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ABSTRACT 

Purpose: To overcome some limitations of prior orientation-dependent proton transverse 

relaxation formalisms in white matter (WM) with a novel framework based on the generalized 

magic angle effect function. 

Methods: A cylindrical helix model was developed embracing anisotropic rotational and 

translational diffusion of restricted molecules in human brain WM, with the former characterized 

by an axially symmetric system. Transverse relaxation rates �� and ��
� were divided into 

isotropic ��
�  and anisotropic parts, ��

� � ���, Φ � 	�
, with � denoting an open angle and 	� an 

orientation (Φ) offset from DTI-derived primary diffusivity direction. The proposed framework 

(Fit A) was compared with prior models without 	� on previously published water and methylene 

proton transverse relaxation rates from developing, healthy, and pathological WM at 3T. 

Goodness of fit was represented by root-mean-square error (RMSE). �-test and linear correlation 

were used with statistical significance set to P  0.05. 

Results: Fit A significantly (P<0.01) outperformed prior models as demonstrated by reduced 

RMSEs, e.g., 0.349 vs. 0.724 in myelin water. Fitted 	� was in good agreement with calculated 

	� from directional diffusivities. Compared with those from healthy adult, the fitted ��
� , ��

�, and 

� from neonates were substantially reduced but 	� increased, consistent with incomplete 

myelination. Significant positive (��
� ) and negative (� and ��

�) correlations were found with 

aging (demyelination) in elderly. 

Conclusion: The developed framework can better characterize orientation dependences from a 

wide range of proton transverse relaxation measurements in human brain WM, shedding new 

light on myelin microstructural alterations at the molecular level. 

 

Keywords: cylindrical helix model, diffusion tensor imaging, quantitative magnetization 

transfer, magic angle effect, orientation-dependent transverse relaxation, principal diffusivity 

direction, white matter. 

 

Abbreviations: AR, angular resolution; CPMG, Carr-Purcell-Meiboom-Gill; CNT, control; DTI, 

diffusion tensor imaging; FA, fractional anisotropy; IE, intra- and extra-cellular; MAE, magic 

angle effect; MO, mode of anisotropy; MS, multiple sclerosis; PCC, Pearson correlation 
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coefficient; qMT, quantitative magnetization transfer; RDC, residual dipolar coupling; RMSE, 

root-mean-square error; SBL, siblings; WM, white matter 

 

1 | INTRODUCTION 

The intrinsic contrast of MR imaging of biological tissues comes mostly from spatial variations 

in proton relaxation rates,1 which are reflective of local environments and governed by varying 

molecular motions on different timescales.2, 3 In principle, proton relaxation measurements can 

provide basic microstructural information particularly for tissues with highly organized 

microarchitectures. For instance, myelinated axons in the human brain white matter (WM) are 

anisotropic and inhomogeneous in nature and water proton longitudinal (i.e., ��=1 ��⁄ ) and 

transverse (i.e., ��=1 ��⁄ ) relaxation rates have been revealed depending on orientations of axon 

fibers although the reported �� relaxation anisotropy at 3T is much smaller than that of ��.4-7 

Based on water proton transverse magnetization dephasing induced by applied directional 

diffusion gradients, diffusion tensor imaging (DTI) can provide axon orientation information in 

WM at an image voxel size level.8, 9 Generally, three orthogonal translational diffusivities (i.e., 

eigenvalues) and the corresponding directions (i.e., eigenvectors) relative to an external static 

magnetic field �� can be determined based on the standard DTI model. While the magnitude of 

anisotropic diffusion can be well defined from the diffusion tensor eigenvalues, it remains 

unclear whether the direction of anisotropic diffusion can accurately represent an axon fiber 

direction, which is usually assumed as the direction of principal diffusivity.9, 10 When the 

direction of principal diffusivity was used as an internal orientation gold standard, some 

discrepancies appeared when compared with an axon orientation derived from either 

susceptibility tensor imaging11-14 or nanostructure-specific X-ray tomography.15 Similarly, when 

this internal reference was used to guide the orientation dependence of proton transverse (�� and 
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��
�) relaxation in vivo, the observed orientation dependence profiles manifested an angle offset 

	� that has not yet been accounted for.4, 16-18 Herein, �� and ��
� were treated equally regarding 

the axon fiber orientation dependences on ��. 

In the past, susceptibility-based relaxation models have been proposed for characterizing 

anisotropic �� and ��
� in WM,14, 19-21 expressed either by �� � �� cos 2� � �� cos 4� or by 

�� � �� sin� � � �� sin� �. Here, � is the angle between an axon fiber and ��, ��  and ��  

(� � 1,2,3) the model parameters (i.e., trigonometric function coefficients). As revealed 

recently,7, 18 both functions are mathematically equivalent albeit with different coefficients. More 

importantly, these coefficients are not mutually independent as cos4� (or sin� �) can be 

expressed by cos2� (or sin� �) and vice versa; thus, any proposed biophysical interpretations of 

fitted model parameters will become ambiguous.  

When considered as the potential origin of anisotropic �� and ��
� in WM, the magic angle 

effect (MAE) had not been appropriately evaluated in the literature.20, 22 Typically, the standard 

MAE function (i.e., orientation dependence) is written as �3cos�� � 1
�, indicating that MAE 

will disappear with �=54.7° (i.e., “magic angle”) and will be four times less with �=90° than that 

with �=0°. However, the observed �� and ��
� in WM contradicted this theoretical predication; in 

other words, the reported �� and ��
� became larger when � changed from 0° to 90°. As a result, 

MAE had been ruled out as a potential relaxation mechanism. It should be emphasized that this 

standard MAE function implicitly assumes that all restricted water molecules are uniformly 

orientated along the same direction, which might not be the case in brain WM.23 A general form 

of MAE function has long been available24 and lately reformatted to gain further insight into 

proton transverse relaxation orientation dependences.25  
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As both stemmed from thermally driven Brownian motions, molecular translational 

diffusion and rotational diffusion (or reorientation) should be intimately linked,7, 26, 27 with the 

former probed by DTI and the latter by MR relaxation measurements. To our knowledge, no 

direct connection exists between the two different measurements for studying the same 

anisotropic microstructures in WM.28 This disconnection might impede better characterization of 

rotationally restricted molecules both on the surface (water, H2O) and in the interior (lipid 

methylene, CH2)29, 30 of phospholipid bilayers in WM. In the past, an ultrashort transverse 

relaxation time (��	~10-15 � ) of semisolid lipid CH2 protons was observed by quantitative 

magnetization transfer (qMT) imaging,31 revealing the comparable orientation dependence with 

respect to that of surface water based on multiple orientation-dependent transverse relaxation 

studies in literature.4, 7, 17, 18, 32  

The aim of this work was thus to introduce an angle offset 	�, determined by DTI 

diffusivities, into a cylindrical helix model based on the generalized MAE function for 

characterizing anisotropic transverse relaxation of ordered water and semisolid CH2 protons in 

WM. The proposed theoretical framework was validated by a high-resolution Connectome DTI 

dataset and then applied to previously published anisotropic �� and ��
� profiles at 3T in vivo 

from the human brain WM of neonates, healthy and diseased adults. The results demonstrate that 

the proposed model can better characterize the documented orientation-dependent proton 

transverse relaxation profiles. 

 

2 | THEORY 

Water molecular reorientation in biological tissues, unlike in solution, becomes restricted to 

some extent,33 giving rise to a non-averaged dipolar interaction between two intramolecular 
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proton nuclei, referred to herein as residual dipolar coupling (RDC) and signified by <H-H>. If 

the water rapidly rotates preferentially around a cylindrically symmetric axis that makes an angle 

! with <H-H> and an angle � with ��, this RDC can be expressed by "" �

#��cos !
#��cos �
,34, 35 with the constant "" denoting the theoretical dipolar interaction 

strength for a rigidly fixed water and #��$
 � �3$� � 1
/2 the second order Legendre 

polynomial. #��cos �
 indicates the orientation dependence of RDC and #��cos !
 is called 

“order parameter” in literature.35, 36 It has long been known24 that water proton signal splitting in 

partially hydrated tissues is proportional to the mean of RDC, i.e., &#��cos �
', and the 

corresponding linewidth or �� relaxation rate in fully hydrated tissues depends on the variance of 

RDC, i.e., 〈�#��cos �

�〉. Note, the angle brackets stand for an ensemble or time average. 

In the human brain WM, water molecules close to the hydrophilic surface of 

phospholipid bilayers, as schematically shown in Figure 1A, are highly organized as revealed by 

an advanced Raman scattering microscopic imaging study.23 Specifically, the direction of water 

RDC is parallel to the bilayer surface (Fig. 1B) or perpendicular to the surface normal (green 

dashed line). As the lipid’s long hydrocarbon chains are predominantly aligned with and rapidly 

rotate around the surface normal (Fig. 1C),29, 37 the direction of average RDC from lipid’s 

methylene (CH2) groups becomes orthogonal to that from water in WM (Fig. 1B). It is worth 

mentioning that these static RDC configurations are only valid on the timescale of 10-14 s, i.e., 

vibrational frequencies from the pertinent chemical bond stretching modes23 that are unrelated to 

proton MR relaxation.2, 3 

As demonstrated in Figure 2A, a concentric distribution of RDCs around an axon can be 

rearranged into a specific cylindrically symmetric system with an open angle � � 90°. In an 

imaging voxel from biological tissues, another extreme case with � + 0° (Figure 2B) could 
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coexist as well in which all RDCs are uniformly orientated along one direction.38, 39 A general 

function of orientation-dependent �� has been obtained by averaging �3 cos� � � 1
� in an 

axially symmetric system.24, 25 Equations 1 and 2 provide respectively the reformatted25 and the 

original24 functions with pertinent angles defined as before and depicted in Figure 2C. The angle 

�, formed between <H-H> and ��, can be expressed by three different angles �, 	 and , 

denoting respectively between <H-H> and the symmetry axis -./,  between -./ and ��, and the 

azimuthal angle of <H-H>. An ensemble or time average must be taken over all ,. A few 

representative orientation (	) dependences of �� with different � are exemplified in Figure 2D. 

���, 	
 � �

�
�3cos�� � 1
��3cos�	 � 1
� � 


�
�sin�� sin�	 � sin�2� sin�2	
      (1) 

���, 	
 � �

���
�0� � 0� cos 2	 � 0� cos 4	 
                                                             (2) 

Here, the coefficients 0�, 0� and 0� in Eq. 2 are respectively defined by 

81cos4�+156cos2�+467, 180cos4�+432cos2�+156, and 315cos4�+180cos2�+81 as originally 

presented by Berendsen.24 It should be mentioned that Eq. 2 was previously employed for 

characterizing both isotropic and anisotropic transverse relaxation contributions. In this work, 

however, ���, 	
 was used only for modeling anisotropic transverse relaxation. 

The orientation information can be obtained by physically rotating WM specimens 

relative to �� for studies ex vivo.19, 20, 40 Because the first measurement may not start at 	=0°, an 

angle offset 	� has to be introduced into Eq. 1 as recently demonstrated.41 For studies in vivo, on 

the other hand, the orientation information must be inferred from DTI.16, 42 Specifically, relative 

to ��, the primary eigenvalue direction of diffusion tensor is assumed the predominant 

orientation of axon bundles within an image voxel.8, 9 If this assumption is valid, the theoretical 

�� or ��
� orientation dependence profiles will not be offset whereas the prior measurements 
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demonstrated otherwise.17, 18, 31, 43 Therefore, 	� has been incorporated in Eq. 1 for studies in vivo 

in the current work. 

In addition, 	� was hypothesized linking directly to the direction of a complete 

anisotropic translational diffusion. For a typical “zeppelin” diffusion tensor, neither axial (") 

nor radial ("�) diffusivity characterizes such an anisotropic diffusion. For convenience, "� was 

assumed arising solely from an isotropic diffusion, and the direction of the vector difference 

between " and "� could be considered along -./ as depicted in Figure 3B, thus resulting in an 

angle offset 	� when " was considered as a reference. If average " and "� are available from 

whole WM, an average 	� can be calculated by tan-1("�/") and compared with the fitted 	� to 

validate the hypothesis. Even better when voxel-based 	� is available and has been accounted 

for, the measured transverse relaxation orientation dependence should be consistent with the 

theory, without an angle offset 	�, if the hypothesis is valid.   

To conceptually connect an anisotropic rotational motion with an anisotropic translational 

diffusion, a standard axially symmetric system (Figure 3A) could be transformed into a 

cylindrical helix model (Figure 3C). Although sharing the same geometric microstructure, the 

proposed model is radically different from the previously developed hollow cylinder fiber model 

(HCFM)44-46, with the former derived from intramolecular residual dipolar interactions but the 

latter based on the “susceptibility effect”. Further, the proposed model deals exclusively with 

anisotropic �� originating from both within (Fig. 2A) and outside (Fig. 2B) myelin sheaths. 

When the complete anisotropic translational diffusion is incorporated, the proposed cylindrical 

helix model has captured the most relevant degrees of molecular motions responsible for the 

observed shifted orientation-dependent �� profiles in WM. 
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Mathematically, an open angle � and circular helix parameters, i.e., radius (1) and pitch 

(223), become connected via the relationship of tan � � 1 3⁄ . Herein, 1 could be considered as a 

sum of an average thickness of myelin sheaths and an average nonmyelinated axon radius. Note, 

the directions of both translational and rotational molecular motions are considered collinear, 

pointing to an axon primary axis. Given a fixed length of helix pitch, the helix radius will 

asymptotically grows as � becomes widened. On the other hand, if a water molecule had been 

spiraling upward around a typical axon, with translational diffusion coefficient "�  and rotational 

correlation time 6	, the helix pitch would have been equal to 72"��226	
. 

 

3 | METHODS 

Unless otherwise specified, all orientation-dependent transverse relaxation rate profiles, 

identified by letters in an alphabetical order in Table 1, were extracted from image-based graphs 

in previous publications using a free online tool (www.graphreader.com), and replotted in the 

figures (black triangles) herein. The orientations (Φ) associated with the measured �� and ��
� 

were originally determined by the primary diffusivity direction (8/�) from DTI relative to the 

main magnetic field �./�, i.e., cos Φ � 98/� · �./�; 9|8/�| · =�./�=;> , with Φ � 	 � 	� as depicted in 

Figure 3B. These estimated Φ values were sorted by increasing angles from 0° to 90°, and 

further averaged within a predefined interval or angular resolution (AR). The highest b values 

used in DTI were also provided in Table 1. �� and ��
� mappings were acquired using 

conventional Carr-Purcell-Meiboom-Gill (CPMG) spin-echo and gradient-echo sequences, 

respectively. The original relaxation data were acquired from whole brain WM in vivo on 3T 

MR systems following the ethical guidelines as stated in the original publications; but the use of 
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these extracted data was not reconsented. If not stated otherwise, all concerned relaxation metrics 

were related to restricted water molecules in WM. 

3.1 | Anisotropic ?� derived from Connectome DTI (Group A) 

A public domain high-resolution (i.e., an isotropic voxel size of 760 �@3) Connectome DTI 

dataset of one healthy human brain (age=30 years)47 was utilized for validating the proposed 

theoretical framework regarding 	�. More specifically, paired with the associated b=0 (s/mm2) 

images, 6 preprocessed data subsets with b=1000 (s/mm2) and 12 with b=2000 (s/mm2) were 

individually analyzed using FSL DTIFIT48 to generate the following fit parameters: eigenvalues 

(A�) and eigenvectors (8̂�), with � � 1, 2, 3; fractional anisotropy (FA); mode of anisotropy 

(MO);49 and T2W signals (SO) with b=0 (s/mm2). Supplementary Figure S1 provides exemplary 

fits for a rectangular ROI (in black) from corpus callosum as pointed by a red arrow in Figure 

4D. The mean of the fits from data subgroup with b=1000 (s/mm2) or b=2000 (s/mm2) were used 

independently for further analysis.  

Given a known TE=75ms used in DTI,47 anisotropic �� (denoted by ��
�) could be readily 

assessed from T2W signal based on Eq. 3 as demonstrated previously.50 A similar idea has been 

exploited lately for separating an isotropic ��
� component from a single GRE measurement.51  

ln DE/�F � �ln D� �F⁄ � ��
� 
 � ��

� � ���, G
           (3) 

Note, SO became D� (i.e., apparent proton density) when TE=0 and the term �ln D� �F⁄ � ��
� 
 

was treated as a constant H� to be determined by fitting. Both D� and ��
�  (i.e., isotropic �� 

component) were reportedly least varied in WM.4 Within the whole brain, the measured SO 

values (in a logarithmic scale) from specific voxels possessing a linear (i.e., 0.5<FA<0.9 and 

0.5<MO<1.0) diffusion anisotropy were sorted based on the calculated fiber orientations (Φ) and 

then averaged into 180 different bins ranging from 0° to 90°, i.e., AR=0.5°.  
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3.2 | Compartmental anisotropic ?� from myelin water imaging (Group B) 

Anisotropic �� orientation dependence profiles of myelin water and intra- and extra-cellular (IE) 

water were retrieved respectively from Figures 7A and 7B in a recent study of orientation-

dependent myelin water imaging.18 In this work, Figures 6A and 6B replicate the orientation-

resolved (AR=5°) compartmental �� values, measured from eight healthy volunteers with a 

mean age of 26 years (range=21-33 years). An interval between two adjacent refocusing pulses 

in CPMG pulse sequence was 8 ms. The highest b-value used in DTI was 700 s/mm2. 

In another prior publication,52 average axial ("=1.44±0.24 μm2/ms) and radial 

("�=0.47±0.11 μm2/ms) diffusivities in WM were reported in Table 1 for an age-matched group 

at 3T. As defined in Figure 3B, an average 	� and its uncertainty ∆	� were respectively 

calculated by tan-1(1/J) and ∆J/(1+J�), with J="/"� and ∆J derived from ∆" and ∆"� 

following basic error propagation rules.53 Note, J was listed as 3.33±1.29 (μm2/ms) in the 

original paper and used in the calculation in this work. Fractional anisotropy (FA) was also 

computed8 and tabulated in Table 1 herein.  

3.3 | Anisotropic ?�
�  from neonates and adults (Groups C and D) 

Orientation-dependent ��
� profile (AR=0.33°) in WM from 8 term neonates (mean age=40.4±1.1 

weeks) was retrieved from Figure 3C in a previous study (Group C)17 and replotted in Figure 7A 

herein. The highest b-value used in DTI was 700 s/mm2. The directional diffusivities were also 

reported in the original paper, i.e., "=1.69±0.03 (μm2/ms) and "�=1.06±0.04 (μm2/ms). In a 

different study on adult WM,4 orientation-dependent ��
� measurements (AR=3°) were performed 

on a group of 11 healthy female and 5 healthy male subjects with an average age of 43.5 ± 12 

years (range: 26–67 years, median: 43 years). An average anisotropic ��
� profile (age K 43 years) 
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was retrieved from Figure 2g in the original publication4 and reproduced in Figure 7B in this 

work. The highest b-value used in DTI was 1000 s/mm2. 

3.4 | Anisotropic L�
� deduced from semisolid macromolecules in WM (Group E) 

qMT imaging was performed on 7 healthy subjects (mean age=26 years, range=19–33 years).31 

The system characteristic MT parameters were determined based on a two-compartment model 

comprising a liquid pool of free water and a semisolid pool of macromolecules. The derived 

average transverse relaxation time ��	  orientation dependence profiles of semisolid 

macromolecules in WM were retrieved from Figure 7a in the original paper and replicated in 

Figure 7C in this work. The highest b-value used in DTI was 1000 s/mm2. The reported proton 

��	  was largely associated with semisolid methylene (CH2) groups on lipid hydrocarbon chains 

in the interior of lipid bilayers in WM.31 

3.5 | Anisotropic ?�
�  from people with MS and two controls (Group F) 

A clinical study of anisotropic ��
� orientation dependences in WM was conducted among people 

with multiple sclerosis (MS, n=39; mean age=49.7±10.1 years), their age-matched asymptomatic 

siblings (SBL, n=28) and unrelated healthy controls (CNT, n=27).32 Anisotropic ��
� profiles 

(AR=5°) of each subject from three groups were retrieved from Supporting Information in the 

original paper, and group-average ��
� profiles were presented in Figure 8A herein. The highest b-

value used in DTI was 1000 s/mm2. 

3.6 | Nonlinear least-squares curve fittings 

An optimization method of Levenberg-Marquardt nonlinear least-squares, implemented in an 

IDL script from the public domain (http://purl.com/net/mpfit),54 was used for modeling 

anisotropic �� and ��
� orientation dependence profiles, based on the proposed model (��,�) in Eq. 

4, herein referred to as “Fit A”. 
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��,� � ��
� � ��

� � ���, Φ � 	�
               (4) 

��,� � M� � M� cos 2Φ � M� cos 4Φ         (5) 

��,� � ��
� � ��

� � ��90°, Φ
                     (6) 

There were four model parameters and one independent variable (Φ) in Eq. 4, i.e., ��
�  and ��

� 

denoting orientation independent and dependent contributions, an open angle � for a particular 

RDC distribution, and an angle offset 	�. The same data from some Groups were also fitted using 

a previously developed model ��,� (without 	�) as written in Eq. 5 (labeled as “Fit B”). It should 

be emphasized that when Fit B included 	�, it would become equivalent to Fit A albeit with 

different model parameters. With � fixed to 90° and 	� set to 0°, ��,� was transformed into ��,� 

(Eq. 6), referred to as “Fit C”. For consistency, T2W signal fitting in Eq. 3 was categorized in the 

same way as in Eq. 4, i.e., referred to as either “Fit A” or “Fit B” with or without 	� in ���, Φ
, 

respectively. 

Initiating with five sets of different values within different constraints, the curve fittings 

were unweighted and constrained, 55 with the limited ranges for model parameters: H�=[50, 200]; 

��
�=M�=[0, 100] (1/s); ��

�=M�=[0, 50] (1/s); �=[0°, 90°]; 	�=[-45°, 45°]; and M�=[0, 10] (1/s). 

Note, ��	  in units of �  from Group E was converted into ��
	 (=1/��	) and then scaled down 

within the scale of fitting parameter constraints. Goodness of fit was characterized by root-mean-

square error (RMSE), based on the measured (“Exp”) and fitted (“Fit”) transverse relaxation 

orientation dependence profiles (represented by N data points), i.e., 7∑ �F$P� � ��Q�
� N⁄� , with 

� changing from 1 to N. The statistical significance was assessed by an �-test when comparing 

two fitting models. A #-value was derived from �-distributions with significance indicated by P 

 0.05. 
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All the reported fitting results (mean ± standard deviation) were obtained from Fit A 

unless specified otherwise. Pearson correlation coefficients (PCC) were listed in Table 2 between 

the fits from Group F and the age of each participant from individual or combined subgroups. 

The statistical significance of observed linear correlations was also set to P  0.05. All image 

and data analysis were performed using customized codes written in IDL 8.8 (Harris Geospatial 

Solutions, Broomfield, CO, USA).  

 

4 | RESULTS 

4.1 | Anisotropic ?� orientation dependence with an offset 

Figure 4 presents four parametric maps derived from DTI (M=1000 s/mm2): (A) H� � ln�DE
/

�F, an equivalent of anisotropic ��, (C) orientations (i.e., Φ � 	 � 	�) of principal diffusivities, 

(D) modes of anisotropies ranging from 1.0 to -0.1 denoting respectively an ideally linear 

(“stick”) and an ideally planar (“plate”) diffusion tensor, and (F) colored fractional anisotropies 

(i.e., 8/�*FA). An anisotropic �� orientation dependence profile was plotted (B) as a ribbon 

(width=mean ± SD, n=6). The image voxels from whole brain WM were selected according to 

limited FA and MO ranges as highlighted (black box) in 2D histogram (E). An ROI-based 

(pointed by a red arrow in Fig. 4D) average fits (mean ± SD) from all data subsets (n=18) for 

different parameters are plotted in Supplementary Figure S1 including three diffusivities (A�, 

� � 1.2.3) and mean diffusivity (MD). Although derived from T2W images with a single TE, this 

characteristic profile was comparable to the previous in healthy adult human brains based on the 

standard �� mapping with multiple varying TEs.  

Figure 5 demonstrates the fitted anisotropic �� profiles using Fit A (red solid lines) and 

Fit B (blue dashed lines) before (A and D) and after (C and F) correcting voxel-based angle 
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offset 	� derived from diffusivities with M=1000 s/mm2 (A-C) or M=2000 s/mm2 (D-F). Fit A 

significantly (P<0.01) outperformed Fit B without the voxel-based 	� corrections; however, the 

differences between the two fits disappeared after correcting the voxel-based 	�. For data with 

M=1000 s/mm2, for instance, before and after the corrections. the calculated RMSEs between Fit 

A and Fit B were 0.081 vs. 0.137 and 0.081 vs. 0.081, respectively. 

The voxel-based 	� orientation dependences are profiled (mean ± SD) for DTI data with 

M=1000 s/mm2 (B) and M=2000 s/mm2 (E), showing that the fitted 	� (vertical dashed lines, 15.2° 

± 4.9°, A; 16.0° ± 2.9, D) and the calculated average &	�' (horizontal dashed lines, 15.8° ± 0.2°, 

B; 17.9° ± 0.2°, E) become equivalent within the measurement errors. Although consistent with 

previous findings, the fitted ��
� (1/s) based on low b-value data (C) was substantially smaller 

(i.e., 2.6 ± 0.6 vs. 4.5 ± 0.6) than that with high b-value (F) on the same subject even after the 	� 

corrections. 

4.2 | Anisotropic ?� from myelin water imaging  

Figure 6 reveals that Fit A significantly (P < 0.01) outperformed Fit B for characterizing 

anisotropic �� profiles (black triangles) of myelin water (A) and intra- and extra-cellular (IE) 

water (B) based on Group B data,18 indicated by reduced fitting residuals (i.e., ∆��=Fit-Exp, C 

and D). Quantitatively, the calculated RMSEs from Fit A, relative to those from Fit B, decreased 

almost half for myelin water (i.e., 0.350 vs. 0.724) and IE water (i.e., 0.011 vs. 0.021). 

Between the two partitioned water pools, the fitted � (i.e., 67.0±0.6° vs. 69.0±0.2°) and 

	� (i.e., 15.2±1.1° vs. 16.1±0.9°) were comparable despite markedly different ��
�  (1/s) (i.e., 

76.3±0.6 vs. 13.8±0.0) and ��
� (1/s) (i.e., 16.1±0.8 vs. 1.0±0.0). On the other hand, the calculated 

	� (i.e., 16.7±6.1°) based on average directional diffusivities in highly anisotropic (i.e., 

FA=0.60±0.12) WM was comparable with the fitted 	� from anisotropic �� profiles as expected. 
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4.3 | Anisotropic ?�
�  in WM from neonates and adults 

Whereas both were better modeled using Fit A than using Fit B, the observed anisotropic ��
� 

profile of neonates (Figure 7A) was substantially different from that of adults (Figure 7B). 

Specifically, the fits were smaller from neonates than from adults for ��
�  (1/s), i.e., 7.2±0.1 vs. 

15.9±0.1; ��
� (1/s), i.e., 1.3±0.1 vs. 5.1±0.1, and � (°), i.e., 38.1±0.4 vs. 70.0±0.1, but became 

larger for 	� (°), i.e., 38.5±0.3 vs. 16.9±0.4 (vertical dashed green lines, A and B). The fitted 	� 

(°) from neonates was slightly larger than the calculated counterpart (i.e., 38.5±0.3 vs. 32.1±1.1), 

probably due to an inaccurate replication of scattered ��
� data from the original graph. 

Nonetheless, neonates possessed less anisotropic WM when compared with adults as indicated 

by the reported FAs (see Table 1). It is worth noting that a relatively reduced ��
� in neonatal WM 

stemmed largely from an anisotropic component and �� was reportedly independent of �� that is 

in good agreement with the proposed theoretical framework.56 

4.4 | Anisotropic L�
� of semisolid CH2 in WM from adults 

As demonstrated in Figures 7C and 7F, the profile of qMT-derived ��	  (i.e., 1/��
	) from image 

voxels with FA > 0.7 was significantly (P < 0.01) better modeled using Fit A than using Fit C. 

Despite originating from distinct proton groups and imaging methods, the fitted � (~70°) 

appeared surprisingly close to that found in other adult groups as listed in Table 1. However, the 

fitted 	� (°) was nearly twofold bigger than that from water proton ��
� profile as shown in Figure 

7B. Although consistent with the semisolid nature, the fitted ��
�  and ��

� were unexpectedly 

higher (i.e., ~50x103 1/s) when compared to the previously reported resonance linewidth of lipid 

chain protons from non-orientated bilayers, i.e., ~3-6 kHz.57  

4.5 | Anisotropic ?�
�  in WM with multiple sclerosis (MS)  
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Figure 8A shows average anisotropic ��
� orientation dependence profiles for multiple sclerosis 

(MS, red), age-matched siblings (SBL, green) and unrelated healthy control (CNT, blue) groups. 

Although the fitted � and 	� were comparable as shown by colored imprints (Figure 8A), the 

fitted ��
� became the lowest for MS subgroup (Figure 8B) and so was ��

�  but to less degree. 

Figures 8C-F display scatterplots between individual ages and the corresponding fits of ��
� , ��

�, 

�, and 	� from three subgroups, overlaid respectively with a 95% confidence ellipse.  

Compared to those from two controls, ��
�  and ��

� from MS subgroup were reduced but 	� 

increased. Linear regression lines from combined subgroups were also included, highlighting 

significant (P  0.05) positive (PCC = 0.38 for ��
� ) and negative (PCC = -0.20 and -0.23 for ��

� 

and �, respectively) correlations, as tabulated in Table 2, between aging (or demyelination) and 

the fits. The fitted 	� more or less (PCC = 0.11, P=0.28) followed the similar trend of ��
� . In 

general, an older people most likely possessed increased ��
�  and 	� but decreased ��

� and �, in 

accordance with what had been known in neonates with developing WM (Figure 7A). 

5 | DISCUSSION 

5.1 | A cylindrical helix model for molecular rotation and translation  

This work proposed a unique cylindrical helix model for characterizing anisotropic proton 

transverse relaxation orientation dependences in the human brain WM at 3T. This model shares 

some remarkable similarities with its predecessors.14, 20, 21, 31 First, the ultrastructure of myelin is 

described as multiple layers of lipid bilayers spiraling around an axon and further considered as 

the source of orientation-dependent transverse relaxation. Second, the most relevant direction is 

the orientation of an axon fiber, rather than individual directions of molecular constituents 

distributed around the axon. Third, other macromolecules such as membrane proteins in bilayers 
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are ignored. Nevertheless, the proposed model possesses several unusual characteristics with 

respect to prior models.   

First, it brings together anisotropic �� and DTI diffusivities by an angle offset 	�. To our 

knowledge, this is the first time to combine the most relevant degrees of molecular motions for 

characterizing highly organized microstructures in WM.26, 28 Second, this proposed model is a 

generalized MAE model,24, 25 applied to not only ordered “liquid-like” water on the surface but 

also dynamic “solid-like” CH2 protons in the interior of bilayers. Further, it can be also used in 

peripheral nervous system, not to mention other tissues,25 where ordered water seemed uniformly 

(� + 0°) aligned in elongated collagenous tissues as shown in Supplementary Figure S2.58 Third, 

this generalized model is built upon residual dipolar interactions,24, 25 fundamentally different 

from those based on tensorial magnetic susceptibility. Theoretically,14 the susceptibility-induced 

proton transverse relaxation rate is quadratically scaled with the strength of ��; as a result, this 

relaxation pathway will become more relevant only at a higher ��. As shown in Supplementary 

Figure S3, the susceptibility-induced contribution to the total relaxation rate was about 5% at 3T, 

based on �� dependent ��� dispersion data on rat brain.59 This theoretical prediction has been 

corroborated by the previous in vivo study showing that �� from neonatal brain WM was 

principally independent of �� ranging from 1.0T to 3.0T.56 These theoretical and experimental 

results have justified the relaxation mechanism underlying the proposed model, in excellent 

agreement with the previous finding in knee articular cartilage.36, 60 

5.2 | An angle offset S� depending on directional diffusivities 

Initially, an angle offset 	� was introduced as an ansatz for better modeling �� orientation 

dependences in WM.41 Based on a high resolution Connectome DTI dataset,47 we provided 

strong evidence that 	� is indeed modulated by DTI diffusivities although the detailed 
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mathematical functions for related anisotropic molecular motions need to be constructed. As 

shown in Figure 5, the previously reported �� would have relatively larger measurement 

uncertainties when close to “zero” degrees due to the low number of voxels possessing such 

orientations. To throw away these valuable yet imprecise data points would not be good practice 

as it could conceal the critical information underlying the actual biophysical mechanism.43  

The fitted average &	�' and ��
� as shown in Figure 5 were larger when using a higher b-

value in DTI. This result can be ascribed to decreased FA, stemmed mostly from reduced " for 

a zeppelin tensor as demonstrated in Supplementary Figure S1. Therefore, &	�' became larger 

based on the relationship tan 	�="�/" (see Figure 3B). Because of the fixed voxel selection 

criterion (i.e., 0.5 < FA < 0.9) regardless of b-values, more image voxels with relatively higher 

FA were included in constructing �� profiles with higher b-values, resulting in an enhanced ��
� 

relative to that with lower b-values as demonstrated. These results suggest that some caution 

should be exercised when comparing previously reported �� orientation dependence profiles. 

This important point has been clearly demonstrated in Figure 5 in the literature.31  

Nonetheless, the fitted 	� from previous transverse relaxation orientation dependences 

showed an increasing trend with aging in elderly (Figure 8F), consistent with an increasing 	� 

from healthy adults to neonates (Figures 7A and 7B). These findings imply that 	�, or "�/", 

appeared to be modulated by an extent of myelination in WM, in good agreement with the 

literature in which an increased myelination was linked to a decreased "�.61 In an extreme 

scenario, 	� can be zero if anisotropic �� is induced exclusively by oriented water on the surface 

(i.e., �=90°) of lipid bilayers. With the absence of myelin in newborns,62 	� can also become 

zero in WM, corresponding to an ideal intra-axonal compartment with "� normally set to zero.7, 

27  
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The fitted  	� from anisotropic ��	  of semisolid CH2 protons (Figure 7C) deserves further 

explanation. The reported ��	  orientation dependence was guided by the direction inferred from 

the diffusion of water rather than lipid molecules. Moreover, lipid hydrocarbon chains may not 

be perfectly orientated along the bilayer normal as assumed (Figure 1B) particularly for more 

complex membranes that are rich in cholesterol (such as myelin).63 Hence, it is not surprising 

that the discrepancy appeared in the fitted 	� as shown between Figures 7B and 7C. 

5.3 | An angle T for specific RDC distributions  

A general form of MAE function ���, 	
 as written in Eq. 1 can be thought as a combination of 

two extreme cases, i.e., ��0°, 	
 and ��90°, 	
, with different weighting indicated by an open 

angle �. If observed anisotropic transverse relaxation in WM had resulted exclusively from 

ordered water within myelin multiple layers, the fitted � would have become 90° as shown in 

Figure 2A. The actual fitted � was, however, close to 70° for adult brain WM based on either 

ordered water or semisolid CH2 proton �� relaxation measurements. This result implies that 

some uniformly aligned (i.e., �=0°) RDCs, at least from ordered water, had made considerably 

contributions. Previously published studies showed that these contributions increased as 

myelination decreased in WM of neonates17 until they completely dominated when myelin was 

absent in WM of newborns.62 This argument might help us to understand the reported increased 

�� anisotropy in the very preterm infant brain when compared with that from the late preterm 

infant brain.64    

 For spins on lipid chains, "�=4*10-3 (�@2/ms) and 6	=100 (ms/rad) were reported65 and 

3=0.36�@ could be determined based on the proposed model (Figure 3C) using the equation 

223=72"��226	
. Further, an open angle of � could be determined to be approximately 70°, 

close to the findings from this work, if the radius of a representative axon is assumed 1.0 �@.

66 
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To match the same � for restricted water, "�=2.0 (�@2/ms)27 and 6	=0.2 (ms/rad) ought to be 

expected. Whereas the value of "�  for restricted water seems not unreasonable in WM in vivo, 

the value of 6	 is uncertain.46, 67 More research is thus warranted.  

5.4 | Isotropic ?� relaxation contributions 

According to Eq. 4, the observed proton MR transverse relaxation rates were divided into 

isotropic (��
� ) and anisotropic (��

�) components, essentially assuming fast spin exchange 

between two environments.68 The former may arise from several relaxation pathways such as 

intrinsic dipolar interactions modulated by fast (e.g., pico- and nanoseconds) timescales of 

molecular motions,2, 50 chemical exchange and diffusion due to slow (e.g., micro- and 

milliseconds) molecular motions,46 and non-local magnetic susceptibility inhomogeneity (��
� ) if 

gradient echo rather than spin echo signal was used.20 Contrast to the intrinsic dipolar 

interactions on fast timescales, the effect of slow molecular motions on ��
�  can be suppressed by 

��� dispersion.46, 69  

The fitted ��
�  was reduced in developing (Figure 7A) and pathological (Figure 8C) WM 

compared to that in the healthy brain, consistent with fewer macromolecular labile protons. It 

was also shown41 that ��
�  was considerably larger at K7T ex vivo when compared to those at 3T 

in vivo, possibly due to an increased �� inhomogeneity. Interestingly, The fitted ��
�  from the 

sibling control group was relatively higher than that from the MS group (Figure 8C), originally 

ascribed to an excess iron deposition as a predisposition for MS.32 As iron-induced transverse 

relaxation appears orientation-independent,20 it is thus essential to accurately separate ��
�  from 

��
� based on a reliable biophysical model for a meaningful evaluation of iron deposition in 

WM.70  

5.5 | Anisotropic ?� relaxation component 
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For an anisotropic contribution, its maximum could be 4��
� as if all the relevant RDCs become 

consistently orientated along ��, i.e., ��0°, 0°
=4. The observed ��
� relied on not only the 

amount of RDCs but also the degree of their restricted molecular motions. For instance, a 

relatively decreased ��
� was found in neonatal developing WM (Figure 7A) and compromised 

WM from people with MS (Figure 8B). Perhaps, an extreme “demyelination” case would be 

elongated cellular constituents (e.g., microtubules and neurofilaments) in an intra-axonal space, 

revealing a considerably reduced ��
� compared to that in an extra-axonal space as shown in 

Supplementary Figure S4.7 On the other hand, a considerably increased ��
� was measured at 

room temperatures on formalin-fixed WM specimens embedded in an agarose gel at higher fields 

(K7T).40, 41 Moreover, the measured ��
� from semisolid CH2 groups in WM was much larger 

than that from dynamically ordered water close to the phospholipid bilayer surface (Table 1). 

It should be clarified that previously published ��	  (i.e., ~10-15 � ) from qMT imaging 

may not be directly linked to the measured CH2 proton resonance absorption linewidth ∆U (i.e., 

~3-6 kHz) via the relationship of ∆U=1 2⁄ ��	 , commonly used in an isotropic solution.57, 71 Thus, 

it may not be appropriate to interpret the fitted ��
�  and ��

� in the same way as those found from 

their water counterparts. It has been shown before that the same qMT imaging data from bovine 

WM specimen could be fitted using either Lorentzian (��	=230±20 � ) or Super Lorentzian 

(��	=10.4±0.5 � ) line shape for semisolid protons, albeit with a reduced fitting error for the 

latter line shape.72 If a similar scaling factor (~25) had been incorporated into the fitted ��
�  and 

��
� in this work, these values would have been scaled down to the order of kHz as expected. 

Nonetheless, based on the comparable fitted ��
�  and ��

�, we can conclude that about 80% of ��	  

originated from orientation-dependent semisolid CH2 protons in WM, i.e., 4��
� 9��

� � 4��
�;⁄ +

0.8. 
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6 | CONCLUSIONS 

In summary, a cylindrical helix model, encompassing both anisotropic molecular translation and 

rotation, has been proposed for orientation-dependent proton transverse relaxation in the human 

brain white matter. This proposed general model can better characterize previously published 

anisotropic transverse relaxation profiles from various physiological and pathological conditions, 

thereby providing further insight into myelin microstructural alterations at the molecular level.  
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FIGURE 1  Schematics of residual dipolar coupling (RDC, blue double-headed arrows) 

organized around an axon fiber (A). A lipid molecule is highlighted (C) with RDCs (B) of 

ordered water and methylene (CH2) protons respectively perpendicular to and parallel to bilayer 

surface normal (green dashed line). Figures 1A and 1C were adapted from Figure 2 in the 

reference.23 
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FIGURE 2 An axially symmetric model with an open angle �=90° (A) or �~0° (B) when 

	=0°, i.e., the primary axis (-./) of an axon fiber aligned with ��. A general case with � X 0° and 

	 X 0° is also presented (C) and five anisotropic �� orientation dependence ���, 	
 profiles are 

plotted (D) with � ranging from 0° (red) to 90° (magenta). 
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FIGURE 3 A combined anisotropic rotational diffusion (A) and anisotropic translational 

diffusion (B) into a cylindrical helix model (C), with an open angle � and circular helix 

parameters (i.e., 1, radius and 223, pitch) linked by tan � � 1 3⁄ . An angle offset (	�) is 

determined by directional diffusivities (" and "�).  
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FIGURE 4 Average DTI parametric maps of anisotropic ��=H� � ln�DE
/�F (A), directions 

of principal diffusivities (C), modes of anisotropies (D), and colored fractional anisotropies (F). 

An anisotropic �� orientation dependence profile (mean ± SD) (B) is shown for WM voxels 

defined (rectangular box) by limited FA and MO ranges (E) in whole brain. These DTI fits were 

derived from diffusion weighting data subsets (n=6) with b=0, 1000 s/mm2, which are publicly 

available.47 
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FIGURE 5 Demonstrations of angle offsets 	� depending on directional diffusivities. 

Anisotropic �� orientation dependences characterized by Fit A (red solid lines) and Fit B (blue 

dashed lines) before (A and D) and after (C and F) correcting angle offsets 	� for data with 

b=1000 s/mm2 (A-C) and b=2000 s/mm2 (D-F). Orientation dependences of 	� are also presented 

(B and E). These anisotropic �� profiles were generated from publicly available Connectome 

DTI datasets.47  
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FIGURE 6 Measured (black triangles) and fitted (Fit A, red solid lines; Fit B, blue dashed 

lines) anisotropic �� of myelin water (A) and intra- and extracellular (IE) water (B) in human 

brain WM at 3T in vivo, with fitting residues ∆��=Fitted-Measured (C and D). The measured 

data and an inset image (A) were retrieved and adapted from the reference.18 
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FIGURE 7 Measured (black triangles) and fitted (Fit A, red solid lines; Fit B, blue dashed 

lines, Fit C, green solid lines) anisotropic ��
� from ordered water in WM of neonates (A), healthy 

adults (B), and ��	  of semisolid macromolecules in WM of healthy adults (C) at 3T in vivo, with 

fitting residues ∆��=Fitted-Measured (D-F). The measured data were respectively retrieved from 

three references.4, 17, 31 
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FIGURE 8 Measured (symbols) and fitted (Fit A, lines) anisotropic ��
� in WM (A) from 

people with multiple sclerosis (MS, red) and two controls (SBL, green; CNT, blue), with the 

fitted � and 	� imprinted in colors, and with ��
�  and ��

� represented by color bars including those 

from lesions (B). Correlations between the fits from individual subjects and their ages are 

displayed for ��
�  (C), ��

� (D), � (E), and 	� (F), overlaid with 95% confidence ellipses from 

individual subgroups and linear regression lines (black dashed lines) from combined subgroups. 

The measured ��
� data were retrieved from Supporting Information in the reference.32 
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SUPPORTING INFORMATION 

 

 

 

FIGURE S1 Examples of DTIFIT48 output parameters averaged (mean ± SD) within a 

rectangular ROI from the corpus callosum (as highlighted in Fig. 4D) as well as angle offsets 	� 

(i.e., tan�� "� "⁄ ) for 18 diffusion weighting data subsets,47 acquired using b-values (s/mm2) of 

1000 (n=1-6) and 2000 (n=7-18). Axial or principal (") and radial ("�) diffusivities were 

defined as " � A� and "� � (A�+A�)/2, assuming an axially symmetric diffusion tensor. 
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FIGURE S2 Magic angle effect in peripheral nervous system.58 Anisotropic �� orientation 

dependences modeled using Fit A for two ROIs: (1) interfascicular space (sROI, red solid line) 

and (2) interfascicular space and intraneural nerve fascicles (iROI, blue dashed line).  

  

 

 

FIGURE S3 Separating �� dependent ��� dispersion59 (A) into different contributions (B) on 

rat brain. ��� comprised a constant (ISO) and two dispersed components: (1) chemical exchange 

effect (CHEX) and (2) residual dipolar interactions (RDD) as demonstrated previously.60 All 

orientation-independent and ��-dependent relaxation mechanisms (including susceptibility 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 19, 2022. ; https://doi.org/10.1101/2021.09.13.460097doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.13.460097


anisotropy) were lumped into CHEX that is proportional to ��
�. When a spin-lock amplitude 

Y� � 0, ��� became �� to which the relative CHEX contribution, i.e., 

100*CHEX/(ISO+CHEX+RDD), was about 5% at 3T (red star, B). 

 

 

 

FIGURE S4 Recast best fitting functions (colored symbols, A) of mono-exponential (red), 

intra-(green) and extra-axonal (blue) transverse relaxation orientation dependences in WM into 

��
�  and 4��

� (B), and an open angle � (C) using Fit A (colored solid lines, A). The original best 

fits were obtained from five healthy subjects, using a tiltable RF coil and diffusion-�� correlation 

MRI on a Connectome scanner.7 
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TWO TABLES 

TABLE 1 The fits from Fit A (based on Eq. 4) for previously published anisotropic �� and ��

� and related DTI metrics in WM in 

vivo at 3T. Data are denoted by means ± standard deviations or range (square brackets) if applicable.  

 

Group 

ID 
Type Data (n) Age (yrs) ��

�
 (1/s) ��

�
 (1/s) � (°) �� (°) FA 

b-value  

(s/mm2) 

A DTI Adult (1) 30.0 n/a 
2.7±0.7 66.7±2.8 15.2±4.9 

[0.5, 0.9] 
1000 

4.7±0.7 67.0±1.6 16.0±2.9 2000 

B CPMG 
Myelin (8) 26.0 

[21-33] 

76.5±0.6 16.0±0.8 67.0±0.6 15.2±1.1 
0.60±0.12 

700 

IE (8) 13.8±0.0 1.0±0.0 69.0±0.2 16.1±0.9 700 

C GRE Neonates (8) 0.78±0.02 7.2±0.1 1.3±0.1 38.1±0.4 38.5±0.3 0.31±0.01 700 

D GRE Adults (16) 43.5±12.0 15.9±0.1 5.1±0.1 70.0±0.1 16.9±0.4 [0.4, 1.0] 1000 

E qMT Adults (7) 
26.0 

[19-33] 

46.9±1.3 

(103) 

50.0±2.3 

(103) 
69.6±0.2 31.6±0.4 [0.7, 1.0] 1000 

F GRE 

MS (39) 49.7±10.1 18.9±1.1 3.6±1.2 69.6±1.7 12.0±8.6 n/a 1000 

SBL (28) 49.5±10.5 20.1±1.1 4.1±1.1 69.9±1.3 8.8±8.1 n/a 1000 

CNT (27) 50.0±10.7 19.5±1.1 4.2±1.0 69.8±1.4 10.3±6.5 n/a 1000 
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TABLE 2  Pearson correlation coefficients (PCC) between the fits (Fit A based on Eq. 4) of anisotropic ��

� in WM and the ages of 

people from individual or combined subgroups (Group F). MS, multiple sclerosis; SBL, age-matched asymptomatic siblings; CNT, 

age-matched unrelated healthy subjects. 

 

Fits 
MS SBL CNT ALL 

PCC P-value PCC P-value PCC P-value PCC P-value 

��

�  0.41 0.01 0.48 0.01 0.38 0.05 0.38 <0.01 

��

� -0.19 0.25 -0.13 0.51 -0.34 0.08 -0.20 0.05 

� -0.06 0.72 -0.37 0.05 -0.38 0.05 -0.23 0.03 

�� 0.01 0.96 0.30 0.12 0.07 0.75 0.11 0.28 
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