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TABLE S1. List of the features considered. The table lists all the 45 features

employed as input in the feature selection and the corresponding abbreviations used. For

each feature a brief definition is provided where appropriate, together with the

corresponding symbol/mathematical formula. The symbol (---) corresponds to the

average taken over the myelinated axons contained in each individual EM image.

Feature Abbreviation Description Symbol/Formula
Number of centroids of myelinated axons
Number of axons NumAxons inside a fixed and equal area Ag for all N
samples.
Density of myelinated axons, i.e. number
of centroids of myelinated axons inside a N
Density (um~2) Density pP=—
fixed and equal area for all samples, As
divided by this sample area Ag.
Sum of the cross-sectional area occupied
N
by the myelinated axons divided by the ST A;
Fraction of occupied area |FracOccupArea i
fixed sample area Ag used to calculate f= As
the axon density.
Average cross-sectional area of the e
Mean area (pm?) MeanArea (A) = ~ S A;
myelinated axons. i
Standard deviation of the Standard deviation of the cross-sectional
StdDevArea oA
arca (pum?) areas of the myelinated axons.
Coeflicient of variation of Coefficient of variation of the myelinated oA
CoeffVariation A
the arca axon areas. (4)
Skewness of the area Skewness of the area distribution of A—(A) 3
Skewness —_—
distribution myelinated axons. TA
Mean perimeter (pm) MeanPerimeter Mean perimeter of the myelinated axons. (P)
Standard deviation of the
StdDevPerimeter - op
perimeter (pm)
The elongation is the ratio between the
largest and smallest eigenvalue of the
Mean elongation MeanElongation (E)
covariance matrix of the shape contour.
For a circle, E = 1.
Standard deviation of the
StdDevElongation - oE
elongation
The circularity measures how close is the
4T A
Mean circularity MeanCircularity shape of an axon to a circle. For a circle, (C) = < §>
C=1.
Standard deviation of the
StdDevCircularity - oo
circularity
Largest distance between any two contour
Mean diameter (pm) MeanDiameter (D)
points.
Standard deviation of the
StdDevDiameter - oD

diameter




TABLE S1. List of the features considered. (continued)

Mean absolute curvature

MeanAbsCurvature

For each point P in the perimeter of an
axon, the curvature kp at that point is
defined as the inverse of the radius of the
circle approximating the perimeter curve
around that point. The mean absolute
curvature of an axon is defined as the
average curvature over all perimeter
points of that axon times its radius:

K = (kp)p - R, where the axon radius is

given by R = /A/x.

Kp =

&3 — &yl
3
(€2 49%)2

(K) = ((rp)p R)

Standard deviation of the

curvature

StdDevCurvature

0K

Mean bending energy

MeanBendEnergy

The bending energy of a contour is the
sum of the squared curvature at each
point of the countour divided by its

perimeter.

Standard deviation of the

bending energy

StdDevBendEnergy

OB

1st nearest neighbor mean

distance (pm)

1stNNDist

Average distance from each myelinated

axon to the closest myelinated axon.

(r1)

Standard error of the 1st
nearest neighbor mean

distance (pm)

StdErr1st NNDist

Error of 1stNNDist.

S

Standard deviation of the
1st nearest neighbor

distance (pum)

StdDev1stNNDist

Ory

Error of the standard
deviation of the 1st
nearest neighbor distance

(pm)

ErrStdDev1stNNdist

Error of StdDev1stNNDist, calculated
using the jackknife method.

oy,

Skewness of the 1st
nearest neighbor distance

distribution

Skewness1stNNDist

(

- (r1)>3>

2nd nearest neighbor

mean distance (pm)

2ndNNDist

Average distance from each myelinated
axon to the second closest myelinated

axon.

(r2)

Standard deviation of the
2nd nearest neighbor

distance (um)

StdDev2ndNNDist

Or

Skewness of the 2nd
nearest neighbor distance

distribution

Skewness2ndNNDist

((

s — <rz>)3>




TABLE S1. List of the features considered. (continued)

3rd nearest neighbor mean

Average distance from ecach myelinated

3rdNNDist (r3)
distance (pm) axon to the third closest myelinated axon.
Standard deviation of the
3rd nearest neighbor StdDev3rdNNDist - Oy
distance (pm)
Skewness of the 3rd 3
r3 — (I3
nearest neighbor distance |Skewness3rdNNDist - <<a<>> >
3
distribution
Slope of the regression line in the log-log
plot of the average nearest neighbor
distance (rp) as a function of its rank n,
Slope (regression line) SlopeRegress s
for n = 8,...,15. This slope should be a
number close to 0.5 (see Methods for
details).
“Effective” density obtained from the
Effective local density
( 2) EffDensity regression line as detailed for the previous Peff
pm™
quantity (see Methods for details).
Same as previous but now the slope of
Effective local density
EffDensitySlope05 the regression line is fixed to its expected Phg
(with slope=0.5) (um~2)
value 0.5 when performing the fit.
Starting from a central myelinated axon 1,
we take the sum of the absolute value of
the differences of the angles between the
line segments joining the centroids of
Mean Hexagonality Index 1
MeanHexagonality myelinated axons in adjacent Voronoi (A)
(rad—1) Q+1
cells a;; and B = 7/3, i.e.
Q; = Z;\il |ajj — B|. The inverse of
Q; + 1 is the hexagonality index (see
Methods for details).
Standard deviation of
Hexagonality Index StdDevHexagonality - [N
(rad—1)
Mean number of adjacent
MeanNNVoronoi - (N)
Voronoi cells
Standard deviation of
StdNNVoronoi - N

neighbors for Voronoi cells




TABLE S1. List of the features considered. (continued)

Pearson R axon area (1st

Pearson correlation coefficient for the plot

of the mean of the areas of the axons in

hell) PearsonR1stShellAxon |the first neighbor shell (as determined by R(M
she
the Voronoi tessellation) against the area
of the central axon.
Slope of the regression line fit to the plot
Slope axon area (1st shell) | SlopelstShellAxon S
used in the previous quantity.
Pearson correlation coefficient for the plot
of the mean of the arcas of the axons in
Pearson R axon area (2nd
hell) PearsonR2ndShellAxon |the second neighbor shell (as determined R®
she
by the Voronoi tessellation) against the
area of the central axon.
Slope axon area (2nd Slope of the regression line fit to the plot
Slope2ndShellAxon S(2)
shell) used in the previous quantity.
Pearson correlation coefficient for the plot
Pearson R Voronoi cell of the mean of the areas of the Voronoi
PearsonR1stShellVor R(1)
area (1st shell) cells in the first neighbor shell against the
arca of the central Voronoi cell.
Slope Voronoi cell area Slope of the regression line fit to the plot
SlopelstShellVor s
(1st shell) used in the previous quantity.
Pearson correlation coefficient for the plot
Pearson R Voronoi cell of the mean of the areas of the Voronoi
PearsonR2ndShellVor R(2)
area (2nd shell) cells in the second neighbor shell against
the area of the central Voronoi cell.
Slope Voronoi cell area Slope of the regression line fit to the plot
Slope2ndShellVor S2)

(2nd shell)

used in the previous quantity.




TABLE S2. Accuracy and Welch’s t-test p-values when considering single
features. The accuracy is calculated using the same methodology as presented in
Methods, while its standard deviation is obtained using the five different runs of the
cross-validation, as explained in Methods. Since one cannot assume the two age groups to
have equal variances, we calculate the Welch’s t-test instead of the Student’s t-test (n.s.

stands for not significant, p > 0.05).

Feature name ‘Accuracy‘Welch’s p-valueHFeature name ‘Accuracy‘Welch’s p-value‘
FracOccupArea 81% + 2% 5.6x1010 StdDevAbsCurvature | 56% 4 2% 0.062 (n.s.)
EffDensity 80% + 2% 7.0x1077 Skewness 54% + 1% 0.15 (n.s.)
3rdNNDist 79% + 5% 1.0x1078 Skewness2ndNNDist 54% + 3% 0.14 (n.s.)
EffDensitySlope05 6% + 4% 2.0x1078 StdNNVoronoi 54% + 1% 0.55 (n.s.)
Density 5% + 1% 4.7x1078 PearsonR2ndShellAxon | 53% + 2% 0.24 (n.s.)
StdDev3rdNNDist 75% £ 2% 4.5x1077 MeanPerimeter 53% + 1% 0.82 (n.s.)
NumAxons 4% + 3% 5.3x1078 Skewness3rdNNDist 53% + 1% 0.21 (ns.)
2ndNNDist 4% + 2% 2.2x1078 StdDevElongation 52% + 6% 0.016
StdErr1stNNDist 73% + 2% 5.5x1076 StdDevDiameter 52% + 3% 0.15 (n.s.)
1stNNDist 0% + 4% 1.7x10~6 SlopelstShellVor 51% + 2% 044 (ns.)
StdDev2ndNNDist 70% £ 3% 2.0x1076 MeanCircularity 51% + 6% 0.89 (n.s.)
MeanHexagonality 70% £ 4% 1.4x107% Skewness1stNNDist 50% £ 2% 0.34 (ns.)
MeanNN Voronoi 66% + 3% 0.49 (n.s.) |[SlopeRegress 50% + 2% 0.028
ErrStdDev1stNNdist | 64% 4= 2% 0.015 MeanBendEnergy 48% + 1% 0.25 (n.s.)
MeanElongation 61% + 2% 6.4x1074 StdDevBendEnergy 48% + 5% 0.94 (n.s.)
StdDev1stNNDist 61% + 1% 1.2x107°2 PearsonR2ndShellVor | 48% + 2% 0.043
SlopelstShellAxon 59% £+ 2% 0.12 (n.s.) ||StdDevPerimeter 47% + 3% 0.52 (n.s.)
MeanDiameter 59% + 4% 0.35 (n.s.) ||StdDevHexagonality 46% £ 5% 0.013
Slope2ndShellVor 58% + 2% 0.067 (n.s.) ||MeanAbsCurvature 46% + 4% 0.011
PearsonR1stShellAxon | 57% + 2% 0.058 (n.s.) [|StdDevCircularity 46% + 1% 0.33  (n.s.)
Slope2ndShellAxon 56% + 3% 0.27 (n.s.) [||PearsonRlstShellVor |42% + 1% 0.72 (n.s.)
MeanArea 56% + 2% 0.66 (n.s.) ||CoeffVariation 39% + 1% 0.70 (n.s.)
StdDevArea 56% +2% | 089 (ns)
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FIG. S1. Effective Local Density Calculation. (a) Plot of the effective local density

versus the axon density for cach sample. (b) and (¢) Two different samples with similar

axon densities and different effective local densities (AM129 006 and AM23 109) are

selected and shown for visual comparison. (d) and (e) Probability density of the local axon

densities for the two samples highlighted in figures (b) and (c), calculated via a gaussian

kernel density estimation. The local densities were calculated for randomly chosen circular

areas of varying radius (an example circle area is highlighted in blue on both samples).

The axon density values of each sample are plotted as red dashed lines. (f) Plot of the

average N-th nearest neighbor distance in function of the rank n for the two samples

highlighted in figures (b) and (c).

The full lines are the log-log linear regressions for the

points n > 8 (see inset figure for a zoomed plot), with corresponding equations in the

matching colored boxes. These linear regressions are extrapolated (dashed lines) to n = 1.
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FIG. S2. Graph of the correlation between features. The value on each link
represents the Pearson correlation coefficient between the features having a link in Fig. 3.

Its absolute value is illustrated by both the color and width of the link.



Index Feature name
2ndNNDist
3rdNNDist

Density

EffDensity
EffDensitySlope05
FracOccupArea
MeanAbsCurvature
MeanArea
MeanDiameter
MeanNNVoronoi
MeanPerimeter
NumAxons
Skewness
Skewness1stNNDist
Skewness2ndNNDist
SlopelstShellAxon
SlopelstsShellVor
StdDev1stNNDist
StdDev3rdNNDist
StdDevBendEnergy
StdDevCircularity
StdErristNNDist

67% (1.24,5,13,19) -
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85% (8,10,17) ‘
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FIG. S3. Graph of the classification accuracy when using three features. Each
link contains the highest accuracy we can achieve when adding a third feature to each link
of the accuracy graph shown in Fig. 3. Shown in parenthesis are the possible indices of this

third feature that, when added to the pair, maximize the accuracy. Refer to the table on

the right for the name of the feature. We note that all accuracy values shown have an

associated error smaller than 2%.
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FIG. S4. Scatter plot of the fornix samples in the second nearest neighbor
distance + perimeter space. These two features provide a good accuracy for age group
discrimination and they have a large class scatter distance. Young samples are in blue,
while old samples are in red. The grey area represents the expected exclusion region in this
two features space when axons are approximated to a set of equal sized disks. In this
approximation, the second nearest neighbor distance cannot have a lower value than the
diameter of the axon. Young samples have nearest neighbor mean distances much closer to
the limit defined by their myelinated axon perimeter values and, therefore, have a more

restricted range of values due to the tighter geometric packing of the axons.
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SUPPLEMENTARY NOTE 1

Probability distribution of the n-th nearest neighbor mean distance for a homoge-

neous Poisson point process in d dimensions

Let us consider a homogeneous (i.e. with spatially uniform statistical properties) Poisson
point process [55] (i.e. random particle distribution) in R%, characterized by the uniform
mean density py > 0.

Given a particle of the system at the origin of axes, let us call w,(r) the probability
density function (PDF) of the distance of its n-th nearest neighbor, i.e.

w,(r)dr = Prob(r < |r,| < r+dr),

where r,, is the spatial position of the n-th nearest neighbor of the particle located at the
origin of the axes. In order to find w,(r) we can generalize the calculation usually adopted
for the case n = 1. For this system, the positions of different particles are independent and
the probability of having exactly N particles in an arbitrary volume V is
N
(PV)

pN,V) = B ey, (1

from which it is simple to derive that (N) = (N2) — (N)* = pV. Using Eq. (1) and

considering the mutual independence of the positions of the particles, we can write
Prob(r <|r,|<r+dr)=p(n—1,V(r)) -p(1,S(r)dr) ,

where V(r) is the volume of the d-dimensional sphere of radius r and S(r) is its external
surface arca so that S(r)dr is the volume of the spherical shell between the radii r and
r +dr. This leads to

w,(r)dr = W e V(") pS(r)dr e PoSrdr (2)

Note that, since we are interested in the infinitesimal limit for dr, the last exponential in

Eq. (2) can be substituted simply by 1. In d dimensions

V(r)= %drd
S(r) = Qqri-t,

11



where € is the complete solid angle in d dimensions (1 ind=1, 2min d =2, 4min d = 3,

etc.). Therefore, we can finally write
] ]

n—1
po%drd X
2,4
Wy (r) = Ponrd_lﬁ e dr (3)

As evident from Eq. (2), it is very simple to show that w,(r) is a well normalized PDF, i.e.
its integral between 0 and oo is equal to 1.

Given Eq. (3), it is simple to calculate any moment DerD of the distance of the n-th
nearest neighbor for arbitrary |. In general, in d dimensions and for arbitrary |, the integral
will give rise to an appropriate Gamma function.

The n-th nearest neighbor mean distance can be calculated as
0 [l

Q n—1
0 o 0 o pUFdrd .

o) = rw,(r)dr = drppQurd ——————— e i

(rn) ; W (r) . Po?2a (n—1)
By performing the change of variable

u=py—r?,
P74

we can write 0 Op/g0 o

1 d
<rn> = o |
(n—=1! P 0
By using the definition of the Euler Gamma function [57] we get the final formula:
t

du un—1+1/de—u )

0 [l [l
) = d Y"I(n+id — d Y'T(n+1d) @
T P (n=1)!" P L(n)

Note that for integer n, I'(n) = (n — 1)!

In order to get the scaling relation between (r,) and rank n for large n we can use the
following expansion for large z of the ratio of two Gamma functions [57]:

F(Z+G) :ZO‘_B D1+ (G_B)(G+B—1) +O(Z—2)D ) (5)

I'(z+B) 2z

In our case this gives

U U
I'(n+1/d) 1/d d—1 L
—— 2 =n"" 1—-—— n
I'(n) 2d%n +00™)
Inserting this relation into Eq. (4), we obtain the general formula in d dimensions
0 Oy/q O 0
dn d-1
M) = 1— —— n-? . 6
)= g0 S 0 (6)
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Specializing our discussion to the case d = 2, we have

[l [l
py— L CLhntv2) ™
" o L)~
where 5 5
I'(n+1/2) 12 1 L
—— " =n"? 1- —+0(n
I'(n) 8n +0™)
By inserting this relation into Eq. (7), we obtain
[l /5 [l
r= L oy (8)
"y 8n
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