).
Furthermore, studies focused on brain volumetric analysis in
children with ADHD rarely characterize the myelin volume,
which plays an important role in child development (Paus et al.,
2008). Hence, a new approach that can estimate the brain
tissue volume, as well as the myelin volume, may be helpful to
answer this question.

The currently developed synthetic magnetic resonance
imaging (SyMRI) offers a novel approach for brain segmentation
with easy data acquisition and rapid postprocessing (less than
1 min) (Hagiwara et al., 2017). Based on assumption that distinct
brain structures can be separated by their own quantitative MR

Abbreviations: ADHD, attention deficit hyperactivity disorder: HC, healthy
children; MRI, magnetic resonance imaging; SyMRI, synthetic magnetic
resonance imaging; cT1W, image conventional T1 weighted image; GMV,
gray matter volume; WMV, white matter volume; BPV, brain parenchymal
volume; ICV, intracranial volume; CSF, cerebrospinal fluid; NoN, non-
WM/GM/CSF; MYF, myelin fraction; ICC, interclass correlation coefficiency; MT,
magnetization transfer.

values, T1, T2, and PD values can be applied to segment the
brain into white matter, gray matter, and cerebrospinal fluid
(CSF) tissue fractions, the fraction outside the above components
is considered as non-WM/GM/CSF (NON) (Maekawa et al.,
2019). The myelin volume can also be calculated with a similar
theory by dividing each acquisition voxel into myelin partial
volume, excess parenchymal water partial volume, cellular partial
volume, and free water partial volume using the model created by
Warntjes et al. (2016). All the segmentation steps are performed
automatically using dedicated post-processing software called
SynthethicMR (Synthetic MR, Linkoping, Sweden), thereafter,
eight brain volumetric measurements are estimated including
GMV, WMV, CSF, NoN, Myelin, Myelin fraction (MYF), BPV,
and ICV (Hagiwara et al., 2017). The robustness of SyMRI
in brain volumetric measurements have been demonstrated in
several studies (Granberg et al., 2016; Andica et al., 2018).
Moreover, by using this technique, a normative database of
intracranial volume and brain parenchymal in children has
already been created (McAllister et al., 2017). However, no study
has reported the related work in children with ADHD.

In the brain volumetric analysis in children with ADHD,
much of the previous studies are based on conventional T1
weighted (cT1W) images using the automatic software, such as
FreeSurfer (FreeSurfer, MIT, America), FSL (FMRIB, Oxford,
United Kingdom), etc. However, the brain segmentation based
on cT1W images has some limitations in clinical research. First,
the computational process usually takes minutes to hours, which
limits its application for clinical use. Second, it requires high
contrast between gray and white matter in order to separate
the different structures, thus the segmentation results may be
influenced by the image quality, the MRI field strength and
sequence settings, and even the developmental degree of the brain
(Yaakub et al., 2020). Hence, a more convenient and accurate way
for brain segmentation and volume estimation is required.

Based on the above literature, in the current study our goal
is to investigate the profiles of brain volumetric measurements
in children with ADHD using SyMRI. In addition, to test the
robustness of SyMRI in the brains of children, the consistency
of brain volumetric indices between synthetic and cT1w MRI
have been verified.

MATERIALS AND METHODS

Population
This study was approved by the Institutional Review Board
of the First Affiliated Hospital of Sun Yat-sen University
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(No.[2019]328) and informed consent was obtained from all
participants’ guardians. The inclusion criteria are: (1) clinically
diagnosed ADHD patients or healthy children without ADHD.
(2) Age ranges from 6 to 14 years (in order to diminish the
impact on maturational heterogeneity caused by a large age
range). The exclusion criteria are: (1) having a history of any
other nervous system disease or have any brain lesion found
by MRI. (2) Have ever received any therapy that may have an
impact on nervous system development. (3) Cannot tolerate the
MR scan.

A total of 38 pediatric ADHD patients and 38 healthy pediatric
volunteers were enrolled in this study during April 2019 to
March 2020, with an average age of 9 years. Both groups were
comparable in age, sex, and handedness. The male-to-female
ratios of both groups are all around 5:1. The 38 ADHD patients
included 18 cases of the inattention subtype and 20 cases of the
combined subtype, but no case of the hyperactivity-impulsivity
subtype. All of the patients were treatment-naïve, i.e., without any
drug therapy or behavioral therapy.

Clinical Assessment
The patients were diagnosed with ADHD based on the criteria of
DSM-IV, as well as the parent and teacher reports on Conners
Symptom Questionnaire (Conners CK. Conners 3rd Edition.
Toronto: Multi-Health Systems; 2008). Both the parent and
teacher ADHD indices ≥ 75th percentile were considered to
be ADHD positive.

The healthy volunteers were excluded from the diagnosis of
ADHD based on the same reports, with both parent and teacher
ADHD indices < 75th percentile. All of the participants received
parent face-to-face interviews to confirm diagnostic status.

Magnetic Resonance Imaging Protocol
Whole-brain MRIs were collected on a GE 3.0 Tesla scanner
(SIGNA Pioneer MR, GE Healthcare, America). A 3-dimensional
localizer scan was performed for the placement of the scanning
area. Then a coronal T2-weighted sequence was collected to rule
out any cranial lesion, followed by a sagittal three-dimensional
T1-weighted fast -spoiled gradient echo-based sequence (T1w
FSPGR) (TR = 8.5 ms, TE = 3.3 ms, flip angle = 12◦,
thickness = 1 mm/no gap, pixel size = 1.0 mm × 1.0 mm,
NEX = 1.00, scanning time = 5.5 min). For SyMRI, a two-
dimensional multiple-dynamic multiple-echo (MDME) pulse
sequence, comprising four automatically calculated saturation
delay times and two echo times, was applied to acquire the
axial sections. The parameters are as follows: TR = 10205.0 ms,
TE = 11.3 ms, flip angle = 20◦, thickness = 2 mm/no gap,
pixel size = 2.0 mm × 2.0 mm, NEX = 1.00, ETL = 16,
scanning time = 5.5 min.

Brain Tissue and Myelin Volume
For cT1w images, the segmentation was processed with
FreeSurfer (v6.0.0,1 Harvard University, Boston, MA,
United States) (Fischl, 2012). All scans were analyzed following
customary and established methods using the standard recon-all

1http://surfer.nmr.mgh.harvard.edu

script on FreeSurfer version 6.0.2 FreeSurfer output involves
several hundred potential volumetric measures. The GMV and
ICV were calculated automatically by FreeSurfer. However, the
WMV could not be divided directly by the software, which
was calculated as the sum of “cerebral WM,” “cerebellar WM,”
“brainstem,” and “corpus callosum” (Guo et al., 2019). BPV was
assessed by summing the GMV and WMV.

For SyMRI, segmentation and volume estimation of myelin
and brain tissue, including white matter, gray matter, CSF, and
NoN were performed based on the acquired quantitative values,
using SyMRI software (version 8.0; Synthetic MR, Sweden). The
map of white matter, gray matter, CSF, NoN, as well as the volume
of these compositions were automatically calculated according
to the process offered by the operation manual. Since SyMRI
divided the brain parenchymal into white matter, gray matter, and
NoN, BPV was calculated as the sum of the volume of them. ICV
was calculated as the sum of BPV and CSF. Brain parenchymal
fraction (BPF) was calculated as the ratio of BPV to ICV. Myelin
fraction (MYF) was calculated as the ratio of myelin volume to
ICV (Figure 1).

Statistical Analysis
The statistical analysis was performed using the SPSS v21.0 (IBM
Corp., Armonk, New York). The Shapiro-Wilk test was used to
assess the normality of the data. We compared the demographic
data using the chi-square test for all categorical variables and
a t-test for dimensional data. Pearson correlation analysis and
interclass correlation coefficient (ICC) were used to evaluate
the association between SyMRI and T1 derived measurements
(including GMV, WMV, BPV, and ICV). Analysis of covariance
was used to compare the segmented global structural volumes
and related fractions measured by both methods separately,
controlled for age and gender. A value of P < 0.05 was
considered significant.

RESULTS

Demographic Data
As Table 1 shows, children with ADHD were not significantly
different from those children in the control group on the
matching variables of age and sex distribution (Table 1).

Comparison of the Synthetic Magnetic
Resonance Imaging and Image
Conventional T1 Weighted Image
Magnetic Resonance Imaging
Measurements
The measurements of GMV, WMV, BPV, and ICV all showed
noticeable correlation and consistency between the two brain
volume estimation methods (r-values are 0.692, 0.643, 0.898,
0.789, respectively, p < 0.001, ICC values are 0.809, 0.782, 0.946,
0.873, respectively) (Figure 2).

2http://freesurfer.net/fswiki/FreeSurferWiki
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FIGURE 1 | The diagrammatic images of automatic brain segmentation acquired in an ADHD child (upper row) and a child from the control group (lower row) (WM,
white matter; GM, gray matter; CSF, cerebrospinal fluid; NON, non-GM/WM/CSF).

TABLE 1 | Demographic data of all patients and control subjects.

ADHD (n = 38) HC (n = 38) p-value (t-test or c2)

Age (y) 8.89 ± 1.89 8.45 ± 1.84 0.378

Male/Female(n) 33/5 32/6 1.00

ADHD, attention deficit/hyperactivity disorder; HC, healthy control; c2, Chi-square
test.

Comparison of the Specific Brain Tissue
Between Attention Deficit Hyperactivity
Disorder and Healthy Children Groups
With Different Segmentation Methods
Comparing the brain segmentation volume measured with
cT1w images in two groups, GMV (705.8 mL ± 61.7 vs.
734.8 mL ± 63.4, p < 0.05), WMV (465.0 mL ± 44.8 vs.
491.0 mL ± 57.4, p < 0.05), BPV (1170.8 mL ± 102.0 vs.
1225.8 mL ± 117.0, p < 0.05) were significantly smaller in
the ADHD group than the control group. While the ICV
was comparable in the two groups (1320.2 mL ± 153.7 vs.
1375.3 mL ± 154.6, p > 0.05) (Figure 3).

When comparing the specific brain tissue volume acquired
by SyMRI within each group, the ADHD group was also shown
to have smaller GMV (700.1 mL ± 74.5 vs. 762.8 mL ± 67.5,
p < 0.01), smaller WM V (388.7 mL ± 47.6 vs. 421.3 mL ± 56.0,
p< 0.01), smaller BPV (1238.5 mL ± 99.6 vs. 1294.7 mL ± 115.3,
p < 0.05), and similar ICV (1415.7 mL ± 125.2 vs.
1451.8 mL ± 132.0, p > 0.05).

Compared with cT1w MRI, more parameters can be measured
by SyMRI, like CSF volume, NON volume, myelin volume, and
myelin fraction. The NON volume of the ADHD group was
statistically larger than the control group (164.6 mL ± 66.4 vs.
110.0 mL ± 46.6, p < 0.05). While the CSF volume, myelin
volume, and myelin fraction of the two groups did not show
any statistical difference (177.3 mL ± 44.8 vs. 157.7 mL ± 43.9;
140.3 mL ± 15.7 vs. 143.1 mL ± 23.0; 0.114 ± 0.013 vs.
0.110 ± 0.013, p > 0.05) (Figure 4).

DISCUSSION

In this study, we present the data of the specific brain structure
and myelin volumetry in children with ADHD. The reduction
of GMV, WMV, BPV, and BPF, and an increase of NON, were
found in our study. While the myelin volume, MYF, and ICV
were not found to have any statistical significance between the
two groups. What is more, we also explore the consistency of
brain segmentation with cT1w imaging and SyMRI in pediatric
patients with ADHD and healthy children.

The Brain Structure and Myelin Volume
Estimation in Attention Deficit
Hyperactivity Disorder
As a kind of developmental disorder, ADHD was thought to
correlate with brain development disability, as well as abnormal
neural network interplay (Friedman and Rapoport, 2015). The
GMV and BPV decrease in pediatric ADHD patients observed
in our study were consistent with the previous studies (Valera
et al., 2007; Albajara Saenz et al., 2019). Though the WMV change
remains controversial, the reduction in WMV observed in our
study by using two different segmentation methods also adds
evidence to the similar results of previous studies (Valera et al.,
2007). Once again, these results demonstrate the global brain
development disability of ADHD. However, the regional gray
matter or WMV reductions are less conclusive as the reduction
regions are not accordant in the results of previous studies
(Makris et al., 2015; Francx et al., 2016; Norman et al., 2016).
Some studies even failed to find out the brain regions that
have between-group differences (Maier et al., 2016; Hoogman
et al., 2019). These might suggest that the investigation of
microstructure change other than volume change in specific brain
regions may be more meaningful for further study. With the use
of SyMRI, our study also indicated the NoN volume increased
in the pediatric ADHD patients. Although the anatomical basis
and physiological implication of the NoN are still unclear, as
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FIGURE 2 | The results of correlation analysis of the SyMRI and cT1w MRI measurements.

the diagrammatic images showed in Figure 1, the vessel and
perivessel space, the pia mater, some of the choroid plexus and
the T2WI-hyperintense white matter add up to form the NoN.
In a previous study, enlarged para-vessel spaces were observed
in ADHD patients (Vilor-Tejedor et al., 2019), which may
partially contribute to the difference. Nevertheless, the specific
component and physiological change lead to the difference are
still needed to study.

Several imaging techniques have been used in previous studies
to assess the integrity of myelin in white matter, such as
diffusion tensor imaging, magnetization transfer (MT) imaging,
and myelin water imaging. However, the indices estimated
from these methods could not specifically reveal the myelin
content. Unlike previous studies, our study directly calculated
the myelin volume in ADHD by SyMRI methods, which offers
a new insight into the myelin maturation of white matter in the
developing brain. The results of our study also indicated that
though the reduction of WM volume has been demonstrated
in children with ADHD, the myelin volume did not show
any difference between groups. Considering that most of the
myelin is located in white matter, these results may indicate
that the maldevelopment of glial cells, other than myelination,
contributes to the alteration of white matter microstructure in
the drug naïve children with ADHD. Moreover, the altered
myelination may only exist in a specific region but not in the
whole cerebral white matter, which has been indicated by another
study using MT imaging (de Zeeuw et al., 2012). More studies on

the specific white matter composition change and white matter
change in specific brain regions of ADHD patients are needed to
prove this deduction.

The Comparison Between Synthetic and
Conventional Magnetic Resonance
Imaging
Among all the parameters that can be measured by both methods,
e.g., GMV, WMV, BPV, and ICV, the measurements were all
shown to have a good correlation between the T1-derived
and SyMRI methods, especially the BPV and ICV. What is
more, both of the methods get similar results when comparing
ADHD patients and the healthy control. Since the T1-derived
brain tissue segmentation and volume estimation by FreeSurfer
is widely accepted in neuroscience studies, the SyMRI seems
to have comparative reliability both in the measurement and
the clinic.

However, it was also found in this study that the volumetric
output of gray matter and white matter with the two methods did
not show a correlation as high as that in BPV and ICV. It may
be caused by the different definitions of the brain component in
these two softwares. First, the tissue segmentations from SyMRI
and cT1w images were computed with different principles. The
tissue segmentations from T1 images were based on the voxel
intensity and the universal brain segmentation template using
FreeSurfer (Fischl, 2012). While SyMRI computes the tissue
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FIGURE 3 | The comparison of the brain tissue volume between ADHD group and control group with the measurements acquired by cT1W images (∗p < 0.05).

FIGURE 4 | The comparison of the brain tissue and myelin volume between ADHD group and control group with the measurements acquired by SyMRI (∗p < 0.05).

ratio in each voxel based on a predefined lookup grid to relate
the tissue types to the R1-R2-PD space (West et al., 2012).
Second, the SyMRI divides the brain tissue not only into gray

matter, white matter, and CSF, but also another component,
“NoN” – non-GM/WM/CSF. With the widespread use of the
SyMRI, the anatomical basis and physiological implication of
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NoN will be gradually recognized, which might be helpful for
the diagnosis of some diseases. Third, limited by its algorithm
and the poor contrast between the gray matter and white matter
in the brainstem, FreeSurfer cannot divide the gray matter and
white matter in the brainstem. The method of calculation of
WMV are various in the previous studies. Similar to the study
of Guo et al. (2019), in this study we summing the “cerebral
WM,” “cerebellar WM,” “brainstem” and “corpus callosum”
FreeSurfer variables as the total WMV, which make its values
a little larger than those measured by SyMRI. Thus, the BPV
and ICV were the two robust volumetric measurements due to
the consistency definition between different brain segmentation
methods (Biberacher et al., 2016; Granberg et al., 2016). Fourth,
the different resolutions of the two sequences may also contribute
to the difference.

The SyMRI overcomes the segmentation of the cT1w
images in: (1) the ease-of-use and time-saving of the
postprocessing program; (2) more quantitative values
can be acquired, e.g., myelin volume. The validity of
the brain tissue and myelin volume measurement by
SyMRI has been verified by several in vitro histological
experiments (Warntjes et al., 2016, 2017). A comparative
study even indicated that SyMRI showed the most relevant
result compared to other techniques for myelin fraction
estimation (Saccenti et al., 2020). (3) The T1-weighted
images, T2-weighted images, and PD-weighted images can
be reconstructed directly by SyMRI without any other
sequence (Tanenbaum et al., 2017). However, SyMRI was
also found to have some limitations compared with T1-
derived segmentation in our study. SyMRI was more
sensitive to head motion than the T1w FSPGR sequence.
Moreover, for the patient with neurodegenerative disease or
the children with incomplete myelination, the type of brain
tissue may be misjudged by SyMRI due to the alteration
in MR signal. The combined application of SyMRI and
FreeSurfer may have the potential to solve this deficiency
(Fujita et al., 2019).

There are also some limitations of our study. First, the sample
size is relatively small. Second, all of the data were collected
in the same model of MRI scanner, thus all scanners used
were from the same manufacturer. Studies done with multiple
vendors are needed in future studies to investigate the intra-
scanner variability (Biberacher et al., 2016). Third, in this study,
we chose children over 5 years old for study because the
FreeSurfer cannot analyze the children under this age. Further
studies are needed to investigate the use of SyMRI in children
under 5 years old.

In summary, our study indicated the global brain development
disability but normal whole-brain myelination of children with
ADHD. This study also demonstrated the high consistency of
brain segmentation with cT1w image and SyMRI in children
with ADHD. In a way, the SyMRI can replace the cT1W
images for brain segmentation and volume estimation in
children over 5 years.
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