E% University of
OPEN (2" ACCESS BRISTOL

Knight, M. J,, Dillon, S, Jarutyte, L., & Kauppinen, R. A. (2017). Magnetic
Resonance Relaxation Anisotropy: Physical Principles and Usesin
Microstructure Imaging. Biophysical Journal, 112(7), 1517-1528. DOI:
10.1016/}.bpj.2017.02.026

Publisher's PDF, also known as Version of record

License (if available):
CcCBY

Link to published version (if available):
10.1016/j.bpj.2017.02.026

Link to publication record in Explore Bristol Research
PDF-document

This is the final published version of the article (version of record). It first appeared online via Elsevier (Cell
Press) at https://doi.org/10.1016/j.bpj.2017.02.026 . Please refer to any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the published

version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms.html


http://dx.doi.org/10.1016/j.bpj.2017.02.026
http://research-information.bristol.ac.uk/en/publications/magnetic-resonance-relaxation-anisotropy(003a1c85-c046-43e6-a63c-bd2ce629a8a1).html
http://research-information.bristol.ac.uk/en/publications/magnetic-resonance-relaxation-anisotropy(003a1c85-c046-43e6-a63c-bd2ce629a8a1).html

Biophysical Journal —
physical / Biophysical Society

Magnetic Resonance Relaxation Anisotropy:
Physical Principles and Uses in Microstructure
Imaging

Michael J. Knight,"* Serena Dillon,? Lina Jarutyte,” and Risto A. Kauppinen'+

School of Experimental Psychology, 2ReMemBr group, Institute for Clinical Neurosciences, and 3Clinical Research and Imaging Centre,
University of Bristol, Bristol, United Kingdom

ABSTRACT Magnetic resonance imaging (MRI) provides an excellent means of studying tissue microstructure noninvasively
since the microscopic tissue environment is imprinted on the MRI signal even at macroscopic voxel level. Mesoscopic variations
in magnetic field, created by microstructure, influence the transverse relaxation time (T>) in an orientation-dependent fashion
(T2 is anisotropic). However, predicting the effects of microstructure upon MRI observables is challenging and requires theoret-
ical insight. We provide a formalism for calculating the effects upon T» of tissue microstructure, using a model of cylindrical
magnetic field perturbers. In a cohort of clinically healthy adults, we show that the angular information in spin-echo T2 is consis-
tent with this model. We show that T, in brain white matter of nondemented volunteers follows a U-shaped trajectory with age,
passing its minimum at an age of ~30 but that this depends on the particular white matter tract. The anisotropy of T, also interacts
with age and declines with increasing age. Late-myelinating white matter is more susceptible to age-related change than early-
myelinating white matter, consistent with the retrogenesis hypothesis. T, mapping may therefore be incorporated into micro-

structural imaging.

INTRODUCTION

The power of magnetic resonance imaging (MRI) is in its
capability to deliver information on microstructure, mean-
ing that one may manipulate the signal and imprint the
signature of microscopic structures upon it. By such means,
the existence and nature of objects very much smaller than a
voxel may be inferred. This is nonetheless an evolving tech-
nology and advances in hardware, software, and theoretical
understanding continue to extend its utility.

Understanding the microstructural changes taking place
in the human brain with age is of great importance in iden-
tifying and treating diseases associated with aging, such as
various classes of dementia and stroke. The dementia chal-
lenge is a particularly large one because we are currently
limited to making diagnoses only once clinical presentation
is severe. However, the identification of pathology before
potentially irreversible loss of tissue must identify the chem-
ical or microstructural causes in treatable tissue. Here, the
availability of methods sensitive to widespread but subtle
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changes is particularly important. Our objective in this
article is to develop and apply the phenomenon of transverse
relaxation time (7,) anisotropy to reveal details of human
white matter (WM).

Microstructure influences the range of resonance fre-
quencies that a diffusing nuclear spin may sample, therefore
influencing the coherence and decoherence of spin phase
(thus signal amplitude) as well as total accumulated signal
phase. The signature of microstructure is thereby imprinted
on both MRI signal amplitude and phase. Several modalities
exploit these two distinct phenomena, and in different ways.
In diffusion imaging, external magnetic field gradients are
applied. Coherence is lost more rapidly if an applied field
gradient is parallel to a direction in which there is less restric-
tion to translational diffusion on a micrometer scale such that
abroad range of resonance frequencies is sampled (1). There-
fore, one may infer the existence and nature of structures of
micrometer size (2). In the absence of applied field gradients,
microstructure nevertheless creates an inhomogeneous local
magnetic field on a mesoscopic scale (3—7), due to differ-
ences in magnetic susceptibility within the microstructural
components in the system. This influences the signal in
gradient-echo and spin-echo imaging, as spins in a voxel
sample a range of resonance frequencies—similarly to the
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application of a field gradient, but with the inhomogeneity
arising from the system under study, rather than externally
applied. In gradient-echo MRI, the signal accumulates phase,
which has given rise to quantitative susceptibility mapping
(QSM) (8,9) and susceptibility tensor imaging (STI) (10).
In spin-echo MRI, translational diffusion through the inho-
mogeneous field labels the T, with the signature of the micro-
struturally induced local magnetic field (11). We have
recently demonstrated this to be so in human WM, in which
the spin-echo 7, of human WM shows a pattern of anisotropy
by which its maximum occurs when an ordered system is par-
allel to the applied field By and minimized when perpendic-
ular (12). We have also provided a theoretical framework
by which it may be explained (13)—opening the door to ap-
plications of T, anisotropy. However, relating microstructure
to the perturbations to magnetic fields resulting from it, and
thus to measurements of coherence lifetimes and diffusion-
mediated dephasing, remains challenging. The link between
microstructure and its influence on most MRI-observable
quantities remains a challenging one to make especially in
systems such as the brain.

In this article, we develop the principles of spin-echo
T, anisotropy and apply it to reveal details of human WM ag-
ing. By doing so, we reveal that, in a cohort of healthy persons,
T, anisotropy is sensitive not just to the particular WM tract,
but the regional age effects. In particular, late-myelinating
WM has markedly lower anisotropy and loses its anisotropy
more rapidly in later life than early-myelinating WM. These
findings are consistent with the retrogenesis theory (14). As
such, we seek to establish relaxation anisotropy as a tool in
the arsenal of microstructural imaging modalities.

Theory section: the b-tensor field and coherence
lifetime anisotropy

In a spin-echo experiment, where phase terms are entirely
refocused, if there exists a resonance frequency inhomoge-
neity w;(x), due to mesoscopic susceptibility differences,
applied field gradients or other sources, the signal amplitude
evolves according to (13)

5(0) = | [ Autxlexol i) - DEx)ex( - R () |,
()

where Ag is the signal amplitude at (time) ¢ = 0, D(x) is the
translational diffusion tensor field, R%°(x) is the (isotropic)
transverse relaxation rate coefficient scalar field, and we
have introduced b(x) as the b-tensor field. The elements of
the b-tensor field are defined as

p*t? dw;(x) dwp(x)

bi(x) = 3 dx; 0x;,

; @

where p is the coherence order (15). This is analogous to the
theory common in diffusion imaging and replaces the
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b-value, to which it reduces if the frequency inhomogeneity
wy(x) is linear (such as due solely to applied field gradients).
We have also defined, in admittedly flexible notation:

b(x) + D(X) = > b(x)Du(x)- 3)

The fact that we have a b-tensor field implies that, provided
wy(x) exists, diffusion-mediated decoherence, and therefore
T, is anisotropic. That is, the magnetic field created by tis-
sue microstructure in response to the applied field trans-
forms with orientation relative to the applied field, and the
form of the spin phase decoherence transforms with it.

The frequency inhomogeneity function, w;(x), may be
decomposed into a sum of terms representing the response
of the system under observation to the applied field, and
any deliberate inhomogeneity due to the use of applied field
gradients:

w(X) = Aw(x) +vG - x @
= Aw(x) + wp(x) ’

where Aw(x) is the frequency difference from the Larmor
frequency arising due to magnetic susceptibility differences
within the system, G is a field gradient, and wp(x) is the
linear frequency shift arising due to applied (typically
pulsed) field gradients. There is the following interaction be-
tween the effects of the frequency difference function and
applied field gradients:

23
p’t 0(Aw + wp) (Aw + wp)
b- 3 Z D;

J
= Ox; ax

., [[VAw]" - DVAw
pt T
= T +[VQ)D} . DV(L)D
+([VAw]" « DVwp + [Vep]" - DVAW)
(5)

On the second line of this equation, from top to bottom, the
three terms represent dephasing due to the system’s
response to the applied field only, dephasing due to the
applied field gradients only, and dephasing due to the inter-
action between those effects. The superscript T represents
the transpose operation. Additional details on this expansion
are provided in the Supporting Material.

Walled cylinder model

For the exploration of the effects of susceptibility differ-
ences, a model is useful. With a view to understanding the
effects of myelinated axons upon diffusion-mediated deco-
herence in MRI of the human brain, we use a model of cy-
lindrical field perturbers whose walls contain a material with
a different magnetic susceptibility from their surroundings.
The system-induced frequency difference Aw(x) may be



calculated for any geometry of a set of cylindrical field per-
turbers (5) as

0X >

Aw(x) = Z

0,

where ), is the Larmor frequency, 6,, is the polar angle be-
tween the long axis of the cylinder m and B, and the
coordinates ¢, r represent position in a cylindrical system
with the z-axis parallel to the cylinder long axis and
By defined in the xz plane. ¥, is the susceptibility differ-
ence (with the susceptibility tensor assumed isotropic)
between the wall of the cylinder and outside, r,, is the
cylinder outer radius, and r;,, the lumen radius of cylinder
m. The summation is taken over all cylinders, each being
indexed by m.

The diffusion tensor field is treated such that each cylin-
der lumen has its own diffusion tensor, each cylinder wall
has its own diffusion tensor and the surroundings have a
unique diffusion tensor. The b-tensor field may be repre-
sented as a sum over perturbers for each region as

Z b

b + b + be + b + b + by

b

)

In this “alphabet” of terms, we recognize A and B as the de-
phasing due to the system’s response to the applied field
only (due to susceptibility differences), C, E, and F as the
dephasing due to the applied field gradients, and G and
H due to the interaction between those two phenomena.
To simplify proceedings, we impose the condition that the
diffusion tensor outside the perturbers is isotropic, and
that the diffusion tensor for each perturber wall and lumen
is axially symmetric with its unique axis parallel to that
particular perturber’s axis. Then we obtain

x2wirt sin* 6,
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where D, is the isotropic diffusion coefficient of the space
outside any perturbers. We also obtain
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(m)
where D, , ILR

m, and

is the radial diffusivity in the wall of perturber
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The C, E, and F terms are the same as in conventional treat-
ments (applied field gradients only) and may be found in the
Supporting Material, as well as more general expressions.
This theory predicts a sin* # dependence for diffusion-
mediated decoherence due to susceptibility differences and
a sin? @ dependence for the interaction between susceptibility
differences and applied field gradients. For a voxel in which
perturbers share a common axis of alignment (such as through
which a single WM fiber tract passes), and in the absence of
“significant” effects of applied field gradients, we can there-
fore anticipate an anisotropy of spin-echo R,, scaled simply
by sin* 4, with 6 the common angle between fiber and By, as

S(r)= /AO exp( — af’ sin* O)exp(—Ryr)dx.  (12)

Therefore we arrive at the following simple “semi-heuris-
tic” expression for spin-echo Rj:

R, = R +Asin* 6, (13)
where the “amplitude of anisotropy” A depends on the set of
echo times at which the signal is sampled (due to the cubic
time dependence of signal decay). A is also scaled by the
square of susceptibility differences between cylinder walls
and surroundings, and the square of Larmor frequency
(therefore applied field). sin* # may be approximated by
calculating the angle between the principal eigenvector of
the diffusion tensor and the applied magnetic field. We
can equivalently express this in terms of 75 as
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n

I =———
1 + AT, sin” 0

(14)

where TQ = 1/RE? is the T parallel to By. When 6 = 90° we
obtain the definition of the quantity T5-, from which we can
define the “peak-to-trough” distance in 7, between parallel
and perpendicular orientations as

T = T) - T}

AT (15)
1 + AT)

MATERIALS AND METHODS
Simulations

A set of classes were written to perform simulations of diffusion-mediated
decoherence using MATLAB 2015b (The MathWorks, Natick, MA). To
examine the combined effects of susceptibility differences and applied field
gradients, we performed simulations using a geometry of a single walled
cylinder. To examine the effects that crossing-fiber populations have on
anisotropy of 7, and diffusion parameters in the presence of field inhomo-
geneities, we created a perturber geometry of 32 walled cylinders. Either all
32 were parallel, or 16 were grouped and parallel in one direction, and the
other 16 were parallel but grouped at an orientation 90° to the first group. In
all cases, simulations were performed without applied field gradients (to
determine 7> anisotropy) and with six noncollinear gradients to explore
the effect on diffusion tensor parameters. Complete simulation parameters
are available in the Supporting Material.

Experimental MRI

A total of 40 participants were recruited for this study (25 females, aged
23-71). They were required to have no known neurological disorder, past
or present. All participants gave informed consent, and ethical approval
was granted by the University of Bristol Faculty of Science Research Ethics
Committee. All data were acquired using a Siemens Magnetom Skyra
3T system (Siemens Healthcare, Erlangen, Germany) equipped with a
32-channel head coil 2-channel parallel transmit body coil. The acquisition
included a three-dimensional (3D) T;-weighted MPRAGE (sagittal, 0.86 x
0.86 x 0.86 mm®), two-dimensional (2D) multiecho spin-echo (axial,
1.15 x 1.15 x 1.98 mm®) and 2D multiband diffusion tensor imaging
(DTI) (16) (axial, 1.88 x 1.88 x 1.98 mm?). Complete acquisition param-
eters are listed in the Supporting Material.

T, maps were computed by a voxel-wise fit of a monoexponential func-
tion in a logarithmic space, excluding the first echo. This was done since the
pulse sequence allows the passage of both spin and stimulated echoes due to
the use of identical crusher gradients astride each refocusing pulse, though
the first echo contains only spin echo contributions.

Diffusion tensor images were computed using FMRIB Software Library
(FSL). Distortions caused by eddy currents were minimized using the pro-
gram eddy (17), and gross distortions due to interfaces between materials
with different magnetic susceptibility corrected with the program topup
(18), before fitting diffusion tensors with dtifit. A single effective diffusion
tensor was assumed for each voxel.

For the determination of age-dependent effects in the major WM tracts,
the tract-based spatial statistics (TBSS) framework was used to identify a
WM skeleton, implemented in FSL (19,20). Fractional anisotropy (FA) im-
ages were registered to the FMRIB58_FA standard template and the FA
skeleton determined at a threshold of 0.2 after which the radial diffusivity
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(RD), mean diffusivity (MD), axial diffusivity (AxD), and 7, maps were
also skeletonized using the tbss_non_FA command.

Analysis of T, anisotropy

Anisotropy of T, was examined by two approaches. First, we used the method
we have previously published to provide a heuristic demonstration as a sur-
face plot of 7, as a function of FA and the angle 6 (between the principal di-
rection of diffusion and By). In this method, FA and 6 are bin-ranged to create
2D bins. All 7, observations falling into a bin are averaged. A surface plot may
be thereby produced. Data are required in a common space, chosen for each
participant as that of their DTI data, resampled to 1 mm isotropic resolution.

In the second approach, we created a regression model that could be fitted
to the data, motivated by the theory presented in this article and our recent
work. It was more practical to work with R, than T, as R, terms are effec-
tively additive and linear in the anisotropy effect. A “full” model was
constructed, modeling the effects of FA, MD, and age upon R, up to sec-
ond-order polynomials and anisotropy to first-order ones (the latter as per
the theory section). All interaction terms were retained. A “reduced” model
was also used, which did not include any 7 anisotropy terms, and compared
with the full model. The full model was also used to examine differences be-
tween early-myelinating and late-myelinating WM fiber tracts. Tracts of the
Johns Hopkins University (JHU) WM atlas (21,22) were classified simply as
“late-myelinating” or “early-myelinating” according to whether they have
detectable levels of myelination at birth (23). Each voxel of the TBSS skel-
eton was therefore given such a label according to the most probable tract as
identified by the JHU atlas, and the regression model applied separately for
the two groups of data. Before fitting, data were demeaned and normalized by
standard deviation (converted to z-scores), as the variables are on different
scales. The regression analyses used the LinearModel class of MATLAB
2015b. Full expressions are given in the Supporting Material.

RESULTS

Interaction between system interactions and
applied field gradients

The results of simulations for a single “thick-walled” cylin-
der are shown in Fig. 1. In Fig. 1, a—c, the T> as a function of
orientation are shown. The 7, expresses the anticipated
orientation dependence, with its minimum when the cylinder
is perpendicular to By, for at such an orientation the magnetic
field is rendered most inhomogeneous if the wall has a
different susceptibility from the surroundings. Accordingly,
the broadest distribution of resonance frequencies is sampled
by each spin, and so decoherence most severe. The observ-
able FA for the system is reduced perpendicular to
By (Fig. 1 b), while MD is increased (Fig. 1 ¢). This is because
dephasing in the vicinity of the wall is increased when
perpendicular to By, giving the impression of increased diffu-
sivity in all directions. This, of course, increases observable
MD, but also decreases normalized differences between ei-
genvalues of the diffusion tensor, and therefore decreases
the observable FA. The interaction terms between the applied
field gradients and diffusion-mediated decoherence due to
susceptibility differences have only a small influence,
slightly reducing the overall rate of decoherence. By inspec-
tion of Fig. 1 e, such terms may be positive or negative, so
once averaged over the domain of simulation, the effects
are (somewhat) suppressed.



The effects of crossing fibers on T, anisotropy

We compare the results of simulating diffusion-mediated
decoherence for a single-fiber population and crossing-fiber
system in Fig. 2. For the single-fiber population, the anisot-
ropy of T follows the familiar pattern of depending only on
the angle between the longitudinal axis of the perturbers and
By (Fig. 1 ¢). For the crossing-fiber system, both the polar
and azimuthal angle between the system of perturbers and
B, contribute to the b-tensor field. The T, is minimized
when both sets of perturbers are perpendicular to B, which
occurs at # = 90°, ¢ = 0°. T, is maximized when either pop-
ulation is parallel to By, but the other is then perpendicular
so T, remains lower than the single-fiber system. The
maximum 75 in the crossing-fiber system is therefore lower
than in the single-fiber system.

Examining the FA in the single-fiber case, it is maximized
when the perturbers are perpendicular to By (Fig. 2 ¢), though
its minimum is not at the parallel orientation. Examining MD

bc.D +bg.D+bg.D
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b
0.098
0.1
0.094
0.09
0.09
0.08
0.086
FIGURE 1 The effects of diffusion-mediated de-
1010 d ba D + _bB- D oo  Phasingin the presence of susceptibility differences
and applied field gradients for a single cylinder par-
788 allel to the z axis. (a)—(c) show the T, (scale bar
’ 16 units s), FA (scale bar unitless), and MD (scale
7 875 bar m*s ') respectively simulated for various polar
' 12 and azimuthal angles relative to By. (d)—(f) show
787 the products of the b-tensor field and the diffusion
' 8 tensor field for the three categories of dephasing.
7 865 (d) shows the effects of susceptibility differences
' 4 only, (e) shows the interaction between susceptibil-
7.86 ity differences and an applied field gradient parallel
' 0 to the x axis, and (f) shows the effects of the applied

field gradient parallel to x only. Note that different
scales are used in each panel. To see this figure in
08 color, go online.

(Fig. 2 e), it follows a similar anisotropy to 7 (in the noncross-
ing case). This is for the same reasons as in the single-cylinder
case. The main reason for which FA is reduced in the crossing
fiber relative to the single-fiber case is of course the lack of a
unique axis of order. The anisotropy of FA in this case is rather
complicated, but again we see FA maximized (raised above the
“true” value) if one or the other set of perturbers is perpendic-
ular to By (Fig. 2 d). The MD anisotropy (Fig. 2 f) is very
similar to the 7> anisotropy, the MD being reduced from its
true value when the contribution to dephasing from all con-
tributions to the b-tensor field is maximized. This is at
0=90°, ¢ =0°.Inthe Supporting Material, we provide similar
plots to Fig. 2, for fiber crossing angles other than 0° and 90°.

Experimental demonstration of T, anisotropy

In Fig. 3, the results of a heuristic approach to extracting the
effect of 7, anisotropy are shown, along with the fit of
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a

0.09

0.08

0.07

0.27

0.266

P 7 0.262

0.258

0.254

x10-10
27

7.65

7.6

7.55

7.5

Eq. 13. In this analysis, participants were grouped into four
age ranges with 10 participants in each subgroup. Therefore,
any variance in the data because of factors such as age range
and MD is absorbed by averaging over many observations at
each selected 2D bin of 6 and FA. There is a clear effect of
anisotropy, consistent with our previous findings, with high
FA (a high degree of order) corresponding to a high degree
of T, anisotropy. We can also see that the entire surface plot
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0.082

0.078

0.074

0.07

0.14

0.136

0.132  EFIGURE 2 Simulations of diffusion-mediated de-

coherence, and its effects on 7, and diffusion tensor
parameters for a single-fiber population and crossing
fibers at 90°. (a), (¢), and (e) show simulations in the
single-fiber case; (b), (d), and (f) show simulations
in the crossing-fiber case. (a) and (b) show T, on a
sphere (scale bar units: s), (¢) and (d) show FA on
spheres (scale bar unitless), (e) and (f) show MD
on spheres (scale bar units: m? s, and (g) and
(h) show the perturber geometry. In (g) and (h),
coordinates are given in units of micrometer. To
see this figure in color, go online.

0.128

shifts up with age (7> increases generally with age in WM),
though the “peak-to-trough” (effect of anisotropy) de-
creases with increasing age, implying an increase in the
isotropic 7, with age. The peak-to-trough distance is quan-
tifiable, giving a convenient parameterization of the overall
“effect of anisotropy.” This quantity, T2, is plotted in
Fig. 1 e. In the youngest age group of 23.1-32.6 years,
for the FA bin range 0.379-0.421, it has the value



T2 23.11t0 32.6 b
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T2 33.2to 48.1

FIGURE 3 Experimental demonstration of
T, anisotropy in human brain white matter.
(a)—(d) show surfaces of the average 7, in 2D
bins according to FA and the angle between the
principal axis of the diffusion tensor and By in
four age groups indicated above the panels. The
opaque surfaces are the experimental observations;
the dots the fit of Eq. 13. A general tendency to-
ward increased T, and a decreased effect of anisot-
ropy with increasing age is visible. (e) and (f) show
the fitted T2 and parallel (isotropic) Tg derived
from fitting Eq. 13 at each FA bin-range center
value. Error bars are the 95% confidence intervals
for the fit. The legend entries A, B, C, and D corre-
spond to the respective age groups of (a)—(d). To

see this figure in color, go online.

10.0 = 1.02 ms, whereas in the oldest group of 60.7-71.9
years, it is 5.31 = 0.75 ms. In the FA bin range 0.592-
0.654, it has the value 18.02 = 2.91 ms in the youngest
age group and 13.14 * 2.24 in the oldest. The isotropic
(parallel) Tg is plotted as a function of FA in Fig. 3 f,
showing its increase with age and FA. It is seen that in total,
at high FA in particular, T, varies by up to 20 ms with 6; the
angle between the principal direction of translation diffu-
sion and B,. The effect of anisotropy may therefore explain
a significant amount of variance in the overall distribution of
T, for WM.

A regression model for T,: Demonstration of
anisotropy

To more thoroughly examine interactions between factors
such as age, MD, etc., and perform a statistical test of
whether anisotropy contributes to our data we focused our
attention on three major WM tracts: the corticospinal tracts

(CSTs), which are early-myelinating association fibers; the
superior longitudinal fasciculus (SLoF), containing later-
myelinating fibers (but close to the CST), and the uncinate
fasciculus (UF), containing late-myelinating fibers but in
an anatomically distinct region and consistently implicated
as suffering early change in dementia and cognitive decline
(24). In all cases, a model including an effect of 7, anisot-
ropy was better able to describe the data than a model
without, with the p-values for the amplitude of anisotropy
and many interaction terms involving it zero to the limit
of machine precision. Summary statistics are tabulated in
the Supporting Material (Table S1). A key result is that
T, anisotropy declines with increasing age and increases
with increasing FA, which is consistent with Fig. 3. An
exception, however, was the UF, in which an interaction be-
tween age and anisotropy could not be detected (p > 0.05
for the interaction term), such that in this tract 7, anisotropy
is less affected by age. Therefore, 7, anisotropy also
changes differently with age depending on brain region or
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WM tract. A visualization of the model is provided in Fig. 4.
The effect of anisotropy is clear, reflected in the high statis-
tical significance for its inclusion and regression coefficients
for the amplitude of anisotropy shown in Fig. 4 i. For
example, the model describes the data for the entire WM
skeleton with an R, of 0.27, compared with 0.14 without
an effect of anisotropy modeled, with the regression coeffi-
cient for the amplitude of anisotropy (shown in Fig. 4 i) the
largest of all terms (because the data were transformed to
z-scores, coefficients are on a comparable scale). Like the
experimental form (averaging over MD and bin-ranged
over FA), the effect increases with increasing FA and de-
creases with increasing age. It is clear that the variation in
T, explained by anisotropy is similarly significant to that ex-
plained by age. The minimum 7 is typically passed at age
~30 (though varies a little according to interaction effects).

Demonstration of faster aging and lower
anisotropy in late-myelinating tracts

Each voxel of the WM skeleton was labeled as early-myeli-
nating or late-myelinating, to create two data sets. By fitting
the regression model including the effect of T, anisotropy to
these two data sets separately, we were able to examine dif-
ferences between the aging characteristics of the two classes
of WM. The results are shown in Fig. 5. From these models,
and in particular inspecting the regression coefficients in
Fig. 5 e, we can make several observations. First, although
in both WM groups the T, increases with age, the effect
of age is greater in the late-myelinating WM. This is so
for the first- and second-order coefficients. Therefore,
T, increases with age more rapidly in late-myelinating
WM, especially in later life. Second, the effect of anisotropy
is markedly larger in the early-myelinating WM. As such,
the microstructure conferring the property of anisotropy
upon T, is more prevalent or better-preserved with age in
early-myelinating WM.

DISCUSSION

We have developed a formalism of nuclear spin phase deco-
herence due to mesoscopic magnetic field inhomogeneities
and explored the effects on measurements of diffusion and
relaxation anisotropy.

Relaxometry in microstructure imaging

The fact that T, is influenced by fiber orientation and the
presence of crossing fibers may provide another domain in
which relaxometry can contribute to microstructure imag-
ing. Knowledge of the response of T, (or other relaxometric
parameters) to applied field gradients and its dependence on
microstructure and orientation may provide the basis for
novel microstructural imaging modalities and restraints in
testing experimental models. Recent work has already
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begun to explore the utility of other relaxometry modalities
in microstructure imaging. In particular, it has been shown
that T; relaxometry is able to quantify differential WM tract
characteristics (25), including unique T, values for each fi-
ber of crossing fiber populations (26).

We showed by two means that there is an effect of orien-
tation on a voxel’s 7, in human WM, and that the effect is
consistent with the theory provided. Therefore, a model of
cylindrical field perturbers creating mesoscopic magnetic
field inhomogeneities appears to be suitable for describing
T, measured using a multiecho spin-echo pulse sequence
in the human brain in vivo. The use of such a model extends
our previous observation (12), and extends the use of a
cylindrical field perturber model in frequency difference
mapping (5) and QSM (6).

We have also shown an interaction between age and
anisotropy. As we age, the extent to which anisotropy influ-
ences T, decreases. Therefore, we anticipate that contribu-
tors to mesoscopic magnetic field inhomogeneities are
removed with age. Exactly what those contributors are is a
largely unexplored field. The effects of age and anisotropy
upon 7 are not just tract-specific but depend on myelogen-
esis. We have shown that early-myelinating WM, at least
within the major fiber bundles, is more “robust” to aging
than late-myelinating WM when parameterized by 7. Spe-
cifically, 7, increases more rapidly in this cross-sectional
cohort with age in late-myelinating WM, accelerating
even more with age, while its anisotropy is less than that
of early-myelinating WM. There is also a weaker interaction
between age and T, anisotropy in early than late-myelinat-
ing WM. This is suggestive that 7, mapping and the devel-
opment of modalities for the mapping of its anisotropy may
be powerful means of examining subtle differences in the
“types” of aging that distinct categories of WM undergo.
This is significant in the context of the retrogenesis hypoth-
esis, which posits that late-myelinating WM is the most sus-
ceptible to damage in later life. There is evidence from a
number of studies using DTI scalars and tractography that
this is the case, and the hypothesis may also explain the
disproportionate damage to WM observed in Alzheimer’s
disease, which may precede significant loss of gray matter.
The observation of an increased rate of age-related change
in T, of late-myelinating WM in a healthy population may
therefore suggest a capacity to detect “silent” pathology
before clinical presentation. The same may be true of the
detection of larger interactions between age and anisotropy
(driven by microstructure) in late-myelinating WM.

Brain aging at the microstructural level is not well under-
stood (27). A number of studies have used DTI to monitor
the changes in DTI scalars with age (28). Overall, DTI
data converge on widespread decreases in FA in WM
with age and widespread increases in diffusivities, after a
peak is passed in the third or fourth decade of life, and
with intertract differences (29-31). Consistent with the
theory of retrogenesis (24), there is some evidence that
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early-myelinating WM shows slower rates of decline when
parameterized by DTI scalars. Longitudinal data similarly
demonstrate widespread but subtle WM microstructural
changes with age, and not explicable by loss of cortical
gray matter (GM) (32,33). This is significant, for despite a
shortage of empirical data (34) it has been suggested that
GM loss may be causative of WM microstructural change
(35), such as through Wallerian degeneration. 7,* relaxom-
etry has also been applied to characterize age-related
changes in the brain, showing decreases with age in various
subcortical gray matter structures likely to generally in-
crease in iron content with age, and limited WM regions
(36). In another study, focal 7>* increases and decreases
were seen in various WM regions (37).

Relation to T,* and other literature

The effect of anisotropy is a weak one, scaling with the
square of By, and requires some level of care to measure.
Either many observations must be averaged as in the surface
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plots of Fig. 3 or a regression model must be fitted to a data
set of appreciable size. In addition, it is likely that poor
B, and B, homogeneity will confound its measurement.
With these considerations, we might account for why the ef-
fect has received scant attention. A previous study sought to
detect anisotropy in ex vivo bovine optic nerve at 1.5 T but
reported no anisotropy (38). They did, however, report that
decoherence was more rapid at early times, as predicted by
our model if anisotropy be present, but used a multiexpo-
nential fit rather than Eq. 12.

Future applications

We have sought primarily to describe and explain the bio-
physical phenomenon of coherence lifetime anisotropy due
to restricted translational diffusion through inhomogeneous
magnetic fields created by biological tissues on mesoscopic
(cellular) scales. There are several opportunities for
exploiting such a phenomenon in both basic research
and clinical applications, if routine measurement can be



brought into reality. The key applications we foresee are
those involving “widespread but subtle” change on a
cellular scale, in which pathology is not highly localized,
or does not perturb some MR-observable parameter to
such an extent as to place it within the detection limit of
the human visual system. Examples may include various
classes of dementia, or recovery/adaptation following
stroke. We may realistically hope to provide quantitative
markers of cellular-level tissue change in advance of tissue
death, thus bringing forward the window of opportunity for
detecting disease pathology. It may also be possible to
refine estimates of quantities such as axonal packing or di-
ameters, thereby monitoring both generation and degenera-
tion of WM. This may be useful in determining the efficacy
of some treatment (and thus guiding treatment on an indi-
vidualized basis) as well as providing quantitative bio-
markers useful in the development of new therapeutics
aimed at preventing axonal degeneration or promoting
axonal generation. This, we hope, will follow a similar
pathway to application as other phenomena occurring in,
or measurable by, magnetic resonance, such as diffusion
anisotropy, magnetic susceptibility (and its anisotropy)
and perfusion.

Limitations

Constructing a meaningful microstructure-driven model for
T, is similarly challenging to doing so for any other param-
eter observable by MRI. The model is surely incomplete.
However, there have been relatively few attempts at deter-
mining the effects of microstructure upon spin-echo
T, which justifies to some extent the choice of a simple
model. We were limited in experimental data by using a
cross-sectional cohort. However, seeking to determine the
effects of age across a broad range (49 years) does not
lend itself easily to longitudinal studies, which will be
necessary to fully test the predictions emerging from this
work. The data acquisition and processing also suffered im-
perfections. The 7, mapping was monoexponential and
only made use of echoes recorded from 24 to 120 ms,
the first at 12 ms being discarded since the pulse sequence
used the same crushers astride each refocusing pulse, the
first echo therefore being a “pure” spin echo and dispro-
portionately low in intensity. However, this means that
we are sensitive only to relatively slow-decaying coher-
ence. This means we could not fit Eq. 12 directly to data.
Neither could we fit models in which the effects of suscep-
tibility differences are assumed not to contribute but the
isotropic 75, is assumed to be different in the vicinity of
the myelin sheath, such as multiexponential decoherence
models. We have yet to address experimentally the issue
of crossing fibers, instead simply limiting the analysis to
the major fiber bundles identified by TBSS (in which
crossing fibers are still likely to be a confound).

MRI Relaxation Anisotropy in the Brain

CONCLUSIONS

In conclusion, it is most likely that the MRI 75 is influenced
by microstructure, and we have proposed a means to make
that influence tractable, adding 7> mapping to the range of
microstructure imaging modalities. By understanding the
physical basis of microstructural modulation of the MRI
signal, we hope to make challenging matters of human
health and disease tractable. As a demonstration, we have
shown that the 7, and its anisotropy are differently affected
by age, and that late-myelinating WM is more susceptible to
the effects of age.
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Supplementary information

Mathematical details

We wish to calculate the form of the time-dependent spin phase decoherence due to
generalised but small mesoscopic magnetic field inhomogeneities. The master equation is

the Bloch-Torrey equation (1-3) for transverse magnetisation with a generalised but small

magnetic field inhomogeneity(4):

%m “(t,X) = (i, — i, —i, (X)— R, (X)+ V-D(x)V)M* (t,X) (1)

Here, M" (t,x) is the complex-valued transverse magnetisation as a function of time t and
spatial coordinate X, a,is the Larmor frequency, @, is the isotropic part of the chemical shift
anisotropy tensor, , (x)is a frequency inhomogeneity function, R,(x)is the (isotropic)

transverse relaxation rate coefficient scalar field, Vis the gradient operator, and D(X)the

translational diffusion tensor field. In our original paper, we showed that the signal, in a
demodulated frame rotated with the chemically shifted Larmor frequency, would evolve

accordingto (2)

S(t)=

243

I%(x)exp{%[VD(x)V]a), (x)}exp{— p3t [Vao,-D(X)V ], (x)}exp(—Rz(x)t)dx

If we are performing a spin-echo experiment, assuming that phase terms may be entirely

refocussed, this reduces to

S(t) :‘JAO (x)exp{— p;t3 [V, (x)-D(X)V]e, (x)}exp(—R2 (x)t)dx 3)

Where, in both cases, p is the coherence order and Aq the signal amplitude at t=0. We will

henceforth restrict the discussion to spin-echo experiments and neglect phase terms.

We can express this more simply as
S(t)= UA" exp(—b-D)exp(—th)dx‘ (4)

In which the b-tensor field b has been introduced. The quantity b.D represents the sum of

element-wise products evaluated at coordinate x. The b-tensor field is defined as




t* 0o, (X) 0o, (X)
30X OX,

]

(5)

by (x) = £

In which o, (x) is an inhomogeneous contribution to the resonance frequency experienced

by the nuclear species under observation at coordinate x. This generalises the b-value used

in diffusion imaging if the frequency inhomogeneity is linear:

t*,
bjk :EQ/ Gij (6)

With Gj, G elements of an applied (linear) magnetic field gradient.
Elements of the b-tensor field

The b-tensor expansion may be equivalently expressed:

%[Vm, (X) D(X)V]a), ( /7 23 zz@a},(m) ) 6a),(ar:k(X)DJ§Ln) (X)

m jk

_zzbm) D(m) (x) o)

m jk

=S b™.p™

=b-D

Or, as an expansion into the contributions of the susceptibility and applied field gradient

effects:

b.D ,o;t3 Z@(Aa)+a)D) o(Aw+ay) 5

ik
i OX; OX,

(8)

_ Pt Z OAw OAw N 0wy 0wy, N OAw Oy, N 0wy OAw D.
3 ox; OX  OX; X OX, Ox, = OX, Ox |

J J

[VAw] -DVA®
_ 25\ [Va,] DVa,

+([Vae] -DVa, +[Va, ] -DVA)

Where the superscript T represents the transpose operation.
The cylindrical model

In the walled cylinder model, the frequency inhomogeneity function takes the form



cm

2
%sinzem cosz¢(r°—g‘}, r>r,
r

Aa)(x)

1 ) 2 2
> —wozlm (cos2 6, _E_sz 6,, cos 24{@]] fim ST <To )
4 r

0, r<r

Lm

Where w, is the Larmor frequency, & is the polar angle between the long axis of the

cylinder j and By, and the coordinates ¢ ,r represent position in a cylindrical system with the

z-axis parallel to the cylinder long axis and B, defined in the xz plane. This is the cylinder

principal axis system (PAS). yis the susceptibility difference (with the susceptibility tensor

assumed isotropic) between the wall of the cylinder and outside, r. is the cylinder outer
radius radius, r_ the lumen radius. This frequency difference is present as long as the
system is subject to an applied magnetic field Bo. The diffusion tensor field is treated such
that each cylinder lumen has its own diffusion tensor, each cylinder wall (if applicable) has its

own diffusion tensor and the surroundings have a unique diffusion tensor. We can therefore

write
(m,out)
Dy, r>r,
(m) _ (m,wall)
Dy’ =1 Dj : n;Sr<ry (10)
(m,lumen)
Dj ,  r<r

Although we treat the region outside the cylinders as having a single diffusion tensor, it may
be that the cylinders have different orientations, such that the m™ representation is in a
different frame (PAS of cylinder m). For the b-tensor field, this leads to the “alphabet” of
terms:

b= b™

=b,+b;+b. +b. +b. +b,

(11)

Where
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out out
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CEF _ _P ’t° Z[vw(m):l va)(m) (12)
OUt out

be =p3t ([VA DT Vo +[Vo ] VAa)‘m))

b,, =% ([VA o | Vol +[Vai" ] va V‘JZ.).)

The full forms for the cylindrical model are:

C0S 2¢ cos2¢sin2¢ 0

2,204
z}(ma)o ' sin® 0, COS2¢Sin 2¢ sin 2¢ 0 (13)
0 0 0
P ol (15 =1 )sin“em C052_¢ C052_¢3|n2¢ 0
bB: 3 Z o C0S 2¢sin 2¢ sin 2¢ 0 (14)
m 0 . )

The b-tensor field for C,E,F is simply the b-value as used in the ordinary theory of diffusion-
weighted imaging with the diffusion tensor represented for the appropriate compartment, so

expressions may be found elsewhere.

2, )sin® 6,

3

2,3 2
b, _pt ya)ozlm(rcm

3 (16)

r
Where

2¢052¢(G, cos¢ +G, sin ) ~(G,sing+G, cosg) G, c0S2¢
W=| —(G,sing+G,cosg)  2sin2¢(-G,sing+G,cosg) G,sin2¢ (17)
G, cos2¢ G, sin2¢ 0



These expressions are for cylindrical perturber geometry, but valid for any diffusion tensor.
In the main text, we restricted the discussion to axially symmetric diffusion tensors with their
unique axis parallel to that of the perturber to which they correspond, and isotropic diffusion

outside the perturber region.

For computational efficiency, our simulator calculates the terms:

243
Pt [Vo,-DV]w, =b-D
:p3 (A+B+C+E+F+G+H)
Where

A=> VAo D{PVALSY

B =2 VAogDig VAag

C=Va,D, Vo,

E=> Voi"DinVaol” (19)

\% a),()m)

lumen

F=> VoD

out out out

G = (VARDIYV oL + Vi DIVAGL )
m

Vol +Vai"Dip VAsD)

wall = wall wall wall

H =Y (VAoi D

These correspond to b, etc from the main text. Thus equipped, we may write out all the

above dephasing terms fully as:

(2cos® ¢—1)2 (D" cos® g+ D’ sin’ ¢+ 2D" sin g cos ¢ ) +

yiwtrt sin® o s L ) .
A= A | 4cos” gsin (D" sin® g+ D’ cos’ ¢ — 2D sin gcos¢) + | (20)

2

2cos #sin ¢(—Dl(l”‘) sinzg DS’ —C0522¢ + DY cos 2¢j

Where the elements DE:” are of the diffusion tensor for the region outside the perturbers in

Cartesian representation transformed into in the “cylinder PAS” of perturber m.
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2

2cos ¢sin ¢( DM == sin 2¢ +D{ Cozij +DY" cos 2¢j

(21)

Where the elements D}E‘) are of the diffusion tensor for the wall of perturber m in the

cylinder PAS of perturber m, in Cartesian representation.
C =*(DyG;} + D,,G; + D,,G? +2D,,G,G, +2D,;G,G, +2D,,G,G, (22)

Where the diffusion tensor is for the region outside the perturbers, may have a single
reference frame provided the pulsed field gradient G is also in that frame and is in Cartesian

representation.

E=»"Y(D{"G; + D}’G; + D{’G! + 2DY"G,G, + 2D{"G,G, + 2D{’G,G,)  (23)

Where the elements Djﬂf‘) are of the diffusion tensor for the wall of perturber m in the

cylinder PAS of perturber m, in Cartesian representation. The pulsed field gradient G should

also be represented in that frame.

F =7 (D{"G} +Dy’G; + D{’G? + 2D"G,G, + 2D{’G,G, + 2D{'G,G,) (24)

Where the elements Djﬂf‘) are of the diffusion tensor for the lumen of perturber m in the

cylinder PAS of perturber m, in Cartesian representation. The pulsed field gradient G should

also be represented in that frame.

2 cos3¢4(G,D{” +G, DY +G,DJ" ) +
G = 2,y Znlen in2 g, (.55 +6,D: =) (25)
< sin34(G,DY +G, D + G,D)

Where the elements DEL"’ are of the diffusion tensor for the region outside the perturbers in

Cartesian representation transformed into in the “cylinder PAS” of perturber m. The elements

of pulsed field gradient G must be represented in the same frame.



cm~ 'Lm

2 2
H:27a)02—lm(r r)

g cos3¢(G,D{" +G,DY” +G,DY )+
3 m

(26)
n r sin3¢(G,DY” +G, Dy’ +G,DY )

Where the elements D}E‘) are of the diffusion tensor for the wall of perturber m in the
cylinder PAS of perturber m, in Cartesian representation. The pulsed field gradient G should
also be represented in that frame.

Simplified model

In the main text we use a simplified model in which diffusion outside the perturber region is
isotropic, and in any perturber wall or lumen is axially symmetric with the unique axis parallel
to the cylinder axis. The reduced expressions for the b-tensor alphabet, multiplied by the
diffusion tensor, then become:

243 2 2.4 ~in4
b(m)'D(m)_pt ;(ma)orcmSln em D

A out — 3 re out (27)
where D, is the isotropic diffusion coefficient of the space outside any perturbers.
203 2,2(r2 _ ¢2 \ qind 0
P Xn® (Vo =T ) SIN
bg” - DG} = nch (T : o) sin'e, Dz (28)
3 r
where D{}) ; is the radial diffusivity in the wall of perturber m.
243 2
Pty
b(Cm) ) DEJTI) = T Dout (Gf +G§ +Gzz) (29)
p2t37/2
2 2 2
b Dl = 27 (D (62 +67 ) + DIE .62 (30)
Where D{) , is the axial diffusivity of the wall of perturber m.
243 2
Pty
bE:m) ’ DI(LTnzen = T( DI(uTn)en,R (Gf + G;)—i_ DI(uTn)en,AGzz) (31)

Where D™ and D™ , are the radial and axial diffusivities in the lumen of perturber m.

lumen,R lumen, A

W 2pt%w, y.r2sin® 6 .
(m _ 2P 37 b Zn o D, (G, cos34+G, sin3¢) (32)

b -D
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Derivatives and coordinate systems

We must have a coordinate system and representation. Calculations are most easily
performed in a coordinate system in which the z-axis of a given cylinder lies along the z-axis
and By lies in the xz plane. The most appropriate coordinate representation is cylindrical.
The diffusion tensors and gradient operator must therefore be represented using the

cylindrical system. The gradient operator in cylindrical coordinates is given by

V== (34)

The transformation between Cartesian and cylindrical coordinates is made through
Dcyl — (’jT DCaré (35)

Where the transformation tensor is given by

cos¢g —sing O
Q =|sing cos¢g O (36)
0 0 1

This transformation is useful, as it is more convenient in simulations to enter diffusion
tensors for each cylinder wall/lumen in Cartesian for in the principal axis system of that

cylinder.

The necessary derivatives, using the cylindrical gradient operator, are given for cylindrical

perturbers with walls of finite thickness by:



2
: r
~, )., Sin° O cos 2¢%
2
: U
VA& =| —a,x,,sin° 6, sin 2¢% (37)

out

0

r2 _p? 7
—@y ¥, SIN* 0, COS 29—t
r
r2 _p2
VAo =| -,y sin” @_sin 2¢-0—Ln 5 Lm (38)
0
0
VA®m, =| 0 (39)
0
For the PFG terms:
G, cosg+G, sing
Va, =-y| G, cosg—G, sing (40)

G,z

All these terms are given in the PAS of a particular perturber. So, for example, the
expression for A requires that the diffusion tensor field outside the perturber region be

transformed into the PAS of each cylinder before application of that expression.



Extended methods

Simulations

The tensor calculations of the theory section were performed with the aid of the Matlab
Symbolic Math Toolbox and simulations of diffusion-mediated dephasing performed using
Matlab 2015b. A set of classes were written for this purpose, which could calculate all the
terms given in the theory section as well as determine effective diffusion tensors and T, from
simulations including applied filed gradients at sufficient orientations, for any geometry of

cylindrical perturbers.

To examine the combined effects of susceptibility differences and applied field gradients, we
performed simulations using a geometry of a single walled cylinder with an outer radius of
1.5 um, an inner radius of 0.7 pm in system of overall dimensions 6 x 6 x 6 pm® with a
spatial resolution of 100 x 100 x 100 points. We were then able to perform simulations of
diffusion-mediated decoherence with and without applied field gradients. Without field
gradients, the anisotropy of T, could be determined by assigning an isotropic T, of 100 ms
across the entire simulation region. With applied field gradients, an effective diffusion tensor
could be fitted to the data as in any ordinary diffusion-weighted MRI dataset, using b-values
of 0 and 1000 mm? s at a gradient amplitude of 0.04 T/m, with 6 non-collinear gradient
directions. Outside the perturber region, an isotropic diffusion tensor DxxszyzDZZ:O.leO'3
mm? s was assigned. In the lumen, an axially symmetric diffusion tensor with a z-axis
parallel to the z-axis of the cylinder was defined with D,=D,,=0.3x10° mm? s™, D,,=1.5x10
*mm? s™. In the wall, an anisotropic diffusion tensor with a z-axis parallel to the z-axis of the

cylinder was defined with D,=D,,=0.6x10° mm?®s™, D,,=1.3x10° mm?*s™.

To examine the effects that crossing-fibre populations have on anisotropy of T, and diffusion
parameters in the presence of field inhomogeneities, we created a perturber geometry of 32
walled cylinders. Either all 32 were parallel, or 16 were grouped and parallel in one direction,
and the other 16 were parallel but grouped at an orientation 90° to the first group. The size
of the system was 13 x 6.5 x 6.5 um? with a spatial resolution of 200 x 100 x 100 points. The
outer radius of each cylinder was 0.6 um, the inner radius 0.35 um. For T, anisotropy
simulations, the time-domain contained 50 points between 0 and 1 second. For diffusion
anisotropy simulations, B-values of 0 and 1000 mm™? s were used, with 6 non-collinear
gradient directions, and a gradient amplitude of 0.04 T/m. Diffusion parameters were as

given in the single cylinder case.



Imaging parameters
In all, the MRI protocol contained the following:

3D T,-weighted MPRAGE, sagittal, matrix size 256x256x208, resolution 0.86x0.86x0.86
mm?3, time 5:07 minutes, TI 900 ms, 2200 ms, a 9°, GRAPPA factor 2, 24 integrated

reference lines.

T2 mapping was performed using a 2D multi-echo spin-echo sequence with, axial, with
acquisition parameters: matrix size 162x192, 54 slices, resolution 1.15x1.15x1.98
mm? (including 10% slice gap), 9:50 minutes, TE 12 ms, 10 echoes acquired, TR 7000 ms,

GRAPPA factor 2, 24 integrated reference lines, partial Fourier factor 7/8.

Diffusion imaging was performed using a 2D diffusion-weighted EPI pulse sequence with the
parameters: axial, matrix size 128X128, 54 slices, resolution 1.88x1.88x1.98 mm? (including
10% slice gap), time 3:15 minutes, TE 87.4 ms, TR 2600 ms, GRAPPA factor 2, 24
integrated reference lines, partial Fourier factor 6/8, 60 bipolar diffusion-sensitising gradient
directions, b-values 0 and 1000 s mm™, multi-band factor 3(5), repeated with anterior-to-
posterior and posterior-to-anterior phase encoding (total time 6:30). Oblique orientations
were not allowed, to simplify certain post-processing steps. Multi-band pulses used the time-

shifted and phase-scrambled methods to reduce peak RF amplitude.

Fitting to experimental T2 anisotropy surfaces

In the main text, we define in Equations 13-15 a simple model for the effect of T, anisotropy,

derived from our theory. This may be expressed in terms of the parameters T; =1/ Rfc’ and

A, representing the T, parallel to Bo and amplitude of anisotropy respectively. We

may also define the quantitiesT,", representing T, perpendicular to B, and
T,) =T, -T," , the “peak-to-trough” distance. In the main text we fit T, and A. From

these, the uncertainties in T," and T,* may be approximated from the relation

Where f is a function of the set of parameters x; with uncertainties Ax;. Then we have

A2 (2T, + AT,?)
(1+ AT’ (1+ AT’

AAT,?

(41)

(42)



ATZEZ . T2[4

AT, = y - AN
(1+ ATZD) (1+ ATZE)

Regression models

The full regression model, use to determine the size of the T, anisotropy effect and its

interaction with other terms, was

R, ~ AGE + AGE? +sin* @ + FA+ FA’ + MD + MD?
+AGE xsin* @+ AGE x FA+ AGE x MD

(44)
+sin* @x FA+sin* x MD
+FAxMD + Const
The reduced regression model, which did not include any T, anisotropy terms, was
R, ~ AGE + AGE’? + FA+ FA? + MD + MD’
+AGE x FA+ AGE x MD (45)

+FAx MD + Const

These two regression models were fitted to the total sets of data pooled over all 40
participants, limited to the TBSS skeleton and furthermore restricted to particular tracts or
tract groups of interest.

(43)



Regression coefficients

The following tables give the regression coefficients and statistics for the models inclusive of
an effect of anisotropy used to describe the R, data in the WM skeleton. The regression
coefficients and their uncertainties are given for the z-scores due to the different scales of
the data.

Table SI1 provides regression coefficients and statistics for the full regression model in the
CST, SLoF, UF and entire WM skeleton, and corresponds to the models plotted in Figure 4.

Table SI1 provides regression coefficients and statistics for the full regression model in early
and late-myelinating white matter and corresponds to the models plotted in Figure 5.

Table SI1: Regression output for the “full regression model” including anisotropy in the 3
selected WM tracts and the entire WM skeleton. The abbreviation sin4(theta) refers to the
sine of the angle between the principle direction of diffusion and B, raised to 4™ power, FA is
fractional anisotropy of diffusion, MD is mean diffusivity of diffusion. Coeff is the label for the
term in the full regression model, Beta the regression coefficient value, SE its fitted standard
error.

Region Coeff Beta SE t-stat p-value

CST Const 0.010456 2.94E-06 3558.4 0
FA -0.00036257 1.64E-06 -220.64 0
MD -9.75E-05 1.72E-06 -56.803 0
AGE -0.00017853 1.54E-06 -116.14 0
sin4(theta) 0.00025475 1.64E-06 155.43 0
FAN2 -2.86E-05 1.49E-06 -19.211 3.34E-82
FA:MD 4.01E-05 1.79E-06 22.449 1.61E-111
MDA2 5.03E-05 1.33E-06 37.921 | 5.8283e-314
FA:AGE 1.05E-05 1.65E-06 6.4118 1.44E-10
MD:AGE -1.31E-05 1.65E-06 -7.9588 1.74E-15
AGEA"2 -9.09E-05 1.76E-06 -51.602 0
FA:sin4(theta) 3.11E-05 1.71E-06 18.14 1.68E-73
MD:sin4(theta) 5.12E-05 1.70E-06 30.107 7.31E-199
AGE:sin4(theta) 1.81E-05 1.60E-06 11.303 1.29E-29

SLoF Const 0.011716 2.23E-06 5246 0
FA -0.00017143 1.26E-06 -135.98 0
MD -0.00015507 1.29E-06 -120.61 0
AGE -0.00028864 1.21E-06 -239.05 0
sin4(theta) 0.00021174 1.22E-06 173.48 0
FAN2 2.27E-05 9.70E-07 23.376 8.65E-121
FA:MD 2.59E-05 1.33E-06 19.394 9.31E-84
MD”2 -4.59E-05 1.00E-06 -45.887 0
FA:AGE -8.08E-05 1.26E-06 -64.266 0
MD:AGE -4.02E-05 1.26E-06 -31.991 2.52E-224
AGEN2 -0.00013392 1.38E-06 -96.772 0
FA:sin4(theta) 5.88E-05 1.30E-06 45.196 0
MD:sin4(theta) 5.89E-06 1.30E-06 4.5436 5.53E-06
AGE:sin4(theta) -1.53E-06 1.21E-06 -1.2672 0.2051




UF (Intercept) 0.01258 2.99E-06 4203.7 0
FA 0.00013268 1.65E-06 80.266 0
MD -0.00015593 1.66E-06 -94.184 0
AGE -0.00030996 1.59E-06 -195.21 0
sind(theta) 0.00029578 1.61E-06 183.32 0
FAN2 -6.42E-05 1.33E-06 -48.249 0
FA:MD 5.18E-05 1.79E-06 28.833 2.11E-182
MD”2 2.60E-06 1.42E-06 1.8318 0.066982
FA:AGE -3.23E-05 1.64E-06 -19.693 3.07E-86
MD:AGE -2.76E-05 1.68E-06 -16.464 7.32E-61
AGEA"2 -0.00014606 1.83E-06 -79.878 0
FA:sin4(theta) 7.37E-05 1.72E-06 42.819 0
MD:sin4(theta) 2.79E-05 1.72E-06 16.259 2.12E-59
AGE:sin4(theta) -4.47E-06 1.59E-06 -2.8152 0.0048754

All Const 0.011899 9.43E-07 12625 0
FA -0.00022303 5.04E-07 -442.91 0
MD -0.00022945 5.15E-07 -445.38 0
AGE -0.00026989 4.86E-07 -554.82 0
sind(theta) 0.00035446 5.01E-07 706.95 0
FAN2 -4.25E-05 4.35E-07 -97.815 0
FA:MD -3.39E-05 5.18E-07 -65.487 0
MD”2 -3.34E-05 4.30E-07 -77.548 0
FA:AGE -5.45E-05 4.97E-07 -109.72 0
MD:AGE -2.88E-05 5.07E-07 -56.786 0
AGE"2 -0.00012751 5.58E-07 -228.51 0
FA:sin4(theta) 0.00018281 5.19E-07 352.05 0
MD:sin4(theta) 2.05E-05 5.29E-07 38.815 0
AGE:sin4(theta) -9.87E-06 4.93E-07 -20.023 3.52E-89

Table SI2: Regression output for the full model including anisotropy in the WM skeleton
classified into early-myelinating and late-myelinating voxels. The abbreviation sin4(theta)
refers to the cosine of the angle between the principle direction of diffusion and B, raised to
4™ power, FA is fractional anisotropy of diffusion, MD is mean diffusivity of diffusion. Coeff is
the label for the term in the full regression model, Beta the regression coefficient value, SE
its fitted standard error.

Region Coeff Beta SE t-stat p-value

Early Const 0.011354 2.05E-06 5540.2 0
FA -0.00043299 1.08E-06 -401.84 0
MD -0.00023383 1.12E-06 -208.86 0
AGE -0.00021561 1.04E-06 -208.28 0
sind(theta) 0.00051635 1.09E-06 473.81 0
FAN2 1.53E-05 9.97E-07 15.325 5.32E-53
FA:MD -3.24E-05 1.14E-06 -28.429 1.06E-177
MD”2 -3.21E-05 9.68E-07 -33.147 8.93E-241
FA:AGE -5.27E-06 1.06E-06 -4.9796 6.37E-07
MD:AGE -4.34E-05 1.10E-06 -39.447 0
AGEA"2 -0.00010866 1.19E-06 -91.602 0
FA:sin4(theta) 0.00017927 1.11E-06 160.9 0




MD:sin4(theta) -5.01E-05 1.15E-06 -43.568 0
AGE:sin4(theta) -8.18E-06 1.08E-06 -7.5875 3.26E-14
Late Const 0.012067 1.20E-06 10076 0
FA -9.56E-05 6.44E-07 -148.38 0
MD -0.00024269 6.51E-07 -372.78 0
AGE -0.00029601 6.28E-07 -471.08 0
sind(theta) 0.00023767 6.42E-07 370.41 0
FAN2 1.77E-05 5.26E-07 33.565 6.47E-247
FA:MD 1.15E-05 6.65E-07 17.247 1.18E-66
MDA2 -1.97E-05 5.36E-07 -36.703 8.34E-295
FA:AGE -5.23E-05 6.41E-07 -81.508 0
MD:AGE -2.86E-05 6.50E-07 -43.987 0
AGEA"2 -0.00013155 7.22E-07 -182.29 0
FA:sin4(theta) 8.25E-05 6.70E-07 123.06 0
MD:sin4(theta) 4.33E-05 6.74E-07 64.238 0
AGE:sin4(theta) -1.20E-05 6.32E-07 -18.977 2.67E-80

Crossing fibres at different glancing angles

In the main text, we show how the T, and FA depend on the polar and azimuthal angles
between a system of model axons and an applied magnetic field when there are mesoscopic
magnetic field inhomogeneities arising due to the different magnetic susceptibility of the
myelin sheath. However, the glancing angle between bundles of axons was either 0 or 90°.
In Figure SI1, we include simulations at more fibre bundle glancing angles. The simulation
time for Figure SI1, which includes 91 sets of polar and azimuthal angles relative to B, and 4
fibre glancing angles, was 14 hours on a PC with 16 GB RAM and a 4-core 3.1 GHz CPU,
using Matlab 2015b.
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Figure SI1: T, and FA angular dependence relative to B, (parallel to z) for crossing fibre
bundles with the bundles at different glancing angles. Panels a,c,e,g show the T,, panels
b,d,f,h show the FA of diffusion. The fibre glancing angles are (a,b) 0°, (c,d) 30°, (e,f) 60°,
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