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Abstract

Brain myelin and iron content are important parameters in neurodegenerative diseases such as multiple

sclerosis (MS). Both myelin and iron content influence the brain's R2
* relaxation rate. However, their

quantification based on R2
* maps requires a realistic tissue model that can be fitted to the measured

data. In structures with low myelin content, such as deep gray matter, R2
* shows a linear increase with

increasing iron content. In white matter, R2
* is not only affected by iron and myelin but also by the

orientation of the myelinated axons with respect to the external magnetic field. Here, we propose a

numerical model which incorporates iron and myelin, as well as fibre orientation, to simulate R2
* decay

in white matter. Applying our model to fibre orientation-dependent  in vivo R2
* data, we are able to

determine  a  unique  solution  of  myelin  and iron  content  in  global  white  matter.  We determine  an

averaged myelin volume fraction of 16.02 ± 2.07% in non-lesional white matter of patients with MS,

17.32 ± 2.20% in matched healthy controls, and 18.19 ± 2.98% in healthy siblings of patients with MS.

Averaged iron content was 35.6 ± 8.9 mg/kg tissue in patients, 43.1 ± 8.3 mg/kg in controls, and 47.8 ±

8.2  mg/kg  in  siblings.  All  differences  in  iron  content  between  groups  were  significant,  while  the

difference in myelin content between MS patients and the siblings of MS patients was significant. In

conclusion,  we demonstrate  that  a  model  that  combines  myelin-induced orientation-dependent  and

iron-induced orientation-independent components is able to fit in vivo R2
* data. 
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Introduction

In the human brain, diamagnetic myelin and paramagnetic iron are major contributors to the magnetic

resonance signal's R2
* relaxation rate. In deep gray matter (DGM), post mortem studies have shown

that R2
* correlates well with tissue iron concentrations1–3. Therefore, R2

* is widely used as an in vivo

imaging  measure  for  DGM iron4–7.  In  the  white  matter  (WM),  the  situation  is  more  complicated.

Measured R2
* relaxation in WM depends not only on the tissue composition but also on the angle θ

between WM fibre tracts and the main magnetic field B0
8–13.  This orientation dependency has been

attributed to the magnetic field inhomogeneities generated by the  structural anisotropy of WM tracts

and the  anisotropic  magnetic  susceptibility  of  myelin  itself11,13,14.  While  DGM structures  have  the

highest iron concentrations of up to 240 mg iron per kg tissue, WM contains about 30 to 45 mg iron per

kg of tissue15,16. 

The radiological hallmarks of multiple sclerosis (MS) are hyperintense WM lesions on T2-weighted

MRI.  In addition to  focal demyelinated WM lesions, diffuse alteration of the non-lesional WM has

been  observed  when  using  various  MR  methodologies,  such  as  proton  MR  spectroscopy17,

magnetization transfer ratio18,  myelin water  imaging19,  or  R2
* in  combination with diffusion tensor

imaging (DTI).  By associating a measured R2
* with a fibre orientation, θ, computed from DTI, the

orientation dependent R2
*(θ) can be calculated20.  Histopathological studies have revealed diffuse and

extensive damage in the normal appearing white matter (NAWM), encompassing myelin loss, axonal

injury,  microglia  activation,  and perivascular  inflammatory infiltrates21,22.  In MS, NAWM iron was

found to be gradually reduced over the course of the disease23,  possibly accompanying the loss of

myelin21. These pathological findings offer an explanation on why R2
*(θ) differs significantly between

patients  with MS, healthy controls,  and healthy siblings of patients with MS20.  Therefore,  there is

clinical interest in quantifying both myelin and iron in the entire WM from MRI data. However, myelin

and iron both increase R2
*. An approach to separate the contribution of iron and myelin to R2

* is to

measure  temperature-dependent  R2
*,  which  is  however  restricted  to  post  mortem  studies24.  While

quantitative susceptibility mapping25 is able to distinguish paramagnetic (e.g. iron) from diamagnetic

(e.g. myelin) susceptibility sources, it does not distinguish myelin loss from iron increase, as both lead

to an increase in magnetic susceptibility26. 
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The behaviour of the magnetic susceptibility of myelin is described by a tensor14. Consequently, myelin

induces a modification on the local magnetic field that depends on the angle between the myelinated

axon and the main magnetic field, B0
14,27. Since iron is predominantly stored in ferritin, a protein shell

with an approximately spherical  biomineral  core,  its  modifications  on the local  magnetic  field are

orientation-independent11. This key difference between myelin sheaths and iron cores opens another

avenue for the interrogation of tissue myelin and iron with MRI via the orientation dependency of R2
*.

Such an approach requires a model describing how R2
* depends on these two quantities and the axons'

orientation relative to B0. 

Here,  we present  a  numerical  tissue model that considers contributions from orientation-dependent

myelin and orientation-independent iron. With this model, we compute orientation-dependent R2
* from

first principles. By fitting the modelled R2
*(θ) curves to experimental data, we obtain global averages

for iron and myelin contents in non-lesional WM of patients with MS, healthy siblings of patients, and

unrelated healthy controls. The findings obtained from the numerical tissue model are then put into

context with a previous R2
* model11. Finally, by acquiring data in an orientation-independent phantom at

varying  combinations  of  diamagnetic  bovine  serum  albumin  (BSA)  and  paramagnetic  ferritin

concentrations, we explore how these two substances influence R2
*, albeit in an orientation-independent

manner.

 

Theory

Numerical Tissue Model

Myelinated axons and ferritin were modelled as cylinders and spheres, respectively. Axon sizes were

modelled as a gamma distribution around a mean radius of 0.46 μm, with the distribution's  shape

parameter of 3.82, and assigned a packing density of approximately 64%13. For a 3T external magnetic

field, a T2 relaxation time of 15 ms was assumed for myelin water, and 63 ms for intracellular and

extracellular water28. Each ferritin molecule was allocated a radius of 4 nm, with the sphere assumed to

be filled with 4500 ferric ions29. Subvoxels containing ferritin were assigned a T2 relaxation time of

0.001 ms, which is arbitrary but effectively leads to zero transverse magnetization. Myelin g-ratio and

the iron concentration were left  as free-varying parameters.  For the simulation,  the myelin sheath,

which is related to myelin g-ratio, was assumed to consist of 50% water30.  Due to the presence of

ferritin, there is no cylindrical symmetry and the tissue had to be modelled in three dimensions. The
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ferritin molecules were randomly distributed throughout a plane centred at the simulated volume, to

ensure  that  the  magnetic  field  inhomogeneities  generated  by  the  ferritin  were  captured  by  the

simulation  volume.  The  intra-axonal  and  extra-axonal  spaces  were  assigned  a  reference  magnetic

susceptibility of χ = 0, with all other magnetic susceptibilities relative to this reference value. The

magnetic susceptibility of the ferritin was assumed to be a scalar with χf = 520 ppm26,31.  In tensor

notation, this is represented as a diagonal matrix with identical entries:

The magnetic susceptibility of myelin is a rank 2 tensor:

where  isotropic  magnetic  susceptibility  of  myelin  is  χ i =  -60  ppb  and  its  anisotropic  magnetic

susceptibility is χa = -120 ppb14. To produce a simulated three-dimensional magnetic susceptibility map

χ of a WM tissue voxel, the tissue compartments were assigned the magnetic susceptibilities of myelin,

ferritin,  as well as intra- and extra-axonal water. Prior to magnetic field computation,  a coordinate

transformation was performed on χ to obtain the magnetic susceptibility map in the common reference

frame of the axon, χR:

where the magnetic susceptibility values are now dependent on their spatial position, defined by radial

coordinate r and azimuthal coordinate ϕ, relative to the axon and R is the rotation matrix defined as:

The magnetic field created by this configuration was then forward calculated in the Fourier domain via

Equation 5, as derived in27: 
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where ∆f(r,ϕ) is  the off resonance frequency in Hz, χR(r,ϕ) denotes the spatial  susceptibility tensor

matrix defined relative to the reference frame of the axon, g is the gyromagnetic ratio, FT is the Fourier

Transform and FT-1 is the inverse Fourier Transform. The vectors Ĥ = [sin(θ), 0, cos(θ)] and k = [kx,

ky,  kz] represent the unit  direction vector of the external magnetic field and the spatial  frequency

vector, respectively, where θ represents the fibre orientation relative to the external magnetic field. In

the  simulation,  the  external  magnetic  field,  H,  is  assumed  to  be  3T.  For  isotropic  magnetic

susceptibility, the tensor becomes a diagonal matrix and the forward calculation becomes a convolution

with  a  unit  dipole  kernel.  An illustration  of  the  magnetic  field  inhomogeneities  generated  by  the

model’s geometry is shown in Figure 1. 

Model

The geometry of  the  model  for  both ferritin  and axons spans  length  scales  across  three  orders  of

magnitude. The myelinated axons and ferritin were simulated on a 600 × 600 × 60 array of subvoxels

that corresponds to a 2.4 × 2.4 × 0.24 μm3 volume. A spatial resolution of 4 nm per subvoxel was used,

following the  observation  of  numerical  rounding artifacts  when simulating  at  the  initially  decided

spatial resolution of 8 nm. 

For  any  given  fibre  orientation  between  0  and  90  degrees  (in  5-degree  intervals),  the  transverse

magnetization within the 3D volume was simulated for a multi-gradient echo signal up to 100 ms in

steps of 5 ms. For a given echo time, the signal was computed by taking the magnitude of the integral

over the complex signals in the 600 × 600 × 60 subvoxels. Note that the phase evolution during these 5

ms intervals may be more than  2π,  but  when computing the signal,  we are only interested in  the

subvoxels’ phase at a certain time and not how many 2π revolutions have happened until then. A single

exponential was then fitted to the computed signal decay in order to simulate R2
*. 

In vivo Human Data

The numerical myelin-ferritin model described in Section Model was applied to R2
*(θ) of 39 subjects

with MS, 31 healthy siblings of subjects with MS, and 30 healthy unrelated controls (see Table 1 for
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demographic details) published previously20. All subjects gave their written informed consent according

to the Declaration of Helsinki.  All subjects were scanned on a 3T system (Philips Achieva) using an 8-

channel SENSE head coil. Data for R2
* maps were acquired with a three dimensional gradient echo

sequence with five echoes (TR = 28 ms, TE1 = 5 ms, echo spacing = 5 ms, acquired voxel size = 0.9 ×

1.0 × 1.6 mm3, reconstructed voxel =  0.8 × 0.8 × 0.8 mm3). R2
* maps were calculated by fitting a

mono-exponential function to the signal decay in each voxel. Diffusion tensor imaging (DTI) data were

collected with a spin echo planar sequence (b0 = 0, b1 = 1000, 16 directions, TR/TE = 7465/75 ms,

FOV = 212 × 212 mm2, 60 slices of 2.2 mm thickness, in-plane resolution = 2.2 × 2.2 mm2). DTI data

were  analyzed  using  FSL32 and  fibre  orientation  maps  were  computed  as  the  angle  between  the

principal diffusion direction v1 and B0.  The 3D T1- and T2-weighted scans were acquired with the

following sequences: 3D T1-weighted scan: acquired voxel size = 1.0 × 1.0 × 1.6 mm3, reconstructed

voxel =  0.8 × 0.8 × 0.8 mm3, TR/TE = 7.6/3.7 ms, and FOV = 256 × 256 × 160 mm3. 3D T2-weighted

scan: acquired voxel size = 1.0 × 1.0 × 1.6 mm3, reconstructed voxel =  0.8 × 0.8 × 0.8 mm3, TR/TE =

2500/363 ms, and FOV = 256 × 256 × 160 mm3. The combination (T1 — T2) / (T1 + T2) of the T1- and

T2-weighted scans has enhanced contrast between WM, GM and subcortical structures33, and was used

for tissue segmentation with FSL’s FAST. For DGM, we manually defined every structure using SWI

and FA images. All WM masks were eroded with a 4 × 4 × 4 mm3 kernel prior to further analysis. In

MS patients, focal lesions were excluded from the R2
* analysis. These lesions were manually defined

based on both T1-weighted images and the combination (T1  — T2) / (T1 + T2). Thresholding WM via

fractional anisotropy (FA) was avoided because FA is known to change in the non-lesional WM of

patients with MS34,35. For each subject, all voxels with orientations within 5-degree intervals around a

given angle θ were pooled to calculate the average R2
* relaxation rate. The numerical R2

* model was

then fitted to each individual R2
*(θ)-curve. An a priori decision was made to exclude subjects if best fits

were too poor (adjusted R2 < 0.70). 

Fitting the Tissue Model to in vivo Human Data

Input parameters for a best fit with the experimental data were determined through a gradient descent

based L2-norm minimization algorithm using MATLAB’s lsqcurvefit (NLLS, Matlab 2014b). Weighted

fits  were performed on previously published experimental R2
*(θ) data acquired in healthy controls,

subjects with MS, and healthy siblings of subjects with MS, with weights corresponding to the number

of voxels in a given fibre orientation angle bin20. The lowest number of voxels are for fibre bundles
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parallel to the direction of B0 (0o), with increasing number of voxels for increasing angles. Note that this

difference in the number of voxels is not a feature of the brain but a mere geometrical effect. For any

given direction, the number of fibre bundles is lowest parallel to the direction9.  In all three groups,

myelin volume fraction (MVF) and iron concentration were chosen as varying parameters. To model

myelin content as a continuous variable, the axons' g-ratio was used as a measure of myelin content.

The MVF was allowed to vary between 11.0% to 25.3% for non-lesional WM, while iron concentration

was permitted to vary from 15 to 65 mg of iron/kg of fresh tissue, with an initial assumption of 42.4

mg/kg for healthy iron concentration in WM15. The corresponding myelin water fraction (MWF) was

obtained by halving the MVF. Best fits were chosen on the basis of highest coefficient of determination

(adjusted R2). 

Statistical Analysis

Statistical analysis was performed using R (lmerTest and lsmeans Package).  To account for age as a

covariate,  linear  regression  analysis  was  performed  to  determine  relations  between  individual

parameters (MVF and iron concentration) and age. For both acquired parameters, a one-way analysis of

covariance (ANCOVA), with age accounted for, was conducted for simultaneous comparison between

the  three  cohorts  (patients,  siblings,  controls).  In  cases  where  the  parameters  were  determined by

ANCOVA to be significantly different (p < 0.05) between all 3 groups, a subsequent Bonferroni-Holm

was performed to correct for Type I error. We assessed the differences in the mean iron concentration

and MVF values across the three cohorts. 

Fit of an Empirical Model to R2
*() simulated with the Numerical Tissue Model

Lee and colleagues11 have proposed an empirical model for R2
*  in WM

where MWF denotes the myelin water fraction, c0 is a myelin-independent and orientation-independent

contribution  to  R2
*(θ),  c1 is  the  orientation-independent  contribution  of  myelin,  and  c2 and  c3 are

orientation-dependent  contributions  of  myelin.  We  simulated  R2
*(θ)  for  different  iron  and  myelin

concentrations  using  our  numerical  model,  and  fitted  Equation  6  to  the  resulting  simulated  data.

Coefficients c0 and c2 were chosen as varying parameters, while c1 and c3 were kept fixed at 0.17 and

0.025,  respectively,  as  previously  determined11.  We investigated  the  behaviour  of  the  myelin-
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independent  and  orientation-independent  coefficient  c0 as  a  function  of  the  simulated  iron

concentrations.  The  MVF  in  a  range  based  on  the  minimum  MVF  and  maximum  MVF  values

previously predicted from best fits to human data, with increments of 0.2%. For each MVF value, a

total of 5 different iron concentration values were simulated (range from 0 to 60 mg/kg, with intervals

of  12  mg/kg).  A linear  regression  was  then  fitted  to  the  c0 versus  iron  concentration  function  to

determine a linear regression coefficient. This was repeated for all simulated MVF and the final linear

regression coefficient for iron was obtained by averaging the individual coefficients. This resultant

linear regression coefficient is the simulated iron-dependent slope that relates the myelin-independent

and orientation-independent contribution of R2
*(θ), c0, to a global average iron content in NAWM. To

check  normality,  a  Kolmogorov-Smirnov  test36 was  applied  on  the  distribution  of  iron-dependent

slopes.

Phantom Data

A phantom containing 24 different concentrations of BSA (A2153, Sigma-Aldrich; Vienna, Austria)

and  ferritin  from equine  spleen  (F4503,  Sigma-Aldrich;  Vienna  Austria)  was  generated  to  mimic

variations of iron and myelin content similar to brain tissue37. The four weight fractions of BSA relative

to water were 0.14, 0.18, 0.22 and 0.26. Ferritin was varied from 0 to 150 mg of iron/kg of fresh tissue,

with 6 increments of 25 mg/kg. 2D GRE data of the phantom were acquired at 37°C24 on a 3T scanner

(Tim Trio; Siemens Healthcare, Erlangen, Germany), with TE = 4.7, 10.51, 16.1, 21.69, 27.28 ms, TR

= 470 ms, and flip angle = 15°. To reach the desired temperature, the phantom was flushed with water

at  37°C prior  to  data  acquisition,  using  a  water  pump and a  heating  device  to  maintain  constant

temperature.  To prevent flow artifacts,  the water pump was switched off during scanning. R2
* was

calculated voxel-wise by a mono-exponential fit to the decay data. R2
* was analyzed in circular regions

of interest (ROI) in each tube. For each BSA concentration, a linear regression was fitted to obtain the

linear relationship between measured R2
* and actual iron concentration, referred to as the experimental

iron concentration dependent slope.

Results

Simulations of Various Contents of Myelin and Iron for the Numerical Tissue Model

Numerical simulations for different concentrations of myelin and iron in WM are shown in Figure 2.

The red curve with markers corresponds to a plausible situation in healthy subjects, assuming 17.32%
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MVF and  43.1  mg/kg  iron.  Here,  R2
*(θ)  ranged  from R2

*(0o)  =  21.17 s−1 to  R2
*(90o)  =  23.13  s−1

(difference  in  R2
* between  0o and  90o ∆R2

* =  1.96  s−1).  This  R2
*(θ)  cannot  be  simulated  without

contributions from iron.  A simulation without iron but with the same ∆R2
* results in an overall R2

* that

is too low, ranging from R2
*(0o) = 16.67 s−1 to R2

*(90o) = 18.64 s−1. On the other hand, a simulation

without iron that matches R2
*(0o) results in an unrealistically high MVF of 53.92% and an excessive

orientation dependency. In general, simulations with non-zero but low iron content that match R2
*(0o)

result  in  myelin  concentrations  that  are  too  high.  Lastly,  a  realistic  MVF of  17.32% and  an  iron

concentration of 0 mg/kg results in a realistic orientation dependence but an overall R2
* that is too low.

Fitting the Numerical Model to in vivo Human Data

Best fits to the individual R2
*(θ) curves of each subject yielded distributions of iron concentration and

MVF (Table 2, Figures 3 and 4).  A total of 34 (out of 39) subjects with MS, 28 (out of 31) healthy

siblings  of  MS patients,  and 29 (out  of  30)  healthy controls  yielded best  fits  with  coefficients  of

determination R2 > 0.70. Iron concentration was found to be highest in healthy siblings of MS patients,

while the MVF was comparable between healthy controls and siblings. Conversely, the MS group was

found to have the lowest MVF and iron concentration. Upon performing an ANCOVA with Bonferroni-

Holm correction for all three cohorts, the averaged iron concentration remained significantly increased

in healthy siblings of MS patients relative to controls (p = 0.039) and significantly decreased in MS

patients, when compared to controls (p = 0.0016) and healthy siblings (p < 0.0001). Averaged MVF

was found to be significantly lower in MS patients (p = 0.0019), relative to healthy siblings of MS

patients. Compared with the unrelated control group, no significant difference in MVF was found in

healthy siblings (p = 0.13) and MS patients (p = 0.072). Using the averages of myelin and iron contents

obtained from the fits (Table 2), average R2
*(θ) curves were computed and compared with the averages

of the  in vivo R2
*(θ) curves. The adjusted coefficients of determination were R2 = 0.95 for unrelated

healthy controls, R2 = 0.95 for healthy siblings of MS patients, and R2 = 0.93 for MS patients.

Fitting the Empirical R2
*(θ) Model to R2

*(θ) simulated with the Numerical Tissue Model

The MVF of the numerical model was varied from 12.20% to 25.10% with increments of 0.2% to

produce 69 different MVF values. This range was chosen based on the maximum MVF of 25.23% and

minimum MVF of 12.12% obtained by fitting the numerical model to the human data (Table 2). For the

linear regression fit to the coefficient c0 versus iron concentration (IC) function, an averaged regression
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coefficient of 0.081  ± 0.002 s-1 per mg iron per kg tissue and an intercept of 17.19  ± 0.41 s-1 were

obtained. The adjusted coefficient of determinations ranged from R2 = 0.80 to 0.99, with mean adjusted

R2 = 0.94 ± 0.06. Values of all 69 iron-dependent slopes, as predicted by the Kolmogorov-Smirnov test,

appear to be normally distributed (p > 0.15). Substituting these results into the model by Lee et al.

described in Eq. (6), we obtain an extended model that also incorporates iron concentration

where c0 splits into an IC-independent constant and an IC-dependent component. 

Phantom

Both an increase in BSA and ferritin result  in an increase in R2
* (Figure 5).  The linear regression

yielded adjusted R2 between 0.97 and 0.99. A BSA concentration of 0.14 approximately mimics in vivo

WM properties37.  For  an  iron  concentration  of  43  mg/kg  and  0.14  BSA to  water  per  weight,  R2
*

becomes 22.6 s-1, which is similar to in vivo WM R2
*. The slopes of R2

*([Fe]) increase with increasing

BSA concentrations ranging from 0.100 ± 0.007 s-1 per mg iron per kg tissue at 0.14 BSA (green line

with circles) to 0.147 ± 0.009 s-1 per mg iron per kg tissue at 0.26 BSA (red line with triangles). Given

the linear relation between R2
* and iron concentration for different BSA concentrations, a single value

for R2
* may result from various combinations of values for iron and BSA concentration. An R2

* of 30 s-

1, for instance, may correspond to a mix of 60 mg/kg iron and 0.18 BSA, or to an iron concentration

118 mg/kg and 0.14 BSA. For a single measurement of R2
*, there is no unique value for iron and BSA

concentration. Furthermore, the experimental iron-dependent slope of 0.100 ± 0.007 s-1 per mg iron per

kg tissue determined for 0.14 BSA provides a basis of comparison with the simulated iron-dependent

slope of 0.081 ± 0.002 s-1 per mg iron per kg tissue.

Discussion

In this work, we propose a numerical tissue model to describe R2
* in human WM. Furthermore, we

performed  an  orientation-independent  phantom experiment,  which  showed  that  there  is  no  unique

solution  of  ferritin  and  BSA concentrations  that  match  a  given  R2
*.  By exploiting  the  orientation

dependency of WM R2
* in  vivo,  which originates from the axons'  macroscopic anisotropy and the

orientation-dependent magnetic susceptibility of myelin, it is possible to compute a unique solution of

average MVF and iron concentration in healthy or non-lesional WM, provided that the fibre orientation
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is known. The contribution of iron to R2
* was explored and explicitly included in a previously proposed

empirical model of R2
*. The orientation-independent phantom experiment then provided data in support

of the empirical model's expansion.

In WM of the healthy human brain, non-heme iron is stored in ferritin proteins and predominately

found in oligodendrocytes, the cells which form the myelin sheaths and utilize catalytic iron for myelin

production38. Therefore, a tight connection between iron and myelin content has to be assumed in WM.

Myelin loss in MS is not only found in focally demyelinated lesions, but also extends to non-lesional

WM21,39,40. Primarily, loss of myelin lipids rather than myelin proteins characterizes non-lesional myelin

loss, which occurs more diffusely than myelin loss within MS lesions41. Furthermore, a widespread

decrease of iron in NAWM23 and in focal lesions42 has been shown to relate to disease duration23. In

agreement with these findings, our data showed that compared to controls, both iron and myelin in non-

lesional WM are reduced in MS patients. In a matched cohort of healthy siblings of patients with MS,

on the  other  hand,  our  results  suggest  a  significant  increase  in  WM iron by 4.7  mg/kg of  tissue.

Although siblings of patients with MS have an increased likelihood of developing MS due to a similar

genetic background and comparable environmental risk factors43, the sibling cohort in our study, at an

average age of  50 years,  was older  than the typical  average  age  of  MS onset.  These  siblings  are

therefore quite unlikely to actually develop MS. It  has been suggested that oxidative stress due to

increased iron content is a further risk factor for MS44–46. While this potential risk factor may still be

present  in  the  sibling  cohort  in  the  form of  an  increased  WM iron  content  prior  to  any  disease

manifestations, other risk factors may be absent. Previous studies have reported radiological differences

in siblings of MS patients compared to controls47,48. In the present study, subjects with radiological

abnormalities, such as WM hyperintensities on FLAIR images, were excluded from the two healthy

cohorts. 

Assuming a myelin water content of 50%, the MVF of 17.32% in controls, 18.19% in siblings, and

16.02% in patients translate to MWFs of 8.66%, 9.10%, and 8.01%, respectively. These concentrations

are in good agreement with previous studies using myelin water imaging49–51. The values are also in

good agreement with a conversion between MWF and MVF presented recently52. Note, however, that

myelin not only affects the R2
* of myelin water but all water in the vicinity of myelin. Even without

myelin water, myelin would have an effect on R2
*(θ), since it induces non-local field inhomogeneities
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that reach well beyond the space occupied by myelin water. The range of both iron and myelin content

is in agreement with literature values. For iron, Hallgren and Sourander report a standard deviation of

8.8 mg per kg WM tissue in subjects with an age range of 30 to 100 years. While WM iron plateaus

after the age of 3515, myelin is known to decrease with healthy aging53,54, leading to a range of myelin

concentrations in healthy adults of different ages. Vavasour et al. reported a MWF of 8.9  ±  1.0% in

NAWM of MS patients, which is in good agreement the MVF of 16.02 ± 2.07% in our patient cohort40.

By computing  R2
*(θ), spatial information is lost. In return, the ability to fit an orientation-dependent

model to the acquired R2
* data is  gained,  providing a unique solution for the average global  WM

myelin and iron content. Since diffuse damage appears to accompany disease progression in MS21,

quantitative  whole  WM  estimates  for  iron  and/or  myelin  may  be  sensitive  markers  for  disease

progression. If this is the case, the scan for R2
* mapping would be readily available on most current

MRI scanners. Such approach would be clinically attractive because it provides simple quantitative

whole WM estimates for average myelin and iron content. Further correlation with clinical data55 or

biochemical data, such as serum ferritin levels56 would be straightforward. Note also that 3D gradient

echo  MRI will  likely  become part  of  routine  imaging protocols  for  MS,  as  it  is  required  for  the

detection of the central vein sign as a diagnostic marker for MS57–61. Lastly, this approach may also be

sensitive to diffuse WM-wide remyelination rendered possible by future treatment approaches for MS,

and  may  complement  measures  of  remyelination  in  focal  lesions  using  magnetization  transfer

imaging62, myelin water imaging28,63,64, or MR phase based approaches65,66. 

This work has some limitations. While the model yields realistic myelin and iron estimates, it should be

kept in mind that these values are averages across the entire WM and regional variations of myelin and

iron are  not  captured.  For  a  particular  voxel,  the  tissue  composition  is  not  known and variations

between different brain areas are to be expected. By pooling voxels from across the entire WM, these

regional differences are averaged out and R2
*(θ) becomes accessible, allowing for the determination of

realistic myelin and iron concentrations with high adjusted R2, albeit at the loss of spatial information. 

However, for fibre tracts that cover a sufficiently large range of orientations, it may be possible to

obtain  tract-specific  concentrations  of  myelin  and  iron.  Such  measurements  may  be  aided  by

acquisitions at different head orientations, but clinical feasibility of such approach would be limited.

Furthermore, since we avoided using an FA threshold for the selection of WM, voxels with low FA and
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poorly defined local fibre orientation were included in the analysis and averaged with other voxels.

Voxels with crossing fibres pose challenges to the model as well as to the analysis. Crossing fibres may

be present in voxels measured across all fibre orientations, and may subsequently be measured as an

orientation-independent R2
*(θ) contribution. By fitting the numerically obtained R2

*(θ) curves to in vivo

R2
*(θ), the model may overestimate iron content and underestimate myelin content due to the presence

of crossing fibres. Nevertheless, this is primarily a result of the diffusion acquisition techniques of fibre

orientation in in vivo data, and not of the efficacy of the numerical model. Advanced diffusion scans,

such as diffusion basis spectrum imaging67 and higher spatial resolution would alleviate some of the

issues by reducing the proportion of voxels with crossing fibres.  Furthermore,  in MS lesions with

profound axonal loss, the tissue orientation is also ill-defined. However, there was almost no difference

in  R2
*(θ)  when  lesions  were  included  or  excluded20.  This  finding  suggests  that  the  step  of  lesion

exclusion  may  be  omitted  for  the  investigation  of  non-lesional  WM  in  MS  using  the  proposed

approach. Since MS is associated with atrophy of about 0.5% per year68,69, the question arises on how

the  proposed  approach  is  affected  by  tissue  loss.  Brain  atrophy  in  MS  is  well  studied,  and  its

quantification was suggested to  aid clinical  assessment  of  MS68. While  atrophy may target  certain

structures more than others, it is agnostic to the angle between fibres and B0 during an MRI scan. With

atrophy, the averaging that leads to the R2
*(θ) curve happens across a smaller number of voxels, which

reduces the signal-to-noise ratio but does not affect the overall  shape of the R2
*(θ) curve.  Atrophy

would have to target a) a certain angle range and b) a certain R2
* within that angle range in order to

distort the R2
*(θ) curve. This would be a highly unnatural process.

We provide additional insight on the iron related c0 coefficient of an empirical model for R2
*(θ)11, with a

clear  correlation  displayed  between  coefficient  c0 and  iron  concentration.  By  including an  iron-

dependent slope of 0.081 ± 0.002 s-1 per mg iron per kg tissue, it may become possible to disentangle

the contributions of iron from overall R2
*(θ), with the remaining constant offset describing other tissue

contributions to R2
*. The obtained slope is in good agreement with the slope of 0.100 ± 0.007 s-1 at 0.14

BSA measured in the phantom, and with the slope of 0.100 s-1 per mg iron per kg tissue reported for

WM in a previous post-mortem study1. 

For the numerical model, several assumptions and simplifications were made: 
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1. We kept the number of simulated axons fixed and used the g-ratio to control the amount of myelin,

in  order  for  myelin  content  to  vary  as  a  continuous  variable.  With  only  a  few axons  within  the

simulated  volume,  it  is  not  possible  to  control  myelin  content  via  e.g.  myelinated  versus  non-

myelinated  axons  or  the  total  number  of  axons.  The  g-ratios  corresponding  to  the  best  fits  have

therefore no direct biological meaning and were converted to myelin content.

2. For ferritin, we assumed that all ferritin molecules are loaded with the same number of 4500 iron

atoms.  In reality,  ferritin  is  mostly  loaded with  fewer than  4500 iron  atoms70.  Therefore,  the  iron

content determined with our approach may not be translated to a number of ferritin molecules.

3. Only a small  piece of WM was simulated due to high computational cost. The reasons are that

ferritin and axons have length scales that differ by three orders of magnitude and that the simulation

has to be performed in three dimensions.

4. For similar reasons, we did not include vasculature in the model, which is another two orders of

magnitude larger than axons. A considerable proportion of the blood resides in blood vessels that run in

parallel with WM tracts71, causing a tissue orientation effect in gradient echo dynamic susceptibility

contrast perfusion MRI72,73.  Veins should therefore also contribute to R2
*  in an orientation-dependent

manner. However, the total blood volume in WM is only about 2.6%74, resulting in a venous WM blood

volume of less than 2%. Moreover, the blood volume in NAWM of patients with MS is only marginally

lower relative to controls75.

5. Diffusion of the proton spins was not taken into account and the signal loss was assumed to be

dominated by static dephasing. The diffusion lengths in the experimental data are much larger than the

characteristic lengths of the field inhomogeneities produced by both ferritin and axons26, suggesting

that  motional  narrowing  may  have  an  impact  on  R2
*.  With  static  dephasing,  the  model  fit  to  an

individual subject takes about half a day on a typical personal computer (Intel i7, 32 GB of memory).

The modelling of diffusion effects would increase the computational cost by at least two orders of

magnitude,  making  the  fitting  of a  total  of  91  subjects  computationally  infeasible. Even  without

modelling diffusion-mediated effects, we can see that iron-induced contributions are required to fit to

experimental  R2
* measured in WM. Furthermore, the iron-dependent slope derived from the phantom
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experiment (0.100 ± 0.007 s-1  per mg iron per kg) is in close agreement to the slope derived from the

static simulation (0.081 ± 0.002 s-1 per mg iron per kg). This implies that regardless of a static model or

a  model  with  diffusion,  the  contributions  of  iron  on  overall  R2
* are  additive,  and  independent  of

whether diffusion is modelled.

6. By fitting a mono-exponential  decay to the multi  echo data, we neglected the multi-exponential

nature of R2
* relaxation, which cannot be captured with a scan that only has 5 echoes.

7. We kept the T2 of myelin water,  intracellular and extracellular water constant between the three

cohorts. This simplification seems justified in a regime that is dominated by static dephasing.

In conclusion, we presented an approach for estimating average global non-lesional myelin and iron

content from orientation-dependent R2
* data. Application of the proposed numerical tissue model to in

vivo data shows significant loss of iron and myelin in subjects with MS, in line with histopathological

reports,  and  a  significant  increase  in  iron  in  healthy  siblings  of  subjects  with  MS.  The  proposed

approach may be useful for the assessment of disease progression in MS. 
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Figure Captions

Figure 1: An example of the magnetic field inhomogeneities generated by myelinated axons and ferritin

computed using equation 5. For this example, the tissue model was oriented at an angle of 90o relative

to the main magnetic field. 

Figure 2: Simulated R2
*() curves for different iron and myelin volume fractions. The red curve with

markers corresponds to typical R2
* measured in volunteers at 3T. Due to the orientation dependency of

myelin related R2
*, this curve cannot be obtained with myelin alone (green dashed, yellow dashed,

purple solid line). Without iron, the orientation dependency may be qualitatively the same as in the

measured data, but the overall R2
* is too low (yellow and green dashed lines). On the other hand, with a

myelin content that results in the correct R2
* at low angles, the orientation dependency (∆R2

*) is too

large (purple solid). R2
*() curves with different combinations of iron and myelin content have been

simulated (green, blue and orange solid). Relative to the optimal simulated R2
*  curve (red solid with

markers), these curves have the same R2
*  at low angles. At higher angles, however, the curves deviate

significantly from the realistic simulated R2
*  curve, due to the high myelin contents needed to achieve

realistic R2
*(0o) values.

Figure 3: (A) All simulated curves (solid lines) with fitted parameters overlaid on experimental R2
* data

(points) with patients with MS in green, healthy siblings of patients with MS in blue and unrelated

healthy controls in red. (B, C and D): The simulated curves from the individual cohorts of healthy

controls, siblings of MS patients, and MS patients, respectively.

Figure 4:  Iron concentration and myelin volume fraction (MVF) values for all three groups computed

by fitting the numerical model.  Coloured dots represent the fitted parameters for individual curves

grouped in either MS patients (green), healthy siblings of MS patients (blue) and unrelated healthy

controls (red). Significant differences in iron concentration were observed with comparisons between

healthy siblings of MS patients and unrelated healthy controls (p = 0.039), between unrelated healthy

22/24

Page 22 of 54

http://mc.manuscriptcentral.com/nbm

NMR in Biomedicine - For Peer Review Only

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Peer Review Only

controls and MS patients (p = 0.0016), and between healthy siblings of MS patients and MS patients (p

<  0.0001).  For  MVF  values,  significant  differences  were  observed  with  the  comparison  between

healthy siblings  of MS patients  and MS patients (p = 0.0019).  However,  the comparison between

unrelated healthy controls and healthy siblings of MS patients yielded no significant difference in MVF

(p = 0.17),  and remained insignificant  even without  the Bonferroni-Holm correction.  Although no

significant difference in MVF (p = 0.072) was observed the comparison between unrelated healthy

controls and MS patients, it should be noted that all reported p-values are corrected for Type I error via

the Bonferroni-Holm method. Pairwise comparison between MS patients and unrelated healthy controls

yielded an uncorrected p = 0.036.

Figure 5: R2
* measured in a phantom of 24 different concentrations of BSA and ferritin (iron). R2

*

values increase with increasing concentrations of BSA and ferritin. For a single value of measured R2
*,

several combinations of BSA and iron concentration are possible.
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Tables

Table 1: The demographic of subjects across all three cohorts. 

Table 2: The distribution of fitted parameters for all three groups with their corresponding coefficients

of  determination.  Relative  to  unrelated  healthy  controls,  significantly  increased  mean  iron

concentration  was  found  in  healthy  siblings  of  MS  patients.  Significantly  decreased  mean  iron

concentration was found in MS patients compared to the other two groups. Relative to healthy siblings

of MS patients, significantly decreased myelin volume fraction was found in MS patients.
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Figure 1: An example of the magnetic field inhomogeneities generated by myelinated axons and ferritin 
computed using equation 5. For this example, the tissue model was oriented at an angle of 90° relative to 

the main magnetic field. 
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Figure 2: Simulated R2
*(θ) curves for different iron and myelin volume fractions. The red curve with 

markers corresponds to typical R2
* measured in volunteers at 3T. Due to the orientation dependency of 

myelin related R2
*, this curve cannot be obtained with myelin alone (green dashed, yellow dashed, purple 

solid line). Without iron, the orientation dependency may be qualitatively the same as in the measured data, 
but the overall R2

* is too low (yellow and green dashed lines). On the other hand, with a myelin content that 
results in the correct R2

* at low angles, the orientation dependency (∆R2
*) is too large (purple solid). 

 R2
*(θ) curves with different combinations of  iron and myelin content have been simulated (green, blue and 

orange solid). Relative to the optimal simulated  R2
* curve (red solid with markers), these curves have the 

same R2
* at low angles. At higher angles, however, the curves deviate significantly from the realistic 

simulated R2
* curve, due to the high myelin contents needed to achieve realistic  R2

*(0o) values. 
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Figure 3: (A) All simulated curves (solid lines) with fitted parameters overlaid on experimental R2
* data 

(points) with patients with MS in green, healthy siblings of patients with MS in blue and unrelated healthy 
controls in red. (B, C and D): The simulated curves from the individual cohorts of healthy controls, siblings 

of MS patients, and MS patients, respectively. 
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Figure 4:  Iron concentration and myelin volume fraction (MVF) values for all three groups computed by 
fitting the numerical model. Coloured dots represent the fitted parameters for individual curves grouped in 

either MS patients (green), healthy siblings of MS patients (blue) and unrelated healthy controls (red). 
Significant differences in iron concentration were observed with comparisons between healthy siblings of MS 
patients and unrelated healthy controls (p = 0.039), between unrelated healthy controls and MS patients (p 

= 0.0016), and between healthy siblings of MS patients and MS patients (p < 0.0001). For MVF values, 
significant differences were observed with the comparison between healthy siblings of MS patients and MS 

patients (p = 0.0019). However, the comparison between unrelated healthy controls and healthy siblings of 
MS patients yielded no significant difference in MVF (p = 0.17), and remained insignificant even without the 

Bonferroni-Holm correction. Although no significant difference in MVF (p = 0.072) was observed the 
comparison between unrelated healthy controls and MS patients, it should be noted that all reported p-
values are corrected for Type I error via the Bonferroni-Holm method. Pairwise comparison between MS 

patients and unrelated healthy controls yielded an uncorrected p = 0.036. 
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Figure 5: R2
* measured in a phantom of 24 different concentrations of BSA and ferritin (iron). R2

* values 
increase with increasing concentrations of BSA and ferritin. For a single value of measured R2

*, several 
combinations of BSA and iron concentration are possible. 
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A computational  model,  which  incorporates  iron  content,
myelin content and fibre orientation to simulate R2

* decay in
white  matter,  is  proposed.  Applying  the  model  to  fibre
orientation  dependent  in  vivo R2

* data,  we  were  able  to
determine a unique solution of myelin and iron content in
global white matter, with significantly increased iron content
in healthy siblings of MS patients.  We demonstrate that  a
model combining myelin-induced orientation-dependent and
iron-induced orientation-independent components is able to
fit in vivo R2

* data. 

The role of iron and myelin in orientation dependent R2
* 

of white matter 

D. Kor, C. Birkl, S. Ropele, J. Doucette, T. Xu, V. 

Wiggermann, E. Hernández-Torres, S. Hametner and 

A.Rauscher......................................................................xx-xx
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Abstract

Brain myelin and iron content are important parameters in neurodegenerative diseases such as multiple

sclerosis (MS). Both myelin and iron content influence the brain's R2
* relaxation rate. However, their

quantification based on R2
* maps requires a realistic tissue model that can be fitted to the measured

data. In structures with low myelin content, such as deep gray matter, R2
* shows a linear increase with

increasing iron content. In white matter, R2
* is not only affected by iron and myelin but also by the

orientation of the myelinated axons with respect to the external magnetic field. Here, we propose a

numerical model which incorporates iron and myelin, as well as fibre orientation, to simulate R2
* decay

in white matter. Applying our model to fibre orientation-dependent  in vivo R2
* data, we are able to

determine  a  unique  solution  of  myelin  and iron  content  in  global  white  matter.  We determine  an

averaged myelin volume fraction of 16.02 ± 2.07% in non-lesional white matter of patients with MS,

17.32 ± 2.20% in matched healthy controls, and 18.19 ± 2.98% in healthy siblings of patients with MS.

Averaged iron content was 35.6 ± 8.9 mg/kg tissue in patients, 43.1 ± 8.3 mg/kg in controls, and 47.8 ±

8.2  mg/kg  in  siblings.  All  differences  in  iron  content  between  groups  were  significant,  while  the

difference in myelin content between MS patients and the siblings of MS patients was significant. In

conclusion,  we demonstrate  that  a  model  that  combines  myelin-induced orientation-dependent  and

iron-induced orientation-independent components is able to fit in vivo R2
* data. 
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Introduction

In the human brain, diamagnetic myelin and paramagnetic iron are major contributors to the magnetic

resonance signal's R2
* relaxation rate. In deep gray matter (DGM), post mortem studies have shown

that R2
* correlates well with tissue iron concentrations1–3. Therefore, R2

* is widely used as an in vivo

imaging  measure  for  DGM iron4–7.  In  the  white  matter  (WM),  the  situation  is  more  complicated.

Measured R2
* relaxation in WM depends not only on the tissue composition but also on the angle θ

between WM fibre tracts and the main magnetic field B0
8–13.  This orientation dependency has been

attributed to the magnetic field inhomogeneities generated by the  structural anisotropy of WM tracts

and the  anisotropic  magnetic  susceptibility  of  myelin  itself11,13,14.  While  DGM structures  have  the

highest iron concentrations of up to 240 mg iron per kg tissue, WM contains about 30 to 45 mg iron per

kg of tissue15,16. 

The radiological hallmarks of multiple sclerosis (MS) are hyperintense WM lesions on T2-weighted

MRI.  In addition to focal demyelinated WM lesions, diffuse alteration of the non-lesional WM has

been  observed  when  using  various  MR  methodologies,  such  as  proton  MR  spectroscopy17,

magnetization transfer ratio18,  myelin water  imaging19,  or  R2
* in  combination with diffusion tensor

imaging (DTI).  By associating a measured R2
*   with a fibre orientation, θ, computed from DTI, the  

orientation dependent   R  2
*  (θ) can be calculated  20  .   Histopathological studies have revealed diffuse and

extensive damage in the normal appearing white matter (NAWM), encompassing myelin loss, axonal

injury,  microglia  activation,  and perivascular  inflammatory infiltrates21,22.  In MS, NAWM iron was

found to be gradually reduced over the course of the disease23,  possibly accompanying the loss of

myelin21. These pathological findings offer an explanation on why R2
*(θ) differs significantly between

patients  with MS, healthy controls,  and healthy siblings of patients with MS20.  Therefore,  there is

clinical interest in quantifying both myelin and iron in the entire WM from MRI data. However, myelin

and iron both increase R2
*. An approach to separate the contribution of iron and myelin to R2

* is to

measure  temperature-dependent  R2
*,  which  is  however  restricted  to  post  mortem  studies24.  While

quantitative susceptibility mapping25 is able to distinguish paramagnetic (e.g. iron) from diamagnetic

(e.g. myelin) susceptibility sources, it does not distinguish myelin loss from iron increase, as both lead

to an increase in magnetic susceptibility26. 
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The behaviour of the magnetic susceptibility of myelin is described by a tensor14. Consequently, myelin

induces a modification on the local magnetic field that depends on the angle between the myelinated

axon and the main magnetic field, B0
14,27. Since iron is predominantly stored in ferritin, a protein shell

with an approximately spherical  biomineral  core,  its  modifications  on the local  magnetic  field are

orientation-independent11. This key difference between myelin sheaths and iron cores opens another

avenue for the interrogation of tissue myelin and iron with MRI via the orientation dependency of R2
*.

Such an approach requires a model describing how R2
* depends on these two quantities and the axons'

orientation relative to B0. 

Here,  we present  a  numerical  tissue model that considers contributions from orientation-dependent

myelin and orientation-independent iron. With this model, we compute orientation-dependent R2
* from

first principles. By fitting the modelled R2
*(θ) curves to experimental data, we obtain global averages

for iron and myelin contents in non-lesional WM of patients with MS, healthy siblings of patients, and

unrelated healthy controls. The findings obtained from the numerical tissue model are then put into

context with a previous R2
* model11. Finally, by acquiring data in an orientation-independent phantom at

varying  combinations  of  diamagnetic  bovine  serum  albumin  (BSA)  and  paramagnetic  ferritin

concentrations, we explore how these two substances influence R2
*, albeit in an orientation-independent

manner.

 

Theory

Numerical Tissue Model

Myelinated axons and ferritin were modelled as cylinders and spheres, respectively. Axon sizes were

modelled as a gamma distribution around a mean radius of 0.46 μm, with the distribution's  shape

parameter of 3.82, and assigned a packing density of approximately 64%13. For a 3T external magnetic

field, a T2 relaxation time of 15 ms was assumed for myelin water, and 63 ms for intracellular and

extracellular water28. Each ferritin molecule was allocated a radius of 4 nm, with the sphere assumed to

be filled with 4500 ferric ions29. Subvoxels containing ferritin were assigned a T2 relaxation time of

0.001 ms, which is arbitrary but effectively leads to zero transverse magnetization. Myelin g-ratio and

the iron concentration were left  as free-varying parameters.  For the simulation,  the myelin sheath,

which is related to myelin g-ratio, was assumed to consist of 50% water30.  Due to the presence of

ferritin, there is no cylindrical symmetry and the tissue had to be modelled in three dimensions. The
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ferritin molecules were randomly distributed throughout a plane centred at the simulated volume, to

ensure  that  the  magnetic  field  inhomogeneities  generated  by  the  ferritin  were  captured  by  the

simulation  volume.  The  intra-axonal  and  extra-axonal  spaces  were  assigned  a  reference  magnetic

susceptibility of χ = 0, with all other magnetic susceptibilities relative to this reference value. The

magnetic susceptibility of the ferritin was assumed to be a scalar with χf = 520 ppm26,31.  In tensor

notation, this is represented as a diagonal matrix with identical entries:

The magnetic susceptibility of myelin is a rank 2 tensor:

where  isotropic  magnetic  susceptibility  of  myelin  is  χ i =  -60  ppb  and  its  anisotropic  magnetic

susceptibility is χa = -120 ppb14. To produce a simulated three-dimensional magnetic susceptibility map

χ of a WM tissue voxel, the tissue compartments were assigned the magnetic susceptibilities of myelin,

ferritin,  as well as intra- and extra-axonal water. Prior to magnetic field computation,  a coordinate

transformation was performed on χ to obtain the magnetic susceptibility map in the common reference

frame of the axon, χR:

where the magnetic susceptibility values are now dependent on their spatial position, defined by radial

coordinate r and azimuthal coordinate ϕ, relative to the axon and R is the rotation matrix defined as:

The magnetic field created by this configuration was then forward calculated in the Fourier domain via

Equation 5, as derived in27: 
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where ∆f(r,ϕ) is  the off resonance frequency in Hz, χR(r,ϕ) denotes the spatial  susceptibility tensor

matrix defined relative to the reference frame of the axon, g is the gyromagnetic ratio, FT is the Fourier

Transform and FT-1 is the inverse Fourier Transform. The vectors Ĥ = [sin(θ), 0, cos(θ)] and k = [kx,

ky,  kz] represent the unit  direction vector of the external magnetic field and the spatial  frequency

vector, respectively, where θ represents the fibre orientation relative to the external magnetic field. In

the  simulation,  the  external  magnetic  field,  H,  is  assumed  to  be  3T.  For  isotropic  magnetic

susceptibility, the tensor becomes a diagonal matrix and the forward calculation becomes a convolution

with  a  unit  dipole  kernel.  An illustration  of  the  magnetic  field  inhomogeneities  generated  by  the

model’s geometry is shown in Figure 1. 

Model

The geometry of  the  model  for  both ferritin  and axons spans  length  scales  across  three  orders  of

magnitude. The myelinated axons and ferritin were simulated on a 600 × 600 × 60 array of subvoxels

that corresponds to a 2.4 × 2.4 × 0.24 μm3 volume. A spatial resolution of 4 nm per subvoxel was used,

following the  observation  of  numerical  rounding artifacts  when simulating  at  the  initially  decided

spatial resolution of 8 nm. 

For  any  given  fibre  orientation  between  0  and  90  degrees  (in  5-degree  intervals),  the  transverse

magnetization within the 3D volume was simulated for a multi-gradient echo signal up to 100 ms in

steps of 5 ms. For a given echo time, the signal was computed by taking the magnitude of the integral

over the complex signals in the 600 × 600 × 60 subvoxels. Note that the phase evolution during these 5

ms intervals may be more than  2π,  but  when computing the signal,  we are only interested in  the

subvoxels’ phase at a certain time and not how many 2π revolutions have happened until then. A single

exponential was then fitted to the computed signal decay in order to simulate R2
*. 

In vivo Human Data

The numerical myelin-ferritin model described in Section Model was applied to R2
*(θ) of 39 subjects

with MS, 31 healthy siblings of subjects with MS, and 30 healthy unrelated controls (see Table 1 for
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demographic details) published previously20. All subjects gave their written informed consent according

to the Declaration of Helsinki.  All subjects were scanned on a 3T system (Philips Achieva) using an 8-

channel SENSE head coil. Data for R2
* maps were acquired with a three dimensional gradient echo

sequence with five echoes (TR = 28 ms, TE1 = 5 ms, echo spacing = 5 ms, acquired voxel size = 0.9 ×

1.0 × 1.6 mm3, reconstructed voxel =  0.8 × 0.8 × 0.8 mm3). R2
* maps were calculated by fitting a

mono-exponential function to the signal decay in each voxel. Diffusion tensor imaging (DTI) data were

collected with a spin echo planar sequence (b0 = 0, b1 = 1000, 16 directions, TR/TE = 7465/75 ms,

FOV = 212 × 212 mm2, 60 slices of 2.2 mm thickness, in-plane resolution = 2.2 × 2.2 mm2). DTI data

were  analyzed  using  FSL32 and  fibre  orientation  maps  were  computed  as  the  angle  between  the

principal diffusion direction v1 and B0.  The 3D T1- and T2-weighted scans were acquired with the

following sequences: 3D T1-weighted scan: acquired voxel size = 1.0 × 1.0 × 1.6 mm3, reconstructed

voxel =  0.8 × 0.8 × 0.8 mm3, TR/TE = 7.6/3.7 ms, and FOV = 256 × 256 × 160 mm3. 3D T2-weighted

scan: acquired voxel size = 1.0 × 1.0 × 1.6 mm3, reconstructed voxel =  0.8 × 0.8 × 0.8 mm3, TR/TE =

2500/363 ms, and FOV = 256 × 256 × 160 mm3. The combination (T1 — T2) / (T1 + T2) of the T1- and

T2-weighted scans has enhanced contrast between WM, GM and subcortical structures33, and was used

for tissue segmentation with FSL’s FAST. For DGM, we manually defined every structure using SWI

and FA images. All WM masks were eroded with a 4 × 4 × 4 mm3 kernel prior to further analysis. In

MS patients, focal lesions were excluded from the R2
* analysis. These lesions were manually defined

based on both T1-weighted images and the combination (T1  — T2) / (T1 + T2). Thresholding WM via

fractional anisotropy (FA) was avoided because FA is known to change in the non-lesional WM of

patients with MS34,35. For each subject, all voxels with orientations within 5-degree intervals around a

given angle θ were pooled to calculate the average R2
* relaxation rate. The numerical R2

* model was

then fitted to each individual R2
*(θ)-curve. An a priori decision was made to exclude subjects if best fits

were too poor (adjusted R2 < 0.70). 

Fitting the Tissue Model to in vivo Human Data

Input parameters for a best fit with the experimental data were determined through a gradient descent

based L2-norm minimization algorithm using MATLAB’s lsqcurvefit (NLLS, Matlab 2014b). Weighted

fits  were performed on previously published experimental R2
*(θ) data acquired in healthy controls,

subjects with MS, and healthy siblings of subjects with MS, with weights corresponding to the number

of voxels in a given fibre orientation angle bin20. The lowest number of voxels are for fibre bundles
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parallel to the direction of B0 (0o), with increasing number of voxels for increasing angles. Note that this

difference in the number of voxels is not a feature of the brain but a mere geometrical effect. For any

given direction, the number of fibre bundles is lowest parallel to the direction9.  In all three groups,

myelin volume fraction (MVF) and iron concentration were chosen as varying parameters. To model

myelin content as a continuous variable, the axons' g-ratio was used as a measure of myelin content.

The MVF was allowed to vary between 11.0% to 25.3% for non-lesional WM, while iron concentration

was permitted to vary from 15 to 65 mg of iron/kg of fresh tissue, with an initial assumption of 42.4

mg/kg for healthy iron concentration in WM15. The corresponding myelin water fraction (MWF) was

obtained by halving the MVF. Best fits were chosen on the basis of highest coefficient of determination

(adjusted R2). 

Statistical Analysis

Statistical analysis was performed using R (lmerTest and lsmeans Package).  To account for age as a

covariate,  linear  regression  analysis  was  performed  to  determine  relations  between  individual

parameters (MVF and iron concentration) and age. For both acquired parameters, a one-way analysis of

covariance (ANCOVA), with age accounted for, was conducted for simultaneous comparison between

the  three  cohorts  (patients,  siblings,  controls).  In  cases  where  the  parameters  were  determined by

ANCOVA to be significantly different (p < 0.05) between all 3 groups, a subsequent Bonferroni-Holm

was performed to correct for Type I error. We assessed the differences in the mean iron concentration

and MVF values across the three cohorts. 

Fit of an Empirical Model to R2
*() simulated with the Numerical Tissue Model

Lee and colleagues11 have proposed an empirical model for R2
*  in WM

where MWF denotes the myelin water fraction, c0 is a myelin-independent and orientation-independent

contribution  to  R2
*(θ),  c1 is  the  orientation-independent  contribution  of  myelin,  and  c2 and  c3 are

orientation-dependent  contributions  of  myelin.  We  simulated  R2
*(θ)  for  different  iron  and  myelin

concentrations  using  our  numerical  model,  and  fitted  Equation  6  to  the  resulting  simulated  data.

Coefficients c0 and c2 were chosen as varying parameters, while c1 and c3 were kept fixed at 0.17 and

0.025,  respectively,  as  previously  determined11.  We investigated  the  behaviour  of  the  myelin-
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independent  and  orientation-independent  coefficient  c0 as  a  function  of  the  simulated  iron

concentrations.  The  MVF  in  a  range  based  on  the  minimum  MVF  and  maximum  MVF  values

previously predicted from best fits to human data, with increments of 0.2%. For each MVF value, a

total of 5 different iron concentration values were simulated (range from 0 to 60 mg/kg, with intervals

of  12  mg/kg).  A linear  regression  was  then  fitted  to  the  c0 versus  iron  concentration  function  to

determine a linear regression coefficient. This was repeated for all simulated MVF and the final linear

regression coefficient for iron was obtained by averaging the individual coefficients. This resultant

linear regression coefficient is the simulated iron-dependent slope that relates the myelin-independent

and orientation-independent contribution of R2
*(θ), c0, to a global average iron content in NAWM. To

check  normality,  a  Kolmogorov-Smirnov  test36 was  applied  on  the  distribution  of  iron-dependent

slopes.

Phantom Data

A phantom containing 24 different concentrations of BSA (A2153, Sigma-Aldrich; Vienna, Austria)

and  ferritin  from equine  spleen  (F4503,  Sigma-Aldrich;  Vienna  Austria)  was  generated  to  mimic

variations of iron and myelin content similar to brain tissue37. The four weight fractions of BSA relative

to water were 0.14, 0.18, 0.22 and 0.26. Ferritin was varied from 0 to 150 mg of iron/kg of fresh tissue,

with 6 increments of 25 mg/kg. 2D GRE data of the phantom were acquired at 37°C24 on a 3T scanner

(Tim Trio; Siemens Healthcare, Erlangen, Germany), with TE = 4.7, 10.51, 16.1, 21.69, 27.28 ms, TR

= 470 ms, and flip angle = 15°. To reach the desired temperature, the phantom was flushed with water

at  37°C prior  to  data  acquisition,  using  a  water  pump and a  heating  device  to  maintain  constant

temperature.  To prevent flow artifacts,  the water pump was switched off during scanning. R2
* was

calculated voxel-wise by a mono-exponential fit to the decay data. R2
* was analyzed in circular regions

of interest (ROI) in each tube. For each BSA concentration, a linear regression was fitted to obtain the

linear relationship between measured R2
* and actual iron concentration, referred to as the experimental

iron concentration dependent slope.

Results

Simulations of Various Contents of Myelin and Iron for the Numerical Tissue Model

Numerical simulations for different concentrations of myelin and iron in WM are shown in Figure 2.

The red curve with markers corresponds to a plausible situation in healthy subjects, assuming 17.32%
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MVF and  43.1  mg/kg  iron.  Here,  R2
*(θ)  ranged  from R2

*(0o)  =  21.17 s−1 to  R2
*(90o)  =  23.13  s−1

(difference  in  R2
* between  0o and  90o ∆R2

* =  1.96  s−1).  This  R2
*(θ)  cannot  be  simulated  without

contributions from iron.  A simulation without iron but with the same ∆R2
* results in an overall R2

* that

is too low, ranging from R2
*(0o) = 16.67 s−1 to R2

*(90o) = 18.64 s−1. On the other hand, a simulation

without iron that matches R2
*(0o) results in an unrealistically high MVF of 53.92% and an excessive

orientation dependency. In general, simulations with non-zero but low iron content that match R2
*(0o)

result  in  myelin  concentrations  that  are  too  high.  Lastly,  a  realistic  MVF of  17.32% and  an  iron

concentration of 0 mg/kg results in a realistic orientation dependence but an overall R2
* that is too low.

Fitting the Numerical Model to in vivo Human Data

Best fits to the individual R2
*(θ) curves of each subject yielded distributions of iron concentration and

MVF (Table 2, Figures 3 and 4).  A total of 34 (out of 39) subjects with MS, 28 (out of 31) healthy

siblings  of  MS patients,  and 29 (out  of  30)  healthy controls  yielded best  fits  with  coefficients  of

determination R2 > 0.70. Iron concentration was found to be highest in healthy siblings of MS patients,

while the MVF was comparable between healthy controls and siblings. Conversely, the MS group was

found to have the lowest MVF and iron concentration. Upon performing an ANCOVA with Bonferroni-

Holm correction for all three cohorts, the averaged iron concentration remained significantly increased

in healthy siblings of MS patients relative to controls (p = 0.039) and significantly decreased in MS

patients, when compared to controls (p = 0.0016) and healthy siblings (p < 0.0001). Averaged MVF

was found to be significantly lower in MS patients (p = 0.0019), relative to healthy siblings of MS

patients. Compared with the unrelated control group, no significant difference in MVF was found in

healthy siblings (p = 0.13) and MS patients (p = 0.072). Using the averages of myelin and iron contents

obtained from the fits (Table 2), average R2
*(θ) curves were computed and compared with the averages

of the  in vivo R2
*(θ) curves. The adjusted coefficients of determination were R2 = 0.95 for unrelated

healthy controls, R2 = 0.95 for healthy siblings of MS patients, and R2 = 0.93 for MS patients.

Fitting the Empirical R2
*(θ) Model to R2

*(θ) simulated with the Numerical Tissue Model

The MVF of the numerical model was varied from 12.20% to 25.10% with increments of 0.2% to

produce 69 different MVF values. This range was chosen based on the maximum MVF of 25.23% and

minimum MVF of 12.12% obtained by fitting the numerical model to the human data (Table 2). For the

linear regression fit to the coefficient c0 versus iron concentration (IC) function, an averaged regression
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coefficient of 0.081  ± 0.002 s-1 per mg iron per kg tissue and an intercept of 17.19  ± 0.41 s-1 were

obtained. The adjusted coefficient of determinations ranged from R2 = 0.80 to 0.99, with mean adjusted

R2 = 0.94 ± 0.06. Values of all 69 iron-dependent slopes, as predicted by the Kolmogorov-Smirnov test,

appear to be normally distributed (p > 0.15). Substituting these results into the model by Lee et al.

described in Eq. (6), we obtain an extended model that also incorporates iron concentration

where c0 splits into an IC-independent constant and an IC-dependent component. 

Phantom

Both an increase in BSA and ferritin result  in an increase in R2
* (Figure 5).  The linear regression

yielded adjusted R2 between 0.97 and 0.99. A BSA concentration of 0.14 approximately mimics in vivo

WM properties37.  For  an  iron  concentration  of  43  mg/kg  and  0.14  BSA to  water  per  weight,  R2
*

becomes 22.6 s-1, which is similar to in vivo WM R2
*. The slopes of R2

*([Fe]) increase with increasing

BSA concentrations ranging from 0.100 ± 0.007 s-1 per mg iron per kg tissue at 0.14 BSA (green line

with circles) to 0.147 ± 0.009 s-1 per mg iron per kg tissue at 0.26 BSA (red line with triangles). Given

the linear relation between R2
* and iron concentration for different BSA concentrations, a single value

for R2
* may result from various combinations of values for iron and BSA concentration. An R2

* of 30 s-

1, for instance, may correspond to a mix of 60 mg/kg iron and 0.18 BSA, or to an iron concentration

118 mg/kg and 0.14 BSA. For a single measurement of R2
*, there is no unique value for iron and BSA

concentration. Furthermore, the experimental iron-dependent slope of 0.100 ± 0.007 s-1 per mg iron per

kg tissue determined for 0.14 BSA provides a basis of comparison with the simulated iron-dependent

slope of 0.081 ± 0.002 s-1 per mg iron per kg tissue.

Discussion

In this work, we propose a numerical tissue model to describe R2
* in human WM. Furthermore, we

performed  an  orientation-independent  phantom experiment,  which  showed  that  there  is  no  unique

solution  of  ferritin  and  BSA concentrations  that  match  a  given  R2
*.  By exploiting  the  orientation

dependency of WM R2
* in  vivo,  which originates from the axons'  macroscopic anisotropy and the

orientation-dependent magnetic susceptibility of myelin, it is possible to compute a unique solution of

average MVF and iron concentration in healthy or non-lesional WM, provided that the fibre orientation
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is known. The contribution of iron to R2
* was explored and explicitly included in a previously proposed

empirical model of R2
*. The orientation-independent phantom experiment then provided data in support

of the empirical model's expansion.

In WM of the healthy human brain, non-heme iron is stored in ferritin proteins and predominately

found in oligodendrocytes, the cells which form the myelin sheaths and utilize catalytic iron for myelin

production38. Therefore, a tight connection between iron and myelin content has to be assumed in WM.

Myelin loss in MS is not only found in focally demyelinated lesions, but also extends to non-lesional

WM21,39,40. Primarily, loss of myelin lipids rather than myelin proteins characterizes non-lesional myelin

loss, which occurs more diffusely than myelin loss within MS lesions41. Furthermore, a widespread

decrease of iron in NAWM23 and in focal lesions42 has been shown to relate to disease duration23. In

agreement with these findings, our data showed that compared to controls, both iron and myelin in non-

lesional WM are reduced in MS patients. In a matched cohort of healthy siblings of patients with MS,

on the  other  hand,  our  results  suggest  a  significant  increase  in  WM iron by 4.7  mg/kg of  tissue.

Although siblings of patients with MS have an increased likelihood of developing MS due to a similar

genetic background and comparable environmental risk factors43, the sibling cohort in our study, at an

average age of  50 years,  was older  than the typical  average  age  of  MS onset.  These  siblings  are

therefore quite unlikely to actually develop MS. It  has been suggested that oxidative stress due to

increased iron content is a further risk factor for MS44–46. While this potential risk factor may still be

present  in  the  sibling  cohort  in  the  form of  an  increased  WM iron  content  prior  to  any  disease

manifestations, other risk factors may be absent. Previous studies have reported radiological differences

in siblings of MS patients compared to controls47,48. In the present study, subjects with radiological

abnormalities, such as WM hyperintensities on FLAIR images, were excluded from the two healthy

cohorts. 

Assuming a myelin water content of 50%, the MVF of 17.32% in controls, 18.19% in siblings, and

16.02% in patients translate to MWFs of 8.66%, 9.10%, and 8.01%, respectively. These concentrations

are in good agreement with previous studies using myelin water imaging49–51. The values are also in

good agreement with a conversion between MWF and MVF presented recently52. Note, however, that

myelin not only affects the R2
* of myelin water but all water in the vicinity of myelin. Even without

myelin water, myelin would have an effect on R2
*(θ), since it induces non-local field inhomogeneities
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that reach well beyond the space occupied by myelin water. The range of both iron and myelin content

is in agreement with literature values. For iron, Hallgren and Sourander report a standard deviation of

8.8 mg per kg WM tissue in subjects with an age range of 30 to 100 years. While WM iron plateaus

after the age of 3515, myelin is known to decrease with healthy aging53,54, leading to a range of myelin

concentrations in healthy adults of different ages. Vavasour et al. reported a MWF of 8.9  ±  1.0% in

NAWM of MS patients, which is in good agreement the MVF of 16.02 ± 2.07% in our patient cohort40.

By computing  R2
*(θ), spatial information is lost. In return, the ability to fit an orientation-dependent

model to the acquired R2
* data is  gained,  providing a unique solution for the average global  WM

myelin and iron content. Since diffuse damage appears to accompany disease progression in MS21,

quantitative  whole  WM  estimates  for  iron  and/or  myelin  may  be  sensitive  markers  for  disease

progression. If this is the case, the scan for R2
* mapping would be readily available on most current

MRI scanners. Such approach would be clinically attractive because it provides simple quantitative

whole WM estimates for average myelin and iron content. Further correlation with clinical data55 or

biochemical data, such as serum ferritin levels56 would be straightforward. Note also that 3D gradient

echo  MRI will  likely  become part  of  routine  imaging protocols  for  MS,  as  it  is  required  for  the

detection of the central vein sign as a diagnostic marker for MS57–61. Lastly, this approach may also be

sensitive to diffuse WM-wide remyelination rendered possible by future treatment approaches for MS,

and  may  complement  measures  of  remyelination  in  focal  lesions  using  magnetization  transfer

imaging62, myelin water imaging28,63,64, or MR phase based approaches65,66. 

This work has some limitations. While the model yields realistic myelin and iron estimates, it should be

kept in mind that these values are averages across the entire WM and regional variations of myelin and

iron are  not  captured.  For  a  particular  voxel,  the  tissue  composition  is  not  known and variations

between different brain areas are to be expected. By pooling voxels from across the entire WM, these

regional differences are averaged out and R2
*(θ) becomes accessible, allowing for the determination of

realistic myelin and iron concentrations with high adjusted R2, albeit at the loss of spatial information. 

However, for fibre tracts that cover a sufficiently large range of orientations, it may be possible to

obtain  tract-specific  concentrations  of  myelin  and  iron.  Such  measurements  may  be  aided  by

acquisitions at different head orientations, but clinical feasibility of such approach would be limited.

Furthermore, since we avoided using an FA threshold for the selection of WM, voxels with low FA and
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poorly defined local fibre orientation were included in the analysis and averaged with other voxels.

Voxels with crossing fibres pose challenges to the model as well as to the analysis. Crossing fibres may

be present in voxels measured across all fibre orientations, and may subsequently be measured as an

orientation-independent R2
*(θ) contribution. By fitting the numerically obtained R2

*(θ) curves to in vivo

R2
*(θ), the model may overestimate iron content and underestimate myelin content due to the presence

of crossing fibres. Nevertheless, this is primarily a result of the diffusion acquisition techniques of fibre

orientation in in vivo data, and not of the efficacy of the numerical model. Advanced diffusion scans,

such as diffusion basis spectrum imaging67 and higher spatial resolution would alleviate some of the

issues by reducing the proportion of voxels with crossing fibres.  Furthermore,  in MS lesions with

profound axonal loss, the tissue orientation is also ill-defined. However, there was almost no difference

in  R2
*(θ)  when  lesions  were  included  or  excluded20.  This  finding  suggests  that  the  step  of  lesion

exclusion  may  be  omitted  for  the  investigation  of  non-lesional  WM  in  MS  using  the  proposed

approach. Since MS is associated with atrophy of about 0.5% per year68,69, the question arises on how

the  proposed  approach  is  affected  by  tissue  loss.  Brain  atrophy  in  MS  is  well  studied,  and  its

quantification was suggested to  aid clinical  assessment  of  MS68. While  atrophy may target  certain

structures more than others, it is agnostic to the angle between fibres and B0 during an MRI scan. With

atrophy, the averaging that leads to the R2
*(θ) curve happens across a smaller number of voxels, which

reduces the signal-to-noise ratio but does not affect the overall  shape of the R2
*(θ) curve.  Atrophy

would have to target a) a certain angle range and b) a certain R2
* within that angle range in order to

distort the R2
*(θ) curve. This would be a highly unnatural process.

We provide additional insight on the iron related c0 coefficient of an empirical model for R2
*(θ)11, with a

clear  correlation  displayed  between  coefficient  c0 and  iron  concentration.  By  including an  iron-

dependent slope of 0.081 ± 0.002 s-1 per mg iron per kg tissue, it may become possible to disentangle

the contributions of iron from overall R2
*(θ), with the remaining constant offset describing other tissue

contributions to R2
*. The obtained slope is in good agreement with the slope of 0.100 ± 0.007 s-1 at 0.14

BSA measured in the phantom, and with the slope of 0.100 s-1 per mg iron per kg tissue reported for

WM in a previous post-mortem study1. 

For the numerical model, several assumptions and simplifications were made: 
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1. We kept the number of simulated axons fixed and used the g-ratio to control the amount of myelin,

in  order  for  myelin  content  to  vary  as  a  continuous  variable.  With  only  a  few axons  within  the

simulated  volume,  it  is  not  possible  to  control  myelin  content  via  e.g.  myelinated  versus  non-

myelinated  axons  or  the  total  number  of  axons.  The  g-ratios  corresponding  to  the  best  fits  have

therefore no direct biological meaning and were converted to myelin content.

2. For ferritin, we assumed that all ferritin molecules are loaded with the same number of 4500 iron

atoms.  In reality,  ferritin  is  mostly  loaded with  fewer than  4500 iron  atoms70.  Therefore,  the  iron

content determined with our approach may not be translated to a number of ferritin molecules.

3. Only a small  piece of WM was simulated due to high computational cost. The reasons are that

ferritin and axons have length scales that differ by three orders of magnitude and that the simulation

has to be performed in three dimensions.

4. For similar reasons, we did not include vasculature in the model, which is another two orders of

magnitude larger than axons. A considerable proportion of the blood resides in blood vessels that run in

parallel with WM tracts71, causing a tissue orientation effect in gradient echo dynamic susceptibility

contrast perfusion MRI72,73.  Veins should therefore also contribute to R2
*  in an orientation-dependent

manner. However, the total blood volume in WM is only about 2.6%74, resulting in a venous WM blood

volume of less than 2%. Moreover, the blood volume in NAWM of patients with MS is only marginally

lower relative to controls75.

5. Diffusion of the proton spins was not taken into account and the signal loss was assumed to be

dominated by static dephasing. The diffusion lengths in the experimental data are much larger than the

characteristic lengths of the field inhomogeneities produced by both ferritin and axons26, suggesting

that  motional  narrowing  may  have  an  impact  on  R2
*.  With  static  dephasing,  the  model  fit  to  an

individual subject takes about half a day on a typical personal computer (Intel i7, 32 GB of memory).

The modelling of diffusion effects would increase the computational cost by at least two orders of

magnitude,  making  the  fitting  of a  total  of  91  subjects  computationally  infeasible. Even  without

modelling diffusion-mediated effects, we can see that iron-induced contributions are required to fit to

experimental  R2
* measured in WM. Furthermore, the iron-dependent slope derived from the phantom
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experiment (0.100 ± 0.007 s-1  per mg iron per kg) is in close agreement to the slope derived from the

static simulation (0.081 ± 0.002 s-1 per mg iron per kg). This implies that regardless of a static model or

a  model  with  diffusion,  the  contributions  of  iron  on  overall  R2
* are  additive,  and  independent  of

whether diffusion is modelled.

6. By fitting a mono-exponential  decay to the multi  echo data, we neglected the multi-exponential

nature of R2
* relaxation, which cannot be captured with a scan that only has 5 echoes.

7. We kept the T2 of myelin water,  intracellular and extracellular water constant between the three

cohorts. This simplification seems justified in a regime that is dominated by static dephasing.

In conclusion, we presented an approach for estimating average global non-lesional myelin and iron

content from orientation-dependent R2
* data. Application of the proposed numerical tissue model to in

vivo data shows significant loss of iron and myelin in subjects with MS, in line with histopathological

reports,  and  a  significant  increase  in  iron  in  healthy  siblings  of  subjects  with  MS.  The  proposed

approach may be useful for the assessment of disease progression in MS. 
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Figure Captions

Figure 1: An example of the magnetic field inhomogeneities generated by myelinated axons and ferritin

computed using equation 5. For this example, the tissue model was oriented at an angle of 90o relative

to the main magnetic field. 

Figure 2: Simulated R2
*() curves for different iron and myelin volume fractions. The red curve with

markers corresponds to typical R2
* measured in volunteers at 3T. Due to the orientation dependency of

myelin related R2
*, this curve cannot be obtained with myelin alone (green dashed, yellow dashed,

purple solid line). Without iron, the orientation dependency may be qualitatively the same as in the

measured data, but the overall R2
* is too low (yellow and green dashed lines). On the other hand, with a

myelin content that results in the correct R2
* at low angles, the orientation dependency (∆R2

*) is too

large (purple solid). R2
*() curves with different combinations of iron and myelin content have been

simulated (green, blue and orange solid). Relative to the optimal simulated R2
*  curve (red solid with

markers), these curves have the same R2
*  at low angles. At higher angles, however, the curves deviate

significantly from the realistic simulated R2
*  curve, due to the high myelin contents needed to achieve

realistic R2
*(0o) values.

Figure 3: (A) All simulated curves (solid lines) with fitted parameters overlaid on experimental R2
* data

(points) with patients with MS in green, healthy siblings of patients with MS in blue and unrelated

healthy controls in red. (B, C and D): The simulated curves from the individual cohorts of healthy

controls, siblings of MS patients, and MS patients, respectively.

Figure 4:  Iron concentration and myelin volume fraction (MVF) values for all three groups computed

by fitting the numerical model.  Coloured dots represent the fitted parameters for individual curves

grouped in either MS patients (green), healthy siblings of MS patients (blue) and unrelated healthy

controls (red). Significant differences in iron concentration were observed with comparisons between

healthy siblings of MS patients and unrelated healthy controls (p = 0.039), between unrelated healthy
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controls and MS patients (p = 0.0016), and between healthy siblings of MS patients and MS patients (p

<  0.0001).  For  MVF  values,  significant  differences  were  observed  with  the  comparison  between

healthy siblings  of MS patients  and MS patients (p = 0.0019).  However,  the comparison between

unrelated healthy controls and healthy siblings of MS patients yielded no significant difference in MVF

(p = 0.17),  and remained insignificant  even without  the Bonferroni-Holm correction.  Although no

significant difference in MVF (p = 0.072) was observed the comparison between unrelated healthy

controls and MS patients, it should be noted that all reported p-values are corrected for Type I error via

the Bonferroni-Holm method. Pairwise comparison between MS patients and unrelated healthy controls

yielded an uncorrected p = 0.036.

Figure 5: R2
* measured in a phantom of 24 different concentrations of BSA and ferritin (iron). R2

*

values increase with increasing concentrations of BSA and ferritin. For a single value of measured R2
*,

several combinations of BSA and iron concentration are possible.
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Tables

Table 1: The demographic of subjects across all three cohorts. 

Table 2: The distribution of fitted parameters for all three groups with their corresponding coefficients

of  determination.  Relative  to  unrelated  healthy  controls,  significantly  increased  mean  iron

concentration  was  found  in  healthy  siblings  of  MS  patients.  Significantly  decreased  mean  iron

concentration was found in MS patients compared to the other two groups. Relative to healthy siblings

of MS patients, significantly decreased myelin volume fraction was found in MS patients.
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