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37 ABSTRACT

38 Obtaining a histological fingerprint from the in-vivo brain has been a long-standing
39 target of magnetic resonance imaging (MRI). In particular, non-invasive imaging of iron and
40  myelin, which are involved in normal brain functions and are histopathological hallmarks in a
41  few neurodegenerative diseases, has practical utilities in neuroscience and medicine. Here,
42 we propose a biophysical model that describes the individual contribution of iron and myelin
43 to MRI signals via their difference in magnetic susceptibility (i.e., paramagnetic iron vs.
44 diamagnetic myelin). Using this model, we develop a method, y-separation, that generates
45  the voxel-wise distributions of iron and myelin. The method is validated using computer
46  simulation and phantom experiments, and applied to ex-vivo and in-vivo brains. The results
47  delineate the well-known histological features of iron and myelin in the specimen (e.g., co-
48 localization of iron and myelin in Gennari line), healthy volunteers (e.g., myelin-lacking and
49  iron-rich pulvinar), and multiple sclerosis patients (e.g., demyelinated iron-rim lesion). This
50 new in-vivo histology technology, taking less than 20 min, may serve as a practical tool for

51  exploring the microstructural information of the brain.
52
53 Keywords:

54 Magnetic Resonance Imaging (MRI), In-vivo histology, Quantitative susceptibility
55  mapping, x-separation, Magnetic susceptibility source separation, Iron imaging, Myelin

56  imaging, quantitative MRI.
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58  Introduction

59 In neuroscience, histology has provided rich information of microscopic brain

60  anatomy, assisting to discover neuron® and parcellate cerebral cortex”. Even today, we rely on

61  histology in exploring microscale pathogenesis of neurological diseases’ or identifying
62  cortical myeloarchitecture and subcortical nuclei’. Despite the utility of histology, it
63  inevitably entails a tissue invasion, limiting the opportunity of applying the technology to the

64  in-vivo brain.

65 Magnetic resonance imaging (MRI) is a powerful non-invasive tool for visualizing
66  brain anatomy and function. Various image contrasts of MRI provide the physical
67 information of tissues such as T, relaxation, T, relaxation, and diffusion. Recently, efforts
68 have been made to build connections between MRI measurements and microstructural
69  properties of the brain (e.g., neurite density and myelination) that are not directly available at
70 an MRI resolution’ . These approaches allow us to estimate voxel-averaged microstructural

71  information of the in-vivo brain that used to be accessible only via ex-vivo histology.

72 One of the promising contrasts for the new technology, which is referred to as in-vivo
73 histology, is magnetic susceptibility, measured by T,* decay and/or phase evolution®’. The
74 contrast was utilized to reveal laminar structures in cortices (e.g., stria of Gennari’), tiny
75  nuclei in subcortices (e.g., nigrosome 1 and 4'%), and variations of iron concentration in

76 superficial white matter''.

77 In the brain, the susceptibility contrast has been demonstrated to originate primarily
78  from two sources: iron and myelin'%. These substances have essential roles in normal brain
79  functions. For example, iron is known to contribute to the synthesis of myelin, DNA, and
80  neurotransmitters”’. Changes in iron homeostasis are related to the pathogenesis of multiple

81  sclerosis (MS), Alzheimer’s diseases (AD), and Parkinson’s disease'*".

For myelin,
82  production and degradation have shown to be involved in development'®, neuro-plasticity'’,
83  and neurodegenerative diseases such as MS and leukodystrophy'®'’. As a result, the two

84  substances have been suggested as important biomarkers for neurological disorders.

85 Interestingly, iron and myelin have the opposite magnetic susceptibility
86  characteristics: paramagnetic iron vs. diamagnetic myelin. This difference may provide an

87  opportunity to differentiate the substances. However, measuring the individual concentration
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88 is still challenging because they co-exist in most of the brain regions and collectively

89  determine the susceptibility contrasts™™*'.

Efforts have been made to separate the
90 contributions of iron and myelin. Schweser et al. suggested to quantify regional iron in
91 quantitative susceptibility mapping (QSM) by removing myelin contribution measured by
92 magnetization transfer’. Stiiber et al. proposed to infer iron and myelin concentrations via a
93  multivariate linear regression analysis between R; and R,* vs. iron and myelin concentrations
94  measured by proton-induced X-ray emission”. In these studies, however, the relation

95  Dbetween the MRI measurements and the two substances were determined empirically rather

96 than via biophysical modeling.

97 In this work, we formulate a new biophysical model that explains the individual
98  contribution of paramagnetic (e.g., iron) and diamagnetic (e.g., myelin) susceptibility sources
99 to MRI signals. By exploiting the model, we develop a new susceptibility source separation
100  method, y-separation, which estimates the individual concentration of the two sources even
101  when they co-exist in a voxel. Our biophysical model and y-separation method are validated
102  using a numerical simulation and an experimental phantom. Then, the y-separation method is
103  tested for its specificity to iron and myelin using an ex-vivo human brain specimen by
104  comparing the y-separation results with an iron image from laser ablation-inductively
105  coupled plasma-mass spectrometry (LA-ICP-MS) and a myelin image from Luxol fast blue
106  (LFB) stain. Finally, the method is applied to the in-vivo human brain, revealing
107  histologically well-known features of iron and myelin. In MS patients, the y-separation
108  results suggest to characterize lesion types, demonstrating the feasibility of applying the

109 method for clinical research.

110
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111  RESULTS
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113 Figure 1. Conceptual illustration of MRI resonance frequency shift and transverse
114  signal decay from positive and negative susceptibility sources. a-c, Imaging volume with a
115  voxel at the origin containing randomly distributed spherical susceptibility sources. The
116  sources have positive susceptibility in the first column, negative susceptibility in the second
117 column, and both positive and negative susceptibility in the third column. d-f, Microscopic

118  view of the susceptibility source distribution. g-i, Magnetic field perturbation induced by the
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119  susceptibility sources when the By field is applied. j-l, Voxel-averaged frequency shift in the
120  imaging volume. The frequency shift is zero when the same amounts of the positive and
121  negative susceptibility sources exist in the voxel (I). m-0, Transverse signal decay with
122 irreversible (Ry) and reversible (R,’) transverse relaxation rates in the voxel at the origin. The
123 voxel containing both positive and negative susceptibility sources show R’ as the sum of R,’

124 from the positive-source-only voxel and the negative-source-only voxel (0).
125
126  Biophysical model for g-separation

127 When a susceptibility source is positioned in a magnetic field, the field within and
128  around the source is perturbed according to Maxwell’s equations (Fig. 1). This field
129  perturbation creates variations in the resonance frequency of MRI. The frequency shift (Af),
130  originating from a bulk magnetic susceptibility distribution (y(r)), has been modeled as

131 follows**:
132 Af(r) = De(r) = x(1) [Eq. 1]

133 where r is the position vector of a voxel, Dy is a field perturbation kernel, and * denotes a
134  convolution operation. The kernel can be analytically derived from Maxwell’s magneto-static

135  equations™**

and has a well-known field pattern of a magnetic dipole. In conventional QSM,
136 Af is obtained from the phase of an MRI signal, and then y is estimated by the

137 deconvolution of Dy from Af26’27.

138 If a voxel contains both paramagnetic and diamagnetic susceptibility sources, the
139  bulk magnetic susceptibility can be expressed as the sum of positive susceptibility (i.e.,
140 Xpos > 0) and negative susceptibility (i.e., Xpeg < 0) of the voxel. Then, the frequency shift
141  can be expressed as the signed sum of the effects of two susceptibility sources. Therefore, Eq.

142 1 can be written as follows:

143 Af(r) = Df(r) * ()(pos(r) + Xneg(r))- [Eq. 2]

144 The decay of a transverse MRI signal has been described by two different time
145  constants, R, and R,’, which are referred to as irreversible and reversible transverse

146  relaxation rates, respectively. The R, relaxation originates primarily from magnetic
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147  susceptibility sources when ignoring chemical exchange and chemical shift effects. In the
148  static dephasing regime, which postulates low diffusivity and low susceptibility source

149 concentration, the decay of a voxel can be modeled as follows?' :
150 Ry'(r) = Dy (r) - [x(r)| [Eq. 3]

151  where D, is a relaxometric constant between R;’ and susceptibility. This equation suggests
152  that R;’ is linearly proportional to the concentration of susceptibility sources regardless of the
153  sign of them. The relaxometric constant can be estimated by the ratio of R,’ to absolute

154  susceptibility.

155 The R,” model in Eq. 3 can be extended to consider a voxel that contains both

156  positive and negative susceptibility sources (see Supplementary Note):
157 Rzl(r) = Dr,pos(r) ' |Xpos(r)| + Dr,neg (1‘) ' |Xneg (1‘)| [Eq~ 4]

158  where D, ps and D, are the relaxometric constants for the positive and negative

159  susceptibility sources, respectively. An important implication of this equation is that Ry’ is

160  determined by the (weighted) absolute sum of the effects of the two susceptibility sources.

161 Using Eqgs. 2 and 4, the effects of magnetic susceptibility on a complex MRI signal

162  can be modeled as follows:
Rzl(r) + 27 - Af(r) = Dr,pos : |Xpos(r)| + Dr,neg : |Xneg(r)|

163 +27tDp (1) * (Xpos(T) + Xneg (1)) [Eq. 5]

164  where D, 5,5 and D, ., are nominal relaxometric constants for the positive and negative
165  susceptibility sources, respectively, assuming spatial invariance. By solving Eq. 5, we can
166  obtain the distributions of the positive and negative magnetic susceptibility sources. For

167  details of implementation, see Supplementary Information.
168
169  Monte-Carlo simulation for validation

170 To demonstrate the validity of our susceptibility model (Eqs. 2 and 4) and y-

171  separation method, Monte-Carlo simulation is performed and the results are summarized in
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172 Fig. 2 and Supplementary Figure 2. Nine cylinders with different combinations of
173  susceptibility source compositions (first row: positive-source-only, second row: negative-
174  source-only, and third row: sum of the positive and negative sources) and susceptibility
175  concentrations are designed as shown in Fig. 2a-b. The resulting frequency shift maps
176  demonstrate that the magnetic field perturbations around the positive-source-only cylinders
177  and the negative-source-only cylinders show the dipole patterns as suggested in Eq. 1 (Fig.
178  2c). The Ry’ maps, on the other hand, reveal localized R,' within the source-containing voxels
179  (Fig. 2d). The cylinders in the last row, containing the mixtures of the positive and negative
180  susceptibility sources, demonstrate zero frequency shift in the frequency shift maps, while the
181 R, maps report the contrasts proportional to the absolute sum of the positive and negative
182  susceptibility (Supplementary Figure 2). These observations validate our susceptibility model,
183  which states that the signed sum of y,,; and Xneg determines the frequency shift while the
184  absolute sum of them decides R,'. The positive and negative relaxometric constants are
185 measured as 321 Hz/ppm (Fig. 2e). When y-separation is applied to the Monte-Carlo
186  simulated frequency shift and R,' maps, the positive and negative susceptibility maps
187  demonstrate successful separation of the two sources as demonstrated in Fig. 2f-g. The linear
188  regression result confirms the accuracy of the y-separation results (assigned susceptibility vs.
189  measured susceptibility in the single-source-only cylinders: slope = 0.99, R* = 1.00, dashed
190 line in Fig. 2h; assigned susceptibility vs. measured susceptibility in the mixed-source
191  cylinders: slope = 0.99, R* = 1.00, solid line in Fig. 2h; slight underestimation from the

192  numerical errors in the dipole kernel calculation).

193
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195 Figure 2. Validation of y-separation using the Monte-Carlo simulation. a-b, Positive and
196  negative susceptibility maps assigned for the simulation. c-d, Frequency shift (Af) and R;'
197  maps generated from the simulation. €, Absolute values of the assigned susceptibility vs. Ry’
198  (red upper triangles: positive-source-only cylinders; blue lower triangles: negative-source-
199  only cylinders). Both of the relaxometric constants are 321 Hz/ppm (R* = 1.00). f-g, Positive
200 and negative susceptibility maps reconstructed from y-separation. The y-separation results

201  demonstrate a successful reconstruction of the assigned susceptibility. h, Assigned
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202  susceptibility vs. y-separation results (magenta crosses: positive susceptibility in the positive-
203  source-only cylinders; cyan crosses: negative susceptibility in the negative-source-only
204  cylinders; red circles: positive susceptibility in the mixed-source cylinders; blue circles:
205 negative susceptibility in the mixed-source cylinders). The susceptibility values from y-
206  separation match well with the assigned susceptibility values (regression results of assigned
207  vs. single-source-only cylinder measurements: slope = 0.99 with R* = 1.00, dashed line;
208  regression results of assigned vs. mixed-source cylinder measurements: slope = 0.99 with R*

209  =1.00, solid line)
210
211  Phantom experiment for validation

212 A phantom experiment using the positive (Fe;O4) and negative (CaCOs3)
213 susceptibility sources further consolidates the validity of our model and y-separation. Figure
214 3c shows the arrangement of the phantom with the different compositions of Fe;O, and
215  CaCO;s (first row: positive-source-only, second row: negative-source-only, and third row: sum
216  of the positive and negative sources). The frequency shift map demonstrates the opposite
217  field patterns between the positive (first-row) and negative (second-row) susceptibility
218  sources (Fig. 3a). The third row, containing both sources, shows no conspicuous frequency
219  shift, suggesting the signed sum of the susceptibility sources determines the frequency shift.
220  On the other hand, R,' reports dependence not on the signed sum but on the absolute sum of
221  the susceptibility sources (Fig. 3b and Supplementary Figure 3). The relaxometric constants
222 are measured as 275 Hz/ppm (Tpos; R’ = 1.00) for the positive source and 291 Hz/ppm
223 (m; R* = 0.83) for the negative source (Supplementary Figure 4). When y-separation is
224  applied, the results demonstrate successful separation of the two sources, revealing the
225  positive susceptibility in the first and third cylinders and the negative susceptibility in the
226 second and third cylinders (Fig. 3d-e). The linear regression results in Figure 3f show that the
227  susceptibility values in the positive-source-only and negative-source-only cylinders agree
228  with those in the mixed-source cylinders, confirming the validity of y-separation (slope =

229 0.94; R*=1.00).

230
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232 Figure 3. Validation of y-separation using the phantom experiment. a-b, Frequency shift
233 and R, maps from MRI measurements. C, Assigned susceptibility source concentrations
234 (Fes04 for the positive susceptibility source and CaCOs for the negative susceptibility source)
235 d-e Positive and negative susceptibility maps reconstructed from y-separation. The results
236 demonstrate successful separation of the two sources. f, Susceptibility measurements in the
237  single-source-only cylinders vs. mixed-source cylinders (red dots: positive susceptibility in
238  positive-source-only cylinders vs. mixed-source cylinders; blue dots: negative susceptibility
239  in negative-source-only cylinders vs. mixed-source cylinders). The susceptibility values from
240  the mixed-source cylinders match well with those from the single-source-only cylinders
241  (regression results: slope = 0.94 with R? of 1.00). Vertical and horizontal error bars in (f)

242  indicate the standard deviation of the measurements in each cylinder.

243
244 EX-vivo brain specimen

245 When y-separation is applied to an ex-vivo brain specimen containing the primary
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246  visual cortex (V1), the positive and negative susceptibility maps reveal great similarities to
247  the iron image from LA-ICP-MS and the myelin image from LFB myelin staining,
248  respectively (Fig. 4; see Supplementary Figure 5 for zoomed-in) despite complex
249  microscopic environment of the brain (see Discussion). Overall, the cortex shows higher
250  positive susceptibility and lower negative susceptibility than white matter (Fig. 4c-d). These
251  patterns are in good agreement with the iron and myelin images in Fig. 4e and f. In V1, which
252  is near the calcarine fissure outlined by the green lines, distinct laminar patterns are captured
253  in the positive and negative susceptibility maps. The positive susceptibility map (Fig. 4c)
254  shows three distinct layers, which reveal very low intensity in the superficial layer, an
255  intensity peak in the middle layer (yellow arrows), and high intensity in the deep layer. These
256  patterns are well-recognized in the iron image (Fig. 4e). In both images, the intensity peak
257  disappears in the secondary visual cortex (V2). Compared to the positive susceptibility map,
258  the negative susceptibility map (Fig. 4d) demonstrates a different pattern that illustrates low
259  intensity in the superficial layer, an intensity peak in the middle layer, and low intensity in the
260  deep layer, agreeing with the myelin histology image (Fig. 4f). The distinct peak in the
261  middle layer of both susceptibility maps (Fig. 4c-d, yellow arrowheads) coincides with the
262  previously reported histological characteristics of the stria of Gennari, featuring the co-
263  existence of high concentration of iron and myelin (see Supplementary Figure 5 for a
264  zoomed-in image)*®. Intensity variations in the susceptibility maps are also observed in white
265  matter and are in accordance with the iron and myelin images. In particular, stratum sagittale
266  internum (purple squares in Fig. 4c-d) reports higher positive susceptibility and lower
267 negative susceptibility than the surrounding white matter regions (red triangles: optic
268  radiation; green stars: forceps), agreeing with the iron and myelin images (Fig. 4e-f) and
269  previous reports'>?’. On the other hand, these histological features are scantily observable or

270 interpretable in the conventional contrasts (Fig. 4a-b).

271
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273  Figure 4. Comparison between y-separation maps vs. iron and myelin images in the
274  human brain specimen containing V1. a-b, Frequency shift and R,* maps from MRI
275  measurements. C-d, Positive ()pos) and negative susceptibility (¥neg) maps from y-separation.

276 €, Iron image from LA-ICP-MS (Fe, , ;cp.is)- T, Myelin image from LFB myelin staining.

277  The positive susceptibility map reveals similar contrasts to the iron image whereas the
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278  negative susceptibility map shows similar features to the myelin image. Yellow arrowheads
279  point the stria of Gennari that shows high concentrations of iron and myelin (see
280  Supplementary Figure 5 for zoomed-in). Asterisks indicate V1-V2 boundaries. The pial
281  surfaces of the calcarine fissure are delineated by green dashed lines. Red triangles, purple
282  squares, and green stars mark optic radiation, stratum sagittale internum, and forceps,
283  respectively. These white matter fibers show different concentrations of iron and myelin (e-f)

284  which correspond well with the y-separation results (c-d).
285
286  Healthy volunteers

287 When y-separation is applied to healthy volunteers, the positive and negative
288  susceptibility maps (Figure 5 for a whole-brain slice and Figure 6 for a few zoomed-in
289  regions) render well-known characteristics of iron and myelin distributions that are not
290 available in conventional contrasts (Fig. 5a-c and Supplementary Figure 6), suggesting the
291  utility of y-separation in vivo. For example, the deep gray matter regions show not only high
292  positive susceptibility but also low negative susceptibility concentrations (yellow arrows in
293 Fig. 5d-e), agreeing with high iron and low myelin concentrations in the areas’’~'. In the
294  negative susceptibility map, white matter reveals high signal intensity. In particular, optic
295  radiation and forceps major (green and blue arrows in Fig. Se), which are known to have high
296  concentrations of myelin®, demonstrate high negative susceptibility concentrations. On the
297  other hand, cortical gray matter shows low signal intensity in the negative susceptibility map,
298 agreeing with our myelin histology (Fig. 4f). The total susceptibility map (Fig. 5f)
299  demonstrates good similarities to the conventional QSM map (Fig. 5c). When analyzed for a
300 few regions of interest (ROIs), the results from the positive susceptibility map better explains
301 the literature values of iron concentrations than those of the conventional QSM
302 (Supplementary Figure 7). The relaxometric constant is estimated as 137 Hz/ppm with R* of
303  0.70 (Supplementary Figure 8).

304
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Conventional QSM
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305

306  Figureb. In-vivo results of a healthy volunteer. a-c, Frequency shift, R,*, and conventional
307  QSM maps. d-e, Positive and negative susceptibility maps from y-separation, reporting well-
308 known iron and myelin distributions (e.g. high iron but low myelin concentrations in deep
309 gray matter; high myelin concentrations in optic radiation and forceps major) that are not
310 available in the conventional contrasts. Yellow, green, and blue arrows indicate deep gray
311  matter, optic radiation, and forceps major, respectively. f, Total susceptibility map calculated

312  asthe sum of the positive and negative susceptibility maps.
313

314 When the in-vivo y-separation maps of the basal ganglia, thalamus, and midbrain
315  areas are zoomed-in and compared with the histology images from the literatures®®>?, the
316  positive and negative susceptibility maps match well with the iron and myelin histology
317  results, respectively (Fig. 6). In basal ganglia (Fig. 6a-d), hyperintense positive susceptibility
318 and hypointense negative susceptibility are observed in iron-rich but myelin-deficient regions

319  including caudate nucleus (CN), globus pallidus (GP), and putamen (Put). On the other hand,
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320 hyperintensity in the negative susceptibility map (Fig. 6¢) is observed in myelin-rich regions,
321  depicting anterior limb of internal capsule (ALIC), external capsule (EC), fornix (Fx), and
322 posterior limb of internal capsule (PLIC). In thalamus (Fig. 6e-h), the two sub-thalamic
323 nuclei, pulvinar (Pul) and nucleus dorsomedialis (ND) where myelin concentrations are low
324  (arrows in Fig. 6h), are identified in the negative susceptibility map (arrows in Fig. 6g). In
325  particular, Pul shows high iron concentration (Fig. 6¢), which is also observed in the positive
326  susceptibility map (Fig. 6f). The rest of the thalamus reveals both positive and negative
327  susceptibility sources that are supported by the iron and myelin histology images. In midbrain
328  (Fig. 6i-1), red nucleus (RN) and substantia nigra (SN) show high iron but low myelin
329  concentrations in histology. These variations are well-demonstrated in the positive and
330 negative susceptibility maps (Fig. 6j-k) while the opposite characteristics being observed in

331  crus cerebri (CrC).

332
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334  Figure 6. Comparison between in-vivo y-separation resultsvs. iron and myelin histology
335 from literatures. Zoom-in images of (a-d) basal ganglia, (e-h) thalamus, and (i-1) midbrain
336  with (a, g, i) iron staining images, (b, f, j) positive susceptibility maps of y-separation, (C, g,
337 k) negative susceptibility maps of y-separation, and (d, h, |) myelin staining images. Similar
338  distributions are observed between the positive susceptibility maps and the iron staining
339 images as well as the negative susceptibility maps and the myelin staining images. The y-

340  separation results reveal exquisite details of the brain anatomy that match with the iron and
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341  myelin histology: ALIC - anterior limb of internal capsule, CN - caudate nucleus, CrC - crus
342  cerebri, EC - external capsule, Fx - fornix, GP - globus pallidus, ND - nucleus dorsomedialis,
343  PLIC - Posterior limb of internal capsule, Pul - pulvinar, Put - putamen, RN - red nucleus,
344  and SN - substantia nigra. Histological images are reproduced from Drayer et al.* (& i),
345  Naidich et al.** (€), and Schaltenbrand-Wahren®' (d, h, I). For visualization, the myelin

346  staining images were intensity-inverted and replicated with the left-right symmetry.
347
348  Multiple sclerosis patients

349 The results from two MS patients in Fig. 7 demonstrate the application of y-
350  separation in characterizing MS lesions. A lesion in Patient 1 (Fig. 7a, white box) renders
351 rim-shaped hyperintensity in the positive susceptibility map (Fig. 7b) and overall
352  hypointensity in the negative susceptibility map (Fig. 7c). These observations agree with the
353  characteristics of the well-known ““iron-rim lesion,” which has iron accumulation at the lesion
354  boundary and demyelination in the lesion core™. Different from this lesion, a lesion in Patient
355 2 (Fig. 7g, white box) show hypointensity in both positive and negative susceptibility maps
356  (Fig. 7h-i1). These patterns are in line with the histology of another popular lesion subtype,
357 which has demyelination and iron depletion in the lesion’*. In the conventional contrasts (Fig.
358  7d-fand j-l), however, these interpretations are not possible because the contrasts measure the

359  combined effects of iron and myelin.

360
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FLAIR Xpos Aneg Af R,* Conventional QSM

MS patient 1

Zoomed-in

MS patient 2

Zoomed-in

Figure 7. In-vivo results of two M S patients with characteristic lesions. a and g, FLAIR
images. b and h, Positive susceptibility maps. ¢ and i, Negative susceptibility maps. d and j,
Frequency shift maps. e and k, R,* maps. f and |, Conventional QSM maps. The zoom-in
images show the areas (white boxes) containing typical MS lesions (MS patient 1:
demyelinated iron-rim lesion; MS patient 2: demyelinated lesion with iron depletion). Red

arrows indicate the location of the lesions in the FLAIR images.
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369 DISCUSSION

370 The newly proposed method, y-separation, reveals the details of brain anatomy that
371 are not easily visible in conventional MR images. In particular, the clear delineation of
372  subthalamic nuclei and midbrain structures (Fig. 6) may provide valuable information in such
373 applications as deep brain stimulation® and focused ultrasound surgery™. Similarly, y-
374  separation images can be used as inputs for multi-contrast brain parcellation®’, providing a
375  subject-specific localization of subthalamic nuclei and midbrain structures. The localization
376  may be used to detect the volume change of subthalamic nuclei in psychosis®. In MS
377  research, the iron and myelin information may improve the understanding of the disease
378  pathogenesis and lesion characterization, which are limited by the co-variation of iron and
379  myelin in lesions and surrounding areas™**’. Another application is AD where amyloid plaque,
380  which is diamagnetic’!, is one of the histopathological hallmarks of the disease. The magnetic
381  property of the plaque is changed to be paramagnetic when iron accumulates in the plaque®.
382  The resulting paramagnetic property of the amyloid plaque has been captured in R,* and
383 QSM™*. The y-separation method may distinguish paramagnetic iron from diamagnetic

384  amyloid plaque, potentially introducing a new AD imaging biomarker.

385 In this work, the positive and negative susceptibility maps are regarded as markers
386 for iron and myelin, respectively, assuming the two are the only sources of magnetic
387  susceptibility in the brain. The assumption is supported by previous studies'>*. Although rare,
388 however, additional susceptibility sources such as calcium®® and copper'’ may exist

389  particularly in pathological conditions. Therefore, interpreting the results requires caution.

390 White matter has a complex microstructural geometry, which is not captured in our
391  model, potentially creating errors in the susceptibility estimation. Despite this microstructural
392  environment of the brain, our ex-vivo and in-vivo results show the potential of y-separation in
393  identifying the distribution of paramagnetic (i.e., iron) and diamagnetic (i.e., myelin) sources
394  (Figs. 4 and 6). Recently, efforts have been made to build a susceptibility model of white

48,49

395  matter, suggesting the susceptibility source (i.e., myelin) in the hollow cylinders with

396 anisotropic effects’”!

. Our model may be extended to incorporate this model and improve
397  the accuracy when additional information such as fiber orientation is included. In such a
398  model, the negative relaxometric constant can be formulated as a function of the fiber

399  orientation.
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400 Our model is established under the hypothesis that R,’ and frequency shift are solely
401  determined by susceptibility concentration in the static dephasing regime. However,
402  additional contrast sources such as chemical exchange may contribute to frequency shift
403 and/or R,’, although the effect size is smaller than that of susceptibility’>>. Additionally, the
404  static dephasing condition may or may not hold for biological tissues and is affected by water
405  diffusivity, and the size, geometry, and characteristic frequency of susceptibility sources'>>*,
406  influencing the relaxometric constant™. If the static dephasing condition breaks, R, and R,*
407 measurements can be changed by sequence parameters such as the echo space in spin

56,57

408 echo™™’, affecting y-separation results.

409 The relaxometric constants in the simulation and phantom experiment were estimated
410 by changing the source concentrations and measuring the corresponding R,’ changes. On the
411  other hand, the in-vivo constant was estimated from deep gray matter ROIs and was used for
412 both positive and negative relaxometric constants due to the absence of knowledge on the
413 source concentrations. Although assumed to be constant in our experiment, the in-vivo
414  relaxometric constant may vary across brain regions, influenced by the size, geometry, and
415  characteristic frequency of susceptibility sources™ . A further technique needs to be
416  developed for an accurate measurement of the value. When we performed the y-separation
417  reconstruction of the computer simulation and in-vivo data for a range of the relaxometric
418  constant (75% to 125% of the original value), the susceptibility estimations showed
419  qualitatively similar contrasts (Supplementary Figure. 9), suggesting that our in-vivo results

420  are at least qualitatively relevant.

421 In the Monte-Carlo simulation, the susceptibility measurements from y-separation
422 revealed slight underestimation when compared to the assigned susceptibility values (slopes
423 of the linear lines: 0.99 in Fig. 2h). This underestimation can be explained by the numerical

424 errors from a finite sampling of the dipole pattern as demonstrated in a previous study®'.

425 In the phantom experiment, the susceptibility sources, especially CaCOs, were not
426  fully resolved in water, resulting in the aggregation of the sources. This aggregation is
427  observed as a few spotty variations in the cylinders (Fig. 3) and maybe a source for the
428  estimation errors in the y-separation results (Fig. 3f; Supplementary Figure 3d and e;

429  Supplementary Figure 4).

430 In Figs. 5 and 7, negative susceptibility values are observed in voxels near large
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431  vessels despite paramagnetic deoxyhemoglobin in the vessels. This error is due to the
432 macroscopic field inhomogeneity effects from the vessels, creating non-local R,’. This
433 condition violates our assumption of fully localized R,’ in Eq. 4, creating artifacts in the
434  results. In addition to this artifact, additional artifacts from large By field inhomogeneity,
435  inaccurate background field removal, and fiber orientation effects, that are observed in
436 conventional QSM, are also noticeable in y-separation (Supplementary Figure 10). Further
437  technical development is expected to remove these artifacts and to improve the image quality

438  of y-separation.

439
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440 OUTLOOK

441 We have demonstrated that a new biophysical model, describing the individual
442  contribution of the positive and negative susceptibility sources to MRI signals, enables us to
443 generate the maps of positive (i.e., iron) and negative (i.e., myelin) susceptibility sources in
444 the human brain. This new technology was validated using computer simulation and
445  experimental phantom and applied to ex-vivo and in-vivo human brains, producing high
446  quality images of iron and myelin non-invasively. The results of healthy volunteers illustrate
447  exquisite details of histologically well-known information of iron and myelin distributions,
448  localizing structures such as nucleus dorsomedialis and pulvinar in thalamus. The images
449  from multiple sclerosis patients reveal distinct characteristics of a few multiple sclerosis
450  lesions such as iron-rim lesion and demyelinated lesion with iron depletion. The acquisition
451  of y-separation data takes less than 20 min of MRI scan time, which can be further reduced
452  with currently available fast imaging approaches, and, therefore, can be used as a practical
453 tool for imaging microstructural information of the brain. Clinically, the technique could lead
454  to in-vivo monitoring of pathogenesis of neurological diseases that entail changes in iron and
455  myelin. It could also be applicable to neuroscience studies, exploring personalized
456  localization of deep gray matter nuclei or identifying activity-induced myelin changes from

457  neuroplasticity.
458

459
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460 METHODS
461  Monte-Carlo ssimulation

462 To validate the two susceptibility models (Egs. 2 and 4), and the y-separation method
463  (Eq. 5), a Monte-Carlo simulation was performed. A total of nine segments were designed to
464  have the nine different combinations of susceptibility source compositions (positive-source-
465  only, negative-source-only, and sum of the positive and negative sources) and susceptibility
466  concentrations (+£0.0125, £0.025, and +0.0375 ppm) (Fig. 2a-b). Each segment had 26 x 26 x
467 32 voxels, in which existed a cylinder (diameter: 8 voxels; length: 32 voxels) containing
468  susceptibility sources (radius: 1 pm; susceptibility: +520%° or —520 ppm). The field
469  perturbation from the susceptibility sources was calculated using Maxwell’s equation®,
470  assuming the By field of 3 T. The longitudinal axis of the cylinders was assigned to be
471  perpendicular to the By field. In each voxel, 1000 protons performed random walks,
472 following Gaussian diffusion with the diffusion coefficient of 1 pm?/ms. Each proton had a
473  unit magnetization and R, of 10 Hz. In each time step (100 ps), the phase of the proton
474  magnetization was accumulated by the susceptibility-induced field. Then, the voxel-averaged
475  signal was calculated for the echo time (TE) of 2.6 ms to 27.1 ms with the echo spacing of
476 4.9 ms. This simulation was repeated 444 times with randomly repositioned protons and
477  susceptibility sources, and the results were averaged for each voxel. After that, the magnitude
478  signal decay was fitted to an exponential model to estimate R,*, whereas the phase evolution
479  was fitted to a linear model to measure frequency shift. The R,” map was calculated by
480  subtracting the R, from the R,* map. Other details of the simulation are described in
481  Supplementary Information. The simulation was performed using 12 GPUs (Nvidia GTX
482  1080Ti, Santa Clara, CA), and the total simulation time was 21 days.

483 The relaxometric constants were determined by the slope of the linear regression line
484  of the averaged R,' values with respect to the absolute values of the assigned susceptibility in
485 the positive-source-only cylinders for rpos and the negative-source-only cylinders for
486 Tneg. After that, the y-separation algorithm was applied to each segment, reconstructing the
487  positive and negative susceptibility maps. The mean susceptibility value of each cylinder was
488  compared with the assigned value. For analysis, linear regression was performed for the
489  susceptibility values from the positive-source-only and negative-source-only cylinders and

490 for those from the mixed-source cylinders.
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491
492  Phantom experiment

493 For the phantom experiment, a large cylindrical container (diameter: 120 mm, length:
494 92 mm) was filled with 1.5% agarose gel (Agarose ME, Daejung, Siheung, Republic of
495  Korea). Before the gel hardened, a plastic cast was position to form a 3 x 3 hollow cylinder
496  array (cylinder diameter: 12 mm, length: 46 mm). These hollow cylinders were filled with
497  different compositions and concentrations of susceptibility sources mixed with 1.5% agarose
498  gel. For the susceptibility sources, iron oxide (Fe;Os, Bangs Laboratories Inc., Fisher, IN,
499  USA) was used for positive susceptibility, and calcium carbonate powder (CaCOs, Yakuri
500 Pure Chemicals, Kyoto, Japan) for negative susceptibility. In the first-row cylinders of the
501 array, the iron oxide-containing gel of 0.25, 0.50, and 0.75 mg/ml iron oxide concentrations
502  was assigned. In the second row, the calcium carbonate powder-containing gel of 12.5, 25.0,
503 and 37.5 mg/ml calcium carbonate concentrations was assigned. In the third-row cylinders,
504  the mixtures of the iron oxide and calcium carbonate were created with the concentrations as
505 the sum of the first two rows (Fig. 3c). To prevent precipitation of the susceptibility sources,

506  an agarose solution was shaken before pouring into the hollow cylinder.

507 The phantom was scanned at 3 T MRI (Siemens Tim Trio, Erlangen, Germany). The
508 longitudinal axis of the small cylinders was placed perpendicular to the By field. For R,* and
509 frequency shift, 3D multi-echo gradient-echo were acquired with the following parameters:
510  field of view (FOV) =192 x 192 x 120 mm”, voxel size = 1 x 1 x 2 mm’, repetition time (TR)
511 =60 ms, echo time (TE) = 2.6 to 27.1 ms with the echo spacing of 4.9 ms, bandwidth = 300
512  Hz/pixel, flip angle = 30°, and total acquisition time = 11.6 min. For R,, 2D multi-echo spin-
513  echo data were acquired: FOV =192 x 192 mm?, voxel size = 1 x 1 mm?, slice thickness = 2
514 mm, number of slices = 40, TR = 4000 ms, concatenation factor = 2, TE = 9 to 90 ms with

515  the echo spacing of 9 ms, bandwidth = 300 Hz/pixel, and total acquisition time = 29.6 min.

516 After the acquisition, k-space data of all channels were reconstructed and then
517  combined using the sum-of-squares for magnitude and MCPC-3D for phase®. To estimate the
518  frequency shift, the multi-echo phase data were fitted to a linear model. Then, the result was
519  spatially unwrapped® and background-field-removed®, producing a frequency shift map.
520 From the frequency map, a conventional QSM map was reconstructed using the MEDI

521 Toolbox (http://pre.weill.cornell.edu/mri/pages/qsm.html°®). For R,* mapping, the
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522  magnitudes of multi-echo gradient echo signals were fitted to a mono-exponential decay
523  function. For R, mapping, the multi-echo spin-echo magnitude images were matched with a
524  computer-simulated dictionary of spin-echo decay embedded with the stimulated echo
525  correction”’. Then, an R,' map was calculated by a voxel-wise subtraction of R, from R,*.
526  Negative R,' values were refined to zero to enforce physics. The same reconstruction
527  approach was performed for subsequent sections unless stated. The relaxometric constants
528  were determined as the slope of the linear regression line of the mean R,' with respect to the
529  susceptibility values (estimated by the conventional QSM) in the positive-source-only
530  cylinders for D, ,,s and the negative-source-only cylinders for Dy ,.,. The voxels with
531 extreme R, (> 25 Hz or < 2 Hz), which is most likely from the aggregation of the
532 susceptibility sources, were excluded in the calculation. Finally, the positive and negative
533  susceptibility maps were generated by y-separation. To demonstrate successful susceptibility
534  separation, the positive and negative susceptibility values in the mixed-source cylinders were

535  compared to those in the single-source-only cylinders using a linear regression analysis.
536
537  Ex-vivo experiment

538 To demonstrate the specificity of y-separation to iron and myelin in a biological
539  tissue, an €X-Vivo human brain specimen, containing V1, was scanned. The results were
540  compared with iron and myelin distributions measured by LA-ICP-MS and LFB myelin stain,
541  respectively. The specimen was fixed in the 4% paraformaldehyde solution for four weeks
542  after an autopsy, and then incubated in 0.1 M phosphate-buffered saline for seven days before
543  being scanned at 7 T MRI (Siemens Terra, Erlangen, Germany). For the scan, 3D multi-echo
544  gradient-echo data were acquired with the following parameters: FOV = 77 x 77 x 64 mm’,
545  voxel size = 0.3 x 0.3 x 0.5 mm’, TR = 300 ms, TE = 3.9 to 39.8 ms with the echo spacing of
546 6.5 ms, flip angle = 45°, bandwidth = 300 Hz/pixel, two averages, and total acquisition time
547  =4.8 h. For 3D multi-echo spin-echo, the parameters had the same FOV and resolution as the
548  gradient-echo acquisition, TR = 450 ms, TE = 14 to 70 ms with the echo spacing of 14 ms,
549  bandwidth = 272 Hz/pixel, three averages, and total acquisition time = 10.6 h. The data were
550  reconstructed in the same procedures as described in the phantom experiment. For y-
551  separation, the relaxometric constants from the health volunteers (see the next section) were

552  used after scaling for the field strength difference (7 T vs. 3 T).
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553 After the MRI scan, the specimen was paraffin-embedded and cut into 20-um thick
554  sections. The sections were utilized for the LFB myelin staining and LA-ICP-MS. For the
555  myelin staining, the sections were deparaffinized and then immersed in a 0.1% LFB solution
556  (LFB MBS 1.0 g (S3382, Sigma-Aldrich, St. Louis Luis, Mo, USA), 95% ethyl alcohol 1000
557 mkL, and glacial acetic acid 5.0 mL (A6283, Sigma-Aldrich, St. Louis Luis, Mo, USA)) at 56 [
558  for 24 hours. The stain section was immersed in a 0.05% lithium carbonate solution (62470,
559  Sigma-Aldrich, St. Louis Luis, Mo, USA) for tens of seconds for the differentiation®® and
560 then imaged in a scanner with x10 magnification (Axio Scan.Zl slide scanner, Zeiss,
561  Oberkochen, Germany). For the LA-ICP-MS, one of the sections was ablated using a 1030
562 nm femto-second pulsed laser system (J200 Femto iX, Applied Spectra Inc, West Sacramento,
563 CA, USA) with the following parameters: laser spot diameter = 80 um, line scan speed = 200
564  um/s, repetition rate = 50 Hz, and raster spacing = 120 um. The ablated tissue was
565 transported by helium gas (0.9 L/min) with make-up argon gas (0.7 L/min) to a quadrupole
566  ICP-MS device (iCAP TQ, ThermoFisher Scientific, Bremen, Germany), measuring ®Fe and
567  '’C. The iron distribution (Fe,4_;cp—_us) Was calculated as the signal intensity ratio of *°Fe to
568  °C to compensate for a system drift, assuming "°C as a reference (see Supplementary Figure
569  11)®. The chronological mass spectrum measurements were reshaped into a 2D image with

570  the spatial resolution of 120 um x 40 um.
571
572 In-vivo experiment: healthy volunteers

573 Six healthy volunteers (age = 33.7 &+ 14.6 years; 5 females and 1 male) were scanned
574  at 3 T MRI (Siemens Tim Trio, Erlangen, Germany). All volunteers signed a written consent
575  form approved by the institutional review board (IRB). The acquisition parameters for 3D
576  multi-echo gradient-echo were FOV = 192 x 192 x 96 mm?®, voxel size =1 x 1 x 2 mm’, TR
577 =64 ms, TE = 2.9 to 25.9 ms with the echo spacing of 4.6 ms, bandwidth = 300 Hz/pixel, flip
578  angle = 22°, parallel imaging factor = 2, and total acquisition time = 7.0 min. For 2D multi-
579  echo spin-echo, the parameters were FOV = 192 x 192 mm?, voxel size = 1 x 1 mm?, slice
580  thickness = 2 mm, number of slices = 40, TR = 3860 ms, TE = 15 to 90 ms with the echo
581  spacing of 15 ms, bandwidth = 100 Hz/pixel, and total acquisition time = 12.4 min. The data
582  were reconstructed as described in the phantom experiment. The relaxometric constant was

583  estimated from five deep gray matter ROIs that have primarily positive susceptibility: globus
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584  pallidus, putamen, caudate nucleus, substantia nigra, and red nucleus. The constant (Tpos)
585  was determined by the slope of the linear regression line of the ROI-averaged R,' values with
586  respect to the susceptibility values (by the conventional QSM). For Tneg, the same value as
587 m was used (see Discussion). After the reconstruction, the positive and negative
588  susceptibility maps were compared with the histologically stained iron and myelin images

589  from literatures>® 2.

590
591  In-vivo experiment: multiple sclerosis patients

592 Two MS patients (Patient 1: 34-year-old male; Patient 2: 23-year-old female; IRB-
593  approved) were scanned using 3 T MRI (Philips Ingenia, Amsterdam, Netherlands). 3D
594  multi-echo gradient-echo data were acquired with the following parameters: FOV = 216 X
595 216 x 144 mm’, voxel size = 0.5 x 0.5 x 2 mm®, TR = 42 ms, TE = 5.8 to 36.7 ms with the
596  echo spacing of 6.2 ms, bandwidth = 255 Hz/pixel, flip angle = 17°, parallel imaging factor =
597 2.5 x 1.4, and total acquisition time = 5.1 min. For Patient 1, 2D multi-echo spin-echo data
598  were acquired with the following parameters: FOV = 216 x 216 mm’, voxel size = 0.5 x 0.5
599  mm?’, slice thickness = 2 mm, number of slices = 14, TR = 1800 ms, and TE = 10 to 90 ms
600  with the echo spacing of 10 ms, bandwidth = 301 Hz/pixel, parallel imaging factor = 1.3, and
601  total acquisition time = 7.8 min. For Patient 2, the same 2D multi-echo spin-echo data were
602  acquired except for the following parameters: number of slices = 24, TR = 3300 ms, and TE
603 =20 to 100 ms with the echo spacing of 20 ms, bandwidth = 218 Hz/pixel, parallel imaging
604  factor = 2.5, and total acquisition time = 7.2 min. For the clinical assessment of MS lesions,
605  T;-weighted, T,-weighted, FLAIR, and gadolinium contrast-enhanced (CE) T;-weighted
606  images were obtained (see Supplementary Information). The reconstruction was conducted in
607 the same procedure as in the healthy volunteers except for the magnitude and phase

608  generation which was performed by the scanner.
609

610 All data processing was performed using MATLAB (MATLAB 2020a, MathWorks
611  Inc., Natick, MA, USA).

612
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