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Abstract 
Objective: To longitudinally assess dynamic changes of iron deposition and 
volume of the precentral gyrus and its correlation with clinical manifestations 
of Relapse-Remitting Multiple Sclerosis(RRMS) by using 3D enhanced T2* 
weighted angiography(ESWAN). Methods: Thirty RRMS patients and thirty 
age- and sex-matched healthy controls were recruited and underwent ESWAN 
and 3D T1WI twice interval of one year with the same parameters. The mean 
phase values (MPVs) and volumes in precentral gyrus gray matter (PGM) were 
measured, and change of iron content and its correlation with volume, clini-
cal manifestations were analyzed. Results: Compared with controls, the RRMS 
had higher iron deposition in both single-time measurements, but the volume 
decreased. Comparing to the first scan, we found significant difference in 
MPVs between the two times (P < 0.05) in the RRMS, while the volumes had 
no significant difference. A significant positive correlation was found between 
the MPVs and the volume (first time rs = 0.764, P < 0.05; second time rs = 0.592, 
P < 0.05) in RRMS. MPVs was positively correlated with volume (rs = 0.582, P 
< 0.05). Duration disease was negatively correlated with the second MPVs (rs 
= −0.399, P < 0.05), and expended disability status scale (EDSS) was negatively 
correlated with the volume change (rs = −0.745, P < 0.05). The recurrence rate 
was negatively correlated with the change of MPVs (rs = −0.367, P < 0.05). 
Conclusions: With the disease progression, the content of iron in PGM in 
RRMS patients is increasing, while the volume has no obvious change, sug-
gesting that the iron deposition may precede or develop faster than cerebral 
atrophy. 
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1. Introduction 

Multiple sclerosis (MS) is an autoimmune-mediated inflammatory demyelinat-
ing disease, leading to widespread damage throughout the central nervous sys-
tem (CNS) [1]. While historically considered a disease of the white matter (WM), 
MS is now widely understood as having gray matter (GM) as well. Moreover, 
many studies have investigated a stronger correlation between GM lesions and 
physical disability, fatigue and cognitive deficits than with lesion burden, sug-
gesting that GM measurements are of great clinical importance [2]. Although 
iron is an essential component for proper homeostasis in CNS, excessive iron 
within the deep GM may is associated with both physical disability and cogni-
tive impairment in MS patients [3]. However, the mechanisms of iron accu-
mulation in MS have not been incompletely understood. It may be the case 
that iron concentrations are secondary consequences stemming from WM in-
jury. In this situation, neuronal loss or axonal transection may cause inter-
ruptions within the WM pathways and subsequently trigger neurodegenerative 
processes and/or alter transport of iron [4]. Recent reports have documented 
that the levels of iron content were found to be elevated in numerous neuro-
logical disorders, such as multiple sclerosis (MS) [5], Parkinson’s disease (PD) 
[6]. Several MRI-based different techniques have been used for studying iron 
concentration, including T2 hypointensity, R2* relaxometry, SWI high-pass fil-
tered phase imaging and Quantitative Susceptibility Mapping (QSM). Due to 
its sensitivity to paramagnetic substances, SWI high-pass filtered phase imag-
ing allows for the indirect characterization of iron deposition, primarily fer-
ritin. 

The precentral gyrus is obvious thickness and can be identified easily on 
three-dimensional (3D) T1 images. Moreover, the precentral gyrus is the location 
of the primary motor cortex. It works together with other motor areas to plan, 
initiate and execute movements. The cross-time iron measurements may not be 
sufficient to determine whether iron content is pathologically changing in indi-
vidual MS patients. Longitudinal analysis would be more powerful in under-
standing the iron pathophysiologic processes in MS or may represent a new me-
thod of classifying disease severity. Recently a longitudinal study by Walsh AJ et 
al. [6], it has shown that using different methods R2* mapping and phase imag-
ing to evaluate iron content in the deep GM between MS patients and control 
subjects, iron content significantly increases in the deep gray matter of MS pa-
tients during two years. 

To our knowledge, this is the first study to longitudinally evaluate abnormal 
iron concentration and the volume in the precentral gyrus GM, using longitu-
dinal 3D-ESWAN over a 2-year period. We propose were to investigate the 
changes of iron deposition in the precentral gyrus GM of RRMS. Furthermore, 
we also evaluated whether iron levels in the precentral gyrus GM were associated 
with precentral gyrus volume, disease duration, EDSS scores of MS patients. 
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2. Materials and Methods 
2.1. Patient Selection 

Thirty patients with RRMS and 30 age- and sex-matched healthy control (HC) 
subjects, who were recruited from the First Affiliated Hospital of Chongqing 
Medical University (Chongqing, China), were studied from Nov 2015 to May 2018 
in this study. Each subject was imaged twice, two year apart. RRMS patients were 
graded according to the expanded disability status scale (EDSS) Disease duration 
is as measured from the date of the original diagnosis to the second scan and the 
times of recurrence is as measured from the first time symptom appearing to the 
second scan. The criteria for inclusion of RRMS patients were based on the fol-
lowing: 1) The diagnosis of RRMS was made according to the 2010 revised 
McDonald criteria; 2) Age 16 - 70 at baseline; 3) All RRMS patients were treated 
with glucocorticoid before entering the study and during the follow-up period. 
The criteria for inclusion of heathy control groups were based on the following: 
No trauma; No intracranial hemorrhage; No intracranial occupation; Intracrani-
al non-information. Exclusion criteria for all subjects were that they had other 
neurologic diseases or that they had contraindications to MR imaging. The main 
characteristic and clinical characteristics of the patients are shown in Table 1. 

This study was supported by the institutional review board of Chongqing 
Medical University and complied with the Health Insurance Portability and Ac-
countability Act. Written informed consent was obtained from all participants at 
the beginning of the study. 

2.2. MRI Data Acquisitions 

All MR images were performed using a 3.0 Tesla (T) MR scanner (Signa, HD, Gen-
eral Electric [GE] Healthcare, Milwaukee, WI, USA) equipped with an eight-channel 
phased array head coil. All subjects were subjected to the standard MRI protocols  

 
Table 1. Main characteristic of RRMS patients and control subjects. 

 RRMS group Controls group 

Number of subjects 30 30 

Sex (M/F) 

Age scale (year) 

Median age (year) 

EDSS range (the first scan) 

Mean EDSS (the first scan) 

EDSS range (the 2nd scan) 

Mean EDSS (the 2nd scan) 

Disease duration range (year) 

Mean disease duration (year) 

12/18 

16 - 69 

48.4 ± 13.4 

1 - 6.5 

2.07 ± 1.71 

0.5 - 7.5 

2.12 ± 1.69 

1 - 13 

4.64 ± 2.9 

12/18 

16 - 69 

45.5 ± 14.5 

- 

- 

- 

- 

- 

- 

RRMS: Relapse-Remitting Multiple sclerosis; EDSS: Expanded disability status scale. 
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proposed by the international MS group diagnosis center. The parameter of 
conventional MR imaging are as follows: 1) a conventional axial 2D multi-planar 
dual fast spin-echo (FSE) proton density (PD) and T2-weighted images (WI): 
repetition time [TR] 2900 ms, echo time [TE]1/[TE]2 25 ms/93 ms, echo train 
length [ETL] 12, matrix size 256 × 192; 2) an axial T1WI:TR 8000 ms, TE 120 ms, 
inversion time [TI] 2000 ms, ETL 8, matrix size 256 × 160; and 3) fluid atte-
nuated inversion recovery (FLAIR): TR 2050 ms, TE 24 ms, TI 750 ms, matrix 
size 256 × 256. These routine sequences were acquired with 5-mm-thick conti-
guous sections, no space and a 24 cm × 24 cm field of view (FOV). 

All ESWAN sequences were acquired using a 3D-enhanced T2* susceptibility- 
weighted angiography contrast flow compensated (i.e., the gradient moment was 
null in all three orthogonal directions) multi-echo (eight different TE) gradient 
echo sequence which was performed with the following parameter: TR 60 ms, 
effective TE 6 ms (TEi 5.8 - 54.4 ms, where TEi is the effective TE range), FOV 22 
cm × 22 cm, slice thickness 2 mm, matrix size 488 × 320, bandwidth 31.25 
Hz/pixel and flip angle 0˚. We also acquired 3D T1 spoiled gradient (SPGR) echo 
images with the following parameters: TE min full, TR 8.3 ms, FOV 24 cm× 24 
cm, flip angle 12˚, bandwidth 27.28 Hz/pixel, matrix size 256 × 256, NEX 1, slice 
thickness 1.0 mm. All scans were oriented parallel to the anterior-posterior com-
missural (AC-PC) line with 56 to 64 locations on the middle sagittal plane and 
covered the entire brain parenchyma. The total acquisition time was between 6 
and 8 min, depending on the spatial ratio and the number of sections. 

3. Data Processing and Analysis 
3.1. Data Processing 

Phase images serve as a direct measure of magnetic field variation. Based on the 
following formulas: ф (phase) = −rΔB TE (where r signifies gyromagnetic, ΔB 
is the change in the magnetic field between tissues and TE is the echo time); 
ΔB = cVΔxB0 (where c is the iron content, V is the voxel volume and Δx is the 
variation in molar susceptibility between tissues in the presence of iron) [7]. As 
the amount of iron in a tissue increases, the phase change between tissues de-
creases for the same TE level. Therefore, for a given TE level, c and appear to be 
negatively correlated. 

All ESWAN images were post-processed using research software (FuncTool 
6.3.1e software, GE Healthcare) on an ADW4.6 workstation (Sun Microsystems, 
Santa Clara, Calif). Following post-processing, high-pass filtered phase and mag-
nitude images are automatically presented. The phase images of all subjects were 
copied to the computer for iron concentration quantification by the SPIN soft-
ware (Signal Processing in Nmr; http://www.mrc.wayne.edu/download). First, 
high-pass filtered phase images were read by the SPIN software. Observer was 
allowed to adjust the brightness and contrast of each of the phase images to ob-
tain improved definition of anatomical reference structures and consequently 
greater precision in measurement, as shown in Figure 1. Second, the regions of 
interests (ROIs) were magnified the same times for a clearer definition of the 
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margins and manually drawn on these images. Thirdly, the means and standard 
deviations of the signal intensity measurements of the ROIs the MPVs were ob-
tained. To avoid bias because of signal heterogeneity, care was taken to choose 
the most homogeneous region. To ensure data accuracy, all ROI sections were 
measured three times with the same method, and the final MPVs were taken as 
the average phase value of the nine sections. All structural MRI post-processing 
was performed by an observer who was unaware of identity of the patients and 
their various diagnoses. 

For each participant, The precentral gyrus gray matter were investigated.PGM 
was acquired including the section with the area in the longest central sulcus and 
the adjacent superior and inferior area. And then the MPVs were averaged be-
tween hemispheres. Next, axial 3D T1 images were transferred to the observer’s 
computer and using the Image J image analysis software (Image Processing and 
Analysis in Java; rsb.info.nih.gov/ij/).We evaluated the anatomical location of 
precentral gyrus, as shown in Figure 2. Firstly, the central sulcus is a prominent  

 

 
Figure 1. (a) The phase-ESWAN of RRMS patient at the first examination and the con-
tour of the phase value of the precentral gyrus matter was measured; (b) The phase- 
ESWAN of a same RRMS patient at the second examination, compared the first time, the 
phase value of the precentral gyrus matter was decreased. 

  

 
Figure 2. (a) The T1WI of RRMS patient at the first examination and the contour of the 
volume of the precentral gyrus was measured; (b) The T1WI of a same RRMS patient at 
the second examination, compared the first time, the volume of the precentral gyrus was 
no significant change. 
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landmark of the brain, it is the longest sulcus. The precentral gyrus is located on 
the anterior of the central sulcus. Secondly, we also defined the precise location 
of the motor hand area (a knob-like structure) to guide identification of the pre-
central gyrus. Furthermore, the EDSS neurological disability scores of the MS 
patients were evaluated by other observer who was unaware of the MRI results. 

3.2. Statistical Analysis 

Statistical analysis was performed using the SPSS Statistical package (SPSS for 
windows, software version 19.0; SPSS, Chicago, IL, USA). The mean and stan-
dard deviation (SD) were calculated. Correlations analyses were conducted by us-
ing the Spearman’s rank correlation coefficient to investigate relations between 
the MPVs of the PGM, the volume of PGM, disease duration, the EDSS scores 
and the times of recurrence. In addition, the paired-samples t test was conducted 
to compare the two-time data to tract if there was a significant change in two 
year periods, and the student’s t-test was performed to determine if there was a 
significant difference the MPVs of the precentral gyrus GM in MS patients com-
pared to those of healthy controls. All tests were two-tailed (α = 0.05), and P 
value of less than 0.05 was considered to indicate a statistically significant dif-
ference. 

4. Results 

The mean phase values (MPVs) in the PGM in the RRMS patients in two times 
were 2033.131 ± 14.39 and 2022.65 ± 17.94, respectively, and the MPVs in con-
trols were 2050.11 ± 20.35 and 2048.83 ± 19.26. According to the previous study 
[8], we observed a negative correlation between the MPVs of the PGM and the 
post-mortem brain iron concentration of healthy adults. And had significant 
difference in the RRMS group compared to the controls (P < 0.05) in both sin-
gle-time measurements. 

The volumes in the precentral gyrus in RRMS were 2307.82 ± 109.24 (mm3) 
and 2216.82 ± 118.70 (mm3), respectively. And the volumes of the controls were 
2357.67 ± 102.45 (mm3) and 2310.7 ± 108.29 (mm3). The volumes of the precen-
tral gyrus in RRMS patients had significant decrease in both single-time com-
pared to healthy controls, and had significant difference (P < 0.05). Compared to 
the first time scan, using the Paired t test, the volume in the second time scan of 
the PGM there was no obvious change and had no significant difference (P > 
0.05). 

Spearman’s rank correlation coefficient analysis showed that there was a sig-
nificant negative correlation between the MPVs and the volumes in the PGM in 
RRMS in the two scans (rs = 0.764, P < 0.05; rs = 0.592, P < 0.05). For the thirty 
RRMS patients, the mean EDSS scores at the baseline were 2.07 ± 1.71 (range 1 
to 6.5), and the median EDSS score at follow-up was 2.12 ± 1.69 (range 0.5 to 7.5), 
but no correlations was found between the EDSS scores and the MPVs (P > 0.05). 
There was significant positive correlation in RRMS between the precentral gray 
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matter MPVs and the volume of precentral gyrus for the first time (rs = 0.764, P 
< 0.05). The same results were acquired for the second time (rs = 0.592, P < 
0.05). There was positive correlation between the changes of MPVs and the vo-
lume of precentral gray matter (rs = 0.582, P < 0.05). There was negative correla-
tion between duration disease and the MPVs for the second time (rs = −0.399, P 
< 0.05) (Figure 3), but there was no correlation between the change of EDSS and 
the change of MPVs (P > 0.05). However, there was significant negative correla-
tion between the change of EDSS and the change of the volume of precentral 
gyrus (rs = −0.745, P < 0.05). Significant negative correlation was observed be-
tween the recurrence rate and the change of MPVs (rs = −0.367, P < 0.05). 

5. Discussion 

Enhanced T2*-weighted angiography imaging (ESWAN) is a robust and power-
ful tool, because of its high spatial resolution and susceptibility weighting of the 
phase image. ESWAN uses the magnetic susceptibility difference between oxy-
genated and eoxygenated haemoglobin to allow to observe of iron deposition in 
the basal ganglia region and gray matter [9]. To our knowledge, this is the first 
study which longitudinally quantifies iron accumulation and evaluates the rela-
tionship between the iron deposition and its volume and other clinical characte-
ristics in the PGM in MS patients using ESWAN. In our study, we had four main 
outcomes. First, we demonstrated that iron deposition exhibited increase with 
the disease progress RRMS patients in the PGM. Secondly, the volume of the 
PGM had no obvious change in the following period. Thirdly, there was positive 
correlation between the changes of MPVs and the volume of precentral gray 
matter, suggesting that the iron deposition maybe precede on the brain atrophy 
or the iron deposition developed faster than atrophy, the iron deposition maybe 
would result in the brain atrophy in someday, but the exact mechanism was not 
unclear. Fourthly, the iron deposition was related to some clinical characteris-
tics, such as the recurrence rate and duration disease. 

 

 

Figure 3. Correlation between mean phase value in the precentral gyrus and disease du-
ration for the RRMS patients (rs = −0.399, P < 0.05). 
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The preliminary results of our team showed that RRMS patients had increased 
iron deposition in the PGM, compared with the normal control group [10]. And 
this study got the same results. We were also continuing to focus on the longitu-
dinal studying the corrlelation between the iron deposition in the PGM and the 
volume of the precentral gyrus, in order to understand the pathophysiologic ba-
sis for iron deposition in RRMS patients. We investigated that the MPVs in the 
PGM in RRMS patients decreased during the period, that is, iron deposition in-
creased with the progression of disease. Recently, more attention has been paid 
to the role of iron in the pathophysiology of MS. However, the mechanisms of 
iron accumulation in multiple sclerosis are incompletely understood. Potential 
mechanisms include abnormal iron deposits can occur as extracellular deposits 
or as extravasated red blood cells and their breakdown products. In addition, an 
abnormally high iron concentration has been detected in mitochondria, micro-
glia, macrophages, neurons, and along vessels. And altered neurotransmitter 
metabolism of dopamine or glutamate; activation of N-methyl-D-aspartate re-
ceptor, which could enhance iron uptake; or altered local energy demands [11]. 

In addition, we demonstated that the MPVs in the PGM were positively cor-
related with the volume of the precentral gyrus, that is to say, the iron deposition 
is increasing, but the volume of the precentral gyrus is atrophy. The possible 
reason is that which may be due to the generation of free radicals induced by the 
increased iron level, the lipid peroxidation, the degeneration and loss of neurons, 
which lead to the brain atrophy [12]. However, the recent study [12] was to meas-
ure the magnetic susceptibility with 3.0T MRI for 600 participants with MS (452 
with RRMS and 148 with second progressive MS) and 250 age- and sex-matched 
healthy control participants, it showed that altered deep gray matter iron is asso-
ciated with the evolution of MS and on disability accrual, independent of tissue 
atrophy. So the relationship between the iron deposition and the brain atrophy is 
need to further study in the future. 

Interestingly, longitudinal comparison of the two examinations in RRMS showed 
that the MPV of the precentral gyrus gray matter decreased, while the volume of 
the precentral gyrus showed no significant change. Therefore, it was speculated 
that the iron deposition might precede the brain tissue atrophy, or the iron de-
position developed faster, while the volume change of the precentral gyrus was 
relatively slow. The two progresses were inconsistent, which was similar to the 
results of Hagemeier et al. [13]. They also measured RRMS patients and 61 Sec-
ondary Progressive Multiple Sclerosis (SPMS) patients of the average value and 
phase volume in deep brain gray matter nuclei [7], it is concluded that iron con-
tent increased and atrophy in deep brain gray matter nuclei, also concluded that 
iron deposition and atrophy in deep brain gray matter nuclei are more powerful 
influence than lesion load of white matter and gray matter atrophy lead to disa-
bility MS patients. The other study [14] evaluated ninety-five RRMS patients 
iron deposition and thalamus volume included quantitative susceptibility map-
ping and 3D T1 echo-spoiled gradient-echo sequences underwent 3T MR imag-
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ing. They also assessed associations between thalamus susceptibility and total 
gray matter volume. It showed that iron levels in the thalamus are associated 
with T2 lesion burden and the presence of enhancing lesions, but not with tha-
lamus or gray matter volumes, suggesting that iron accumulation is associated 
with white matter inflammation. 

In addition, we found that the positive correlation between duration disease 
and iron deposition in the precentral gray matter, That is to say, as the disease 
progresses, the more iron deposition in the PGM in RRMS patients; the same 
results with Zivadinov et al. [15]. They compared 169 cases of RRMS, 126 cases 
of normal control group and 64 cases of SPMS, found that the phase value in-
creased significantly using SWI in MS patients, and have obvious correlation 
with lesion load. The possible reason is that with the increase of the lesion load, 
progressive demyelination aggravation, blocked the iron transport path lead to 
increase of iron deposition in gray matter. Another reason is that it may be in-
flammation is aggravating, the blood-brain barrier damage, extravasation of red 
blood cells number and area increase, cracking is associated with increased he-
mosiderin deposition [16] [17]. We also found that significant negative correla-
tions were observed between the recurrence rate and the change of MPVs. Re-
cent literatures [18] have reported that meningeal inflammation is related to the 
lesion of gray matter. While the precentral gyrus is adjacent to the meninges, 
which can be complicated with meningeal inflammation when recurrence, thus 
aggravating the deposition of iron on the surface of the precentral gyrus gray 
matter, but the specific mechanism needs further study. 

We showed that the difference between the EDSS score and the volume of the 
precentral gyrus was negatively correlation. Because the EDSS score was mainly 
related to the motor function disability of RRMS patients, and the precentral 
gyrus was the mainly governs body movement functional area. Lansley et al. [19] 
used voxel-based Morphometry (VBM) to find that EDSS score was significantly 
negatively correlated with left precentral gyrus and posterior central gyrus atro-
phy, and the result is in accordance with the study. However, there was no cor-
relation between the EDSS scores and the change of iron content in the precen-
tral gray matter. The possible reasons are as follows: firstly, the time for patients 
to take examination after the onset of the disease is inconsistent, and the speed 
of disease progression is also inconsistent. Secondly, some patients may have re-
ceived clinical treatment before the examination, which may affect the reliability 
of EDSS score to some extent. 

There were some limitations to our work that should be mentioned. Firstly, 
our results should be interpreted with caution because of the small sample size, 
which may not be an accurate reflection of the changes in iron in the gray matter 
of MS patients. Secondly, this study was that the follow-up interval was short. 
Thirdly, Thought iron content can be quantitatively measured more easily and 
more accurately with ESWAN compared to T2*. But 3D-ESWAN is a MRI me-
thod for measuring iron content in the gray matter. Fourthly, we did not take the 
age into account in the precentral gyrus gray matter. Finally, The Precentral Gyrus 
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GM volumes were calculated only five sections by using Image J image analysis 
software, do not incorporate whole volume, which may have had some impact 
on our results. In the future, we will take more factors into account in order to 
assess the iron deposition accurately in RRMS patients. 

6. Conclusion 

In our study, there is abnormal iron deposition in the precentral gray matter. As 
the course of the disease progresses, the deposition of iron in the gray matter of 
the precentral gray matter increases, while the volume of the precentral gray 
matter shows no significant change in the short term, suggesting that iron depo-
sition may precede brain atrophy, or the iron deposition developed faster than 
atrophy, and iron may be a marker of the progression of neurodegenerative dis-
eases. 
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