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15 MINUTES PROTOCOL

Two different 5D relaxation-diffusion MRI protocols were included in a single imaging session: the 45
min protocol described in the main manuscript, and a shortened 15 min protocol. The two protocols
were consecutively used without repositioning the subject (female, 31 years). Here, we focus on the 15
min protocol whose main features are summarized in Figure S1. This protocol was designed with the
same custom relaxation- and diffusion-weighted EPI sequence as the 45 min one, and comprised 333
unique (7i,b,b4,0,®) data-points acquired with a repetition time of 2.5 s. The imaging field of view was
set to 230x230x55 mm3, with a voxel-size of 2.3x2.3x5 mm3. Four different h-tensor “shapes” were
implemented with the five distinct waveforms described in the Methods section of the main text: a set of
four spectrally-tuned waveforms (used to acquire data at b, = —0.5, 0, 0.5, and 1), and a standard non-
tuned Stejskal-Tanner waveform yielding b, = 1. Spherically encoded data (b = 0) was acquired in two
sets: a first one of 28 points equally distributed over seven b-values (b = 0.2, 0.5, 0.8, 1.1, 1.4, 1.7, and
2-10% sm—2), and a second set of 16 points equally distributed over 4 b-values (b = 0.2, 0.8, 1.4, and
2-10% sm—2). The first set was repeated at three echo-times (7zz = 80, 100 and 120 ms), while the second
set was acquired at 7z = 140 ms. All b, = 0 points were measured with the same gradient waveform ori-
entation. Linearly encoded (b, = 1) data was measured across 64 directions spread out over four b-
values (6, 12, 16, and 30 directions at, respectively, b = 0.2, 0.8, 1.4, and 2-10° sm-2); 32 b, = 0.5 points
were distributed between three different b-values (6, 10, and 16 directions at, respectively, b = 0.2, 0.8,
and 1.4-10° sm-2); and by =—0.5 data was acquired over 32 directions distributed over three b-values (6,
10, and 16 directions at, respectively, b = 0.2, 1, and 2-10% sm-2). Linear (b, = 1) and planar (b, = —0.5)
encoded datasets were repeatedly acquired at two different echo-times (7 = 80, and 120 ms), while the
ba = 0.5 points were collected at 7z = 80 ms. The various (b,bs,0,D) sets were acquired using spectrally-
tuned waveforms (Callaghan and Stepisnik, 1996). The Stejskal-Tanner waveform was used to measure
9 additional b, = 1 data-points (3, and 6 directions at, respectively, b = 0.2, and 0.8-10° sm-2) at an echo-
time of 7z = 50 ms. All h-tensor orientations were defined according to an electrostatic repulsion scheme
(Bak and Nielsen, 1997;Jones et al., 1999).

The abbreviated dataset was inverted with the Monte Carlo algorithm described in the main docu-
ment. The resulting 5D R,-D distributions and parameter maps are compiled in Figure S2-Figure S6,
which are direct reproductions of Figures 2-6 of the main text. Overall, the analysis of the 15 min data
provides the same results as the inversion of the 45 min dataset, with each figure in the Supplementary
Material being comparable to its main text counterpart. The most obvious difference between the two
datasets is the lower quality of the R, metrics derived from the abbreviated data. This is evidenced by
unreasonably high R-rates in the ventricles (see the (E[R;]) maps in Figure S3 and Figure S4), and a
higher difficulty in separating between the mean R;-rates of the ‘“Thin’ and ‘Thick’ bins. In the main text,
we noted that 75% of mixed voxels — voxels wherein the ‘Thin’ and ‘Thick’ populations each account
for at least 30% of the total measured signal — exhibited R, differences greater than the estimated uncer-
tainties; for the 15 min dataset, only 65% of mixed voxels show a meaningful R, separation. The lower
resolution along the R,-dimension is most likely explained by the lower number of 7z points measured
with anisotropic b-tensors: in the 45 min protocol the by = —0.5, 0.5, and 1 datasets were acquired at
three distinct echo-times (7z = 80, 110 and 150 ms), while in the 15 min protocol those same datasets
were only acquired at 7z = 80 and 120 ms. This means that the abbreviated protocol concentrates 85% of
its measurements within two unique values of 7z, an acquisition scheme that is quite unspecific to dis-
persion along R,. In future experiments, we plan to address this issue by enforcing a more uniform dis-
tribution of data points along the various echo-times.



FIGURES
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Figure S1. 15 min acquisition protocol for 5D relaxation-diffusion MRI. (A) Pulse sequence for ac-
quiring images encoded for relaxation and diffusion in a 5D space defined by the echo time g, and b-
tensor trace b, normalized anisotropy b,, and orientation (®,®). An EPI image readout block acquires
the spin-echo produced by slice-selective 90° and 180° radio-frequency pulses. The 180° pulse is en-
cased by a pair of gradient waveforms allowing for diffusion encoding according to principles from mul-
tidimensional solid-state NMR (Topgaard, 2017) (red, green, and blue lines). The signal is encoded for
the transverse relaxation rate R, by varying the value of zz. (B) Numerically optimized gradient wave-
forms (Sjolund et al., 2015) yielding four distinct b-tensor shapes (by =—0.5, 0.0, 0.5, and 1) (Eriksson et
al., 2015). (C) Acquisition space coordinates probed in this work. The 7z, b, and b, points are indicated
in a 3D scatter-plot (top), complemented with contour lines representing 2D projections of the sampling
density of the various coordinate points. The acquired (®,d) orientations are shown as discrete coordi-
nates on an azimuthal projection of the unit sphere (bottom), color-coded according to the Cartesian
components of the b-tensor orientation vector: [R,G,B] = [cos®sin®, sin®sin®, cosO].
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Figure S2. 15 min protocol — Representative SD relaxation-diffusion encoded signals and distribu-
tions for selected voxels in a living human brain. (A) Acquisition scheme showing zz, b, b, ®, and ©
as a function of acquisition point. (B) Experimental (gray circles) and fitted (black points) S(zg,b) sig-
nals from three representative voxels containing white matter (WM), gray matter (GM), and cerebrospi-
nal fluid (CSF). The presented signal data was acquired according to the scheme shown in panel A and
is drawn with the same horizontal axis. (C) Nonparametric R,-D distributions obtained for both pure
(WM, GM, CSF) and mixed (WM+GM, WM+CSF, GM+CSF) voxels. The discrete distributions are
reported as scatter plots in a 3D space of the logarithms of the transverse relaxation rate R, isotropic
diffusivity Dis,, and axial-radial diffusivity ratio Dy/D,. The diffusion tensor orientation (8,¢) is color-
coded as [R,G,B] = [cos¢ sind, sing sind, cosd] - |Dy—D,|/max(Dy, D,) and the circle area is proportional
to the statistical weight of the corresponding component. The contour lines on the sides of the plots rep-
resent projections of the 5D P(R,,D) distribution onto the respective 2D planes. Panels (B) and (C) dis-

play the signals S(zz,b) and corresponding P(R,,D), respectively, for the same WM, GM, and CSF
voxels.
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Figure S3. 15 min protocol — Statistical measures derived from the relaxation-diffusion distribu-
tions. The ensemble of 96 distinct P(R,,D) solutions was used to calculate averages E[x], variances
Var[x] and covariances Cov[x,y] of all combinations of transverse relaxation rate R, isotropic diffusivity
Diso, and squared anisotropy Da2. The statistical measures were all derived from the entire R,-D distribu-
tion space on a voxel-by-voxel basis. Histograms are used to represent the parameter sets calculated for
three voxels containing binary mixtures of white matter WM, gray matter GM, and cerebrospinal fluid
CSF. Each histogram comprises 96 estimates of a single statistical measure. The averages of statistical
measures, (E[x]), (Var[x]) and (Cov[x,y]), are displayed as parameter maps whose color scales are given
by the bars along the abscissas of the histograms. The crosses and arrows identify the heterogeneous
voxels analyzed in the histograms; notice that the signaled points correspond to the average (as meas-
ured by the median) of the ensembles of plausible solutions shown in the histograms.
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Figure S4. 15 min protocol — Parameter maps with bin-resolved means of the relaxation-diffusion
distributions. (A) Division of the R,-D distribution space into different bins. The distribution space was
separated into three bins (gray volumes) named ‘Big’, ‘Thin’, and ‘Thick’ that loosely capture the diffu-
sion features of cerebrospinal fluid CSF, white matter WM, and gray matter GM, respectively. The 3D
scatter plots display the nonparametric R,-D distributions corresponding to the CSF (top), WM (middle),
and GM (bottom) voxels selected in Figure S2. Superquadratic tensor glyphs are used to illustrate the
representative D captured by each bin. (B) Parameter maps of average per-bin means (color) of trans-
verse relaxation rate (E[R»]), isotropic diffusivity (E[Dis]), squared anisotropy (E[Dx2]), and diffusion
tensor orientation (E[Orientation]). The orientation maps (column 4) are color-coded as [R,G,B] =
[Dxx,Dyy,D--}/max(Dyy,Dyy,D-.), where D;; are the diagonal elements of laboratory-framed average diffu-
sion tensors estimated from the various distribution bins. Brightness indicates the signal fractions corre-
sponding to the ‘Big’ (row 1), ‘Thin’ (row 2), and ‘Thick’ (row 3) bins. The white arrows identify deep
gray matter structures.
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Figure S5. 15 min protocol — Uncertainty estimation of the statistical measures derived from the
relaxation-diffusion distributions. 3D density (color) scatter plots showing the relationship between
average initial signal intensity (So), the average of mean values derived from the R,-D distributions
(E[x]), and their corresponding uncertainties o E[x]]. For display purposes, signal intensity values were
normalized to the maximum recorded (Sp), max({Sp)). The contour lines on the side planes show 2D pro-
jections of the point density function defining the spatial distribution of data points. The average mean
values of transverse relaxation rate (E[R,]) (row 1), isotropic diffusivity (E[Dis]) (row 2), and squared
anisotropy (E[Da?]) (row 3) were computed from all voxels whose (Sp) was greater than 5% of max({So)).
The resulting dataset comprises 43754 voxels spread throughout all slices of the acquired 3D volume.
The uncertainties of (E[R:]], (E[Diso]), and (E[Da2]) correspond to the median absolute deviation be-
tween measures extracted from 96 independent solutions of Equation (2) from the main text: o{E[R:]],
o[E[Diso]), and of E[Dx2]], respectively. All displayed data was derived from both the entire R,-D space

(column 1), and the ‘Big’ (column 2), ‘Thin’ (column 3), and ‘Thick’ (column 4) bins defined in Figure
S4A.
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Figure S6. 15 minutes protocol — Per-bin relaxation properties and tissue composition. (A) Trans-
verse relaxation properties specific to each of the ‘Thin’ (red) and ‘Thick’ (green) bins defined in Figure
S4A. The color-coded composite images (top) and histograms (bottom) display the fractional popula-
tions and average mean transverse relaxation values (E[R,]) of the two bins. The first column displays
all of the ‘Thin’ and ‘Thick’ voxels, while the two other columns focus on ‘Thin’+’Thick’ mixtures
wherein the bin-specific (E[R,]) values exhibit either significant (second column) or non-significant
(third column) differences. (B) Bin-resolved signal fractions (brightness) and average per-bin means
(color) of R, and squared anisotropy Dx2. Regions 1 and 2 identify the pallidum and the thalamus, re-
spectively. (C) Subdivision of the ‘Thick’ bin into three different R, sub-spaces. The contributions from
different sub-bins are compared with a high-resolution R;-weighted image segmented into four different
tissues: white matter WM, cortical gray matter GM, deep GM, and cerebrospinal fluid CSF. Additive
color maps display the spatial distribution of sub-bin fractions (from low to high R,: green, red, blue),
and of cortical (green) and deep (red) GM. (D) Color-coded composite images showing the contributions
of different bins (red=Thin, green=Thick, blue=Big) and conventional R;-based segmentation labels
(red=WM, green=cortical+deep GM, blue=CSF).
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