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Abstract
Purpose We aimed to validate the estimation of the brain parenchymal fraction (BPF) in patients with multiple sclerosis 
(MS) using synthetic magnetic resonance imaging (SyMRI) by comparison with software tools of the FMRIB Software 
Library (FSL). In addition to a cross-sectional method comparison, longitudinal volume changes were assessed to further 
elucidate the suitability of SyMRI for quantification of disease-specific changes.
Methods MRI data from 216 patients with MS and 28 control participants were included for volume estimation by SyMRI 
and FSL-SIENAX. Moreover, longitudinal data from 35 patients with MS were used to compare registration-based percent-
age brain volume changes estimated using FSL-SIENA to difference-based calculations of volume changes using SyMRI.
Results We observed strong correlations of estimated brain volumes between the two methods. While SyMRI overestimated grey 
matter and BPF compared to FSL-SIENAX, indicating a systematic bias, there was excellent agreement according to intra-class cor-
relation coefficients for grey matter and good agreement for BPF and white matter. Bland–Altman plots suggested that the inter-method 
differences in BPF were smaller in patients with brain atrophy compared to those without atrophy. Longitudinal analyses revealed a 
tendency for higher atrophy rates for SyMRI than for SIENA, but SyMRI had a robust correlation and a good agreement with SIENA.
Conclusion In summary, BPF based on data from SyMRI and FSL-SIENAX is not directly transferable because an overes-
timation and higher variability of SyMRI values were observed. However, the consistency and correlations between the two 
methods were satisfactory, and SyMRI was suitable to quantify disease-specific atrophy in MS.
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Introduction

Multiple sclerosis (MS), which is considered the most com-
mon chronic inflammatory central nervous system disease 
in young people [1], leads to demyelination in the white 

and grey matter, which secondarily induces neurodegen-
eration and resulting macroscopic atrophy of the brain [2]. 
Previous research has shown that brain volume loss due to 
the degenerative component of the disease, evolves in all 
stages of MS starting at clinically isolated syndromes, and 
progresses in association with the patients’ disability status 
[3–5]. The clinical importance of brain atrophy is underlined 
by the inclusion of whole brain quantification in the current 
No Evidence of Disease Activity-4 criteria (brain atrophy 
rates < 0.4% per year, besides changes in lesion load) and 
that new therapeutic concepts in MS increasingly target neu-
roprotection [6, 7]. Magnetic resonance imaging (MRI) can 
be used to quantify brain atrophy [8, 9]. However, manual 
or semi-automatic volumetric methods are time-consuming 
and require a great deal of expertise. Automated software 
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applications for brain segmentation such as FSL-SIENAX, 
CAT12, or FreeSurfer not only help to reduce the time 
required, but are also more reproducible, objective, and 
comparable than manual methods [10]. Those methods are 
mostly based on isotropic 3D T1-weighted (T1w) MRI series 
and have been used in a broad spectrum of research appli-
cations. However, such techniques require advanced post-
processing strategies, posing significant hurdles for clinical 
implementation.

Synthetic-MRI (SyMRI) is another fully automatic quan-
tification tool that is based on a dedicated Multi-Dynamic 
Multi-Echo (MDME) MRI sequence. This single sequence 
is typically implemented as a 2D axial acquisition with a 
4-mm slice thickness at an in-plane resolution of 1 mm. It 
is processed by the associated software SyMRI (Synthetic 
MR, Linköping, Sweden) to instantaneously and fully auto-
matically determine brain volumes and the Brain Parenchy-
mal Fraction (BPF; fraction of total brain volume relative to 
intra-cranial volume). SyMRI can be integrated and operated 
within the commonly used radiological picture archiving and 
communication system (PACS), which allows for use in 
clinical infrastructures. SyMRI has been applied in different 
research topics, such as paediatric brain development [11], 
hippocampal sclerosis [12], aging [13], Alzheimer’s disease 
[14], and MS [15], to study volume changes in the brain.

In the present study, we aimed to compare the fully auto-
mated brain segmentation software applications SyMRI 
and FSL-SIENAX (SIENAX) in regard to their ability to 
detect brain atrophy in a large sample of patients with MS. 
SIENAX was used as the gold standard because it has been 
used similarly for the establishment of a cut-off value for 
pathologic brain atrophy [16] and in many other studies on 
MS [17–20]. We addressed the consistency and differences 
between BPF estimations with a focus on the methods’ sen-
sitivity to detect disease-related differences in brain volumes 
between patient groups as well as on their associations with 
disability levels. Furthermore, we performed a longitudinal 
analysis of BPF measurements in patients with MS compar-
ing SyMRI and FSL-SIENA (SIENA) for a two-timepoint 
analysis of percentage brain volume changes (PBVC). We 
predicted that brain quantification using SyMRI would show 
good agreement and comparable sensitivity with the estab-
lished SIENAX method.

Material and methods

Study population

Patients with MS were retrospectively collected from the 
clinic database after routine clinical examinations between 
August 2018 and July 2021. The included patients with MS 
fulfilled the diagnostic criteria for MS according to the 2017 

McDonald criteria [21]. We further included control subjects 
(CS) with no neurological deficits who underwent routine 
MRI scans to rule out intracranial pathologies. Their MRI 
indications were migraine, headache or vertigo. Exclusion 
criteria were age > 65 years and other intracranial patholo-
gies (e.g., small vessel disease, ischemic or haemorrhagic 
stroke, hydrocephalus or tumour). The participants received 
diagnostic MRI scans using a standardized brain imaging 
protocol. Associated neurological and demographic informa-
tion included patient disability status (Expanded Disability 
Status Scale [EDSS]) [22], age, sex, and disease duration; 
data were extracted from patient files. The study protocol 
was approved by the ethics committee of the Medical Fac-
ulty. Guidelines from the Strengthening the Reporting of 
Observational Studies in Epidemiology were carefully fol-
lowed [23].

MRI acquisition

MRI was performed using a 1.5-T scanner (Aera; Siemens 
Healthineers, Erlangen, Germany) using a 16-channel 
head/neck matrix coil. The standardized imaging proto-
col included conventional contrast-weighted imaging of 
the brain: sagittal 3D T1w Magnetization Prepared Rapid 
Acquisition with Gradient Echoes sequence (repetition time, 
10 ms; echo time, 4.6 ms; acquisition matrix, 240 × 240; 
voxel size, 1 × 1 × 1  mm3; 180 axial slices) and sagittal 3D 
Fluid-attenuated Inversion Recovery sequence (repetition 
time/echo time/inversion time: 5000 ms/332 ms/1800 ms; 
flip angle, 120°; number of excitations, 1; resolution, 
1 × 1 × 1  mm3; matrix, 256 × 230; 160 slices). In addition, 
the axial MDME sequence for SyMRI was used for all par-
ticipants (Quantification of Relaxation Times and Proton 
Density by Multi-echo Acquisition of a Saturation Recov-
ery using Turbo Spin-echo Readout with repetition time, 
6930 ms; echo time 1, 23 ms; echo time 2, 102 ms; inver-
sion time, 29 ms; acquisition matrix, 256 × 146; voxel size, 
1 × 1 × 4  mm3).

Quantitative analysis of MDME sequence with SyMRI

The automatic post-processing software used for SyMRI 
allows for simultaneous voxel-wise quantification of relaxa-
tion rates R1 and R2 and proton density (PD) based on the 
MDME sequence [24, 25]. Segmentation of the brain into 
white matter (WM), grey matter (GM), and cerebrospinal fluid 
(CSF) is based on a tissue look-up grid in a three-dimensional 
R1–R2–PD space that has been created based on different brain 
regions in healthy volunteers [26]. SyMRI thus provides frac-
tions of these tissue classes that are in each voxel: GM, WM 
and CSF. Those voxels that are not categorized as WM, GM, or 
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CSF are summarized as the non-WM/GM/CSF (NON) class. 
Tissue volumes are calculated via multiplication of the tissue 
fractions per voxel by the voxel size and subsequent summa-
tion across all brain voxels. In addition to maps for each tissue 
class, SyMRI calculates volumes (in ml) of GM, WM, CSF, 
NON, and the total brain tissue and volume fractions relative to 
the total intracranial volume (ICV = GM + WM + CSF + NON). 
BPF is determined by dividing the sum of GM, WM, and NON 
by total intracranial volume. In previous publications, excellent 
scan–rescan reliability of BPF, GM, and WM has been shown 
in healthy controls and patients with MS [16].

Post‑processing of the 3D T1w datasets

Prior to brain volumetry, the 3D T1w datasets were first cor-
rected for hypointense lesions using lesion filling based on 
corresponding FLAIR lesion maps using the lesion predic-
tion algorithm included in the lesion segmentation toolbox 
(LST toolbox; v2.0.15; http:// www. stati stical- model ling. 
de/ lst. html. 27). To exclude the areas containing the cervi-
cal spinal cord, the filled images were cropped using FSL’s 
robustfov function. Brain extraction was performed using 
FSL. Instead of the default BET option, a fractional inten-
sity threshold of 0.1 [27] and the option for bias field cor-
rection and neck clean-up was used. The images were then 
processed by SIENAX [28, 29], part of FSL [30], which 
estimates brain tissue, GM, and WM volumes normalised to 
subject head size. SIENAX begins by extracting brain and 
skull images from the single whole-head data [31]. Brain 
images are then affine-registered to the MNI152 space [32, 
33] (using skull image to determine registration scaling); 
this is primarily done in order to obtain the volumetric 
scaling factor, which is used in the normalisation based 
on head size. Next, tissue-type segmentation with partial 
volume estimation is carried out [34] to calculate the total 
brain tissue volume (including separate estimates of GM, 
WM, cortical GM, and ventricular CSF). In order to guar-
antee comparable methods, only non-normalized volumes 
were used, and BPF was calculated using the results from 
FSL. For this, CSF masks were additionally saved using the 
debugging option in SIENAX, and these were used to esti-
mate CSF volumes using the fslmaths function. BPF was 
then calculated: (GM + WM) / (GM + WM + CSF + NON). 
Figure 1 shows an example of the tissue segmentation maps 
from SyMRI (axial 4-mm slices, MDME) compared to those 
from SIENAX (isotropic lesion-filled 3D-T1w MRI) in a 
healthy participant (female, 36 years old).

Longitudinal analysis

To analyse longitudinal data, the lesion-filled 3D T1w data 
were processed with FSL-SIENA (SIENA) to obtain the 

two-timepoint percentage brain volume change (PBVC). 
SIENA is a registration-based software that uses the appar-
ent displacement of the brain surface edge points in the 
images at both timepoints to estimate volume changes 
[31] The PBVC from SyMRI data, and exploratorily from 
SIENAX results, between baseline (BL) and follow-up (FU) 
was calculated using a two-timepoint substarction method 
with the following equation.

Statistical analysis

To examine the agreement, consistency, and differences 
between SyMRI and FSL, the volume estimates were com-
pared using different statistical analyses. First, differences in 
BPF and volume estimates of WM (WMV) and GM (GMV) 
were calculated based on relative and absolute differences, 
expressed as percentages [35]. Positive values for relative 
differences reflected higher volumes derived by SyMRI 
compared to FSL. Relative (rDiff) and absolute (aDiff) vol-
ume differences were calculated by

Second, the consistency of the two methods was assessed 
using intraclass correlation coefficients (ICCs, Model: 2-way 
mixed, Typ: absolute agreement), which were interpreted 
according to the classification by Chicchetti et al. [36]as fol-
lows: < 0.4, poor; 0.4–0.59, average; 0.6–0.74, good; > 0.75, 
excellent agreement.

Third, Bland–Altman plots were created, which showed 
the differences between volumes measured by the two 
methods plotted against their mean. This allowed for the 
identification of systematic biases as well as the amount of 
variation between the two methods. Fourth, Pearson cor-
relation analysis was performed to assess the correlations 
between volume estimates. Furthermore, volume differ-
ences were examined between the different disease types 
and control participants included in this study. For this, 
one-way analyses of variance with disease duration, age, 
and sex as covariates was performed followed by pairwise 
Tukey post hoc tests.

To check the effect of lesion filling on GM and WM seg-
mentation results we compared SIENAX derived GM and 
WM volumes with and without prior lesion filling of the 

BPF(FU) − BPF(BL)

BPF(BL)
× 100

rDiff (%) =

(
SyMRI − FSL

SyMRI+FSL

2

)
× 100

aDiff (%) =

(
|SyMRI − FSL|

SyMRI+FSL

2

)
× 100

http://www.statistical-modelling.de/lst.html.27
http://www.statistical-modelling.de/lst.html.27


196 Neuroradiology (2024) 66:193–205

1 3

3D-T1w datasets. For analyses of group mean differences we 
used paired t-tests.

All analyses were intended to compare both methods in a 
cross-sectional manner. In addition, the agreement between 
SyMRI and FSL was investigated longitudinally by comparing 
the PBVCs. Again, Pearson correlation, Bland–Altman plots, 
and ICC analyses were conducted.

Results

Images and segmentation maps were visually inspected 
for image quality after analysis with SyMRI and SIENAX. 
We excluded 14 patients due to artefacts or incorrect tis-
sue segmentation, which resulted in a total of 244 patients 
and control participants. In the patients, both MS subtypes 
were represented: 110 cases of relapsing–remitting MS 

(RRMS) and 106 of primary or secondary progressive MS 
(PMS, including N = 83 SPMS and N = 23 PPMS). The 
demographic data of the final cohort are summarised in 
Table 1. Details of the SPMS and PPMS subgroups are 
shown in the electronic supplement (Table S1). Patients 
in the PMS group were older and had significantly higher 
EDSS scores and longer disease duration than patients 
with RRMS.

Comparison of volume measurements

Brain volumes averaged across the whole study sample for 
SyMRI and SIENAX and parameters for method compari-
sons are summarised in Table 2. Overall, higher BPF and 
GMV values were derived from SyMRI than from SIENAX. 
In contrast, SyMRI estimated lower WMV and CSF volumes 

Fig. 1  Comparison of tissue segmentation maps of a a healthy participant (female, 36 years old) generated by SIENAX (A) and SyMRI (B) 
shown on corresponding T1-weighted images; green overlay: white matter; red overlay: grey matter; blue overlay: cerebrospinal fluid
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(CSFVs) compared with SIENAX. The percentage differ-
ences between the two methods were smallest for BPF and 
higher, at a similar level, for GMV and WMV. The CSFV 
estimates showed the largest differences > 30%, wherein the 
between-subject variability of CSFV based on SyMRI was 
considerably larger than that based on SIENAX.

The consistency between the two methods quantified 
using ICCs was good for BPF and WMV and excellent 
for GMV. In order to quantify the dependence of measure-
ment accuracy on brain atrophy, we determined the ICCs 
of patients with low and high atrophy (N = 214, high atro-
phy: BPF < 0.65, low atrophy: BPF > 0.73). We assume that 
low atrophy refers to high brain volume and therefore high 
BPF and vice versa. The agreement between SIENAX and 
SyMRI was better for patients with low BPF (ICC = 0.723, 
N = 111, 95% confidence intervall [-0.11; 0.90]) compared 
to high BPF (ICC = 0.198, N = 103 95% confidence intervall 
[-0.05; 0.55]).

Figure 2 depicts the correlations between results derived 
from SyMRI and SIENAX. For all measurements (BPF, 
GMV, WMV, CSFV), strong correlations between both tech-
niques were obtained (Table 2; all p < 0.001). WMV analyses 

performed by SyMRI showed higher numbers of outliers 
with noticeably lower volumes compared to SIENAX. This 
probably reflects the differences between the methods in how 
they handle WM lesions, where lesion filling is included in 
the SIENAX post-processing pipeline, but lesions are par-
tially classified as other tissue classes or NON in SyMRI, 
leading to a reduction of the WMV. This effect is also vis-
ible in Fig. 3 that shows examples of tissue segmentation 
with SIENAX and SyMRI in a patient with high BPF (low 
grade brain atrophy) and a patient with low BPF (marked 
brain atrophy). Here, the deviating use of lesion filling led 
to differences in WM and GM segmentation, wherein WM 
lesions were partly classified as GM (marked with arrows 
in the right colums of Fig. 3. However, the systematic bias 
between GM and WM volume estimation between the two 
methods was not mainly induced by the effects of lesion 
filling. In an additional analysis we compared brain seg-
mentation using SIENAX on the non-lesion filled original 
3D-T1w datasets with the default segmentations of GM and 
WM on lesion filled data. The results, which are presented 
in the electronic supplement (Table S2 and Fig. S1) showed 
that the effect of lesion filling on GM and WM volumetry 

Table 1  Demographic data of 
patients and control participants 
used for cross-sectional analysis

1 Median (IQR); n (%)
2 Kruskal–Wallis rank sum test; Pearson's Chi-squared test
a mean significantly different between CS, PMS, and RRMS (p < 0.01, pairwise t-test)
CS, control subjects; PMS, progressive MS; RRMS, relapsing–remitting MS

Characteristic Overall
N =  2441

CS
N =  281

RRMS
N =  1101

PMS
N =  1061

p-value2

Age [years] 50 (38, 58) 35 (27, 41) 42 (35, 53) 58 (50, 65)  < 0.001 a

Sex
  Female 158 (65%) 23 (82%) 75 (68%) 60 (57%)
  Male 86 (35%) 5 (18%) 35 (32%) 46 (43%)

 EDSS 5.0 (2.5, 6.5) NA 2.5 (1.5, 4.0) 6.5 (5.5, 7.0)  < 0.001
  Unknown 49 (20%) 28 (100%) 17 (15%) 4 (3.8%)
  Disease dura-

tion [years]
11 (4, 22) – 8 (4, 15) 21 (12, 28)  < 0.001 a

  Unknown 3 (1.2%) – 2 (1.8%) 1 (0.9%)

Table 2  Comparison of 
estimated brain parenchymal 
fraction (BPF), grey matter 
volume (GMV), and white 
matter volume (WMV) and 
inter-method differences 
between SyMRI and SIENAX

Mean (SD); ICC, intra-class correlation coefficient

BPF GMV [ml] WMV [ml] CSFV [ml]

SIENAX 0.74 (0.04) 576 (71) 530 (58) 395 (64)
SyMRI 0.80 (0.07) 657 (84) 451 (67) 291 (104)
Percentage difference [%]

  Relative 7.6 (4.2) 13 (5.5) -16 (10) -35.6 (22.6)
  Absolute 7.8 (3.8) 13.2 (5) 17 (10) 36 (22)
  ICC 0.652 0.734 0.59 0.636
  Correlation coef-

ficient
0.94 0.90 0.75 0.90
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was small with no significant differences of the group mean 
GM and WM between lesion-filled and and non-filled seg-
mentations. Accordingly, the comparison of GM and WM 
volume estimation using SIENAX and SyMRI only in the 
group of control subjects were lesion filling was not neces-
sary, confirmed the systematic bias between the two methods 

(supplement, Fig. S2). Thus, other effects must contribute to 
these segmentation differences with larger GM and smaller 
WM volume in SyMRI than in SIENAX. Potential sources 
might be stronger partial volume effects in SyMRI due to 
the anisotropic resolution, misclassification of WM as GM 
at the periventricular boundary CSF and WM due to partial 

Fig. 2  Scatterplots of SyMRI 
brain volume estimates of all 
participants plotted against cor-
responding SIENAX estimates; 
blue lines: linear regression; 
dashed line: identity line 
representing perfect agree-
ment between the two methods. 
Upper row, left: brain paren-
chymal fraction BPF, upper 
row right: white matter volume 
WMV, lower row left: grey 
matter volume GMV, lower 
row right: cerebrospinal fluid 
volume CSFV

Fig. 3  Comparison between brain segmentations with SIENAX and 
SyMRI in patients with low-grade brain atrophy (left column, termed 
“BPF high”) contrasted with marked brain atrophy (right column, 
termed “BPF low”); overlays shown on T1-weighted images represent 
the segmentation maps of white matter (green), grey matter (red), cer-

ebrospinal fluid (blue); the right most columns show the correspond-
ing T1-weighted images. Circles and white arrows in the right col-
umn point at examples of WM lesions in the synthetic T1-weighted 
images (without lesion filling) which are classified as GM in the 
SyMRI segmentation maps
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volume effects, or differences in the contrast between GM 
and WM between the underlying MRI sequence types shift-
ing the classification boundary between WM and GM.

In the Bland–Altman plots (Fig. 4), most of the values 
of BPF, GMV, and CSFV were within the limits of agree-
ment, while WMV showed a small number of outliers with 
considerably larger differences between the two methods. 
Overall, the average bias between the methods was about 
10% for BPF and GM, higher for WM and considerably 
larger for the CSFV (about 25%, Fig. 4). Within the limits 
of agreement, the Bland–Altman plots indicated propor-
tional differences in BPF as the differences increased with 
larger means. Thus, BPF estimations by the two methods 
showed better agreement when there was marked brain 
atrophy than in participants with high brain volumes. Cor-
responding but less prominent associations were found 
for GMV. For CSFV, SyMRI measured smaller volumes 
SyMRI than SIENAX in participants with small CSF vol-
umes (low brain atrophy), while CSFV differences were 
small in participants with large mean CSFVs (strong brain 
atrophy). This effect of differences in CSF segmentation is 
also visible in Fig. 3 where CSF segmentations are similar 
between SIENAX and SyMRI in a patient with marked 
brain atreophy (BPF low), while SIENAX showed a con-
siderably smaller CSF volume than SyMRI in a patient 
without brain atrophy (BPF high).

Group differences

To evaluate the suitability of SyMRI for detecting disease-
specific brain changes, we conducted comparisons between 
the RRMS, PMS, and CS groups for BPF (Fig. 5). Analysis 
of Variance controlling for disease duration, age, and sex 
as covariates and subsequent post hoc tests yielded similar 
significant group differences for both SyMRI and SIENAX, 
namely significantly lower BPF for PMS compared with CS 
and RRMS (Table 3).

Correlation with clinical data

Correlations between BPF and clinical data were significant 
for both SyMRI- and FSL-derived values across all patients. 
Thus, Pearson correlation between EDSS and BPF revealed 
negative relationships with coefficients of -0.54 (p < 0.001) 
for both methods. Similarly, disease duration was negatively 
associated with BPF derived by both methods with a coef-
ficient of -0.56 for SyMRI and -0.55 for FSL (p < 0.001).

Longitudinal analysis

In total, 35 patients (N = 12 RRMS, N = 23 PMS consisting 
of N = 19 SPMS and N = 4 PPMS) received follow-up MRI 

Fig. 4  Bland–Altman plots for 
comparison of brain paren-
chymal fraction (BPF), grey 
matter volume (GMV), white 
matter volume (WMV), and 
cerebrospinal fluid volume 
(CSFV) values between SyMRI 
and SIENAX (differences are 
SyMRI – SIENAX). Dashed 
lines: bias between the methods 
(represented by the mean of 
the differences between the 
methods; middle) and upper and 
lower limit of agreement (+-1.96 
standard deviation); dotted 
lines: 95% prediction ranges of 
the bias, upper- and lower limit 
of agreement; bold black line: 
zero level; bold blue line: linear 
regression line
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and were included for a longitudinal analysis with a follow-
up interval of 1–2 years. Demographic data of this subgroup 
are summarised in Table 4.

Overall, higher rates of brain volume changes (both 
absolute and annualized) were obtained by SyMRI than by 
SIENA (Table 5). Pearson correlation revealed a significant 
positive correlation between PBVC obtained by SyMRI and 
SIENA (coefficient: 0.6; p < 0.001). The agreement between 
the two methods was good (ICC = 0.628, confidence inter-
val = [0.149, 0.826]; p = 0.009). On the group level, the dif-
ferences were larger in the PMS groups compared with the 
RRMS group (Table 5). Although the Bland–Altman Plot 
(Fig. 6) also showed overall good agreement between the 
two methods, there was a tendency for increased discrepancy 

in patients with greater atrophy rates, with larger PBVC val-
ues from SyMRI.

Checking the effect of different strategies of calculation 
of atrophy rates in SIENA (registration based detection of 
edge differences between timepoints) and SyMRI (two time-
point subtraction method), we calculated atrophy rates based 
on SIENAX results at the two timepoints, and calculated 
SIENAX PBVC using the subtraction method. The results 
are presented in the supplement. In brief, the between-
subject variability of the two timepoint subtraction method 
(SIENAX PBVC) was considerably higher then in SIENA 
PBVC, and in tendency also higher than in PBVC calculated 
with SyMRI results (Table S3). The average change rates of 
Sienax PBVC were smaller and closer to zero atrophy than 
with Siena PBVC and SyMRI PBVC. Thus the subtraction 

Fig. 5  Brain parenchymal frac-
tion (BPF) estimates for control 
subjects (CS) and patient 
groups (relapsing–remitting MS 
[RRMS], progressive multi-
ple sclerosis [PMS]) derived 
from SIENAX and SyMRI; ** 
p < 0.05, *** p < 0.001, pairwise 
post hoc tests

Table 3  Post hoc tests for group comparisons of BPF

p-values determined using post hoc Tukey tests; MS, multiple sclerosis; RRMS, relapsing–remitting MS; PMS, progressive MS; CS, control sub-
jects; CI, confidence interval

FSL SyMRI

Comparison Estimate CI lower CI upper p Estimate CI lower CI upper p

RRMS — CS -0.007232 -0.021383 0.006919 0.445206 -0.012655 -0.039025 0.013715 0.48929
PMS — CS -0.0243 -0.041614 -0.006985 0.003286 -0.04105 -0.073315 -0.008786 0.00861
RRMS — PMS 0.017068 0.006444 0.027691 0.000602 0.028395 0.008599 0.048191 0.00259
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method using SIENAX was less suited to estimate atrophy 
rates at this relatively short follow-up times, than SyMRI 
and SIENA.

Discussion

In the present study, we validated the estimation of BPF from 
SyMRI in a large sample of patients with MS via compari-
son with the widely used SIENA(X) pipelines of FSL as the 
gold standard. In addition, we performed a longitudinal anal-
ysis of BPF measurement in patients with MS using SyMRI 
in a real-world clinical setting. High correlations between 
both methods suggested that they yield robust and compa-
rable results. Furthermore good agreement highlighted the 
consistency of SyMRI compared with SIENAX segmen-
tation. However, a systematic trend of higher BPF values 
estimated by SyMRI than SIENAX was seen, suggesting 
that SyMRI overestimated BPF, as well as GMV, relative 
to SIENAX. In contrast, SyMRI underestimated WMV and 

CSFV. Such overestimation of BPF and underestimation of 
CSFV was even more pronounced at higher BPF and lower 
CSFV values, reflecting excellent consistency (according to 
ICCs) in patients with brain atrophy and poor consistency in 
patients without atrophy. Therefore, it might be considered 
that the systematic bias of larger BPF estimation in SyMRI 
was mostly due to segmentation or partial volume effects of 
CSF, as this trend was less pronounced for WMV or GMV. 
As a secondary finding, we were able to show that larger GM 
volumes and smaller WM volumes calculated byn SyMRI 
compared to Sienax were not strongly dependent on the use 
of lesion-filled or non-lesion-filled T1w images, but must 
be due to other systematic differences between the methods.

Interestingly, in line with the present results, such over-
estimation of SyMRI for whole-brain and GM volumes was 
also obtained in a study comparing SyMRI with statistical 
parametric mapping (SPM) segmentation [35]. This study 
validated SyMRI volumetry in children by comparison with 
SPM and found consistent segmentation results, except for 
with CSFV, although a systematic influence of age and brain 
tissue volumes was observed.

Differences in brain volume measures between both meth-
ods could be due to the different segmentation algorithms. 
Because strong correlations and a good agreement between 
brain tissue volumes were observed between SyMRI and 
SIENAX, this systematic bias is likely the main source of 
the volume differences. The SyMRI segmentation approach 
is based on classification using relaxation times. The tissue 
types are related to the R1–R2–PD space using a predefined 
look-up grid, providing fractions of the tissue classes in each 
voxel [26]. In contrast, SIENAX uses a statistical segmenta-
tion approach in which the intensity and neighbouring sites 
influence spatial information [34]. Hence, differences in, 
for example, partial volume effects will possibly have an 
effect on brain volume estimates. Another reason for differ-
ences in brain volume is related to discrepancies in image 
resolution and geometry. Segmentation in SIENAX is based 
on an isotropic 3D T1w sequence with a slice thickness of 
1 mm, whereas SyMRI segmentation uses a 2D image data-
set with 4-mm slices. Thus, segmentation with SyMRI is 
more strongly affected by partial volume effects, which has 
been shown to be significant for volumetry in previous stud-
ies [26, 37, 38].

Because the main goal of developing automatic brain vol-
ume estimation approaches is to quantify disease-specific 
differences or therapeutic effects, it is of crucial importance 
to validate the ability to differentiate between disease types 
and to monitor longitudinal changes. Both aspects have been 
considered in this study. First, comparable reliability in dif-
ferentiating between RRMS, PMS, and healthy controls 
was obtained for SyMRI and SIENAX. This confirmed the 
ability to quantify disease-specific brain volume loss using 
SyMRI segmentation, as it showed results consistent with 

Table 4  Demographic data of patients used for longitudinal analysis

n (%); Median (IQR)

Characteristic BL, N = 35 FU, N = 35

MS subtype
  RRMS 12 (34%) 12 (34%)
  PMS 23 (66%) 23 (66%)
  Age 53 (44, 58) 54 (44, 59)

Sex
  Female 18 (51%) 18 (51%)
  Male 17 (49%) 17 (49%)
  EDSS 4.50 (3.50, 6.38) 4.50 (2.75, 6.00)
  Unknown 1 1
  Disease duration [years] 11 (7, 23) 11 (7, 24)
  Time between MRI exami-

nations [months]
15 (11, 20)

Table 5  Average percentage brain volume changes (PBVC) obtained 
by SIENA and SyMRI. Annual atrophy rates were calculated using 
the time between two MRI examinations

MS, multiple sclerosis; RRMS, relapsing–remitting MS; PMS, pro-
gressive MS

Change rates [%] Overall  
N = 35

PMS  
N = 23

RRMS   
N= 12

SIENA PBVC -0.39 (0.84) -0.65 (0.68) 0.12 (0.89)
SyMRI PBVC -1.06 (1.39) -1.44 (1.16) -0.32 (1.55)
Annual

  SIENA PBVC -0.10 (1.09) -0.47 (0.54) 0.61 (1.50)
  SyMRI PBVC -0.50 (1.52) -0.85 (0.86) 0.17 (2.21)

Mean (SD)



202 Neuroradiology (2024) 66:193–205

1 3

the established SIENAX approach. For both methods, sig-
nificantly lower tissue volumes were observed for PMS com-
pared to RRMS and CS. Taking into account the duration 
of disease, which is significantly longer in PMS compared 
to RRMS, the volume differences were plausible from a 
pathophysiological point of view. The process of neurode-
generation and subsequent barin volume loss continues pro-
gressivly in the PMS group and intermittently in the RRMS 
group.

Second, in a smaller subset of patients with longitudi-
nal data with relatively short follow-up times (median, 
15 months), we compared brain atrophy rates assessed by 
SyMRI and SIENA. SyMRI showed higher atrophy rates 
than SIENA, approximately twice as high, both, in the whole 
sample and for each disease subtype. Considering the pro-
posed cut-off value for pathological PBVC in MS of -0.4% 
[16], the present annualized PBVC value from SIENA of 
-0.47% for the PMS group reflected relevant brain atrophy 
within 15 months, slightly exceeding the cut-off, but this 
was not seen in the small RRMS sample (PBVC, 0.61%), 
which showed a very high variability of 1.5%. Compara-
ble brain atrophy rates in PMS (about -0.5% / year) com-
pared to RRMS have been reported previously in a study 
using SIENA for a similar follow-up period of 14 months 
[20]. Thus our SIENA results seem consistent with previ-
ous findings. Additionally, atrophy rates in the RRMS group 

might differ from PMS because our patients with RRMS had 
short to medium disease duration, while the disease dura-
tion in the PMS group was significantly longer. In contrast 
to SIENA, SyMRI yielded an averaged PBVC of -0.85% 
per year for PMS, corresponding to considerable brain atro-
phy rates compared to the -0.4% threshold, and 0.17% per 
year for patients with RRMS. These discrepancies between 
these methods complicate the interpretation and comparison 
of atrophy results and, thus provide evidence for the need 
to establish a method-dependent cut-off value for defining 
clinically significant brain atrophy rates. There are probably 
different effects that con contribute to higher brain atrophy 
estimations for SyMRI compared to SIENA especially in 
the PMS group. First it must be considered that there are 
methodological differences regarding the estimation of atro-
phy rates. Thus, SIENA uses a registration-based approach 
to estimate volume changes, whereas, for SyMRI, we cal-
culated rates based on cross-sectionally obtained volumes 
from segmentation-based methods at each timepoint. Atro-
phy assessment using individually segmented MRI data is 
known to induce higher variabilities because, for example, 
differences in intensity scales are not taken into account 
and noise increases because of inconsistent segmentation 
of the same brain regions. Thus, segmentation-based meth-
ods are less reliable for longitudinal atrophy quantification 
in comparison with registration-based approaches [39]. 

Fig. 6  Bland–Altman plot for 
comparison between longitu-
dinal brain volume changes 
derived from SyMRI and 
SIENAX; Differences [%]: 
SIENA PBVC – SyMRI PBVC; 
Means [%]: means of SIENA 
PBVC and SyMRI PBVC; 
Dashed lines: bias between the 
methods (represented by the 
mean of the differences between 
the methods; middle) and upper 
and lower limit of agreement 
(+—1.96 standard deviation); 
dotted lines: 95% prediction 
ranges of the bias, upper- and 
lower limit of agreement; bold 
black line: zero level; bold blue 
line: linear regression line
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Second, provided there is substantial brain atrophy during 
the follow-up period in the PMS group, the increase of the 
MS-lesion volume that is typically associated with atrophy 
development can lead to an additional loss of segmented 
brain volume in the follow-up MRI using SyMRI, as no 
lesion filling is used with this method and chronical MS 
lesions can partly be classified as CSF. Furthermore, more 
brain atrophy in the follow-up MRI and associated widening 
of sulci or ventricles might result in altered partial volume 
effects at the CSF-parenchymal boundaries, reflected by an 
additional loss of the segmented brain volume. Nonetheless, 
we observed in both methods, SIENA and SyMRI, consist-
ent results regarding group-specific differences, similarly to 
the cross-sectional results. Thus, both approaches yielded 
higher atrophy rates for patients with PMS compared to 
patients with RRMS.

Due to the overestimation of brain volumes in patients 
with relatively high BPF, which applies particularly to the 
early phases of the disease, the results obtained with SyMRI 
have to be interpretated with caution in a clinical setting. 
Moreover, in future studies, more longitudinal data would 
be necessary to provide a method-dependent PBVC cut-off 
for SyMRI segmentation. An improved 3D SyMRI sequence 
that has recently been released for research purposes could 
be used to refine segmentation results at a higher resolution 
[40].

Overall, the automatic brain volume estimation based 
on SyMRI offers many advantages within a clinical set-
ting. It requires less time than the FSL-SIENA(X) based 
approaches, not only for MRI acquisition but also for post-
processing, as the SyMRI software can be used within the 
clinical PACS system without the need for image export 
and tissue volumes are calculated automatically. In con-
trast, SIENAX and SIENA require more post processing 
steps with user intervention, which have to be performed on 
external computers outside the clinical PACS.

Limitations

Some limitations have to be considered when interpreting 
the present results. First, segmentations from SyMRI were 
not compared to manual segmentations but instead to the 
widely established reference methods from FSL. Although 
manual segmentation might be the true gold standard, it 
is elaborate and challenging and, therefore, causes high 
interrater variability. The aim of this study was to compare 
SyMRI segmentation with a proven and accepted method 
rather than determine its accuracy. Second, the present 
control group consisted healthy controls and patients who 
were examined to exclude any intracranial pathologies. 
Although these control patients did not show any radio-
logical abnormalities in their brain MRI data, we cannot 
completely exclude differences in brain volumes in this 

control group compared with healthy controls. Therefore, 
the differences between patients with MS and control 
participants might have been underestimated or shown 
increased variability. In addition to that, the number of 
participants in the control group was relatively small com-
pared to the patient groups. However, since our focus was 
a methodological comparison the group comparison to 
assess the performance of two different software methods 
rather than gain new insights in brain atrophy in MS, we 
think that the size of the control group was sufficient in 
this context. Third, the observation period of one year may 
be short, but we saw a benefit in observing whenerver or 
not an actual atrophy in a shorter period can be detected 
in a clinical setting, regardless of its scale, to provide 
potential measurements. Fourth, due to differences in slice 
thickness and segmentation (3D 1 × 1 × 1 mm resolution 
vs 2D 1 × 1 × 4 mm resolution), SyMRI is more strongly 
affected by partial volume effects.

Conclusions

In summary, BPF estimations from SyMRI and FSL-
based SIENAX or SIENA (for longitudinal analyses) are 
not interchangeable since an overestimation of volumes 
and brain atrophy rates, as well as higher variability of 
SyMRI results, were observed. However, the consistency 
and correlations between the two methods were satisfac-
tory, and our results showed that SyMRI was similarly 
to FSL suited to quantifying disease specific atrophy 
in MS from both cross-sectional and longitudinal MRI. 
Therefore, our analyses provided evidence that SyMRI 
volume estimation delivered reliable results, and it can 
be considered a fast and easy-to-use alternative to tissue 
segmentation based on 3D T1w images.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00234- 023- 03264-0.

Acknowledgements  We would like to thank all those who contributed  
to the study for their collaboration and recruitment efforts, and to all 
patients for their participation and support. We  acknowledge the Open 
Access funding enabled and organized by the project DEAL.

Funding Open Access funding enabled and organized by Projekt 
DEAL. The authors declare that no funding was received towards this 
work.

Data Availability Patients’ raw MRI and clinical data cannot be made 
available due to data protection regulations. Other data can be shared 
on reasonable request to the corresponding author.

https://doi.org/10.1007/s00234-023-03264-0


204 Neuroradiology (2024) 66:193–205

1 3

Declarations 

Ethical approval The study protocol was approved by was approved by 
the local ethics committee of the Ruhr-University Bochum (Approval No. 
20–7054-BR) and all participants gave their written informed consent.

Conflict of interest Ilyas Yazici reports no conflicts of interest / noth-
ing to disclose.
Britta Krieger reports no conflicts of interest / nothing to disclose.
Barbara Bellenberg reports no conflicts of interest / nothing to disclose.
Theodoros Ladopoulos has received research scientific grant support 
from Novartis Pharma
Ralf Gold has received compensation for serving as a consultant or 
speaker from Bayer HealthCare, Biogen Idec, Merck Serono, Novartis, 
and Teva Neuroscience; he, or the institution he works for, has received 
research support from Bayer HealthCare, Biogen Idec, Merck Serono, 
Novartis and Teva Neuroscience; he has also received honoraria as a 
Journal Editor from SAGE and Thieme Verlag
Ruth Schneider has received consulting and speakers honoraria from 
Biogen Idec GmBH, Alexion Pharma,
Novartis Pharma and Roche Pharma AG & has received research sci-
entific grant support from Novartis Pharma
Carsten Lukas received a research grant by the German Federal Minis-
try for Education and Research, BMBF, German Competence Network 
Multiple Sclerosis (KKNMS), grant no.01GI1601I, has received con-
sulting and speaker’s honoraria from Biogen Idec, Bayer Schering, Dai-
ichi Sanykyo, Merck Serono, Novartis, Sanofi, Genzyme and TEVA.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Wallin MT et al (2019) Global, regional, and national burden of 
multiple sclerosis 1990–2016: a systematic analysis for the Global 
Burden of Disease Study. Lancet Neurol 18:269–285. https:// doi. 
org/ 10. 1016/ S1474- 4422(18) 30443-5

 2. Marciniewicz E, Bladowska J, Podgórski P, Sąsiadek M (2019) 
The role of MR volumetry in brain atrophy assessment in mul-
tiple sclerosis: A review of the literature. Adv Clin Exp Med 
28(7):989–999. https:// doi. org/ 10. 17219/ acem/ 94137

 3. Dalton CM (2004) Early development of multiple sclerosis is 
associated with progressive grey matter atrophy in patients pre-
senting with clinically isolated syndromes. Brain 127(5):1101–
1107. https:// doi. org/ 10. 1093/ brain/ awh126

 4. Ceccarelli A et al (2008) A voxel-based morphometry study of 
grey matter loss in Patients with MS with different clinical pheno-
types. Neuroimage 42(1):315–322. https:// doi. org/ 10. 1016/j. neuro 
image. 2008. 04. 173

 5. Radü E, Bendfeldt K, Mueller-Lenke N, Magon S, Sprenger T 
(2013) Brain atrophy: an in-vivo measure of disease activity in 
multiple sclerosis. Swiss Med Wkly 143:w13887. https:// doi. org/ 
10. 4414/ smw. 2013. 13887

 6. Kappos L et  al (2016) Inclusion of brain volume loss in a 
revised measure of ‘no evidence of disease activity’ (NEDA-4) 
in relapsing–remitting multiple sclerosis. Multiple Sclerosis J 
22(10):1297–1305. https:// doi. org/ 10. 1177/ 13524 58515 616701

 7. Allanach JR, Farrell JW, Mésidor M, Karimi-Abdolrezaee S 
(2022) Current status of neuroprotective and neuroregenerative 
strategies in multiple sclerosis: A systematic review. Multiple 
Sclerosis J 28(1):29–48. https:// doi. org/ 10. 1177/ 13524 58521 
10087 60

 8. NC Fox, PA (1997) Freeborough, Brain atrophy progression 
measured from registered serial MRI: Validation and application 
to alzheimer’s disease. J Magn Resonance Imaging 7(6):1069–
1075https:// doi. org/ 10. 1002/ jmri. 18800 70620

 9. Rocca MA et al (2017) Brain MRI atrophy quantification in MS. 
Neurology 88(4):403–413. https:// doi. org/ 10. 1212/ WNL. 00000 
00000 003542

 10. Manjón JV, Coupé P (2016) volBrain: An online MRI brain volu-
metry system. Front Neuroinform 10:30. https:// doi. org/ 10. 3389/ 
fninf. 2016. 00030

 11. McAllister A, Leach J, West H, Jones B, Zhang B, Serai S (2017) 
Quantitative synthetic MRI in children: Normative intracranial 
tissue segmentation values during development. Am J Neuroradiol 
38(12):2364–2372. https:// doi. org/ 10. 3174/ ajnr. A5398

 12. Parlak S et al (2022) Reduced myelin in patients with isolated hip-
pocampal sclerosis as assessed by SyMRI. Neuroradiol 64(1):99–
107. https:// doi. org/ 10. 1007/ s00234- 021- 02824-6

 13. Hagiwara A et  al (2021) Age-related changes in relaxation 
times, proton density, myelin, and tissue volumes in adult brain 
analyzed by 2-dimensional quantitative synthetic magnetic reso-
nance imaging. Invest Radiol 56(3):163–172. https:// doi. org/ 10. 
1097/ RLI. 00000 00000 000720

 14. Lou B et al (2021) quantitative analysis of synthetic magnetic 
resonance imaging in alzheimer’s disease. Front Aging Neurosci 
13:638731. https:// doi. org/ 10. 3389/ fnagi. 2021. 638731

 15. Granberg T et al (2016) Clinical feasibility of synthetic MRI 
in multiple sclerosis: A diagnostic and volumetric validation 
study. Am J Neuroradiol 37(6):1023–1029. https:// doi. org/ 10. 
3174/ ajnr. A4665

 16. de Stefano N et al (2015) Establishing pathological cut-offs 
of brain atrophy rates in multiple sclerosis. J Neurol Neu-
rosurg Psychiatry 87(1):93–99. https:// doi. org/ 10. 1136/ 
jnnp- 2014- 309903

 17. Pichler A et al (2016) Combined analysis of global and com-
partmental brain volume changes in early multiple sclerosis in 
clinical practice. Multiple Sclerosis J 22(3):340–346. https:// 
doi. org/ 10. 1177/ 13524 58515 593405

 18. Ghione E et al (2019) Aging and brain atrophy in multiple scle-
rosis. J Neuroimaging 29(4):527–535. https:// doi. org/ 10. 1111/ 
jon. 12625

 19. Langeskov-Christensen M et al (2021) Efficacy of high-intensity 
aerobic exercise on brain MRI measures in multiple sclerosis. 
Neurology 96(2):e203–e213. https:// doi. org/ 10. 1212/ WNL. 
00000 00000 011241

 20. de Stefano N et al (2010) Assessing brain atrophy rates in a large 
population of untreated multiple sclerosis subtypes. Neurology 
74(23):1868–1876. https:// doi. org/ 10. 1212/ WNL. 0b013 e3181 
e24136

 21. Thompson AJ et al (2018) Diagnosis of multiple sclerosis: 2017 
revisions of the McDonald criteria. Lancet Neurol 17(2):162–
173. https:// doi. org/ 10. 1016/ S1474- 4422(17) 30470-2

 22. Kurtzke JF (1983) Rating neurologic impairment in multiple 
sclerosis: An expanded disability status scale (EDSS). Neurol-
ogy 33(11):1444. https:// doi. org/ 10. 1212/ WNL. 33. 11. 1444

 23. Cuschieri S (2019) The STROBE guidelines. Saudi J Anaesth 
13(5):31. https:// doi. org/ 10. 4103/ sja. SJA_ 543_ 18

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S1474-4422(18)30443-5
https://doi.org/10.1016/S1474-4422(18)30443-5
https://doi.org/10.17219/acem/94137
https://doi.org/10.1093/brain/awh126
https://doi.org/10.1016/j.neuroimage.2008.04.173
https://doi.org/10.1016/j.neuroimage.2008.04.173
https://doi.org/10.4414/smw.2013.13887
https://doi.org/10.4414/smw.2013.13887
https://doi.org/10.1177/1352458515616701
https://doi.org/10.1177/13524585211008760
https://doi.org/10.1177/13524585211008760
https://doi.org/10.1002/jmri.1880070620
https://doi.org/10.1212/WNL.0000000000003542
https://doi.org/10.1212/WNL.0000000000003542
https://doi.org/10.3389/fninf.2016.00030
https://doi.org/10.3389/fninf.2016.00030
https://doi.org/10.3174/ajnr.A5398
https://doi.org/10.1007/s00234-021-02824-6
https://doi.org/10.1097/RLI.0000000000000720
https://doi.org/10.1097/RLI.0000000000000720
https://doi.org/10.3389/fnagi.2021.638731
https://doi.org/10.3174/ajnr.A4665
https://doi.org/10.3174/ajnr.A4665
https://doi.org/10.1136/jnnp-2014-309903
https://doi.org/10.1136/jnnp-2014-309903
https://doi.org/10.1177/1352458515593405
https://doi.org/10.1177/1352458515593405
https://doi.org/10.1111/jon.12625
https://doi.org/10.1111/jon.12625
https://doi.org/10.1212/WNL.0000000000011241
https://doi.org/10.1212/WNL.0000000000011241
https://doi.org/10.1212/WNL.0b013e3181e24136
https://doi.org/10.1212/WNL.0b013e3181e24136
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1212/WNL.33.11.1444
https://doi.org/10.4103/sja.SJA_543_18


205Neuroradiology (2024) 66:193–205 

1 3

 24. Warntjes JBM, Dahlqvist O, Lundberg P (2007) Novel method 
for rapid, simultaneousT1, T*2, and proton density quantifica-
tion. Magn Reson Med 57(3):528–537. https:// doi. org/ 10. 1002/ 
mrm. 21165

 25. Warntjes JB, Leinhard OD, West J, Lundberg P (2008) Rapid 
magnetic resonance quantification on the brain: Optimization 
for clinical usage. Magn Reson Med 60(2):320–329. https:// doi. 
org/ 10. 1002/ mrm. 21635

 26. West J, Warntjes JB, Lundberg P (2012) Novel whole brain 
segmentation and volume estimation using quantitative 
MRI. Eur Radiol 22(5):998–1007. https:// doi. org/ 10. 1007/ 
s00330- 011- 2336-7

 27 Popescu V, Battaglini M, Hoogstrate WS, Verfaillie SC, Sluimer 
IC, van Schijndel RA, van Dijk BW, Cover KS, Knol DL, Jen-
kinson M, Barkhof F, de Stefano N, Vrenken H, MAGNIMS 
Study Group (2012) Optimizing parameter choice for FSL-Brain 
Extraction Tool (BET) on 3D T1 images in multiple sclerosis. 
Neuroimage. 61(4):1484–94. https:// doi. org/ 10. 1016/j. neuro 
image. 2012. 03. 074

 28. Smith SM, de Stefano N, Jenkinson M, Matthews PM (2001) 
Normalized Accurate Measurement of Longitudinal Brain 
Change. J Comput Assist Tomogr 25(3):466–475. https:// doi. 
org/ 10. 1097/ 00004 728- 20010 5000- 00022

 29. Smith SM et al (2002) Accurate, Robust, and Automated Longi-
tudinal and Cross-Sectional Brain Change Analysis. Neuroim-
age 17(1):479–489. https:// doi. org/ 10. 1006/ nimg. 2002. 1040

 30. Smith SM et al (2004) Advances in functional and structural 
MR image analysis and implementation as FSL. Neuroimage 
23(Suppl 1):S208–S219. https:// doi. org/ 10. 1016/j. neuro image. 
2004. 07. 051

 31. Smith SM (2002) Fast robust automated brain extraction. Hum 
Brain Mapp 17(3):143–155. https:// doi. org/ 10. 1002/ hbm. 10062

 32. Jenkinson M, Smith S (2001) A global optimisation method 
for robust affine registration of brain images. Med Image Anal 
5(2):143–156. https:// doi. org/ 10. 1016/ s1361- 8415(01) 00036-6

 33. Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved 
optimization for the robust and accurate linear registration and 

motion correction of brain images. Neuroimage 17(2):825–841. 
https:// doi. org/ 10. 1016/ s1053- 8119(02) 91132-8

 34. Zhang Y, Brady M, Smith S (2001) Segmentation of brain MR 
images through a hidden Markov random field model and the 
expectation-maximization algorithm. IEEE Trans Med Imaging 
20(1):45–57. https:// doi. org/ 10. 1109/ 42. 906424

 35. Lee SM et al (2022) Clinical adaptation of synthetic MRI-
based whole brain volume segmentation in children at 3 T: 
comparison with modified SPM segmentation methods. 
Neuroradiology 64(2):381–392. https:// doi. org/ 10. 1007/ 
s00234- 021- 02779-8

 36. Cicchetti DV (1994) Guidelines, criteria, and rules of thumb for 
evaluating normed and standardized assessment instruments in 
psychology. Psychol Assess 6(4):284–290. https:// doi. org/ 10. 
1037/ 1040- 3590.6. 4. 284

 37. Andica C et al (2018) Automated brain tissue and myelin volume-
try based on quantitative MR imaging with various in-plane reso-
lutions. J Neuroradiol 45(3):164–168. https:// doi. org/ 10. 1016/j. 
neurad. 2017. 10. 002

 38. Saccenti L et al (2019) Brain tissue and myelin volumetric analysis 
in multiple sclerosis at 3T MRI with various in-plane resolutions 
using synthetic MRI. Neuroradiology 61(11):1219–1227. https:// 
doi. org/ 10. 1007/ s00234- 019- 02241-w

 39. Durand-Dubief F et al (2012) Reliability of longitudinal brain vol-
ume loss measurements between 2 sites in patients with multiple 
sclerosis: comparison of 7 quantification techniques. Am J Neu-
roradiol 33(10):1918–1924. https:// doi. org/ 10. 3174/ ajnr. A3107

 40. Fujita S et al (2021) Accelerated isotropic multiparametric imag-
ing by high spatial resolution 3D-QALAS with compressed sens-
ing. Invest Radiol 56(5):292–300. https:// doi. org/ 10. 1097/ RLI. 
00000 00000 000744

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/mrm.21165
https://doi.org/10.1002/mrm.21165
https://doi.org/10.1002/mrm.21635
https://doi.org/10.1002/mrm.21635
https://doi.org/10.1007/s00330-011-2336-7
https://doi.org/10.1007/s00330-011-2336-7
https://doi.org/10.1016/j.neuroimage.2012.03.074
https://doi.org/10.1016/j.neuroimage.2012.03.074
https://doi.org/10.1097/00004728-200105000-00022
https://doi.org/10.1097/00004728-200105000-00022
https://doi.org/10.1006/nimg.2002.1040
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1016/s1361-8415(01)00036-6
https://doi.org/10.1016/s1053-8119(02)91132-8
https://doi.org/10.1109/42.906424
https://doi.org/10.1007/s00234-021-02779-8
https://doi.org/10.1007/s00234-021-02779-8
https://doi.org/10.1037/1040-3590.6.4.284
https://doi.org/10.1037/1040-3590.6.4.284
https://doi.org/10.1016/j.neurad.2017.10.002
https://doi.org/10.1016/j.neurad.2017.10.002
https://doi.org/10.1007/s00234-019-02241-w
https://doi.org/10.1007/s00234-019-02241-w
https://doi.org/10.3174/ajnr.A3107
https://doi.org/10.1097/RLI.0000000000000744
https://doi.org/10.1097/RLI.0000000000000744

	Automatic estimation of brain parenchymal fraction in patients with multple sclerosis: a comparison between synthetic MRI and an established automated brain segmentation software based on FSL
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Study population
	MRI acquisition
	Quantitative analysis of MDME sequence with SyMRI
	Post-processing of the 3D T1w datasets
	Longitudinal analysis
	Statistical analysis

	Results
	Comparison of volume measurements
	Group differences
	Correlation with clinical data
	Longitudinal analysis

	Discussion
	Limitations

	Conclusions
	Acknowledgements 
	References


