Supporting Background Information

b-matrix

1 Pulse sequence

STEAM acquisition gives rise to different spin coherence pathways (other than the desired stimulated echo)
that must be dephased. This is accomplished by an appropriate combination of crusher gradients that
selectively preserve the spin coherence of the stimulated echo. Supporting Figure [I] shows the crusher gradients
and the phase for each coherence pathway (E1 through E4 in the figure) given by:

E; = —¢1+ P2

E, =—¢1+ @2+ ¢3 — P4

Es =—¢2+ ¢3+ P4

E4 =—¢1— 2 — P3+ ¢4 (1)
Ei4 #0

SE  =—¢1+ ¢4

G2 #0

®a #0

where ¢1 to ¢4 refer to the area under the spoiler gradients. The amplitudes of the four spoiler gradients are
chosen to satisfy the phase equations given above. The first five equations result in the dephasing of the four
coherence pathways (E1-E4) shown in Supporting Figure [I} The last two conditions are to dephase FIDs
arising from the second and third 90° RF pulses. The phase evolution of the stimulated echo (STE) is shown
in the last line and this phase is refocused as long as the gradients and are balanced.

A schematic of the STEAM pulse sequence diagram is shown in Supporting Figure [2} The slice select spectral
spatial (SPSP) RF pulse is applied at time ¢ = 0, the second and third RF pulses are both 90° pulses centered
on the gradients marked as G,.

2 Definitions

2.1 Gradients
1. Gy are gradients applied during the spectral spatial (SPSP) RF pulse that selectively excites water;

2. Ggs, Ggr, Ggp are diffusion gradients along the slice select, read and phase encode directions respectively
(and corresponding rephasing diffusion gradients);

3. Ges, Ger, G¢p are crusher gradients along the slice select, read and phase encode directions respectively
(and corresponding rephasing crusher gradients);

4. Gy are slice select gradient when the second and third RF pulses are applied;

5. Grf, Grq, Gpap are dephasing gradients along the slice select, read and phase encode directions respec-
tively;

6. Gpe are phase encode gradients in the EPI readout train;

7. G,, are read out gradients in the EPI readout train.

2.2 Timing parameters

e J is defined as the time from the start of a gradient to the end of its plateau region

o A is the effective diffusion time and is defined as follows:
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Supporting Figure 1: Spin-phase evolution shown in E1 through E4 are spoiled by the appropriate choice
of crusher gradients ¢ through ¢4 as explained in the text. The phase coherence pathway for the stimulated
echo (STE) is shown in in the last line: RF; excites magnetization to the transverse plane: [1], phase is
accumulated due to gradient ¢;: [2], RF2 reverses the phase: [3] and locks magnetization longitudinally: [4],
following RF3, magnetization is restored to the transverse plane: [5] and rephased by crusher gradient ¢4: [6]
to form an echo: [7]. It should be noted that the crusher gradients are not drawn to actual scale; Supporting
Figure [2| shows the four crusher gradients designed to meet the phase coherence criteria. Imaging and diffusion
gradients are not shown here but the phase from these gradients is zero at the time of the STE.

— Case 1: for a pair of matched gradients (e.g., diffusion, crusher), this is defined as the time between
the start time of the first gradient of the pair (t41) to the start time of the second matching gradient
pair (t41); g stands for diffusion or crusher gradient.

— Case 2: for an unmatched gradient, this is the time between the start of the gradient and the echo
time, TE.

3 General analytic form

bij = 72 [GliGlell + (G1iGaj + G2,G1j)T12 + (G1:G35 + G3,G1j)T13+

+ (G1iGaj + G4,G1j)T1a + (G1:G55 + G5,G1j)T15 + (G1iGemj + GemiG1j) Tiem~+

+ (G1iGr1j + Gr1iGry)Tim + G2iGajTae + (G2iGsj + G3iGaj)Tas+

+ (G2iGaj + G4iG2j)Toa + (G2Gsj + G5:G2j)Tas + (G2iGemj + GomiG2j)Toem+

+ (G2iG71j + Gr1iG2j)Tor1 + G3:Gsj33 + (G3iGaj + G4;G3j)T3a+

+ (G3:G5j + G5:G35)T35 + (G3:Gomj + GemiG35)T36m + (G3:Gr1j + Gr1:G35) 371+

+ G4iGajTas + (G4iGsj + G5iGaj)Tas + (G4iGemj + GemiGaj)Taem+

+ (G4iGr1j + G71iGaj)Tar1 + G5iG55755 + (G5:Gems + GemiGsj)Tsem + (G5iGr1j + G71iGs;5)Ts71
+ G6miGemjTemem + (G6iG71j + G71:Ge;) 671 + Gr1:G71 7171+

+ (GmiGr(ma1)j + Gr(m+1)iGTms) Trm7(m+1)
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Supporting Figure 2: Schematic of the STEAM-DTI pulse sequence with labeled gradients. Numbers in
square brackets and green font color denote the index numbers used for gradient and timing terms.

4 Diagonal terms
For the read direction we have:
Gl = Ov G2 = Gdr; G3 = Gcr; G4 = 07 G5 = Grdp; GG = Ov G7 = Gro

which gives the following for the diagonal readout term:

by = '72 <G37~7-22 + 2G4y GerToz + 2GdTGT‘de25T'p + 2G4, Groar1 + Gzr7-33 + 2Gchrdp7-35rp+
(3)
+ ZGC’I‘G’I‘O7—371 + G%deSSTp + QGpoG’I‘OTSTp71 + G30(7—7171 + T7m7(m+1)))

taking into account refocused gradient pairs we get:

brr = 72 (G3r7—22 + 2Gerch23 + Gir7-33 + G%dp7—55rp + 2GrdpGroT5Tp71 + Ggo(T'?l'?l + 7-7m7(7ﬂ+1))) (4)

For the phase direction we have:
G1=0;Gy = de; Gz = ch; Gy =0;Gs = Gpdp; Ge = Gpe; Gr=0
which gives the following for the diagonal phase-encoding

bpp = 72<G?lp7-22 + 2dechT23 + 2deGpde25rp + 2deGpeT26m + G§p7—33 + 2chGpdp7-35rp

2 2
+ chGpeTBGm + Gpde55rp + 2GpdpGpeT5rp6m + GpeTGme)

()

taking into account refocused gradient pairs we get:

bpp = 72(G3p7'22 +2G qpGepToz + G3p7'33 + G?)dp755?“10 + 2GpapGpeTsrpem + G?)eTgmgm) (6)

For the slice direction we have: Gy = Gg; G2 = Gas; Gz = Ges; Ga = Gy G5 = Grp; Gg = 0; Gz = 0 which

sl



gives the following for the diagonal slice-select:

3
+ GdsG;l7'24 + GdsGrfT%s + Gisng + GCSG;lT34 + 2GcsGrf7'35 + G;2l7—44 + G;lGTfT45S+ (7)

+ G72~f7—553>

14
bss = 72 <G§l7-11 + GGasia + G1GesTia + GslG;l7'14 + GslGrle5s + G357'22 + 2G 45GesTos+

with refocused gradient pairs one arrives to:

14
bes = ° (gGiﬂ'n + G2 T2 + 2G 4sGesToz + GasGlyTos + GasGrpTass + G233 + GosGlyTaa+

8)
1 1 (
+ 2GosGryTass + ZG;2l7'44 + GGy yTass + 1072«]«7'553)

5 Off-diagonal terms

Summarizing all gradients together in one place:

Gir=0 Gip=0 Gis =Gy
Gor = Gy Gap = Gap Gas = Gys
Gsr = Ger Gsp = Ggp G3s = Ges
Gar =0 Gap =0 Gis = Gy
Gsr = Grap Gsp = Gpap Gss = Gy
G =0 Gop = Gre Gy =0

Grr = Gro Grp =0 Grs=0

Then starting from the read-out/phase term plugging the gradients G, and G,, into equation Eq.

brp = bpr = ’72 (Gerdp7_22 + (Gercp + Gchdp)TQB + (Gerpdp + Grddep)TQSTp + GerpeT26m+
+ G7'0deT271 + Gc7'ch7-33 + (GCT'Gpdp + GT‘dpGCp)T35’I'p + GCT'GpeT?)GnL + GT'OGCpT371+ (9)
+ GpoGpde55Tp + GrdpGpeTE)rme + GroGpdeSTp71 + GpeGroTGm71)
taking into account refocused gradient pairs we get:
brp = bpr = 72 (Gerde22 + (Gercp + Gchdp)T23 + GchcpTS3 + G’I‘dpGpde55’l‘p + GrdpGp675rp6m+

(10)
+ GroGpdeSTp71 + GpeGroT6m71>

the read-out/slice select term gives:
brs = bgr = 7 (Gerslﬁz + GorGamiz + GrapGaiTiss + GroGaTizt + GarGasToo+
4 (CarGes + CorGan)os + 5 CarGlutoa + (3G Crg + CrapGas)rass + GasCroram + "
¥ GorGutss + 5 GerClms + (GorGrg + 3 GrapGea)Tass + CrapGiasst
+ GroGlymamt + %GrdpGrfT&ﬁrp + %GroGrfT&e?l)

again by taking into account refocused gradient pairs the expression simplifies to:

1 1
b'rs = bs’r = ’72 ((Gercs + Gchds)TQB + §Gerlsl7-24 + Q(Gerrf)TZ’)s + Gc’chsTSB
(12)
1 1 1 1
+ §GCTG;[T34 + §Gchrf7—355 + §GrdpGrfT55rp + §GTOGTfT5S71)



and the last term the phase/slice select:

bsp = bps = 72 (GsldeTl2 + GschpTIS + Gsledp7-15Tp + Gslee7-16m + deGdsTQ2+

1 1
+ (GdSGCp + Gdchp)TZS + ideG;lTZ4 + (ideGrf7_25s + GdstdeZESrp) + GpeGd5726m+

1 1
+ chGcsTBS + ichGic;lTBAL + (ichGrf + Gpdchs)TB5s + Gpchs7_36m + GpdpGlsl7—45s+

1 1
+ GpeG;lTZLGm + iGpdpGrf7—55rp + §GpeGrf7—556m>

with refocused gradient pairs gives final expression:

1 1
bsp = bps = 72 (deGdsT22 + (Gdchp + deGcs)T23 + ideGng24 + §deGrfT25s + chGcsT33+

1 1 1 1
+ §chG;lT34 + ichG7'fT355 + §GpdpG7'fT557'p + iGpeGT'fTEisGm)

6 Timing multipliers
11 = 0}
oo = 03 (Az - :1,)52> + L 1526%7
T3 = 020343,

Tog = 02040y,
1
T25rp = 555rp62A27
1
Toss = 555352A2,
2 1 3 2
733 — 53 (Ag - 3(53) + —€3 — *5363,
T34 = 0304y,
1
T35rp = 5657’p53A37

1
T35s = 555553A3,

1 1 1
T4q = (ﬁ (A4 — 354) =+ %62 — 6(5462,

1
Ta5rp = 5 55rp 54A4 y

1
T45s = 555354A4,

1 1 1
T55rp = 5§rp <A5’r‘p - 3557”;0) + %Egrp - 6557“?36%7";73

Ag =199 — to1
Az =t33 —t31
Ay =t —tn
Ag =tgg — t21
Ag = tgy — tog
Az =t33 —t31
Ay =tgo —ty
Az =t32 — t31
Az =132 —l31
Ay =ty —ta
Ay =tso —tn
Ay =t —tn

Asrp =TE — tsp

(13)

(15)

(16)

(17)

(18)

(19)

(20)

(26)

(27)

(28)



1 1 1
Tsss = Oas (Ass - 555> + e, — 65556?5’ Asy = TE — t54 (29)

3 300
res/2
T5rp6m = 65r;z7557‘p Z (AGm - 66) ) A6m =TE — tei (30)
m=1
res/2
Tss6m = —€550rf Z (Agm — €6) Agm = TE — tg; (31)
m=1
1 1
Tsrp71 = 05 [57 <A75 57) 26 25767] , Ars = Ay =TE — t7g (32)
P
Toer1 = 05 |07 | A7s — 57 12 55767 ) Ars =An =TE -ty (33)
res/2 67
T6mém — 6% Z [(Zm — 1)A6m — (m% — 1)66:| y AGm =TE — tﬁi (34)
m=1
1 1,
Tom71 = €6 07 A7y — 507 ) A7 = A =TE -ty (35)
_Lisz(a 5 L 1o A7 = A7 =TE — ¢ (36)
tm = 7 |07 | Ar— 507 30 07€7| 5 71 = Ars = 71
res 1 1
Trm7(m+1) = (7 - 1) [ 63 4+ — 60 e+ 1(5?67 - 12576%] , res = 34 (37)

Extraction of the timing parameters and gradients from the recorded gradient waveform as well as further
calculations of b-matrix were implemented in MATLAB (version R2019b. The MathWorks Inc., Natick, MA)
and are publicly available[1].



Microstructure parameters from RPBM

Dy is a parameter fixed to D) (average over the values from the long diffusion times).

Directly derived from the fit:

T characteristic time scale

¢ volume fraction

The rest were calculated following [2]:

l=+/Dot diffusion length (effective thickness)
1 /D
k= Dgy/2l = 7\ /=2 permeability (as given by [3])
T
2 .
S|V=2/l = ——== surface to volume ratio

vV D()’T

o= 6K :BVDOT

fiber diameter

S ¢
2
p = a?/2Dy = % diffusion time
TR = a/2K = & residence time

2¢



Secondary (g2) and tertiary (e3) eigenvectors

Supporting Figure 3: An example secondary (e2) and tertiary (e3) eigenvectors colormaps of medial
gastrocnemius muscle for one of the volunteers.
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Supporting Figure 4: Plots of diffusion-time dependent average secondary (2) and tertiary (e3) eigenvectors
projections (absolute value) for young and senior subjects.



RPBM fit for D,

Supporting Table 1: RPBM model fit parameters of
tissue microstructure for young and senior participants.

Young Senior
2

Do [nm? /ms] 1.83 + 0.16 1.88 + 0.18
free diffusion
¢ . 3.15 + 1.78 2.86 + 0.66
volume fraction

—1
S/V [am™] . 0.16 + 0.03 0.14 + 0.02
surface to volume ratio
i [pm/ms] 0.027 + 0.008  0.024 + 0.006
permeability
o [pm] 40.71 + 7.44 45.55 + 5.33

myofiber diameter

! [pm]

offoctive thickness 39.59 + 18.72 41.34 + 10.46
TR [ms]

residence time

1389.0 £ 610.0  1601.1 £ 560.1

7p [ms] 1177.3 + 2113 1394.9 + 259.73
dwell time
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Supporting Figure 5: Average RPBM model fits of D, (¢) for the groups of young (a) and senior (b)
participants respectively. The points are experimentally determined while the dashed line is the model derived
fit. Error bars represent standard deviation of roi-averaged per subject value within the given age group.



Individual RPBM fits for Ao
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Supporting Figure 6: Individual RPBM fits of all the young participants. Error bars represent standard
deviation within the selected region of interest.
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Supporting Figure 7: Individual RPBM fits of all the senior participants. Error bars represent standard
deviation within the selected region of interest.
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Individual RPBM fits for A3
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Supporting Figure 10: Individual RPBM fits of all the young participants. Error bars represent standard
deviation within the selected region of interest.
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Supporting Figure 13: Individual RPBM fits residuals of all the senior participants. The dashed line

represents RPBM fit.
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