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ABSTRACT

The processing of histological samples, particularly biopsies, is a pivotal step in the medical histopathology, as it
prepares the sample for the subsequent microscopic examination. During this examination, the morphological, func-
tional and molecular characteristics of the tissue withdrawn from the patient are investigated. Histological evaluation
of biopsies is a cornerstone of daily medical diagnosis, staging and grading of many diseases, especially cancers. All
the phases of the specimen preparation process require the diffusion of a solvent within the sample mass. Therefore,
having reliable knowledge regarding the diffusion in biological materials is of crucial importance. This article presents
an experimental technique to determine the diffusion coefficient in biological specimens. This key physical quantity
provides significant information about the rate at which a substance spreads within a given medium. The objective
was accomplished through the acquisition of a sequence of radiographic images of biological samples having differ-
ent geometries immersed in processing solvents. As X-ray attenuation is proportional to the solvent’s concentration,
changes in radiograph intensity over time reflect the diffusion of the substance in the irradiated sample. The intensity

data were therefore fitted using analytically derived mathematical models for the diffusion coefficients estimation.

1. Introduction

Since the late 19th century, Formalin-Fixed Paraffin-Embedded (FFPE) tissue has been the estab-
lished method for preserving clinical specimens for histopathological examination and archiving
in routine histopathological and clinical practice. FFPE tissue samples detain a crucial role in
histopathology for diagnostic, therapeutic and research purposes, enabling microscopic morpho-
logical examination and molecular analysis (Magaki et al., 2018; Kokkat et al., 2013). In particular,
their examination is a mainstay in cancer diagnosis and treatment, giving also fundamental infor-
mation for precision medicine and immunotherapy. Furthermore, it is widely considered as the
gold standard for the diagnosis of many other diseases, such as autoimmune and inflammatory
diseases, infections, and skin diseases (Zhu et al., 2024; Villanacci et al., 2020).
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FFPE techniques consist of multiple sequential steps, including tissue acquisition, fixation, dehy-
dration, clearing, paraffin embedding, sectioning, and staining (Spencer et al., 2012). In general,
biological tissues are multi-compartmental, heterogeneous media (Sen & Basser, 2005; Posnansky
& Shah, 2008), demonstrating different refractive indices. The aim of tissue clearing is to achieve
uniform refractive indices and to minimize light scattering (Mai & Lu, 2024). To this end, histolog-
ical specimens are submerged in different organic and aqueous solvents until saturation occurs.
These processes are generally performed by automatic processors that adhere to standardized
protocols, which rely on empirical timing. In this way, specimens can be under or over-treated
and the optimal quality is no longer guaranteed. Each stage in histological sample processing,
especially when conducted sub-optimally, has the ability to generate artifacts in tissue sections
(McInnes, 2005; Ekundina & Eze, 2015; Tagqi et al., 2018) and to introduce errors in sample prepa-
ration. This has a potential detrimental effect on histopathological analysis (Agrawal et al., 2018;
Engel & Moore, 2011), which in turn can affect the accuracy of the medical diagnosis. Just after the
extraction and the stabilization in buffered formalin of the biopsy, the dehydration phase occurs.
During this phase, the sample is treated with a series of alcoholic solutions with increasing con-
centrations, starting from 70% to 100%. Dehydration is very critical, as it can persist for a long time
and strong concentration gradients are established during this period. These gradients have the
potential to distort the sample in terms of histological and cellular elements (Spencer et al., 2012).
It is therefore essential to ensure that the duration of this step is properly determined. Herefor, the
diffusion of 70% alcohol was investigated during the experiments.

Examining the diffusion phenomenon in histological samples enables the determination of the
appropriate timing of each stage of sample preparation, with the estimation of the diffusion coeffi-
cient as a crucial endpoint. This quantity, alternatively referred to as diffusivity, quantifies the ease
with which a molecule diffuses within a given medium. In the literature, few techniques have been
reported, which are too indirect, more or less extensible (Bauer et al., 2016; Lerch et al., 2017, 2019),
too complex or based on limited available apparatus and infrastructures (Le Houx et al., 2023) or
related to distinct applications, such as the Diffusion-Weighted Imaging (DWI), which enables the
in-vivo determination of the so-called Apparent Diffusion Coefficient (ADC).

A novel methodology for the determination of diffusivity in biological materials was previously
implemented (Santini et al., 2024) and patent pending (Santini et al., 2023). In this paper, this
methodology has been further refined and extended to accommodate samples with different ge-
ometries. In particular, diffusion coefficients were estimated for spherical, cylindrical, and cuboid-
shaped pork liver samples, the three main shapes of histological samples, immersed in 70% ethanol.
The obtained results were used to analyze the impact of the sample’s shape and geometrical fea-
tures on the diffusion coefficient estimates.
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2. Materials and methods

2.1. Experimental setup

For the experiments, spherical, cylindrical, and cuboid-shaped resections of porcine livers were
used. These samples had already been stabilized in buffered formalin for 24 h or 48 h. Each tissue
was placed in a 50 mL Falcon tube in which the solvent (alcohol 70%) was injected by means of
a 20 mL syringe. The sample was then exposed to the ionizing radiation in a custom microCT
facility by a microfocus X-ray source with conical emission (Hamamatsu X-ray Tube Unit L11902),
operating at 120 £V and 22 A (target current). The radiographs were acquired at 1.25 Hz for a
total time of 30 min, recorded and digitalized as TIFF images by a Varex Imaging’s 1512 CMOS
flat panel X-ray detector with a pixel pitch of 74.8 ym and a pixel matrix of 1944x1536 pixels. Ra-
diographs were acquired using a 2x2 pixel binning, resulting in an image size of 972x768 pixels,
with an acquisition time of 650 ms. For detailed information regarding X-ray microtomography
and instrumentation refer to Santini et al. (2013).

During acquisition, the radiographs were corrected for detector charge accumulation (“dark-field”)
and “bright-field” normalized. The resolution of the acquired radiographs varies from 13 to 22
pm/pizel based on the source-to-object distance, which was adapted to specimen dimensions. The
biological sample was fully immersed in the alcoholic solution and maintained in a fixed posi-
tion (Fig. 1), realistically simulating the dehydration phase. Both samples and alcoholic solution
reached thermal equilibrium before starting the experiments. A digital sensor was used to monitor
the experimental ambient conditions (temperature and humidity) at one-minute intervals.

Figure 1. The figure shows: a) the X-ray source and b) the setup used for sample positioning and holding.

Following acquisition, the radiographs were processed using an algorithm developed in MAT-
LAB®. The algorithm clustered the pixels in the sample area into multiple square Regions Of
Interest (ROIs) of 40x40 pixels, where the mean intensity value was computed. This facilitated the
intensity variation in each ROI over time to be captured. As changes in X-ray attenuation are di-
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rectly related to the changes in solvent’s concentration, the time dependent diffusion process can
be observed and analyzed. The processed radiographs were thus used for the estimation of the
diffusion coefficient.

2.2. Mathematical models

Assuming material isotropy and homogeneity, and considering uniform and constant effective
diffusion coefficient, the diffusion equation in cartesian (Eq. (1)), cylindrical (Eq. (2)) and spherical
(Eq. (3)) coordinates can be written as follows:

0 0? 0? 0?
—p:Deff( p+ p+ p) 1)

ot ox?  0y? 022

op Pp 10p 0%

o0 =Dos (55 +rr ok @
dp 1 0 (,0p
ot Dets r2 Or (T or ) ®)

where D,y is the effective diffusion coefficient and p is the concentration of the diffusing sub-
stance. Eq. (2) accounts for axial symmetry, while Eq. (3) accounts for spherical symmetry. The
initial conditions (IC) and the boundary conditions (BC) can be imposed by considering an initial
uniform value (p,) for the concentration of the diffusing substance within the sample volume 2 as
IC, and a uniform and constant value (p;) of the concentration of the diffusing substance on the
sample boundaries 052 as Dirichlet BC.

By defining the new dimensionless variable:

Y = ( pP— N ) @)
Po — P1
Eq. (1), Eq. (2), and Eq. (3) can be rewritten respectively as:
oY Py Py 0%y
ot Dess (8352 * 0y? * 022 ©)
O, (Px 10n O o
ot SI\or2 " ror 922

ox 1 0 5 OX
o = Parapy ( aT) )
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The IC and BC become:
x=1inQ t=0 (8)
X=00n09Q, t>0 )
The symmetry conditions are:
(%X) — 0150 (12)

for the cuboid-shaped, cylindrical, and spherical samples, respectively (assuming a perfect sample
geometry).

Eq. (5), Eq. (6), and Eq. (7) can be solved employing the method of separation of variables (P. D. Moon,
1988). The obtained general solutions (Luikov, 2012; Crank, 1979), written in series form, are re-

spectively:
X(,y,2,t) = Z Z Z amm,ke_DeffAimkt o8 (Ynx) cos (pmy) cos (wgz) (13)
n=0 m=0 k=0
t) = . —DesAint ] . (E k ) Z 14
X(T7Z7 ) ;;CL k€ 0(@5 7") COS 5 + KT ZO ( )
- AnT)
t) = 7D€ff/\2t81n( n 15
X(r,t) ;a ¢ o (15)
with:
A2 =k k= (e O 2+ T 2+ 7T+lm2 (16)
n,m,k Tn Mo, Wi = 2X0 XO QYE) YE) 2Z() Z()

2 m km ? 2 jn
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where:

* Jy is the zero-order Bessel function of the first type and j,, are its zeros;

* Xy,Yp and Z; in Eq. (16) represent the half-width, half-depth, and half-height of a cuboid-
shaped sample, respectively;

* Ryin Eq. (17) is the external radius of a cylindrical sample, while Zj is its half-height;
* Ry in Eq. (18) is the external radius of a spherical sample;
e n,m,keN.
The coefficients a,,  x, ank, and a, in Eq. (13), Eq. (14), and Eq. (15), respectively, can be identi-

fied by satisfying the IC reported in Eq. (8). In particular, exploiting the orthogonality of cosine,
Bessel’s, and sinus functions (Olver, 2010), these coefficients are given by the following;:

Anmk = (—1 nmetk 5 (19)
mk = (=1) (Z +nr) (& + mn) (5 + kn)
& 4
e | 20
n g = (—1) INECESIATS 20)
0, = 2(_ 1) (21)

where J; in Eq. (20) is the first-order Bessel function of the first type.

As anticipated, since the attenuation of the detected X-ray beam was directly related to the con-
centration of the diffusing substance, the intensity values contained in the acquired X-ray images
can be used to estimate the effective diffusion coefficient D, .

In this perspective, Lambert-Beer law can be considered:
dl = — upld§ (22)

where [ is the intensity of the beam passing through a thickness d¢ and p is the mass attenuation
coefficient. Assuming the local attenuation coefficient ;1 as constant, after integration, Eq. (22)
yields:

& —e M fg&lz p(&;t)dg (23)
Iy
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Figure 2. Geometry, dimensions and related coordinates system for each shape considered: a.1) cuboid, b.1) cylinder,
and c.1) sphere. Pork liver samples (oblique angle view): a.2) cuboid-shaped, b.2) cylindrical, and c.2) spherical.
Radiographic image of the samples: a.3) cuboid-shaped, b.3) cylindrical, and c.3) spherical.
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Figure 3. Schematic representation of the acquisition system at the mid-plane of the sample. The related coordinates,

the spatial coordinate of the X-ray beam (conical emission) and the coordinate system of the sample are shown for: a)

cuboid-shaped samples, b) cylindrical and spherical samples. L represents the source-to-object distance (SOD), while
L is the source-to-detector distance (SDD).



22nd LISBON Laser Symposium 2026

where ¢ represents the spatial coordinate directed as the X-ray beam (Fig. 3), I, is the intensity of
the beam entering the biological sample and I, is the intensity of the attenuated beam leaving the
sample. Thus, the absorption a for any X-ray beam passing through the sample mass is given by:

&2
0 (6, Et) = / p(E,8) de (24)

&1

It is now possible to notice that Eq. (4) can be rearranged as:

p=(po=p)x+ pr (25)
then the previous integral becomes:
&2 &2 &2
| petic= o -p) [ xetdcs [ e 26)
&1 &1 &1

Since z, y, z, and r are all functions of the coordinate &, and recalling the general solutions in
Eq. (13), Eq. (14) and Eq. (15), the integrals of x along any X-ray beam can be rewritten as follows:

& o o ) &
/£ VEDAE =SSty e Do st /é 05 (12(£)) €05 (jmy(E)) cos (wrz(€))dE (27)
1 n=0 m=0 k=0 1

&2 B 00 oo D2 &2 . COS( z _ ﬁ)
/fx@,t)df—zzan,ke By /g Tenr@eos ( (5 +kr) 1 )ae @9

1 n=0 k=0 1

& o - —Deos A2t 2 sin (Anr(§))

then, the X-ray absorptions can be rewritten as:

oo 0 o0

a(t)=(py—p1) Y D Y e PIrXumilC 1 (€1,6) + pr(&2 — &) (30)
n=0 m=0 k=0

a(t) = (py— p1) e Pt Nnt O (€1,6) + pr(&a — &) (31)
n=0 k=0

a(t)=(py—p1) Y e PIMCL (6, 8) + pi(& — &) (32)

n=1
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for cuboid-shaped, cylindrical, and spherical samples, respectively; where:

&
Cormi(€1.62) = A /£ 08 (1(€)) €0 (fmy(€)) cos (wr2(€))de

Cualen ) =ans [ o) cos (5 +m) Yo

&2 gin (\,r
Co(1,6) = a, / sin (Aar(€))

&1 )\nr (5) df

Now, it is convenient to define the following quantity:

ro=n(zio)

from which:

Vo= (1) = i (125 ) = wla©) - a0

(33)

(34)

(35)

(36)

(37)

where I,(t) is the intensity of the X-ray beam exiting the histological sample for any given time

t > 0, while 7,,(0) is the same intensity measured at ¢ = 0.
It follows that Eq. (30), Eq. (31) and Eq. (32) yield, respectively:

n=0 m=0 k=0
V)= 3 Yo T [ ]
n=0 k=0 7
v () =dy, + S e ()
n=1

where

= ulpy — p1) Z Z Crmi(§1,62) 5 dyue = — 100y — 1) Crm(&1,&2)

n,m,k

(38)

(39)

(40)

(41)
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o o Z

dy o= 1(py—p1) DY Cokl€1.6) 5 dhp = — plpy — p1) Cop(61,62) 1 € = E(; (42)
n=0 k=0

dy, = 1(py — p1) Z Cn(&1,82) 5 d, = — plpy — p1) Cnl1,62) (43)

n=1

There exists a finite time interval between the injection of the alcoholic solution into the Falcon
containing the biological sample and the initiation of radiographic acquisition, resulting in a dis-
crepancy between the time at which the measurement starts and the onset of diffusion. In order to
consider this time interval, it is possible to apply the following substitution:

t=1t+tg (44)

where t' is the time measured starting from the initiation of radiographic acquisition, while ¢, is a
constant that considers the interval of time mentioned above. Applying this substitution, Eq. (38),
Eq. (39) and Eq. (40) yield:

o o0 o0 ) , )
V() =i DD D e (G 5) (G 3) (v )] (45)
h n=0 m=0 k=0
- . De us .
V() =i+ DD e W [ (5+hm) 2] ¢ (46)
K ,
' n=0 k=0
- nm 2/
V(0= + 3 e ()" "
n=1
where
nm 2 s mm 2 T - 2
Cén,mk = Sn,m,k; fz,m,k = ;klmuk _DEff[(ﬁ+X70> +<%+YT)) +(%+%)> ]to (48)
_ Degg [ (x 2 .,
CE; k = dO Kk’ c;k - d;‘;ke RO2 |:E2(Q+kﬂ-> +]n]t0 (49)
oo=dy ;¢ = d; —Deff(%”yto
con - dOTLa C, = dne 0 (50)

for cuboid-shaped, cylindrical and spherical samples respectively.
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2.3. Fitting procedure

Diffusion coefficients were estimated using multiple exponential fitting of Eq. (45), Eq. (46), and
Eq. (47) for cuboid-, cylindrical- and spherical-shaped samples, respectively, on the experimental
Y (t) values (Fig. (4)) computed in each ROI of the sample area obtained from the processed ra-
diographic sequences. The fitting procedure was performed in MATLAB® via the non-linear least
squares method, considering four terms of the series.

.x1c.3

expenmental po-nti
—fitted modal

o 200 400 300 00 1000 1200 1400 1600 1800
Tirme [s]

= gxperimantal paint
—fitted madal

(K i ¢} 40101 00 &l 060 1200 1400 1600 150
Time [3]

axperimantal poinl
—fitted madal

© 200 400 500 200 1000 1200 1400 1600 1800
Time |5]

Figure 4. The figure shows the experimental data, the fitted analytical model and the related ROI for: a) a spherical
sample, b) a cylindrical sample and c) a cuboid-shaped sample.

3. Results

Results were obtained for sixty-six different samples of pork liver (eleven for each shape and fix-
ation timing, denoted as S;, with i = 1 : 11) as effective diffusion coefficients estimated in each
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ROI of the whole sample in the radiographic plane. Based on these estimates, mean effective diffu-
sion coefficients and related standard deviations were computed. Three different values of sample
surface-to-volume ratio (S/V') were selected to explore their effect on the D, s estimation. The S/V
values were determined by considering common sample sizes and taking spherical samples as a
reference, given the limited possibility to adjust the surface-to-volume ratio for this geometry.

For samples S; to S;, the sample surface-to-volume ratio was kept at 6.13 em™" (& 5%) (the ref-
erence value was obtained from the first spherical sample analyzed). The related mean effective
diffusion coefficients and standard deviations are reported in Tables 1 and 2, and the resulting
global values of D, are:

® 1.76 x 1072+ 0.55 x 1077 m?/s and 1.82 x 107 £ 0.53 x 10”? m?/s in spherical samples fixed
for 24 h and 48 h, respectively;

® 270 x 1077 40.42 x 107? m?/s and 2.66 x 107 +0.42 x 10~? m?/s in cylindrical samples fixed
for 24 h and 48 h, respectively;

® 299 x 1077 £0.41 x 107" m?/s and 2.73 x 1077 £ 0.52 x 107" m?*/s in cuboid-shaped samples
fixed for 24 h and 48 h, respectively.

For samples S; to Sg, the sample-to-solvent volume ratio (V. /Vso) Was kept constant at 1 : 50.
For samples S, this ratio was varied, increased up to ~ 1 : 108 for spherical specimens (where
the solvent volume was basically lower given the lower samples volume) and decreased to 1 :
25 for cylindrical and cuboid-shaped specimens (where the solvent volume was basically higher
given the higher samples volume). No significant differences in the D, estimates with respect to
variations in Vi, / Vs, were found.

For samples Sg and Sy, the S/V was decreased to 4.83 cm™" (£ 5%) (reference value obtained
from the first spherical sample analyzed for this series). The resulting mean effective diffusion
coefficients and standard deviations are reported in Tables 3 and 4, and the global D, values are:

® 290 x 10724 0.90 x 1072 m?/s and 3.11 x 10~ £0.91 x 10~ m?/s in spherical samples fixed
for 24 h and 48 h, respectively;

* 412x107740.75 x 1077 m*/s and 4.20 x 1077 £ 0.90 x 10~? m?/s in cylindrical samples fixed
for 24 h and 48 h, respectively;

* 5.13x 10774 0.83 x 107? m*/s and 4.66 x 1077 4 0.59 x 10~ m?*/s in cuboid-shaped samples
fixed for 24 h and 48 h, respectively.

For samples Sjp and Si;, the S/V was increased to 7.41 em ™t (£ 5%) (reference value obtained
from the first spherical sample analyzed for this series). The resulting mean effective diffusion
coefficients and standard deviations are reported in Tables 5 and 6, and the global D, values are:
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* 1.16 x 1072 £ 0.37 x 1072 m?/s and 1.26 x 10~ £ 0.39 x 10~ m?/s in spherical samples fixed
for 24 h and 48 h, respectively;

* 1.95x 10774033 x 107? m?/sand 1.72 x 1072 4 0.31 x 10~? m?*/s in cylindrical samples fixed
for 24 h and 48 h, respectively;

* 222 x 1077 40.26 x 1072 m?/s and 2.00 x 1077 £ 0.27 x 1077 m*/s in cuboid-shaped samples
fixed for 24 h and 48 h, respectively.

The D,y estimated in the ROIs within each sample and the related statistical metrics were also
used to obtain color maps (Fig. (5)), where the colors reflect the homogeneity or deviation of the
ROI effective diffusion coefficient from the average value computed for the entire sample.

Table 1. Table reporting mean effective diffusion coefficients and related standard deviations in 10~% m?/s for
samples with S/V = 6.13 cm ™! (£5%) fixed for 24k in neutral buffered formalin.

Sphere Cylinder Cuboid
Sy 1.51 +£0.55 2.53 £0.20 2.97£0.32
S 1.59 £ 0.52 2.87£0.74 3.25£0.29
Ss 2.07x£0.77 2.621+0.45 2.57+0.35
Sa 1.79 £0.54 2.79£0.27 3.04 £ 0.59
Ss 1.87£0.49 2.73+£0.47 2.75 £ 0.50
Se 1.74+0.39 2.61£0.31 3.23£0.25
Sz 1.78 £0.56 2.73£0.50 3.134+0.59
Mean 1.76 = 0.55 2.70 £0.42 2.99+041

Table 2. Table reporting mean effective diffusion coefficients and related standard deviations in 10~% m?/s for
samples with S/V = 6.13 cm ™" (£5%) fixed for 48h in neutral buffered formalin.

Sphere Cylinder Cuboid
Sy 1.65 £ 0.52 2.54 £0.32 3.17£0.51
Sy 1.74 £ 0.56 2.85+0.33 3.01 +0.68
Ss 1.63 £0.41 2.68 £ 0.57 2.82+0.32
S4 2.00£0.71 2.46 £0.61 2.53 £ 0.50
Ss 1.95 +0.61 2.84 £0.45 2.25 £ 0.60
Se 1.58 +£0.42 2.59£0.29 2.58 £0.61
Sz 2.17+0.50 2.67+0.37 2.74+041
Mean 1.82 +£0.53 2.66 £0.42 2,73 £0.52
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Table 3. Table reporting mean effective diffusion coefficients and related standard deviations in 10~% m?/s for
samples with S/V = 4.83 em ™! (£5%) fixed for 24h in neutral buffered formalin.

‘ Sphere Cylinder Cuboid
Sg 2.95£0.87 4.21 £0.76 2.24 £0.97
Sy 2.844+0.92 4.02+£0.73 5.02 +0.68

Mean ‘ 2.90 £ 0.90 4.12+0.75 5.13 £ 0.83

Table 4. Table reporting mean effective diffusion coefficients and related standard deviations in 10~ m?/s for
sample with S/V = 4.83 cm™ ' (+5%) fixed for 48h in neutral buffered formalin.

| Sphere Cylinder Cuboid
Sg 340+0.86  384£092 4554044
S 2.82+095  455+087  4.76+0.74

Mean ‘ 3.11+0.91 4.20 £0.90 4.66 £ 0.59

Table 5. Table reporting mean effective diffusion coefficients and related standard deviations in 10~% m?/s for
samples with S/V = 7.41 em™"' (£5%) fixed for 24h in neutral buffered formalin.

‘ Sphere Cylinder Cuboid
Sto 1.14 +0.39 1.84 £0.31 2.27£0.28
S11 1.17£0.34 2.06 = 0.35 2.174+0.24

Mean ‘ 1.16 £0.37 1.95£0.33 2.22+0.26

Table 6. Table reporting mean effective diffusion coefficients and related standard deviations in 10~ m?/s for
sample with S/V = 7.41 em™" (+5%) fixed for 48h in neutral buffered formalin.

| Sphere Cylinder Cuboid
Sio 1164038 1784022  2.06+0.26
Si 1354040  1.66+ 0.39 1.93 4+ 0.28

Mean ‘ 1.26 £0.39 1.72+£0.31 2.00£0.27
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Figure 5. The figure illustrates color maps obtained for three samples: a) spherical, b) cylindrical and c)
cuboid-shaped. At the bottom the related legend is reported.

4. Discussions

The effective diffusion coefficient estimates were analyzed in relation to room temperature fluctu-
ations, Vi, / Ve ratio, and samples S/V ratio. In the ranges of the analysis, no significant relation-
ships were found with respect to both temperature and Vg, / Vi, ratio (down to 1 : 25). Instead,
a significant dependence of the D.s; on the sample S/V ratio was identified (Fig. (6)). In partic-
ular, the effective diffusion coefficient decreases non-linearly as the S/V ratio increases, a trend
observable in each of the three geometries analyzed. The shape of the specimen also influences the
D. s estimates, with higher values found for cuboid-shaped samples and lower values found for
spherical samples. These behaviors are probably related to differences in natural convective mass
transfer processes at the sample surface, which depend on the geometric shape of the sample.

Regarding the D. ;s estimates within each sample, samples are in general characterized by uniform
diffusion coefficients, as evidenced by the extended green zones in each sample in Fig. (5). The ir-
regular nature of the biological tissues, including structural and compositional heterogeneity and
vascularity, yields different diffusion coefficients, which are identified as yellow, red, and purple
zones in Fig. (5). These findings highlight the capability of the method to identify structural and
compositional tissue inhomogeneities, particularly those related to modified tissue diffusivity.
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Figure 6. The figure shows the relationship between estimated D,y in m*/s and S/V in m ™" for the three geometries
considered.

5. Conclusions

The presented technique, which is based on the acquisition of time-series of radiographic images
of histological samples submerged in a processing solvent, can be efficiently used to estimate diffu-
sion coefficients in biological samples with different shapes and geometrical features. In particular,
the estimation can be easily performed using samples of the three main geometries for histological
resections, by sample immersion, radiographic acquisition, and calculation of the effective diffu-
sion coefficient via a fast and simple post-processing code. The D.s; estimates have demonstrated
a dependence on both geometric shape and the S/V ratio, which requires further investigation
in upcoming works. In general, this technique, which is pragmatic and readily engineerable, can
be efficiently implemented in the future to improve histological sample processing and achieve
precise, fast, and accurate medical diagnosis.
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