Tissue expansion mitigates radiation-induced skin fibrosis in a porcine model

Journal Pre-proof
u P -

Tissue expansion mitigates radiation-induced skin fibrosis in a
porcine model

Laura Nunez-Alvarez, Joanna K. Ledwon, Sarah Applebaum,
Bianka Progri, Tianhong Han, Joel Laudo, Vahidullah Tac,
Arun K. Gosain, Adrian Buganza Tepole

PII: S1742-7061(24)00551-8

DOI: https://doi.org/10.1016/j.actbio.2024.09.035
Reference: ACTBIO 9555

To appear in: Acta Biomaterialia

Received date: 29 March 2024

Revised date: 13 September 2024

Accepted date: 19 September 2024

Please cite this article as: Laura Nunez-Alvarez, Joanna K. Ledwon, Sarah Applebaum, Bianka Progri,
Tianhong Han, Joel Laudo, Vahidullah Tac, Arun K. Gosain, Adrian Buganza Tepole, Tissue expan-
sion mitigates radiation-induced skin fibrosis in a porcine model, Acta Biomaterialia (2024), doi:
https://doi.org/10.1016/j.actbio.2024.09.035

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(©) 2024 Published by Elsevier Ltd on behalf of Acta Materialia Inc.


https://doi.org/10.1016/j.actbio.2024.09.035
https://doi.org/10.1016/j.actbio.2024.09.035

Journal Pre-proof

aphical Abstract

A. Kinematic B. Biaxial test  C. Histology analysis
analysis Porcine model

3D image ~ /%
G N e == 0| A. S|
=y S
: '
'
N




Journal Pre-proof

Tissue expansion mitigates radiation-induced skin fibrosis in a
porcine model

Laura Nunez-Alvarez?, Joanna K. Ledwon®, Sarah Applebaum®, Bianka Progri®, Tianhong
Han®, Joel Laudo®, Vahidullah Tac®, Arun K. Gosain®?, Adrian Buganza Tepole®*

“Weldon School of Biomedical Engineering, Purdue University
bLurie Children’s Hospital
€School of Mechanical Engineering, Purdue University
dDepartment of Plastic and Reconstructive Surgery, Northwestern School of Medicine

Abstract

Tissue expansion (TE) is the primary method for breast reconstruction after mastectomy. In
many cases, mastectomy patients undergo radiation treatment (XR). Radiation is known to
induce skin fibrosis and is one of the main causes for complications during post-mastectomy
breast reconstruction. TE, on the other hand, induces a pro-regenerative response that
culminates in growth of new skin. However, the combined effect of XR and TE on skin
mechanics is unknown. Here we used the porcine model of TE to study the effect of radiation
on skin fibrosis through biaxial testing, histological analysis, and kinematic analysis of skin
deformation over time. We found that XR leads to stiffening of skin compared to control based
on a shift in the transition stretch (transition between a low stiffness and an exponential
stress-strain region characteristic of collagenous tissue). The change in transition stretch can be
explained by thicker, more aligned collagen fiber bundles measured in histology images. Skin
subjected to both XR+TE showed similar micostructure to controls as well as similar biaxial
response, suggesting that physiological remodeling of collagen induced by TE partially
counteracts pro-fibrotic XR effects. Skin growth was indirectly assessed with a kinematic
approach that quantified increase in permanent area changes without reduction in thickness,
suggesting production of new tissue driven by TE even in the presence of radiation treatment.
Future work will focus on the detailed biological mechanisms by which TE counteracts
radiation induced fibrosis.

Introduction

Breast cancer is the predominant new cancer diagnosis in women and the second leading cause
of cancer-related mortality in the United States [1]. Approximately half of U.S. women with
breast cancer opt for mastectomy and over 40% of those undergo reconstruction based on tissue
expansion (TE) [2]. TE is the process of inserting a balloon-like device under the skin and
gradually inflating it to promote skin growth [3, 4]. Post-mastectomy radiation therapy (PMRT)
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is administered depending on the severity of the disease. For patients with stage I or II breast
cancer, 49% undergo breast conserving surgery (BCS) with radiation, while 5% undergo
mastectomy and radiation. In contrast, for patients with stage III, 45% undergo mastectomy and
10 radiation and 16% undergo BCS and radiation [5].
Stretch is known to trigger mechanoresponsive pathways in skin cells via mechanoreceptors
that govern cell proliferation and collagen production [6, 7]. Radiation, in contrast, leads to
tissue damage and complications such as tissue necrosis and radiation-induced fibrosis (RIF)
[8, 9]. Yet, the influence of radiation on collagen alterations in the presence of TE-induced
15 growth remains unknown [10]. As a result, there is controversy regarding the optimal timing of
radiation and TE [11].

Due to its positive effect on quality of life for breast cancer survivors, immediate breast
reconstruction is usually recommended [12, 13]. However, when PMRT is needed, there is no
consensus whether TE should occur before, during, or after radiation therapy [11, 14, 15]. On

20  the one hand, radiation to the expander has been reported to cause complication rates requiring
re-operation between 4.8% and 40% [16, 17, 9]. In contrast, radiation to the permanent implant
(after breast reconstruction is complete), does not lead to major complications, but often leads to
tissue contracture and capsule formation with negative aesthetic outcomes: 50% incidence when

the implant is radiated compared to 17% when PMRT is administered to the expander[16, 18].

s  In delayed reconstruction, PMRT is administered to the expander, followed by 4-6 months gap

before the final reconstructive surgery of the breast [14]. An intermediate approach known as
delayed-immediate breast reconstruction is to insert an expander, administer PMRT, wait two or
more weeks to resume TE, then wait three or more months for final reconstructive surgery

[14, 19]. Despite the lack of consensus, recent trends show a steady increase in patients

30 receiving immediate breast reconstruction (= 50%) or delayed-immediate reconstruction (=

30%) [15, 20]. Understanding the interplay between radiation, tissue expansion, and skin
fibrosis is crucial to reduce complication rates and improve cosmetic outcomes.
X-ray exposure initiates cytokine cascades and fibro-inflammatory pathways, leading to RIF
over prolonged periods of time [21, 22]. Radiation leads to production of reactive oxygen
3 species (ROS) and damage-associated molecular patterns (DAMPs), which induce release of
various cytokines that eventually lead to recruitment of inflammatory cells [23]. Transforming
growth factor beta (TGEp) secreted by macrophages prompts fibroblasts to differentiate into
myofibroblasts, driving excessive extracellular matrix (ECM) synthesis and fibrotic tissue
formation [24]. Radiation can also directly impact collagen architecture, via molecular

40 cross-linking and dermal remodeling even as early as 24 hours after a 2 Gy irradiation dose
[25, 26]. Furthermore, radiation has been linked to a reduction in collagen ultimate strain (strain

at failure) while at the same time increasing collagen stiffness [25]. However, a comprehensive
understanding of collagen changes upon radiation is still lacking. Moreover, during TE,
additional collagen remodeling exists, which is likely to influence RIF, but this remains

s unknown.

TE induces temporary hypoxia and ischemia, leading to the production of hypoxia-related
chemokines that contribute to mechanoresponsive pathway activation [27], promoting cell
proliferation for tissue regeneration (vascular growth or angiogenesis in the dermis as well as
keratinocyte proliferation in the epidermis) [28, 7]. However, the co-regulation of inflammatory
50 as well as pro-regenerative pathways through expansion and radiation remains poorly
understood. Moreover, there is a dearth of research characterizing the role of TE in mitigating
or aggravating radiation-induced mechanical changes in the skin, such as RIF.
In this study, we chose mini-Yucatan pigs as research subjects for TE and radiation due to their
3
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similar attributes with human skin, which include epidermis and dermis thickness [29], tight
ss  skin-subcutaneous tissue connection (unlike rodents) [30], and shared gross, microscopic, and
ultra-structural features [31], resulting in a comparable mechanical and structural response.
Here, we analyze the skin mechanical behavior under TE and radiation, alongside examining
collagen structural changes and their impact on skin growth.

Materials and Methods

60 Porcine model

Five 2-month-old female Yucatan minipigs were used for the study (Premier BioSource). The
protocols follow closely our previous work [32, 33]. Four 10 x 10 cm? grids were tattooed on
their backs, and 100 mL tissue expanders (Mentor) were inserted underneath the grids, in four
of the individuals seven days after tattooing (Fig. 1A). On the fifth pig, just two grids without
es expanders were analyzed. For the first three animals, seven days atter placement, the expanders
were filled with 45 cc of a normal saline solution and, seven days later, were filled again with
the same volume for a total final volume of 90cc. For the fourth animal, the resident in charge
noted excessive deformation of the skin that could compromise viability of the tissue and two
30cc inflations were done instead for a total of 60 cc with otherwise the same timing. In
7  addition to tattooed grids, skin patches adjacent to the grids were collected to serve as controls
or to understand the effect of radiation without tissue expansion (Fig. 1B).Radiation dose was
supplied six days after second inflation Some of the expanded grids were used to understand the
effect of biological cover [32] and were excluded from this study. Out of a total of 20 patches
available for this study, 11 were exposed to radiation: four on the first pig, two on the left side
7 of each of the second, third, and fourth pigs, and one on the fifth pig.
The radiotherapy protocol was developed based on a plaster mold of the targeted radiation area
after the second inflation. The mold was CT scanned to determine the geometry of the expanded
skin. Northwestern University Department of Radiation Oncology regularly creates radiation
plans for human breast cancer patients and they created the plans for the pigs in this study based
80 on the CT scan of the mold. The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Northwestern University (protocol number IS00010747,
7/31/2019). On the day of radiation, the anesthetized animal was positioned and immobilized in
the same manner as during the CT simulation. The animal received a single fraction of 20 Gy
[34, 35], employing megavoltage photon beam energies (610 MV). The beams were arranged at
ss two oblique gantry angles, maintaining a standard 100 cm source-to-axis distance on an Elekta
Infinity system.
The radiation protocol was based on established protocols from the literature [36, 35, 34], as
well as our prior studies [32]. A single fraction of 20 Gy approximates the effects of radiation
given in PMRT and has been well tolerated in a porcine model [36, 32, 35]. Tissue collection at
o 8 weeks post-radiation allows for evaluation of late effects of radiation [37, 26]. In animals two
to five, only the left side was radiated. The rationale is that side (left or right) is not expected to
have an effect [38] Moreover, maintaining the left side allowed for a more repeatable radiation
protocol across the animals.
We analyzed four expanded radiated patches (one from each of the first four pigs), six radiated
s patches (two from the first pig, one each of the other four pigs), six control non-radiated patches
(one each from the second to fifth pigs, two more from non-radiated pigs that were not part of
this particular study but rather prior work [39]) and one expanded patch from the second pig.

4



Journal Pre-proof

With these settings we were able to collect radiated skin (XR), expanded (TE), expanded and
radiated (XRTE), and control (CTRL) (Fig. 1B). All patches were collected after 8§ weeks of
10 radiation. For this study, we performed mechanical testing under biaxial stretching conditions.
While the original study design incorporated two grids involving TE without radiation, one of
the expanders leaked, which made a thorough comparison difficult. Consequently, these results
were mostly excluded from the study (except from the kinematic analysis of skin growth).
Nonetheless, the analyzed patches enabled a direct comparison between the CTRL, XR, and

105 XRTE protocols.
Day-21  Day-14 Day 1 Day 8 Day 14 Week 10  +1day
e ) .
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Figure 1: Porcine model. A) Timeline of the animal model. B) Four tattooed grids on the back of Yucatan minipigs
were assigned either control (CTRL), radiation (XRT), radiated and expanded (XRTE), or expander protocols without
radiation (TE). For the expanded patches, rectangular expanders were inflated to 90 mL in two inflation steps 7 days
apart except for one pig which received 60cc inflation due to concerns of excessive deformation. C) At the end of 10
weeks (8 weeks after radiation), patches were excised and the apex was collected for biaxial mechanical testing (D). E)
Biaxial testing consisted of cyclic loading, 5 cycles of off-x biaxial deformation (greater stretch in y) followed by 5 cycles
of off-y deformation. F) A representative stress-strain loading curve shows a linear part of the curve followed by strain
stiffening 1n a non-linear manner. Tangent modulus for the low stiffness and high stiffness regions were determined, as
well as the transition stretch.

Mechanical testing

Freshly excised skin from the grids was prepared by removing subcutaneous tissue and cut into
7 x 7 mm? samples. These samples were collected from the central area of the grid, which
aligns with the apex region of the expander (which undergoes the greatest amount of stretch and
110 growth), see Fig. 1C. The sample thickness was measured with a thickness gauge and then
mounted on the CellScale Biotester (CellScale, Waterloo, Canada), under physiological
conditions (37 °C water bath) with a preload of 50 mN, as described in [40]. Force data were
5
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collected along with images from which the displacement was tracked using the digital image
correlation software DICe (Fig. 1D). Here, dorsal-ventral direction was kept consistent as the Y
115 axis and anterior-posterior as the X axis.
Two different cyclic loading conditions were used. First, five cycles of Off-X loading
corresponding to 4, = 1.1, 2, = 1.2, followed by five cycles of Off-Y biaxial loading to
stretches A, = 1.1, 4, = 1.2. (Fig. 1E). These deformations were selected based on our previous
work showing they can accurately capture the anisotropic response of skin [41, 40]. Strain rate
20 used was A = A,,,,/20s~". After processing the data collected with the measured thickness of
the skin, along with the force and displacement from these mechanical tests, nominal
stressstretch curves were obtained. The mechanical response reported in these curves shows an
initial linear behavior that is related to the reorganization and straightening of the collagen
fibers and a second stage of non-linear behavior governed by the tensile response of such fibers
125 embedded in the ECM [42]. Several parameters were computed from the stress-stretch data:
from the linear behavior, the low modulus was defined as the slope of that part of the curve, and,
similarly, the high modulus was defined for the non-linear portion of the curve. The point that
divides both stages is the transition stretch (Fig. 1F). The corresponding transition stress was
also extracted from the data. to compute the transition stretch we first smooth the data with the
10 savgol filter from the Signal module of the Scipy library in Python. Then, for every point in
the stress-stretch curve we do linear regression and obtain the slope around a neighborhood of a
point. Several options were tried but we settled on three points, equivalent to a central
difference scheme. Lastly, we compute the gradient of the slopes vector to find the location of
maximum slope change and we use this stretch as the transition point. The code is available in
135 the Github repository listed at the end of the article.

Constitutive modeling of skin

Skin was assumed hyperelastic and described with the Gasser-Ogden-Holzapfel (GOH)
material model with two fiber families [43, 44]. Namely, the strain energy takes the form

2
/- Kii ot +(1=3k) = 11)
Y==(-3)+ — [ 8 -1]1+p(d-J 1
S =3) ;%[e 1+ p(1-J) (1)

where the first term is an isotropic neo-Hookean contribution, the second term accounts for the
10 exponential fiber response, and the last term is to ensure incompressibility through the Lagrange
multiplier pressure p. The neo-Hookean part is parameterized by the shear modulus y and it
depends on the first invariant /; = tr(C) of the right Cauchy Green deformation tensor C. The
fiber part introduces parameters ki, k», and «, and depends on the fourth pseudo-invariant
I, =C: M =C: aj®ag where a is the preferred fiber direction. Two fiber families were
145 considered. Second Piola Kirchhoff stress for this strain energy is

2
S=-—pC'+pul+ Z 2k E f,'e"z"Ef"2 (I + (1 = 3k)M;] 2

i=1

where we have introduced the fiber strain E¢ = Iy + (1 — 3x)I4 — 1 for a more concise notation.
Again, note that two fiber families were considered in Eq. (2). Other stress tensors such as
Cauchy stress o, or first Piola Kirchhoff (nominal) stress P can be readily obtained from S using
6
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the deformation gradient F [43]. The rationale for the model GOH with two fiber families
10 comes from out previous work on imaging collagen microstructure on porcine dermis [38], and
extensive literature showing bi-modal fiber distribution of collagen fiber orientation in the back
of rats, mice, pigs and humans [45, 46, 47, 48]. Other constitutive models appropriate for skin
are reviewed in [49], with more detailed microstructure models achieving higher accuracy but at
the expense of a greater number of parameters [47, 50, 51]. The GOH model offers a good
155 balance between accuracy and number of parameters [41].

Bayesian estimation of model parameters

A hierarchical Bayesian framework was used to estimate the parameters of the GOH model,
similar to our previous work [52]. Briefly, a full covariance matrix KP*™™ of dimension
np X ny, n, the number of parameters, is used as a hyper-prior by first sampling
w0 L eR"xRY, L ~N(0,1) and then assigning K™ = LL” such that it is symmetric positive
semi-definite.
A hyper-prior for the mean vector of parameters is also sampled pP*™™ € R, u/™*"*™ ~ N(0, 1).
Then, for every tissue specimen tested (i), individual parameter realizations are drawn from the
multi-variate Gaussian k@ ~ N(k|pP2rams, KParams) ywhere the vector
s K= [ ki1, ko1, k1, k12, ko2, k2] is the vector of parameters to be calibrated, namely the shear
modulus of the isotropic part, and the fiber parameters for the two fiber families. Given a
realization of parameters for an individual specimen k'”, the first Piola Kirchhoff stress under
biaxial loading Pgr)e 4 18 computed with the model 2, and compared to the experimentally
observed stress szp using a Gaussian likelihood with prior noise variance
170 o, ~ Half — Normal(0.005). Markov chain Monte Carlo sampling is used with the Python
package Numpyro [53]. Posterior traces of 2000 samples are generated after 2000 warm-up
samples with the NUTS sampling scheme.

Collagen histological analysis

Histology images of biopsies taken from the pig transverse plane (through the thickness rather
s than parallel to the skin surface) of the three different skin groups were stained with Masson’s
Trichrome stain in which collagen is shown in blue and epithelial cells in red. Using the
Orientation] plugin within ImagelJ, we analyzed the orientation distribution of collagen fibers in
each sample. This involved calculating the local pixel structure tensor J,, derived from the
spatial derivatives of intensity within the region of interest (ROI). The eigenvalues and

: img ,img img _img . . .
w0 eigenvectors of J, can be defined as Ay, 4,0 and Vigy, V=, respectively. The direction of the

largest tensor eigenvector vy corresponds to the local predominant orientation [54]. Thus, by
analyzing the frequency of these local values across the entire ROI, we can determine the
orientation distribution of collagen fibers. Notably, this analysis was specifically conducted on
the blue channel, representing collagen within the entire dermal region.
1s  In addition to orientation distribution, OrientationJ allows for quantification of the strength of
collagen alignment in a given region, termed coherency. The coherency value is based on the
ratio (Amax — A1)/ (Amax + A:5). A coherency of 1 indicates perfectly aligned fiber while a

value of 0 indicates dispersed fibers. For the coherency study, we considered around 25 analysis
windows per sample. This number of regions was selected to minimize noise but retain spatial

190 resolution as suggested in [55].
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Statistical analysis

We conducted statistical analyses to compare between groups. Initially, we assessed
homoscedasticity using Bartlett’s test. If the data met this condition, we proceeded with an
ANOVA followed by a Bonferroni post hoc test. Alternatively, if homoscedasticity was not met,
185 we performed the non-parametric Kruskal-Wallis test followed by a Dunn’s multiple
comparisons test to assess pairwise significance. For comparisons involving orientation
distributions, we computed the average distribution for each group and performed pairwise
comparisons using the Kolmogorov-Smirnov test. Throughout all analyses, a significance level
of 0.05 was considered.

200 Isogeometric analysis of surface deformation and growth

We also analyzed the deformation of the grid based on prior work. Namely we took 3D
photographs of tattooed grids on the back of the animals before inflation, then after inflation,
then at the end of the 10 weeks, before and after animal sacrifice. 3D photos were collected
with the Vectra H2 system (Canfield, Parsippany, NJ, USA). The 3D surfaces (*obj) were
2s  converted into NURBS surface patches and analyzed with our previously published code [33].
Comparison between grids is possible because the same NURBS parameterization is used for
the tattooed grids across all time points and the initial grids are all 10 x 10cm?. There is no need
for the surfaces to share the same coordinate system [56]. The surface deformation gradient
from in vivo pre-expansion up to the point before animal sacrifice is denoted F. After excision
210 we have the elastic deformation is F¢. From previous work we also know the pre-strain F7, i.e.
the natural elastic deformation of skin in vivo. Tissue growth can be calculated from
FF? = F°F%. Alternatively, we work with the area changes ¢ = detF where F; denotes the
surface deformation (ignoring thickness strains). The multiplicative relationship of the total,
elastic, pre-strain and growth deformations applies to the area changes: 347 = 9°9¢. We did the
215 analysis for three expanded radiated patches (XRTE). We also had one single patch for which
we had a TE treatment with no radiation. Unfortunately, only one patch of the TE cases was
processed because the other repeat of that condition failed due to expander leak.

Results

Mechanical response of skin

220 Skin average thickness from the three groups is shown in Table 1. No significance between
groups were found. Nonetheless, the XR skin tended to be thicker compared to CTRL and
XRTE. The biaxial tests were analyzed as illustrated in Fig. 1 to quantify the features of the
stress-stretch response in terms of low and high modulus, and the transition stretch and stress
between the linear and nonlinear regions. The results of this analysis are depicted in Fig. 2. In
225 general, the dorsal-ventral direction reaches highest stresses because this direction coincides
with Langer lines in the dorsal skin of the swine [57]; Langer lines being associated with
preferred collagen orientation and anisotropy direction for the tissue [45]. There is no

Table 1: Thickness of excised skin samples prior to biaxial testing.

Group Mean [mm)] std

CTRL  2.061 0.613
XR 2.367 0.318
XRTE  2.030 0.064
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Figure 2: Mechanical test metrics: A) Low Modulus, no significance found between groups in any direction B) High
Modulus, XR skin showed the highest modulus at large stretch values in the dorsal-ventral direction compared to both
CTRL and XRTE (* p < 0.05). C) Transition stretch was significantly lower in XR and XRTE cases compared to CTRL
in the dorsal-ventral region (* p < 0.05), D) Transition stress, was not significantly different.

statistically significant change in the low modulus of XR or XRTE when compared to CTRL
(Fig. 2A). However, radiation tends to increase the low modulus compared to controls. The
20 high modulus on the other hand (Fig. 2B), shows a clear trend in both directions, with statistical
significance in the dorsal-ventral direction which is associated with the main fiber orientation.
XR skin was stiffer in the dorsal-ventral direction when compared to CTRL skin (p=0.008), and
XRTE group showed significantly less stiffness when compared to XR skin (p=0.016).
Visually, and according to the literature [21], the radiated skin does look unhealthy and stiffer
235 than the controls.
A similar change in skin stiffness trend is shown with the transition stretch (Fig. 2C). The XR
skin has a much smaller transition stretch in the dorsal-ventral direction compared to CTRL
skin (p=0.016), revealing that radiated skin, upon stretch, quickly goes into the nonlinear
region. In other words, radiated skin has lost the initial low stiffness region characteristic of
20 healthy skin [58]. Interestingly, the XRTE group recovered partially the transition stretch, yet, it

9
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was still significantly lower than the controls (p=0.033), suggesting that collagen reorganization
due to tissue expansion partially restores the initial low stiffness region but not completely. No
statistically significant changes were observed in the transition stresses. Overall, these results
corroborate that radiation on doses similar to those used clinically lead to skin fibrosis, but these
215 effects are partially mitigated by tissue expansion.

Bayesian calibration
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Figure 3: Bayesian calibration results. Representative posterior predictions for one of the samples of each A) CTRL, B)
XR, C) XRTE cases for both off-biaxial x and off-biaxial y deformations.

The hierarchical Bayesian calibration method leads to posterior predictive distributions for the
parameters of the GOH model Eq. (2). Fig. 3 shows the posterior predictive stress-stretch
curves for the three cases of interest for one sample each of CTRL, XR, XRTE. The plots show
250 mean prediction and 95% confidence interval. The GOH model is able to adequately capture the
experimental data. Note that the calibration leads to distribution of the parameters for both
10
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Table 2: GOH model fit to individual skin samples using the hierarchical Bayesian framework.
Group  u ki ka1 K1 [} ki kap K2 @

CTRL  9.36E-04  8.26E-02 2.55E+02  2.48E-04 1.06E+00 9.66E-03 2.06E+02  5.90E-08  -2.67E+00
CTRL  1.19E-04  7.84E-01 3.24E+02  2.44E-01 1.52E+00 5.94E-01 457E+02  2.39E-01 -3.23E+00
CTRL  243E-02  1.16E-02 1.40E+02  1.57E-07  4.79E-01 5.29E-03 4.45E+01 1.10E-06 ~ 1.76E+00
CTRL  4.40E-04  4.14E-03 8.31E+01 1.97E-07  -9.57E-01 1.03E-02 1.98E+02  3.63E-05  2.07E+00
CTRL  3.71E-04 1.46E-01 2.53E+02  9.22E-04  -9.67E-01 3.89E-02 1.28E+02  2.18E-02  5.07E-05

CTRL 1.32E-04  1.15E-02 7.85E+01 4.10E-04  7.89E-01 4.00E-03 1.33E+02  2.40E-02  -2.39E+00
XR 2.80E-04  5.20E-02 2.85E+01 1.00E-05  -3.19E+00  1.79E-01 2.03E+02  8.34E-03  2.11E+00
XR 9.40E-06  8.18E-02 547E+01  5.65E-05 1.60E+00 1.31E-01 2.56E+02  534E-06  7.34E-01
XR 1.04E-04  1.81E-01 529E+02  2.59E-02  1.14E+00 2.54E-02 3.57E+02  1.28E-02  -4.17E-01
XR 1.41E-06  2.46E-01 1.64E+02 1.86E-05 1.03E+00 4.35E-02 6.20E+01 7.18E-03  4.66E-02
XR 1.01E-06  3.37E-02 6.18E+01 1.26E-06  -1.63E+00  6.12E-03 229E+02  7.22E-05  7.08E-01
XR 3.87E-04  4.37E-02 9.92E+01 8.33E-05  -2.17E+00  1.70E-04 3.49E+02  4.04E-02  -4.62E-01

XRTE  4.94E-03  945E+01  6.61E+01 3.23E-01 -4.15E+00  1.04E+00  8.36E+02  9.21E-03  -1.15E+00
XRTE  8.57E-05  6.62E-01 1.91E+02  1.30E-04 1.89E+00 7.08E-02 7.91E+01 1.14E-02  -9.96E-02
XRTE 1.82E-02 1.63E-02 1.04E+02  9.33E-05 1.34E+00 8.85E-06 6.68E+02 1.40E-03  -1.59E+00
XRTE  240E-02  1.61E-03 795E+02  3.93E-07 -1.56E+00  1.11E-03 7.72E-01 3.29E-01  5.39E+00

individual samples as well as the entire population. The calibration code and raw data is
provided through a Github repository at the end of the article. Table 2 contains the summary of
the parameters. Because of the wide ranges of the parameters after the calibration, it was not
255 possible to determine significant differences in the parameters. Nevertheless, the individual fits
are important for predictive simulations of radiated skin. From the stress-stretch data in Fig. 3 it
can be qualitatively observed that radiated skin reaches much higher values of stress at smaller
deformations, i.e. radiated skin is stiffer than controls.

Collagen analysis

20  Fibers of XR skin tend to re-accommodate in bundles and appear less dispersed than controls,
whereas in XRTE skin, fibers appear more dispersed than XR (Fig. 4 A-B). Many of the fiber
orientation distributions have two modes (Fig. 4C). When computing the orientation
distribution of all the biopsies taken and comparing pairwise between the average curve of the
groups using Kolmogorov-Smirnov test, we found significant difference between CTRL XR,
2s  CTRL - XRTE and XR XRTE (p < 0.001 for the three cases). In the combined plot CTRL and
XRTE skin have similar dispersion and mode values. On the other hand, XR skin is less
dispersed. Another analysis computed with ImageJ was the coherency analysis that considered
several regions of interest (ROIs) on each histological image (Fig. 4D) in which an upper (2/3
of the thickness) and lower region were defined (1/3 of the thickness), corresponding to
270 papillary and reticular dermis.
To carry on the coherency analysis, three biopsies were taken per patch, four patches per group
(n =12). A minimum of 2 non-consecutive sections per biopsy were analyzed (n > 24). On
each section, around 25 and 10 ROIs were analyzed for both upper and lower dermis,
respectively, and averaged among sections, biopsies and individuals, to have a representative
275 value per group and compare between them. In the upper dermis (UD), XRTE showed the
highest coherency value, followed by XR group and finally CTRL group. Conversely, in the
lower dermis (LD), XRTE skin showed a significantly lower coherency when compared to XR
and CTRL (p <0.001) which is a similar result to our previous study of TE [59]. There is also
significant difference between CTRL-XR (p < 0.001), with CTRL skin showing the lowest
250 coherency in both the upper and lower dermis. The difference between the XR and XRTE at the
UD region might be mediated by the way different radiation doses interact with the tissue at
different depths, as well as coupling between epidermis-dermis signaling [24, 60].
11
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Figure 4: Collagen analysis. A) Mason’s trichrome stained histology slices in the transverse plane of the CTRL, XR,
XRTE cases. The white dotted line divides the dermis into a top region or Upper Dermis (UD) and bottom region
or Lower Dermis (LD). The first one is defined as the initial two thirds of the dermis thickness. B) Analysis with
the Orientation] plug-in computes the alignment of the fibers (blue channel). C) In the transverse plane, collagen is
expected to have a basket weave arrangement with two modes and significant dispersion captures in the probability
density functions of CTRL, XR, XRTE. Comparison of the probability densities with the Kolmogorov-Smirnov showed
difference between the three groups. D) In addition to orientation, regions of interest (ROI) were selected for coherency
analysis, which measures the strength of the alignment. Coherency analysis was divided between the E) upper, papillary
dermis, and F) lower, reticular dermis.

Skin deformation and growth

Surfaces for each of the time points of the protocol were reconstructed for each of four XRTE
2ss  patches and one TE patch treated as control for this analysis. Surface reconstruction is shown in
Fig. 5A for one of the patches, where it can be appreciated how the tattooed grid on the animal
gets deformed due to inflation of the expander up to the point immediate before animal
sacrifice. The deformation from the pre-inflation 1 to just prior to sacrifice is F(z).
Post-sacrifice, the skin is excised and it contracts releasing the elastic deformation F°. If the
12
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Figure 5: IGA analysis of skin growth. A) Reconstructed surfaces from 3D photos were available for each step of the
protocol. Starting from the initial in vivo state before expansion, up to the in vivo tissue before sacrifice, the deformation
is denoted F. Excised tissue after animal sacrifice shrinks, revealing that not all the deformation seen in vivo is growth
but rather there is some elastic deformation F¢. Skin in vivo at the start of the protocol is already pre-stressed by some
unobserved amount F”. Growth is thus proportional to F o FF~!, with the proportionality depending on the existing
F? before expansion. B) Contours of area change #/9°, with ¢ = det(Fy), 9¢ = det(F¢), reveal that the expander apex is
the region with most growth. The results are similar between XRTE and TE. C) Histogram of growth distribution shows
a shift toward lower growth values in XRTE compared to TE but we could not assess significance. Nevertheless, this
analysis, together with XRTE showing the same thickness as controls, indicates that skin is indeed growing in the XRTE
case. D) Comparison between CTRL and XR patches shows that radiated skin shrinks in vivo with respect to CTRL over
8 weeks after radiation. Excision at the end of the 8 weeks reveals a small shift in the XR case toward smaller elastic
deformation compared to CTRL. In other words, radiated skin shows less elastic recoil upon excision.
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20 pre-inflation skin patch was extracted it would contract revealing the pre-stretch F”. However,
this configuration is not available. Growth or permanent deformation F#¥ maps from the stress
free intermediate configuration to the post-sacrifice geometry. Because we do not have the
pre-stretch, we can only compute permanent deformation up to a scaling factor F$ oc FF¢~!,
The contours of the deformation ©#/99¢ (only area change) are shown in Fig. 5B. Note that the
205 contours are plotted over the same unit square for easy of comparison, but these are contours
over the surfaces of Fig. 5A. The expander can be clearly identified in the contours Fig. 5B as
the region with greatest deformation. The region at the apex of the expander is further zoomed
in to show range of deformation. Based on the contours alone there is little difference between
the expanded radiated and expanded patches. The histograms of Fig. 5C further show the
a0 distribution of the total deformation and the plastic deformation /9. The initial deformation is
similar between all patches, with the permanent deformation or growth reaching higher values
in the TE case compared to the XRTE case. The area change of XRTE due to growth has
median ¢/9¢ = 1.72, while for TE case it is #/9° = 1.85. To provide an indication of variability
in the histogram of Fig. 5C, the 10" percentile of 1/ is 1.41 and 1.58 respectively for XRTE
s and TE. The 90" percentile is 2.05 and 2.19 for XRTE and TE. Given that thickness increased
in XRTE compared to CTRL, these data suggest that XRTE tissue is still able to growth under
expansion, but not as much as TE tissues. Fig. 5D shows the comparison between a CTRL and
a XR patches. The in vivo deformation for CTRL skin is expected to be slightly greater than
one because of natural growth of the pig. The 90% confidence interval for in vivo 9 for the
s CTRL patch is [1.18, 1.44]. The XR patch shows a histogram shift to the left for J, with a 90%
confidence interval [1.14, 1.32], indicative of in vivo contraction 8 weeks after radiation.
Furthermore, when excising the skin, the CTRL patch reveals a slightly greater elastic
deformation compared to XR. For the CTRL patch, the 90% confidence interval for ¢ is
[1.0, 1.35]. For the XR patch, the 90% confidence interval for 9 shifts to the left [1.0, 1.23].

315 Discussion

Radiated groups, XR and XRTE, are stiffer than normal skin when compared at lower
deformations, based on a significant reduction of the transition stretch compared to controls.
For the high stiffness region, XR showed a clear increase in the modulus compared to CTRL
and, interestingly, XRTE was not significantly different from CTRL. The changes in mechanical
a0  properties are driven by collagen structure changes such as bundle formation which is reflected
in the reduced dispersion of the orientation distributions in the XR and XRTE skin compared to
controls, with XR showing the most concentrated fiber orientation. The coherency metric,
which also quantifies the strength of collagen alignment, shows contrasting results between the
upper and lower dermis. In the UD, coherency values were overall lower than in the LD region
azs and XRTE showed higher coherency. The LD region showed that XR achieved the highest
coherency and XRTE the lowest.
It is well-known that radiation contributes to tissue fibrosis [61, 62, 63]. Here we add to that
existing knowledge by showing that tissue expansion counteracts some of the fibrotic response
seen after radiation treatment. XRTE samples still showed increased stiffness compared to
a0 controls in some metrics, namely the transition stretch, but to a lesser extent than XR samples.
For the high modulus, XR showed, as expected, the highest value in the dorsal-ventral direction
which is aligned with the preferred fiber orientation, while XRTE was not different from
controls. Collagen analysis also showed that XRTE looked more similar to controls than to the
XR group. These results suggest that TE and XR have opposing roles in collagen remodeling.
14
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3% The hierarchical collagen fiber structure together with the presence of intra-fibrilar and
inter-fibrilar cross-links, are key determinants of skin mechanical behavior at the macroscale
[64, 65, 42]. Upon radiation, there are multiple mechanisms contributing to fibrosis over several
time scales. Direct damage and cleavage of fiber bundles together with formation of new
cross-links are immediate effects of radiation [26, 66]. Radiation injury to epithelial and
ao  endothelial cells triggers sterile inflammation that activates a pro-fibrotic response by resident
fibroblast cells on longer time scales (4 to 6 weeks) [67, 21]. Here we evaluated the longer time
scale, 8 weeks after radiation. Previous reports looking at collagen remodeling through atomic
force microscopy (AFM) imaging and scanning electronic micrographs (SEM) reported
collagen disorganization and thinning of fibers approximately one month after radiation
us  [24, 67]. Histological staining has showed increased thickness and overall collagen content over
2 and 4 months following slightly higher doses of radiation to what we show here [68]. The
analysis showed here based on Orientation] has been used for normal skin characterization but
not in the context of RIF [58, 45]. We did not observe thinner collagen fibers but rather thick
collagen structures (Fig. 4), reflected in the coherency metric [54]. One explanation for the
s discrepancy regarding thinner fibers reported in the literature but not found here is the difference
in spatial and temporal scales of the analyses. Radiation leads to acute collagen fiber
fragmentation that can be appreciated in AFM and SEM techniques, whereas histology captures
collagen distribution at the scale of the entire tissue thickness. Thus, our analysis shows
changes in collagen fiber bundles rather than the geometry of individual fibers. Histology
s images here do coincide with previous work in the RIF literature, especially on the longer time
scales of 8 weeks or more [68]. The authors in [68] report evidence of fibrosis in the histology
images based on the increase in epidermal and dermal thickness. In our study, while the
epidermal thickness exhibits relatively minor fluctuations, the overall thickness of XR skin
samples was indeed the highest. Thus, even if acutely there could be some direct damage to
s collagen structure, chronic inflammation, possibly through sustained TGES1 expression [69],
can explain increased collagen production and fibrosis as seen here. Notably, the changes in
coherency were depth dependent. The greatest changes were observed in the LD. Megavoltage
photon beams, characterized by their high-energy nature, can penetrate deeply into tissue
[70, 71]. This mechanism can minimize radiation exposure to superficial tissues such as the
ass skin surface [70], providing insight into the depth-dependence observed in our findings.
With respect to the effect of TE, we have shown in our previous work, with similar analysis
techniques as in the present paper, that TE leads to collagen fiber disorganization measured as a
decrease in coherency and a greater fiber dispersion compared to controls [59]. Gene expression
analysis has further showed upregulation of matrix metalloproteinases (MMPs) in TE,
a0 explaining the collagen disorganization [6]. Others have also reported softening of skin with TE
and fiber network disorganization [72, 73].
Together, our results suggest that TE counteracts some of the fibrotic effects of radiation by
promoting collagen remodeling. However, the nonlinear nature of skin biomechanics suggests a
nuanced approach [42]. Even though XR showed the highest modulus and there was no
a5 significant difference between XRTE and CTRL, in other metrics such as the transition stretch,
both XRTE and XR were different to CTRL. Nevertheless, XR was still the one with the
greatest indication of fibrosis (Fig. 2), aligning with previous reports on XR tissues [62]. In
previous work, we have shown that the transition stretch might be also an important metric to
characterize loosening of skin with age [74, 58]. Thus, we advocate for reporting at least low
380 and high moduli as well as transition stretches [74, 58].
The IGA analysis allowed us to test if TE leads to permanent area growth even in the presence
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of radiation. We confirmed that there is permanent deformation in XRTE but it was lower with
respect to the TE patch we had as control in this case. We attributed the permanent area change
to growth because the area changes occurred with an increase in thickness, i.e. there was a net
ss  increase in tissue volume. Thus, our experiments suggest that indeed TE is promoting tissue
regeneration even in the presence of radiation, which helps explains the collagen analysis.

Limitations and future work
One limitation is the amount of data available. More experiments would be beneficial to
increase statistical power. This would also allow us to investigate the effect of possible
a%0 anterior-posterior changes in skin mechanics which were not considered in this study. The
porcine protocol is robust but complications do occur. For instance, we lost one TE patch due to
expander leakage. As a result, while we can state that skin grew in the XRTE case, the
comparison against TE is qualitative since we only had one TE patch to compare against.
Additionally, for one the XRTE patches a lower volume was administered for concerns of skin
ass viability. The Supplement shows the results excluding this XRTE patch but the conclusions
remain the same.
We are continuing this line of investigation to better characterize XR and TE effects on porcine
skin. The focus on this manuscript is the mechanical response of the tissue. We know from
previous work that TE induces specific proliferative processes [6]. We also know from previous
w0  work in the literature that radiation induces endothelial cell damage, ROS, sterile inflammation,
and pro-fibrotic fibroblast phenotype [37]. Thus, a clear step of future work is a much more
detail quantification of these biological processes in the combined XR+TE.While we relate
changes in skin stiffness to variations in collagen distribution, our study did not assess tissue
contraction in detail, which could provide additional insights into the observed alterations in
405 mechanical properties such as the transition stretch. Contraction is associated with
myofibroblast activity following radiation-induced injury [75]. IGA analysis revealed
contraction of the XR patch relative to CTRL (Fig. 5), but we did not measure this deformation
in all patches.
Clinically, the present study suggests that PMRT immediately after TE, or delayed-immediate
a0 reconstruction, could reduce negative effects of radiation such as RIF. There is indeed a trend to
perform immediate reconstruction or immediate-delayed reconstruction with TE in conjunction
with PMRT [14, 76, 20]. On the one hand, there is higher rate of complications requiring
surgical intervention when the expander is radiated compared to the implant [16, 9]. On the
other hand, radiation to the permanent implant (after completion of the final reconstructive
a5 procedure), leads to greater incidence of RIF and poor cosmetic outcomes [16, 17]. This is in
line with our study, with radiation to the expander being similar to our XRTE protocol, and
radiation to the permanent implant captured with our XR patches. Some of the increase in
immediate reconstruction followed by PMRT is explained by innovations in devices and
surgical technique, e.g. the use of biological cover, which we have investigated recently
420 [32, 77]. Topical treatments to reduce RIF in the skin have also emerged, most notably
deferoxamine [37]. Ultimately, it is clear that there is still a lack of scientific understanding
around TE and PMRT.

Conclusion

Radiation induces skin stiffening due to collagen production and reorganization over the course
a5 of several weeks. Tissue expansion, on the other hand, is known to induce pro-regenerative
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pathways that also remodel collagen, inducing acute softening but ultimately creating tissue
with the same characteristics as the original, healthy skin. We were interested in the interplay
between TE and XR because both are typical for breast reconstruction after mastectomy. We
showed that TE immediately after radiation counteracts some of the negative effects of radiation
w0, specifically RIF. We anticipate that this study will guide future characterization of biology in
the presence of XR and TE to further understand how TE can counteract XR effects and to
better leverage these mechanisms in new therapeutic strategies involving radiation.
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Statement of significance

Breast cancer is the most prevalent in women and its treatment often results in total breast removal
(magtectomy), followed by reconstruction using tissue expanders. Radiation, which is used in about a
third of breast reconstruction cases, can lead to significant complications. The timing of radiation
treatment remains controversial. Radiation is known to cause immediate skin damage and long-term
fibrosis. Tissue expansion leads to a pro-regenerative response involving collagen remodeling. Here we
show that tissue expansion immediately prior to radiation can reduce the level of radiation-induced
fibrosis. Thus, we anticipate that this new evidence will open up new avenues of investigation into how
the collagen remodeling and pro-regenerative effects of tissue expansion can be leverage to prevent
radiation-induced fibrosis.
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