
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 1 shows the crusher gradients
and the phase for each coherence pathway (E1 through E4 in the figure) given by:





E1 = −φ1 + φ2

E2 = −φ1 + φ2 + φ3 − φ4
E3 = −φ2 + φ3 + φ4

E4 = −φ1 − φ2 − φ3 + φ4

E1−4 6= 0

SE = −φ1 + φ4

φ2 6= 0

φ4 6= 0

(1)

where φ1 to φ4 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 1. 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 t = 0, the second and third RF pulses are both 90° pulses centered
on the gradients marked as G′sl.

2 Definitions

2.1 Gradients

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

2. Gds, Gdr, Gdp are diffusion gradients along the slice select, read and phase encode directions respectively
(and corresponding rephasing diffusion gradients);

3. Gcs, Gcr, Gcp are crusher gradients along the slice select, read and phase encode directions respectively
(and corresponding rephasing crusher gradients);

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

5. Grf , Grd, Gpdp 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. Gro are read out gradients in the EPI readout train.

2.2 Timing parameters

• δ is defined as the time from the start of a gradient to the end of its plateau region

• ∆ 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 φ1 through φ4 as explained in the text. The phase coherence pathway for the stimulated
echo (STE) is shown in in the last line: RF1 excites magnetization to the transverse plane: [1], phase is
accumulated due to gradient φ1: [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 φ4: [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 (tg1) to the start time of the second matching gradient
pair (tg1); 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 = γ2
[
G1iG1jτ11 + (G1iG2j +G2iG1j)τ12 + (G1iG3j +G3iG1j)τ13+

+ (G1iG4j +G4iG1j)τ14 + (G1iG5j +G5iG1j)τ15 + (G1iG6mj +G6miG1j)τ16m+

+ (G1iG71j +G71iG1j)τ171 +G2iG2jτ22 + (G2iG3j +G3iG2j)τ23+

+ (G2iG4j +G4iG2j)τ24 + (G2iG5j +G5iG2j)τ25 + (G2iG6mj +G6miG2j)τ26m+

+ (G2iG71j +G71iG2j)τ271 +G3iG3jτ33 + (G3iG4j +G4iG3j)τ34+

+ (G3iG5j +G5iG3j)τ35 + (G3iG6mj +G6miG3j)τ36m + (G3iG71j +G71iG3j)τ371+

+G4iG4jτ44 + (G4iG5j +G5iG4j)τ45 + (G4iG6mj +G6miG4j)τ46m+

+ (G4iG71j +G71iG4j)τ471 +G5iG5jτ55 + (G5iG6mj +G6miG5j)τ56m + (G5iG71j +G71iG5j)τ571

+G6miG6mjτ6m6m + (G6iG71j +G71iG6j)τ671 +G71iG71jτ7171+

+ (G7miG7(m+1)j +G7(m+1)iG7mj)τ7m7(m+1)

]

(2)
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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:

G1 = 0; G2 = Gdr; G3 = Gcr; G4 = 0; G5 = Grdp; G6 = 0; G7 = Gro

which gives the following for the diagonal readout term:

brr = γ2
(
G2

drτ22 + 2GdrGcrτ23 + 2GdrGrdpτ25rp + 2GdrGroτ271 +G2
crτ33 + 2GcrGrdpτ35rp+

+ 2GcrGroτ371 +G2
rdpτ55rp + 2GrdpGroτ5rp71 +G2

ro(τ7171 + τ7m7(m+1))
) (3)

taking into account refocused gradient pairs we get:

brr = γ2
(
G2

drτ22 + 2GdrGcrτ23 +G2
crτ33 +G2

rdpτ55rp + 2GrdpGroτ5rp71 +G2
ro(τ7171 + τ7m7(m+1))

)
(4)

For the phase direction we have:

G1 = 0; G2 = Gdp; G3 = Gcp; G4 = 0; G5 = Gpdp; G6 = Gpe; G7 = 0

which gives the following for the diagonal phase-encoding

bpp = γ2(G2
dpτ22 + 2GdpGcpτ23 + 2GdpGpdpτ25rp + 2GdpGpeτ26m +G2

cpτ33 + 2GcpGpdpτ35rp

+GcpGpeτ36m +G2
pdpτ55rp + 2GpdpGpeτ5rp6m +G2

peτ6m6m)
(5)

taking into account refocused gradient pairs we get:

bpp = γ2(G2
dpτ22 + 2GdpGcpτ23 +G2

cpτ33 +G2
pdpτ55rp + 2GpdpGpeτ5rp6m +G2

peτ6m6m) (6)

For the slice direction we have: G1 = Gsl; G2 = Gds; G3 = Gcs; G4 = G′sl; G5 = Grf ; G6 = 0; G7 = 0 which
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gives the following for the diagonal slice-select:

bss = γ2
(

14

3
G2

slτ11 +GslGdsτ12 +GslGcsτ13 +GslG
′
slτ14 +GslGrfτ15s +G2

dsτ22 + 2GdsGcsτ23+

+GdsG
′
slτ24 +GdsGrfτ25s +G2

csτ33 +GcsG
′
slτ34 + 2GcsGrfτ35 +G′2slτ44 +G′slGrfτ45s+

+G2
rfτ55s

)
(7)

with refocused gradient pairs one arrives to:

bss = γ2
(14

3
G2

slτ11 +G2
dsτ22 + 2GdsGcsτ23 +GdsG

′
slτ24 +GdsGrfτ25s +G2

csτ33 +GcsG
′
slτ34+

+ 2GcsGrfτ35s +
1

4
G′2slτ44 +G′slGrfτ45s +

1

4
G2

rfτ55s

) (8)

5 Off-diagonal terms

Summarizing all gradients together in one place:

G1r = 0 G1p = 0 G1s = Gsl

G2r = Gdr G2p = Gdp G2s = Gds

G3r = Gcr G3p = Gcp G3s = Gcs

G4r = 0 G4p = 0 G4s = G′sl

G5r = Grdp G5p = Gpdp G5s = Grf

G6r = 0 G6p = Gpe G6s = 0

G7r = Gro G7p = 0 G7s = 0

Then starting from the read-out/phase term plugging the gradients Gr and Gp into equation Eq. 2:

brp = bpr = γ2
(
GdrGdpτ22 + (GdrGcp +GcrGdp)τ23 + (GdrGpdp +GrdpGdp)τ25rp +GdrGpeτ26m+

+GroGdpτ271 +GcrGcpτ33 + (GcrGpdp +GrdpGcp)τ35rp +GcrGpeτ36m +GroGcpτ371+

+GrdpGpdpτ55rp +GrdpGpeτ5rp6m +GroGpdpτ5rp71 +GpeGroτ6m71

)
(9)

taking into account refocused gradient pairs we get:

brp = bpr = γ2
(
GdrGdpτ22 + (GdrGcp +GcrGdp)τ23 +GcrGcpτ33 +GrdpGpdpτ55rp +GrdpGpeτ5rp6m+

+GroGpdpτ5rp71 +GpeGroτ6m71

) (10)

the read-out/slice select term gives:

brs = bsr = γ2
(
GdrGslτ12 +GcrGslτ13 +GrdpGslτ15s +GroGslτ171 +GdrGdsτ22+

+ (GdrGcs +GcrGds)τ23 +
1

2
GdrG

′
slτ24 + (

1

2
GdrGrf +GrdpGds)τ25s +GdsGroτ271+

+GcrGcsτ33 +
1

2
GcrG

′
slτ34 + (GcrGrf +

1

2
GrdpGcs)τ35s +GrdpG

′
slτ45s+

+GroG
′
slτ471 +

1

2
GrdpGrfτ55rp +

1

2
GroGrfτ5s71

)

(11)

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

brs = bsr = γ2
(

(GdrGcs +GcrGds)τ23 +
1

2
GdrG

′
slτ24 +

1

2
(GdrGrf )τ25s +GcrGcsτ33

+
1

2
GcrG

′
slτ34 +

1

2
GcrGrfτ35s +

1

2
GrdpGrfτ55rp +

1

2
GroGrfτ5s71

) (12)
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and the last term the phase/slice select:

bsp = bps = γ2
(
GslGdpτ12 +GslGcpτ13 +GslGpdpτ15rp +GslGpeτ16m +GdpGdsτ22+

+ (GdsGcp +GdsGcp)τ23 +
1

2
GdpG

′
slτ24 + (

1

2
GdpGrfτ25s +GdsGpdpτ25rp) +GpeGdsτ26m+

+GcpGcsτ33 +
1

2
GcpG

′
slτ34 + (

1

2
GcpGrf +GpdpGcs)τ35s +GpeGcsτ36m +GpdpG

′
slτ45s+

+GpeG
′
slτ46m +

1

2
GpdpGrfτ55rp +

1

2
GpeGrfτ5s6m

)

(13)

with refocused gradient pairs gives final expression:

bsp = bps = γ2
(
GdpGdsτ22 + (GdsGcp +GdpGcs)τ23 +

1

2
GdpG

′
slτ24 +

1

2
GdpGrfτ25s +GcpGcsτ33+

+
1

2
GcpG

′
slτ34 +

1

2
GcpGrfτ35s +

1

2
GpdpGrfτ55rp +

1

2
GpeGrfτ5s6m

) (14)

6 Timing multipliers

τ11 = δ31 (15)

τ22 = δ22

(
∆2 −

1

3
δ2

)
+

1

30
ε32 −

1

6
δ2ε

2
2, ∆2 = t22 − t21 (16)

τ23 = δ2δ3∆3, ∆3 = t32 − t31 (17)

τ24 = δ2δ4∆4, ∆4 = t42 − t41 (18)

τ25rp =
1

2
δ5rpδ2∆2, ∆2 = t22 − t21 (19)

τ25s =
1

2
δ5sδ2∆2, ∆2 = t22 − t21 (20)

τ33 = δ23

(
∆3 −

1

3
δ3

)
+

1

30
ε33 −

1

6
δ3ε

2
3, ∆3 = t32 − t31 (21)

τ34 = δ3δ4∆4, ∆4 = t42 − t41 (22)

τ35rp =
1

2
δ5rpδ3∆3, ∆3 = t32 − t31 (23)

τ35s =
1

2
δ5sδ3∆3, ∆3 = t32 − t31 (24)

τ44 = δ24

(
∆4 −

1

3
δ4

)
+

1

30
ε34 −

1

6
δ4ε

2
4, ∆4 = t42 − t41 (25)

τ45rp =
1

2
δ5rpδ4∆4, ∆4 = t42 − t41 (26)

τ45s =
1

2
δ5sδ4∆4, ∆4 = t42 − t41 (27)

τ55rp = δ25rp

(
∆5rp −

1

3
δ5rp

)
+

1

30
ε35rp −

1

6
δ5rpε

2
5rp, ∆5rp = TE− t5rp (28)
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τ55s = δ25s

(
∆5s −

1

3
δ5s

)
+

1

30
ε35s −

1

6
δ5sε

2
5s, ∆5s = TE− t5s (29)

τ5rp6m = ε5rpδ5rp

res/2∑

m=1

(∆6m − ε6) , ∆6m = TE− t6i (30)

τ5s6m = −ε5sδrf
res/2∑

m=1

(∆6m − ε6) , ∆6m = TE− t6i (31)

τ5rp71 = δ5

[
δ7

(
∆75 −

1

4
δ7

)
+

1

12
ε27 −

1

2
δ7ε7

]
, ∆75 = ∆71 = TE− t71 (32)

τ5s71 = δ5

[
δ7

(
∆75 −

1

4
δ7

)
+

1

12
ε27 −

1

2
δ7ε7

]
, ∆75 = ∆71 = TE− t71 (33)

τ6m6m = ε26

res/2∑

m=1

[
(2m− 1)∆6m − (m

67

30
− 1)ε6

]
, ∆6m = TE− t6i (34)

τ6m71 =
1

4
ε6

(
δ7∆71 −

1

60
ε27

)
, ∆71 = ∆75 = TE− t71 (35)

τ7171 =
1

4

[
δ27

(
∆71 −

1

3
δ7

)
+

1

30
ε37 −

1

2
δ27ε7

]
, ∆71 = ∆75 = TE− t71 (36)

τ7m7(m+1) =
( res

2
− 1
)[ 1

12
δ37 +

1

60
ε37 +

1

4
δ27ε7 −

1

12
δ7ε

2
7

]
, 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].
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Microstructure parameters from RPBM

D0 is a parameter fixed to D‖ (average over the values from the long diffusion times).

Directly derived from the fit:

τ characteristic time scale

ζ volume fraction

The rest were calculated following [2]:

l =
√
D0τ diffusion length (effective thickness) (38)

κ = D0/2l =
1

2

√
D0

τ
permeability (as given by [3]) (39)

S/V = 2ζ/l =
2ζ√
D0τ

surface to volume ratio (40)

a = β
V

S
= β

√
D0τ

ζ
fiber diameter (41)

τD = a2/2D0 =
β2τ

2ζ2
diffusion time (42)

τR = a/2κ =
βτ

2ζ
residence time (43)
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Secondary (ε2) and tertiary (ε3) eigenvectors

 
Supporting Figure 12: An example eigenvectors ε2 and ε3 colormaps of medial gastrocnemius 
muscle for on of the volunteers. 
 
 
Supporting Table 2: Average eigenvectors ε2 and ε3 components (absolute value) for young 
and senior subjects. 
 

 Δ [ms] ε2x ε2y ε2z ε3x ε3y ε3z 

Y
ou

ng
 

30 0.75 ± 0.06 0.46 ± 0.07 0.28 ± 0.02 0.38 ± 0.06 0.74 ± 0.07 0.40 ± 0.04 
38 0.77 ± 0.05 0.46 ± 0.07 0.26 ± 0.03 0.36 ± 0.05 0.72 ± 0.04 0.47 ± 0.05 
76 0.75 ± 0.03 0.45 ± 0.04 0.28 ± 0.03 0.39 ± 0.03 0.70 ± 0.03 0.45 ± 0.04 
105 0.80 ± 0.05 0.42 ± 0.07 0.23 ± 0.05 0.37 ± 0.06 0.76 ± 0.05 0.41 ± 0.05 
204 0.79 ± 0.07 0.45 ± 0.04 0.27 ± 0.02 0.39 ± 0.05 0.78 ± 0.06 0.37 ± 0.06 
303 0.74 ± 0.08 0.48 ± 0.06 0.25 ± 0.03 0.41 ± 0.07 0.73 ± 0.08 0.38 ± 0.02 
353 0.76 ± 0.09 0.49 ± 0.08 0.27 ± 0.03 0.37 ± 0.08 0.76 ± 0.09 0.42 ± 0.04 
403 0.78 ± 0.09 0.47 ± 0.07 0.29 ± 0.03 0.36 ± 0.05 0.79 ± 0.08 0.38 ± 0.03 
503 0.76 ± 0.08 0.49 ± 0.07 0.27 ± 0.02 0.38 ± 0.05 0.76 ± 0.07 0.41 ± 0.03 
603 0.74 ± 0.08 0.49 ± 0.04 0.30 ± 0.02 0.38 ± 0.04 0.75 ± 0.06 0.44 ± 0.03 

Se
ni

or
 

30 0.76 ± 0.03 0.36 ± 0.04 0.27 ± 0.05 0.27 ± 0.04 0.68 ± 0.05 0.49 ± 0.07 
38 0.75 ± 0.12 0.39 ± 0.10 0.28 ± 0.03 0.30 ± 0.14 0.71 ± 0.13 0.45 ± 0.03 
76 0.76 ± 0.04 0.36 ± 0.06 0.26 ± 0.02 0.28 ± 0.06 0.70 ± 0.06 0.47 ± 0.04 
105 0.80 ± 0.05 0.32 ± 0.03 0.26 ± 0.03 0.26 ± 0.04 0.78 ± 0.05 0.37 ± 0.05 
204 0.79 ± 0.07 0.34 ± 0.07 0.26 ± 0.02 0.28 ± 0.08 0.77 ± 0.08 0.39 ± 0.02 
303 0.82 ± 0.04 0.32 ± 0.07 0.25 ± 0.01 0.26 ± 0.06 0.82 ± 0.04 0.35 ± 0.02 
353 0.78 ± 0.08 0.29 ± 0.12 0.27 ± 0.04 0.22 ± 0.11 0.79 ± 0.09 0.33 ± 0.04 
403 0.75 ± 0.05 0.33 ± 0.06 0.27 ± 0.02 0.25 ± 0.05 0.77 ± 0.06 0.32 ± 0.04 
503 0.78 ± 0.04 0.33 ± 0.06 0.27 ± 0.03 0.25 ± 0.06 0.79 ± 0.05 0.33 ± 0.02 
603 0.66 ± 0.07 0.34 ± 0.08 0.29 ± 0.04 0.24 ± 0.08 0.69 ± 0.08 0.32 ± 0.05 

 

30 38 76 105 204 303 353 403 503 603
<latexit sha1_base64="fZTHJDlsDcT+AAd6xgfImwFRPzo=">AAACCHicdVDLSgNBEJz1GeMr6tGDg0HwFHZ9Jd5EPXhUMCpklzA76U2GzOwuM71CWHL04q948aCIVz/Bm3/jJEbwWdBQVHXT3RWmUhh03TdnbHxicmq6MFOcnZtfWCwtLV+YJNMc6jyRib4KmQEpYqijQAlXqQamQgmXYfdo4F9egzYiic+xl0KgWDsWkeAMrdQsrfnHIJFRX0KEDV8x7GiVK9P3tWh3MGiWym5lv+ZtVz36m3gVd4gyGeG0WXr1WwnPFMTIJTOm4bkpBjnTKLiEftHPDKSMd1kbGpbGTIEJ8uEjfbphlRaNEm0rRjpUv07kTBnTU6HtHFxqfnoD8S+vkWFUC3IRpxlCzD8WRZmkmNBBKrQlNHCUPUsY18LeSnmHacbRZle0IXx+Sv8nF1sVb6+ye7ZTPjgcxVEgq2SdbBKPVMkBOSGnpE44uSF35IE8OrfOvfPkPH+0jjmjmRXyDc7LO/C+mp4=</latexit>

� [ms]

Supporting Figure 3: An example secondary (ε2) and tertiary (ε3) eigenvectors colormaps of medial
gastrocnemius muscle for one of the volunteers.
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Supporting Figure 13: Plots of diffusion-time dependent average eigenvectors ε2 and ε3 components (absolute value) for 
young and senior subject 
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Supporting Figure 4: Plots of diffusion-time dependent average secondary (ε2) and tertiary (ε3) eigenvectors
projections (absolute value) for young and senior subjects.
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RPBM fit for D⊥

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

Young Senior

D0

[
µm2/ms

]
1.83 ± 0.16 1.88 ± 0.18

free diffusion

ζ
3.15 ± 1.78 2.86 ± 0.66

volume fraction

S/V
[
µm−1

]
0.16 ± 0.03 0.14 ± 0.02

surface to volume ratio

κ [µm/ms]
0.027 ± 0.008 0.024 ± 0.006

permeability

a [µm]
40.71 ± 7.44 45.55 ± 5.33

myofiber diameter

l [µm]
39.59 ± 18.72 41.34 ± 10.46

effective thickness

τR [ms]
1389.0 ± 610.0 1601.1 ± 560.1

residence time

τD [ms]
1177.3 ± 211.3 1394.9 ± 259.73

dwell time

 

  
 
 Supporting Figure 5: Average RPBM model fits of D⊥(t) 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.
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Individual RPBM fits for λ2

#1 #2 #3 

   
#4 #5 #6 

   
#7 #8  

  

 

 
  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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#9 #10 #11 

   
#12 #13 #14 

   
 
 
  

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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#1 #2 #3 

   
#4 #5 #6 

   
#7 #8  

  

 

 
  Supporting Figure 8: Individual RPBM fits residuals of all the young participants. The dashed line

represents RPBM fit.
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#9 #10 #11 

   
#12 #13 #14 

   
 
Supporting Figure 9: Individual RPBM fits residuals of all the senior participants. The dashed line
represents RPBM fit.
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Individual RPBM fits for λ3

#1 #2 #3 

   
#4 #5 #6 

   
#7 #8  
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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 11: Individual RPBM fits of all the senior participants. Error bars represent standard
deviation within the selected region of interest.
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  Supporting Figure 12: Individual RPBM fits residuals of all the young participants. The dashed line

represents RPBM fit.
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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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