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Abstract

Supraphysiological stretches are exploited in skin expanders to induce tissue growth for autologous implants. As pregnancy
is associated with large levels of sustained stretch, we investigated whether skin growth occurs in pregnancy. Therefore,
we combined a mechanical model of skin and the observations from suction experiments on several body locations of five
pregnant women at different gestational ages. The measurements show a continuous increase in stiffness, with the largest
change observed during the last trimester. A comparison with numerical simulations indicates that the measured increase in
skin stiffness is far below the level expected for the corresponding deformation of abdominal skin. A new set of simulations
accounting for growth could rationalize all observations. The predicted amount of tissue growth corresponds to approximately
40% area increase before delivery. The results of the simulations also offered the opportunity to investigate the biophysical
cues present in abdominal skin along gestation and to compare them with those arising in skin expanders. Alterations of the
skin mechanome were quantified, including tissue stiffness, hydrostatic and osmotic pressure of the interstitial fluid, its flow
velocity and electrical potential. The comparison between pregnancy and skin expansion highlights similarities as well as
differences possibly influencing growth and remodeling.

Keywords Skin - Pregnancy - Mechanobiology - Growth - Mechanome - Multiphasic modeling

Introduction

Mechanical forces shape biological tissues. The importance
of forces in the development of life from the very begin-
ning is increasingly appreciated [1]. Pressure, for example,
induces jamming transitions in cell clusters from solid to
fluid like states in the development of vertebrates [2]. Fur-
thermore, forces generated through the heartbeat signifi-
cantly influence heart morphogenesis [3]. Cells constantly
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feel and adapt to mechanical forces and deformation of the
extracellular matrix (ECM). Stretches observed at the tis-
sue length scale alter the "mechanical homeostasis" at cell
length scale and induce cell responses [4]. Recent studies [5,
6] demonstrated that stretch-induced stiffening of the ECM
in the proximity of a healing wound determines the level of
scarring. The link between biomechanics and mechanobiol-
ogy in the healing process of cutaneous wounds has been
recently analyzed based on a multi-variable computational
model by Pensalfini and Buganza Tepole [7]. In healthy skin
stretching triggers keratinocyte proliferation and deposition
of dermal matrix. This process is exploited in skin expand-
ers to induce controlled skin growth for clinical applications
[8,9].

The link between tissue stretch and changes in the ECM
is well documented (see e.g., [10]), yet the understand-
ing of the associated mechanical and biological processes
is still lacking. Investigating the interplay between tissue
level stretch and alterations of the biophysical cell environ-
ment is part of what is called “mechanomics” [11]. Stretch
induced alteration of the “mechanome” include variations of
the geometry and stiffness of the solid extracellular matrix
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as well as changes in state variables of the interstitial fluid,
such as its flow velocity and chemical potential. This stretch
induced alterations depend on the local features of the ECM
and are therefore tissue specific. For skin two main regions
can be distinguished, the epidermis and the dermis. The epi-
dermis consists of a multilayer configuration of confluent
keratinocytes, so that global skin stretch directly translates
into a corresponding level of cell stretch. Aragona et al. [9]
demonstrated that stretch induced epidermal cell prolifera-
tion during skin expansion is associated with upregulation
of the MEK-ERK pathway. Further they showed that in a
subset of cells the YAP and MAL pathways were activated
by the applied stretch. However, mechanotransduction in the
two dermal layers, the papillary and the reticular dermis, is
more complex due to the heterogenous matrix composition
at cell length scale. Skin stretch induces local rearrange-
ments of the collagen network, interstitial fluid displace-
ment, and densification of the proteoglycan ground matrix
[12, 13]. Resident cells are therefore exposed to a wide range
of physical stimuli. These stimuli include changes in the
chemical potential of the interstitial fluid, the shear stresses
associated with its flow, the locally perceived stiffness of
the collagen network, as well as its local strain state, which
might differ from the tissue-level deformation of skin. So
far, models proposed to rationalize observations of skin
expansion [14-16] link the generation of new tissue with
the level of applied homogeneous skin stretch. They thus
neglect the various components of the dermal mechanome
activated during skin expansion. On the other hand, some
single and multiphase continuum and discrete mechani-
cal models have been proposed and helped to understand
growth and remodeling of tumors, blood vessels, and bones
[17-20]. These models demonstrate that individual parts of
the mechanome can drive growth, varying in each case. For
instance, tumor growth was linked with matrix stress level
[21] and endothelial cells proliferation was associated with
flow induced shear stress [21-23].

The purpose of the present work is twofold: First, we asked
the question if and to what extent skin growth occurs during
pregnancy as a consequence of the sustained supraphysiologi-
cal stretch of abdominal skin. To this end, we measured the
response of abdominal skin to suction experiments at different
time points along gestation and after delivery in five preg-
nant women. Based on a biphasic multilayer model of skin we
showed that skin growth must be considered to rationalize the
measurements. As a second step, we considered the various
components of the skin mechanome and investigated if the
biophysical cues activated during pregnancy differ from those
in skin expansion. The paper is structured in the following
way: We first present the experimental investigations of the
skin’s response to suction along gestation. We use the compu-
tational model to analyze all measurements and determine the
amount of skin growth needed to rationalize the experimental

@ Springer

data. Utilizing the field variables calculated with the model of
pregnancy, we analyze the changes of the mechanome during
gestation. Based on existing literature, we then introduce a
model of skin expansion, and compare the mechanome with
the one of pregnancy. The results improve the understanding of
tissue growth in human skin and may support future investiga-
tions on the pathophysiology of skin damage during pregnancy
(skin marks) as well as on conditions associated with increased
skin surface, such as lymphedema and obesity.

Methods

A Biphasic Nonlinear Model of Skin Growth
and Resorption

As the mechanome includes contributions of the state vari-
ables characterizing the interstitial fluid, a poroelastic (finite
strain biphasic) representation of the tissue was considered in
the present work. Simulations are based on a biphasic multi-
layered skin model [12] which distinguishes the contributions
of epidermis, papillary and reticular dermis, and adipose tissue
which was amended to account for skin growth. Following
existing growth models [24-27] the total deformation of the
solid is decomposed into a passive mechanical contribution
and a growth contribution. Accordingly, a multiplicative split
to the deformation gradient F is applied, yielding the mechani-
cal part F,,, and the growth tensor F,:

F =Fmeg. 1))

The strain energy function of the passive mechanical solid
y is modeled using a nonlinear and dissipative Rubin-Bodner
type model [12, 28]
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where (pzef corresponds to the solid volume fraction, and y
and g are material parameters that vary for each skin layer.
The function g can be split into one matrix contribution (g,,)
and two fiber contributions, an elastic part (g ) and a dis-
sipative part (gg), so that g = g, + g;. + 4. The contribu-
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Therein, m, m,, ms,, my,, myy and m,y are material
parameters and N corresponds to the number of fiber
families with referential directions R,(|R;|| = 1) follow-
ing an equiangular distribution in the plane with a slight
out-of-plane pitch as described in Wahlsten et al. [13]. The
Macaulay brackets (-) indicate fibers being only active in ten-
sion. The stretches in the direction of the fibers are denoted
with A, for the elastic and Ay, for the dissipative contribution.
Finally, J,,, denotes the determinant of the mechanical part
of the deformation gradient: J,,, = det(F,,).

Evolution equations for the dissipative fibers' contribu-
tions are implemented as in Wahlsten et al. [13, 29] and
Sachs et al. [12]

The motion of the fluid is governed by the fluid chemical
potential y; [30]

Mf=£—£+ﬂf0- 6)
pe Pt '

Therein p is the hydrostatic and Az the osmotic pressure,
ps 1s the density of the fluid, which is assumed to be constant,
and y; is the reference chemical potential. The interstitial
fluid velocity j; is related to the fluid chemical potential
through Darcy’s law

Ji = —kﬂfgfad(ﬂf) . @)

In Eq. (7), k describes the spatially isotropic permeability
tensor, which was chosen with a simple deformation depend-
ent form [12]. The biphasic theory links the solid phase
kinematics and the fluid flow based on the assumption of
incompressibility of each phase. The conservation of mass
and momentum are given by [27, 31]:

div (v +ji) =V, ®)

div(e) =0, 9)

where Vg accounts for the rate of volume change due to
growth, v  denotes the spatial velocity field of the solid phase
and o is the Cauchy stress tensor of the mixture resulting
from the summation of the solid stress o and the hydro-
static pressure p as : ¢ = o + pl [32].

Glycosaminoglycans and proteoglycans provide the
matrix of skin with fixed negative charges. The fixed charge
density depends on the passive mechanical deformation and
governs the cations and anions concentrations (¢, ¢_) of the
interstitial fluid. The difference of concentrations in the fluid
induces a deformation dependent electrical potential ¥ [33]

_RT [° (me)
Y (Jom) = ﬁln< o ) (10)

Therein R is the universal gas constant, T the temperature,
and F Faraday’s constant. Based on previous formulations
we model anisotropic in-plane skin growth as a strain driven
phenomenon [14, 15, 34]. The growth deformation tensor is
thus given by

With G, and G, corresponding to the cranial-caudal and
lateral direction, respectively, and N to the plane normal.
This assumption is related to the fact that in pregnancy, as
in skin expansion, the tissue experiences in plane stretch and
out of plane contraction. Each growth stretch 4, ; in equation
(11) is then calculated by the following constitutive evolu-
tion equation [35]

b

Ay = KAy = A9) = k(AR = A ). (12)

&l pm,i

The first term of the evolution equation describes tissue
growth and the second term tissue resorption. The variable
Apm,i = ||FpnR;|| thereby describes the current passive mechan-
ical strain in the corresponding direction. A% and AR denote the
critical strain values, above and below which growth and
resorption occur, respectively. The parameter k describes a rate
constant, which was set equal for growth and resorption in this
model and the exponent b is a material parameter governing
the nonlinearity of the growth and resorption law. The nonlin-
earity parameter b and the rate factor k were adjusted such that
the evolution of growth stretches for skin expansion reported
in [15, 16] were qualitatively reproduced in terms of shape and
order of ma[gnitude. The thus obtained values of b = 2 and

k = 0.0001 %] were thus used in all simulation of both skin

expansion and pregnancy.

The Passive Mechanical Behavior of Human Skin

The parameters selected to describe the passive mechanical
behavior of each skin layer are based on our previous work
[12, 13]. Using data from ex vivo uniaxial and in vivo biax-
ial suction experiments the parameters of the biphasic mul-
tilayer model were determined through inverse analysis, as
described in Supporting Information section "Introduction".

To adapt the model to different in vivo tension states,
as occurring during pregnancy, the in vivo pre-stretch 4, is
applied equibiaxially in the skin plane, as shown in Fig. 1a.
Due to the non-linearity of the biaxial tension-stretch rela-
tionship (Fig. 1b), larger pre-stretch leads to increasing
in-plane tangent stiffness of skin (Fig. 1c). Thus, increas-
ing 4, allows to adapt the model to stiffer skin conditions
associated with increased skin surface during pregnancy.
On the other hand, tissue growth reduces the magnitude of
the passive mechanical stretch and therefore of the elastic
deformation associated with A,.Neglecting inelastic passive
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Fig. 1 a The prestretch 4, can be used to represent increasing skin
stretch associated with pregnancy. b the monotonic equibiaxial
response of skin shows a typical J-shaped stress-strain relationship. ¢
The stiftness of skin increases nonlinearly with the applied prestretch
A, d Starting from an initial length [, tissue grows to a length of 4,1,

mechanical deformation, the total stretch A can be decom-
posed into a growth stretch 4, and an elastic passive mechan-
ical stretch 4, (Fig. 1d). For a given total stretch 4,, the
bigger the growth stretch, the smaller the passive mechanical
stretch, so that the current stiffness of the tissue is reduced.
If both the total stretch of the tissue and its current stiffness
are known, computational analysis offers the possibility to
infer the passive mechanical and the growth stretch of the
tissue in the current state.

Q
(on

Pressure [mbar]

00 05
Apex elevation [mm]

Fig.2 a Drawing of the suction device NIMBLE b the computation-
ally obtained elevation-pressure curves confirm that maximum apex
displacement decreases with increasing elastic stretch ¢ the closing
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and then is further stretched to 4,4,,/,. € Growth thus reduces the
passive mechanical stretch 4, and the nominal tension as well as the
f tangent stiffness and thereby softens the current passive mechanical
response indirectly

Suction Experiments

In vivo suction measurements are often utilized to determine
the resistance of skin to deformation. In the present study,
the suction device “NIMBLE” [36] is employed for all the
suction measurements (Fig. 2a). As previously described
[36], when conducting a measurement a circular suction
chamber is placed on the skin surface. Subsequently, vary-
ing negative pressure (suction) is applied to the confined
surface through a narrow tube within the suction chamber.

P [mbar]
3
S

10 15 095 100 105 110 1.15
Al

pressures for an elevation of d=0.5 mm show a high sensitivity of the
closing pressure to changes in equibiaxial stretch
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The narrow tube is separated from the skin by a preset dis-
tance. Suction is then incrementally elevated until the skin
displacement reaches the preset original gap between skin
and suction tube, thereby closing the tube opening. The
amount of negative pressure gap (p,,: called “closing pres-
sure”) needed to close the gap then serves as indication for
skin stiffness. The present measurements were performed
using a suction chamber opening diameter of 6 mm and a
maximum tissue elevation of 0.5 mm.

To illustrate the influence of the mechanical in vivo
prestretch A, on the suction response, a parametric study
was performed in which the experiment up to a maximum
suction pressure of 200 kPa was simulated for different
stretches A, ranging from 0.95 to 1.15. As shown in Fig. 2b
an increase in A, results in a stiffer mechanical behavior of
the skin, which reduces the maximum apex displacement
reached for the specified pressure. Correspondingly, the
closing pressure for a height of 0.5 mm directly correlates
with the level of applied 4, as shown in Fig. 2(c). For small
strains the relationship of closing pressure and applied pre-
strain is almost linear, when increasing the strain, it however
becomes nonlinear.

Five pregnant women were included in the study
(approval of the local ethics committee, EK 2020-N-174).
Experiments were carried out at five different locations,
i.e., the upper right and lower left abdomen, the upper
right and lower left breast as well as the volar forearm, as
can be seen in Fig. 3. Measurements were conducted at

three timepoints before birth, i.e., gestational weeks 7, 25
and 34, as well as 6 weeks post-delivery. For each loca-
tion, a triplicate of measurements was performed at each
timepoint by one single operator. After verification of their
equivalence, the measurements of the two locations of the
abdomen and of the two locations of the breast were aver-
aged. For one participant additional measurements were
performed 2 weeks before and after birth.

Statistical Analysis

The statistical analysis was performed using GraphPad
Prism (GraphPad Software Inc., San Diego, USA). An
ordinary one-way ANOVA test was performed, followed
up by the Holm-Sidak post-hoc test. The level of signifi-
cance was p <0.05.

Results
Skin Stiffening and Growth During Pregnancy
In this section we first present the results of the experi-

ments on pregnant women. We then apply the model to
rationalize the progression of suction resistance.
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Fig.3 a Suction measurements on 5 pregnant women were per-
formed on the forearm and two locations of both abdomen and breast.
b Closing pressures on the abdomen show a significant increase dur-
ing pregnancy, with a reduction to normal levels post-partum. ¢ Addi-
tional measurements on the abdomen of one individual show a strong

increase in stiffness immediately before birth and an abrupt decrease
after birth. d Breast and e volar forearm show no significant changes
during pregnancy. Level of significance: *p>0.05, **p>0.01,
##%%p>(0.0001. Error bars indicate standard deviation. The red line
indicates the predicted time point of delivery
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Fig.4 Model of the abdomen a
created to calculate cranial-
caudal and lateral strain during
pregnancy for a 8 weeks and b
37 weeks. ¢ Pregnancy-related
deformation of skin is modeled
by applying stretches in two in-
plane directions, cranial-caudal
and lateral. For both stretches
the largest rates of increase
occur in the last trimester. d
Predicted closing pressure based
on a model with different levels
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Measuring the Passive Mechanical Response of Skin During
Pregnancy

The results of the experimental study are summarized in
Fig. 3. The abdomen (Fig. 3b), shows a significant differ-
ence in the closing pressure at the different time points
during pregnancy. Higher pressure correlates with stiffer
tissue response. The pressure increased from a mean value
of 20 mbar at week 7 to 25 mbar at week 25 to 40 mbar at
week 34. The measured values decrease after birth, down
to a level that does not differ significantly from the value
at the beginning of pregnancy. For one individual, addi-
tional measurements were performed two weeks before
and two weeks after birth, (Fig. 3c). The data show a
strong increase in stiffness in the time immediately before
birth, with closing pressures reaching about four times the
initial level. Further, the closing pressure strongly drops
two weeks after pregnancy and recovers by a few mbar
between two weeks and six weeks after birth. For both
breast and volar forearm no significant trends are observed
throughout pregnancy (Fig. 3d, e). This indicates that sys-
temic changes associated with the hormonal status do not
affect the stiffness of the skin to a measurable extent.

@ Springer

Skin Growth Is Required to Rationalize the Passive
Mechanical Response during pregnancy

To estimate the total stretches occurring during pregnancy
a three-dimensional model of the female abdomen was cre-
ated in the CAD Software NX™ (Siemens AG, Munich,
Germany). Models were informed from data available in
the literature [37]. The models for two timepoints in ges-
tation, 7 weeks and 37 weeks, respectively, are shown in
Fig. 4a, b. Based on the changes in abdominal dimensions,
total stretches in cranial-caudal and lateral direction were
quantified. Note that this approach provides only average
stretches over the whole abdomen and no information is
available on the local deformation in each abdominal region.
As indicated in Fig. 4c, both stretches show the largest rate
of increase in the last trimester (T 3). The maximum stretch
reaches 1.4 in cranial-caudal direction and 1.18 in lateral
direction. These stretch values were imposed as total in-
plane skin deformations in a simulation of the corresponding
suction response of abdominal skin. Model parameters used
to represent the mechanical behavior of skin are listed in
Table S1. They were determined based on an inverse analy-
sis of uniaxial and biaxial experiments performed in vivo
and ex vivo on human skin [12], see Supplementary section
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"Introduction”. Even considering the variability of model
parameters for skin at different body locations or from differ-
ent subjects, the computationally obtained closing pressures
exceed the experimentally measured ones by an order of
magnitude. The experimental data can only be rationalized
when growth is activated in the model. Thereby, the most
influential parameter is the critical growth stretch 1. Results
of the predicted closing pressures are shown in Fig. 2d for
three different critical growth stretches (16=1.02, 1.035,
1.05), with larger growth for lower values of AS The critical
stretch for resorption was set to AR = 0.98 for all three cases.
It should be noted that growth and resorption stretches are
reported with respect to the in vivo reference configuration.
Skin is usually not stress free in its in vivo reference configu-
ration as resulting from an initial pre-swelling to equilibrate
the osmotic pressure due to the presence of fixed charges in
the tissue [13] as well as a superimposed biaxial tension to
represent its physiological tensional state [12]. For this rea-
son, a resorption stretch AR < 1 does not necessarily imply
compression. As stretch is applied during pregnancy the
closing pressure increases, depending on the critical stretch
A8, In the initial phase A¢ = 1.02 seems to better reproduce
the experimental data. At the last time point, the simulation
of A8 = 1.035 shows the best correlation with the average
closing pressure, while the other two fall within the upper
and lower range of the standard deviation of the measure-
ments. After pregnancy the closing pressure drops as the
stretch is released. Interestingly, the closing pressures fall
below the initial values. To recover the initial closing pres-
sure, the in-plane passive mechanical strains in skin need to
increase, which is achieved by resorption of tissue.

Changes of the Skin Mechanome During Pregnancy

The model allows determining all internal field variables
associated with the various components of the mechanome,
varying as a consequence of stretch during pregnancy. The
results of the simulation are shown in Fig. 5 for the reticular
dermis. The passive mechanical stretches and the growth
stretches for the three cases of A9 are shown in Fig. 5a—c.
During the first two trimesters the in-plane deformations
remain small, and no significant growth occurs in either
direction. In the last trimester stretches increase rapidly
and exceed the critical thresholds so that growth occurs.
At birth the model predicts a passive mechanical stretch of
1.1 in both directions and growth stretches of around 1.3 in
the cranial caudal direction and 1.1 in the lateral direction,
respectively. In out of plane direction, depicted in Fig. Sc,
the tissue contracts due to the in-plane passive mechanical
stretches. The out-of-plane total stretch is not prescribed but
governed by the mechanical behavior of the skin.

From the state of deformation all variables of the mecha-
nome can be determined, as explained in the Supporting

Information Sect. "Results". As expected, the components
of the mechanome follow the same trend as for the passive
mechanical stretch (Fig. 5d-1). During the first two tri-
mesters of pregnancy only little change is observed. The
main deviation from the initial state occurs during the last
trimester. The magnitude of deviation is larger for higher
values of critical stretch, i.e., less growth. The stiffness of
the tissue increases in both principal directions from about
200 kPa to about 500-1100 kPa for both the cranial cau-
dal direction (d) and the lateral direction (e). Due to the
slow rates of stretches during pregnancy, which are in the
order of 4 =0.1 [$], the dissipation rate of the solid is
negligible and several orders of magnitude smaller than the
rate of change of the strain energy density (f). The inter-
stitial fluid velocity associated with efflux of fluid due to
volume changes is smaller than 0.001 % in pregnancy as
shown in (h). Further, we calculated the perfusion velocity
being the velocity of the flow of interstitial fluid that leaks
from the capillaries into the interstitial space and is subse-
quently reabsorbed by the lymphatic capillaries. This fluid
flow mainly depends on the permeability of the tissue and
its calculation is described in Sect. "Results" of the Sup-
porting Information. The perfusion velocity reduces due to
a passive stretch induced decrease in permeability from 5 %
to the lowest value of 4.6% in the weeks before birth. Skin
volume change, shown in (g), is in a moderate range with a
reduction of volume before birth of 5 to 10% relative to its
initial value. Hydrostatic and osmotic pressures are equal for
slow deformation rates. The corresponding curve is plotted
in (j) and show maximum changes of about 1 kPa. The fixed
charge density (k) increases during pregnancy from its initial
values of 0.025 M to 0.029 M. The electrical potential (1)
reduces by about 0.3 mV from —2.1 mV to —2.4 mV.

Comparison with the Mechanome of Skin Expansion

The same biphasic skin model was used to simulate tissue
growth during skin expansion. For the expansion process a
fluid filled cavity is implanted below the reticular dermis [9,
16, 38]. The cavity is then gradually inflated as sketched in
Fig. 6a. In our simulation, (Fig. 6b), the expander of dimen-
sions 60 x 100 mm? is inflated with 50 ml of fluid within
1 min. The inflation step is repeated four times with 1 week
interval between each step. The finite element model of
the expander is shown in the initial state (c) and the final
state (d). For the growth calculation we used the same
model parameters as for pregnancy and the same three val-
ues of critical stretch were considered in the simulations,
(A% = 1.02, 1.035, 1.05). Further details on the model imple-
mentation and the boundary conditions are reported in Sec.
"Discussion” of the Supporting Information.

During skin expansion skin grows in in-plane direc-
tion after each increase of expander volume (Fig. 7a, b).
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Fig.5 Simulations using three levels of critical stretch AC indicate tis-
sue growth and changes in various components of the mechanome are
larger in the last trimester of pregnancy. Passive mechanical stretches
(blue) and growth stretches (red) are shown for a cranial-caudal direc-
tion, b lateral direction, ¢ out-of-plane direction. The various compo-
nents of the mechanome are shown: d stiffness in the cranial-caudal

At each expansion step the skin is stretched by about 5 to
10% in direction parallel to the short edge of the expander
and about 2 to 5% in direction parallel to the longer edge of
the expander. While little growth occurs in the first week of
expansion, skin grows significantly in both directions from
the second week of expansion. Skin is almost fully grown to
a point where the passive mechanical stretch almost reaches
the critical growth stretch again just before the next expan-
sion step. The rapid inflation during the expansion step leads
to a strong out-of-plane contraction. From the second cycle
onwards, skin contracts in out-of-plane direction by about
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direction, e stiffness in lateral direction, f energy dissipation in the
solid material, g volume ratio, h interstitial fluid velocity, i perfusion
velocity in skin, j osmotic and hydrostatic pressure, k fixed charge
density, 1 electrical potential. The red line indicates the expected time
point of delivery.

30% at the beginning of the expansion step, as shown in
Fig. 7c. The level of skin growth obtained with the present
model are well in line with the results of previous studies
[9, 15, 16] with about 40% of increase in skin area attained
after 4 weeks.

The changes in the various components of the mecha-
nome during skin expansion resemble the temporal charac-
teristics of the passive mechanical stretches. Each inflation
step induces a sharp peak in each component of the mecha-
nome, followed by a relaxation to almost the initial level.
The results of the components of the mechanome in the
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Fig.6 a During skin expansion a
an expander (gray) is implanted

below the dermis and inflated in

multiple steps until the desired

area of new tissue is obtained,

b the protocol in this study

assumes an inflation of 50 ml

within 1 minute, afterward the b
volume is held constant for

1 week before another cycle of

inflation is started. The finite

element mesh of the expander is

shown in the ¢ initial con-

figuration and d final deformed
configuration after the inflation N
protocol was applied four times. N
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Fig.7 Skin growth is triggered by inflating the expander every week.
Simulations were performed using three levels of critical stretch.
Results indicate that tissue growth and changes in various compo-
nents of the mechanome are larger in the phase immediately follow-
ing expander inflation. Passive mechanical stretches (blue), growth
stretches (red), and the total stretch (black) are shown for a cranial-

caudal direction, b lateral direction, ¢ out-of-plane direction. The var-
ious components of the mechanome are shown: d stiffness in the first
principal direction, e stiffness in second principal direction, f energy
dissipation in the solid material, g volume ratio, h interstitial fluid
velocity, i perfusion velocity in skin, j osmotic and hydrostatic pres-
sure, k fixed charge density, 1 electrical potential
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reticular dermis are depicted in Fig. 7d-1. Stiffness increases
in both principal directions (d, e) to few MPa with highest
values of 6 MPa reached for the first principal direction and
4 MPa for the second principal direction. Similar temporal
evolutions are observed for volume ratio (g), perfusion
velocity (i), hydrostatic and osmotic pressure (j), fixed
charge density (k), and electrical potential (1). Skin thereby
exhibits a volume reduction of about 20% during the process
of expansion. The perfusion velocity decreases due to
decrease of permeability by 1 %= from 5 E to 4 =, The fixed
charge density increases due to the compactlon from 0.025
to 0.35 M leading to a change in osmotic pressure from
2.5 kPa to about 5.5 kPa. The electrical potential decreases
by almost 1 mV with a minimum value of about —3 mV.
During the inflation step the deformation rates are in the
range of A = 0.1 [ﬁ] This deformation rate is fast enough

to trigger time dependent effects which are incorporated in
the biphasic nonlinear model. The rate of energy dissipation
is up to 1% of the rate of change of strain energy density.
Both the dissipation of the solid (f) and the fluid velocities
(h) show distinct peaks at the inflation step. Maximum
velocities to be expected are about 2 E=. The changes of each
variable in the transient phase immediately following the
inflation step are reported in Sec. 5 of the Supporting
Information.

Discussion

Combining Suction Measurements and Mechanical
Simulations Allows Quantifying Skin Growth
and Resorption

Suction measurements follow a similar trend for all subjects,
with progressive increase of stiffness (larger negative pres-
sure needed for the same skin elevation) along gestation. In
line with changes in abdominal dimensions, largest values
of stiffness are measured in the last trimester. Further, skin
stiffness decreases below its initial values after delivery.
Our experimental results are in line with previous results
obtained by in vivo suction measurements using another
commercially available device [39]. Therein, both phenom-
ena, an increased stiffness before delivery and a decreased
stiffness after delivery were observed, with some study
participants showing decreased values even 4 months after
delivery.

The constitutive equations applied to predict skin growth
in pregnancy are based on a growth model developed to
rationalize skin expansion. Importantly, it seems that the
same formulation and a similar value of critical growth
stretch provides a reasonable representation of tissue growth
in skin expansion and in pregnancy. Moreover, the present
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model formulation also provides a quantification of all rel-
evant components of the skin mechanome, indicating impor-
tant differences in terms of cell level stimuli between short-
term growth in tissue expansion and long-term growth in
pregnancy, see section "The Components of the Mechanome
and Their Changes with Skin Stretch".

Changes in skin stiffness are observed to be negligible
for breast and forearm. We consider this finding as a con-
firmation that (i) no significant systemic alterations of skin
take place along gestation and (ii) the passive mechanical
skin model can be considered as representative for the whole
pregnancy. Without growth, the model indicates that abdom-
inal deformation would lead to much higher levels of closing
pressure than the measured values. Thus, the results support
the conclusion that skin growth occurs during pregnancy.
This is in line with previous reports, which showcased the
usability of excessive tissue after pregnancy for surgical
applications [40—42]. Calculations indicate a critical stretch
level between 1.02 and 1.05 to trigger skin growth, with
corresponding levels of maximum skin surface increase of
37% to 43%. Importantly, growth occurs mainly in the third
trimester of gestation.

Measurements of suction resistance after delivery and
corresponding simulations point at the relevance of tissue
resorption. The excess tissue generated during pregnancy
creates a condition of skin slackness evident in the simu-
lation results (Fig. 4) and in line with measurements two
weeks after delivery (Fig. 3). At the later timepoint (6 weeks
after delivery) the initial stiffness is regained, suggesting that
the physiological level of skin tension is built up through
tissue resorption within this time span.

The Components of the Mechanome and Their
Changes with Skin Stretch

During pregnancy skin is stretched by the growing fetus over
a duration of about 9 months resulting in various biological
changes of skin [43]. Most common skin changes in preg-
nancy are hyperpigmentation, stretch marks and vascular
spiders. While stretch marks are observed on the abdomen
and the breast, the other changes are also observed on other
areas of the body [44]. Similar as for skin expansion, sus-
tained stretch modifies the morphology and properties of
dermal ECM and thus the skin mechanome. In fact, cells
sense a multitude of stimuli from their biophysical environ-
ment [45] which are altered in case of tissue deformation.
The extracellular matrix of skin is composed of collagen and
elastin fibers as well as the charged groups of the glycosami-
noglycans. The void spaces of this charged matrix are filled
with interstitial fluid, which contains cations and anions. As
illustrated in Fig. 8, macroscale deformation (4;, 4,) results
in various changes of the microenvironment with increased
tension in the collagen fibers AT and the fixed charge density
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Acy,. Further, deformation induces gradients of hydrostatic
pressure Ap, osmotic pressure Az, and electrical potential
AY. Correspondingly, fluid and ionic flows through skin pro-
vide additional stimuli for resident cells [46].

Previous studies investigated the response of cells to
biophysical stimuli, such as stiffness [47], flow induced
shear stress [48, 49], osmotic pressure [50, 51], and hydro-
static pressure [51, 52]. Further, the importance of the time
dependence (duration of stimuli) has been demonstrated, for
instance regarding the viscoelasticity of the matrix and its
role in mechanobiology [53, 54].

The computational analysis of both pregnancy and skin
expansion showcased that a change in passive mechanical
stretch at the tissue length scales alters a multitude of vari-
ables in the biophysical microenvironment of the cells in
the dermis. A change in stiffness is predicted by several
orders of magnitude, up to values reaching the MPa range.
Fibroblasts are known to sense such rigidity changes [55].
For instance, when cultured within matrices with stiffnesses
spanning the range reported here, fibroblast proliferation was
observed to increase proportionally to matrix stiffness [56].
Changes in osmotic and hydrostatic pressure are in the range
of few kPa. While osmotic pressures applied in experimental
settings are usually much higher [51, 57], hydrostatic pres-
sures of kPa to MPa were shown to influence cell behavior
and, e.g., increase cell proliferation for endothelial cells [58,
59]. Changes in electrical potential are observed in the order
of magnitude of few mV. Chondrocytes in cartilage were
shown to be sensitive to changes in electrical potential in
this range [60, 61]. In human skin, gradients of electrical
potential are known to guide cell migration in wound heal-
ing [62]. The magnitudes of the gradients usually applied
in such experiments are in the order of 100 % Assuming a
cell size of several pm this indeed leads to local differences
in electrical potential of few mV. Further, a non-negligible
change in volume is predicted by the simulations. Recently,
the importance of confinement of cells became more evident
[63]. However, the relationship between matrix contraction

and dermal cell confinement is difficult to quantify. Alto-
gether, the order of magnitude of several of these cues occur-
ring simultaneously are large enough so that an influence
on cell behavior during pregnancy and skin expansion is to
be expected.

The differences between mechanome alterations in long-
term (pregnancy) and short-term stretching (expansion) may
lead to differences in the cellular response. Pregnancy only
induces long-term evolutions associated with slow increase
of intrabdominal pressure while skin expansion includes
subsequent skin stretching events that activate the viscoe-
lastic behavior of skin. As shown in Supplementary Fig.
S10, the transient viscoelastic response lasts for several
minutes after application of a stretch event. The changes of
the mechanome in this early phase may contribute to cell
stimulation. In addition, different alterations of gene expres-
sion have been observed depending on the duration of the
expansion process ranging from weeks to months [38] [64].
In general, the magnitude of change in all biophysical cues
is larger in skin expansion than for pregnancy. For instance,
for the stiffness the difference in alteration is almost one
order of magnitude. For other components, such as hydro-
static pressure and electrical potential, the differences are
smaller but may be significant. The temporal evolution of the
components of the mechanome represents another impor-
tant distinctive feature. During pregnancy all cues increase
continuously and are likely to exceed the physiological limit
only slightly but in a sustained manner. On the other hand,
as evident in the results reported in Supporting Informa-
tion, the fast volume change of the expander (mins) results
in a peak of several components of the mechanome, with
short-term transient evolutions associated with dissipa-
tive processes in the tissue. In fact, the rapid filling of the
expander induces non-negligible energy dissipation in the
reticular dermis through relaxation of the collagen fibers
and fluid flow. Thereby, average flow velocities of few ? are
expected, which are in the range of values previously shown
to induce fibroblast alignment and differentiation [65, 66].

Fig.8 Dermal cells reside in a multiphasic environment, a global
deformation (4,, 4,) at the macroscale a results in a local change of
various chemo-mechanical quantities at the length scale of cells (b),

such as collagen fiber tension AT, hydrostatic pressure Ap, osmotic
pressure Ax, as well as fixed charge density Acg,, anion and cation
concentrations (Ac_, Ac, ) and electrical potential AW
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Model Limitations

While our model is in line with all observations, it relies on
several simplifying assumptions. First, it is assumed that
the material properties of skin do not change throughout
pregnancy or expansion. During short-term application of
skin expanders, this might be a valid assumption, as stud-
ies reported no significant difference in tissue-scale stiff-
ness between expanded and normal skin [67]. In pregnancy,
changes in skin properties due to hormonal fluctuations are
possible. Our measurements from the breast and forearm
allow to exclude systemic changes, but not local effects in the
abdominal skin. Second, the computational results depend on
model parameters, which show considerable variability across
subjects and body locations. Some of the quantities predicted
by the simulation would change to a significant extent with
subject specific model calibration, but not the general trends
observed in the present analysis. One important uncertainty
concerns the exponential behavior of the strain energy func-
tion: pregnancy simulations without growth reached an
amount of stretch that is well beyond the level of deformation
applied for tissue characterization, as skin often ruptures at
lower stretch levels. Thus, model extrapolation to such large
strains might overestimate the increase in stiffness. On the
other hand, the fact that without growth stretches would reach
values close or beyond typical rupture stretches in experi-
ments provides another argument for the occurrence of skin
growth during pregnancy. Note in this context that alternative
model formulations could be considered linking damage of
the extracellular matrix with tissue growth and remodeling,
as recently proposed in [68]. As a more general limitation, the
present study only included a small number of participants,
thus affecting the reliability of the reported mean values of
skin stiffness during pregnancy and corresponding calcula-
tions. Finally, the small cohort does not provide information
on the influence of other factors, such as age and body weight.

Conclusion and Future Work

Increased tension and deformation of human skin during
pregnancy was assessed and analyzed both experimentally
and computationally. Suction measurements on five subjects
at five different body locations allowed to quantify changes
in skin stiffness during gestation and after delivery. The
computational analysis demonstrated that growth is required
during, and resorption after pregnancy to match the experi-
mental results. The analysis of various components of the
mechanome showed that they deviate from the reference
values, with the largest changes occurring in the last weeks
of pregnancy. Skin growth in pregnancy could be ration-
alized with the same model as the one representing tissue
growth during skin expansion. Similar orders of magnitude
of alteration were seen for several cues in pregnancy and
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skin expansion. However, their timeline differs considerably,
with time-dependent effects such as fiber relaxation and fluid
flow significant only for the case of skin expansion.

The present analysis shows that a stretch-based growth
law captures the evolution of tissue dimensions in a phe-
nomenological sense. On the other hand, resident cells
are exposed to changes of a variety of chemomechanical
variables in their environment which may influence tissue
growth. An improved understanding of growth thus requires
experimental work to characterize the influence of specific
components of the mechanome on the response of cells. In
terms of modeling, the present continuum-based approach
provides a homogenized representation of all relevant vari-
ables in the tissue, while the ECM is highly heterogenous at
cell length scale [29, 69]. Hybrid continuum-discrete skin
models may offer important insights on the local variability
of cell-perceived biophysical cues.

Our study was not intended to provide clinical insights.
However, the findings of the present work may be linked with
the occurrence of stretch marks in pregnancy, whose causes
are not known [70]. Our calculations reveal that, especially in
the last trimester of pregnancy, large stresses occur, up to sev-
eral MPa, which are in the range of experimentally observed
failure stresses for skin [71]. This underlines the importance
of physiological growth in pregnancy, as it can avoid skin
overstretching, possibly reducing the risk of stretch marks.
Suction measurements may offer an opportunity to monitor
the evolution of skin stiffness and to correlate biomechani-
cal skin condition with the occurrence of stretch marks, thus
helping toward their prevention and treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10439-024-03472-6.

Acknowledgments This work was conducted as part of the SKINTEG-
RITY.CH flagship project of University Medicine Zurich and finan-
cially supported by the Swiss National Science Foundation (Grants
Nos. 213498 and CRSII5 213498).

Funding Open access funding provided by Swiss Federal Institute of
Technology Zurich. This work was conducted as part of the SKINTEG-
RITY.CH flagship project of University Medicine Zurich and finan-
cially supported by the Swiss National Science Foundation (Grants
Nos. 213498 and CRSIIS5 213498).

Declarations

Conflict of interest Authors BT, DS and EM are co-founders of a com-
pany that commercializes the suction device used in the present work.
BT and EM are co-inventors in two patents associated with the suction
technique used in the present work.

Ethical Approval All experiments involving human participants and
human tissue were approved by the local ethical committees (EK 2020-N-
174). All patients gave informed consent prior to the study and were asked
for approval before every measurement during the longitudinal study.


https://doi.org/10.1007/s10439-024-03472-6

Sustained Physiological Stretch Induces Abdominal Skin Growth in Pregnancy

Consent to Participate Signed informed consent was provided by all
participants and tissue donors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

14.

Dance, A. The secret forces that squeeze and pull life into shape.
Nature. 589(7841):186-188, 2021. https://doi.org/10.1038/
D41586-021-00018-X.

Mongera, A., et al. A fluid-to-solid jamming transition underlies
vertebrate body axis elongation. Nature. 561(7723):401-405,
2018. https://doi.org/10.1038/s41586-018-0479-2.

Jain, R., and J. A. Epstein. Not all stress is bad for your heart.
Science. 374(6565):264-265, 2021. https://doi.org/10.1126/
science.abm1858.

Cyron, C. J.,J. S. Wilson, and J. D. Humphrey. Mechanobiologi-
cal stability: a new paradigm to understand the enlargement of
aneurysms? J. R. Soc. Interface. 11:100, 2014. https://doi.org/
10.1098/RSIF.2014.0680.

Mascharak, S., et al. Preventing Engrailed-1 activation in fibro-
blasts yields wound regeneration without scarring. Science.
372(6540):2021, 1979. https://doi.org/10.1126/science.aba2374.
Barnes, L. A., et al. Mechanical forces in cutaneous wound heal-
ing: emerging therapies to minimize scar formation. Adv. Wound
Care. 2018. https://doi.org/10.1089/wound.2016.0709.
Pensalfini, M., and A. B. Tepole. Mechano-biological and bio-
mechanical pathways in cutaneous wound healing. PLoS Comput.
Biol.19(3):¢1010902, 2023. https://doi.org/10.1371/JOURNAL.
PCBI.1010902.

Radovan, C. Tissue expansion in soft-tissue reconstruction. Plast.
Reconstr. Surg. 74(4):1, 1984.

Aragona, M., et al. Mechanisms of stretch-mediated skin expan-
sion at single-cell resolution. Nature. 584(7820):268-273, 2020.
https://doi.org/10.1038/s41586-020-2555-7.

Silver, F. H., L. M. Siperko, and G. P. Seehra. Mechanobiology of
force transduction in dermal tissue. Skin Res. Technol. 9(1):3-23,
2003. https://doi.org/10.1034/J.1600-0846.2003.00358.X.
Wang, J., D. Lii, D. Mao, and M. Long. Mechanomics: an emerg-
ing field between biology and biomechanics. Protein Cell.
5(7):518-531, 2014. https://doi.org/10.1007/s13238-014-0057-9.
Sachs, D., A. Wahlsten, S. Kozerke, G. Restivo, and E. Mazza.
A biphasic multilayer computational model of human skin. Bio-
mech. Model. Mechanobiol. 20(3):969-982, 2021. https://doi.org/
10.1007/s10237-021-01424-w.

. Wahlsten, A., M. Pensalfini, A. Stracuzzi, G. Restivo, R. Hopf,

and E. Mazza. On the compressibility and poroelasticity of human
and murine skin. Biomech. Model. Mechanobiol. 2019. https://doi.
org/10.1007/s10237-019-01129-1.

Zollner, A. M., M. A. Holland, K. S. Honda, A. K. Gosain, and
E. Kuhl. Growth on demand: reviewing the mechanobiology of

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

stretched skin. J. Mech. Behav. Biomed. Mater. 2013. https://doi.
org/10.1016/j.jmbbm.2013.03.018.

Zollner, A. M., A. Buganza Tepole, and E. Kuhl. On the bio-
mechanics and mechanobiology of growing skin. J. Theor. Biol.
2012. https://doi.org/10.1016/j.jtbi.2011.12.022.

Buganza Tepole, A., C. Joseph Ploch, J. Wong, A. K. Gosain, and
E. Kuhl. Growing skin: a computational model for skin expansion
in reconstructive surgery. J. Mech. Phys. Solids. 2011. https://doi.
org/10.1016/j.jmps.2011.05.004.

Cowin, S. C., and D. H. Hegedus. Bone remodeling I: theory of
adaptive elasticity. J. Elast. 6(3):313-326, 1976. https://doi.org/
10.1007/BF00041724.

Cowin, S. C. Strain or deformation rate dependent finite growth
in soft tissues. J. Biomech. 29(5):647-649, 1996. https://doi.org/
10.1016/0021-9290(95)00114-X.

Humphrey, J. D., and K. R. Rajagopal. A constrained mixture
model for growth and remodeling of soft tissues. Math. Models
Methods Appl. Sci. 12(03):407-430, 2002. https://doi.org/10.
1142/50218202502001714.

Preziosi, L., and A. Tosin. Multiphase modelling of tumour
growth and extracellular matrix interaction: mathematical tools
and applications. J. Math. Biol. 58(4):625-656, 2008. https://
doi.org/10.1007/S00285-008-0218-7.

Taber, L. A., and J. D. Humphrey. Stress-modulated growth,
residual stress, and vascular heterogeneity. J. Biomech. Eng.
123(6):528-535, 2001. https://doi.org/10.1115/1.1412451.
Taber, L. A. A model for aortic growth based on fluid shear and
fiber stresses. J. Biomech. Eng. 120(3):348-354, 1998. https://
doi.org/10.1115/1.2798001.

Irons, L., and J. D. Humphrey. Cell signaling model for arterial
mechanobiology. PLoS Comput. Biol.16(8):€1008161, 2020.
https://doi.org/10.1371/journal.pcbi.1008161.

Kuhl, E., and P. Steinmann. On spatial and material set-
tings of thermo-hyperelastodynamics for open systems. Acta
Mech. 160(3-4):179-217, 2003. https://doi.org/10.1007/
s00707-002-0974-1.

Armstrong, M. H., A. Buganza Tepole, E. Kuhl, B. R. Simon,
and J. P. VandeGeest. A finite element model for mixed porohy-
perelasticity with transport, swelling, and growth. PLoS ONE.
11(4):e0152806, 2016. https://doi.org/10.1371/JOURNAL.
PONE.0152806.

Loret, B., and F. M. F. Simdes. A framework for deformation,
generalized diffusion, mass transfer and growth in multi-species
multi-phase biological tissues. Eur. J. Mech. A. 24(5):757-781,
2005. https://doi.org/10.1016/J. EUROMECHSOL.2005.05.005.
Angeli, S., and T. Stylianopoulos. Biphasic modeling of brain
tumor biomechanics and response to radiation treatment. J. Bio-
mech. 49(9):1524-1531, 2016. https://doi.org/10.1016/j.jbiom
ech.2016.03.029.

Rubin, M. B., and S. R. Bodner. A three-dimensional nonlin-
ear model for dissipative response of soft tissue. Int. J. Solids
Struct. 2002. https://doi.org/10.1016/S0020-7683(02)00237-8.
Wahlsten, A. Multiscale mechanics of skin and skin-equivalent
materials. ETH. 2023. https://doi.org/10.3929/ETHZ-B-00058
9597.

Richards, E. G., and S. D. Dover. An Introduction to the Physi-
cal Properties of Large Molecules in Solution. Cambridge:
Cambridge University Press, p. 266, 1980.

Voutouri, C., and T. Stylianopoulos. Evolution of osmotic pressure
in solid tumors. J. Biomech. 47(14):3441-3447, 2014. https://doi.
org/10.1016/J.JBIOMECH.2014.09.019.

Ehlers, W. Foundations of multiphasic and porous materials. In:
Porous Media, Berlin: Springer, 2002, pp. 3-86.

Fievet, P. Donnan potential. In: Encyclopedia of Membranes, Ber-
lin: Springer, 2016, pp. 577-580.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/D41586-021-00018-X
https://doi.org/10.1038/D41586-021-00018-X
https://doi.org/10.1038/s41586-018-0479-2
https://doi.org/10.1126/science.abm1858
https://doi.org/10.1126/science.abm1858
https://doi.org/10.1098/RSIF.2014.0680
https://doi.org/10.1098/RSIF.2014.0680
https://doi.org/10.1126/science.aba2374
https://doi.org/10.1089/wound.2016.0709
https://doi.org/10.1371/JOURNAL.PCBI.1010902
https://doi.org/10.1371/JOURNAL.PCBI.1010902
https://doi.org/10.1038/s41586-020-2555-7
https://doi.org/10.1034/J.1600-0846.2003.00358.X
https://doi.org/10.1007/s13238-014-0057-9
https://doi.org/10.1007/s10237-021-01424-w
https://doi.org/10.1007/s10237-021-01424-w
https://doi.org/10.1007/s10237-019-01129-1
https://doi.org/10.1007/s10237-019-01129-1
https://doi.org/10.1016/j.jmbbm.2013.03.018
https://doi.org/10.1016/j.jmbbm.2013.03.018
https://doi.org/10.1016/j.jtbi.2011.12.022
https://doi.org/10.1016/j.jmps.2011.05.004
https://doi.org/10.1016/j.jmps.2011.05.004
https://doi.org/10.1007/BF00041724
https://doi.org/10.1007/BF00041724
https://doi.org/10.1016/0021-9290(95)00114-X
https://doi.org/10.1016/0021-9290(95)00114-X
https://doi.org/10.1142/S0218202502001714
https://doi.org/10.1142/S0218202502001714
https://doi.org/10.1007/S00285-008-0218-7
https://doi.org/10.1007/S00285-008-0218-7
https://doi.org/10.1115/1.1412451
https://doi.org/10.1115/1.2798001
https://doi.org/10.1115/1.2798001
https://doi.org/10.1371/journal.pcbi.1008161
https://doi.org/10.1007/s00707-002-0974-1
https://doi.org/10.1007/s00707-002-0974-1
https://doi.org/10.1371/JOURNAL.PONE.0152806
https://doi.org/10.1371/JOURNAL.PONE.0152806
https://doi.org/10.1016/J.EUROMECHSOL.2005.05.005
https://doi.org/10.1016/j.jbiomech.2016.03.029
https://doi.org/10.1016/j.jbiomech.2016.03.029
https://doi.org/10.1016/S0020-7683(02)00237-8
https://doi.org/10.3929/ETHZ-B-000589597
https://doi.org/10.3929/ETHZ-B-000589597
https://doi.org/10.1016/J.JBIOMECH.2014.09.019
https://doi.org/10.1016/J.JBIOMECH.2014.09.019

D. Sachs et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Rivera, R., J. LoGiudice, and A. K. Gosain. Tissue expansion in
pediatric patients. Clin. Plast. Surg. 32(1):35-44, 2005. https://
doi.org/10.1016/j.cps.2004.08.001.

Klisch, S. M., S. S. Chen, R. L. Sah, and A. Hoger. A growth mix-
ture theory for cartilage with application to growth-related experi-
ments on cartilage explants. J. Biomech. Eng. 125(2):169-179,
2003. https://doi.org/10.1115/1.1560144.

Miiller, B., et al. A novel ultra-light suction device for mechani-
cal characterization of skin. PLoS ONE.13(8):¢0201440, 2018.
https://doi.org/10.1371/journal.pone.0201440.

T. C. Perkins and S. U. Blackwell, Accommodation and occu-
pational safety for pregnant military personnel, 1998.

Sun, Y., et al. Single-cell transcriptomics uncover key regulators
of skin regeneration in human long-term mechanical stretch-
mediated expansion therapy. Front Cell Dev. Biol. 10:954, 2022.
https://doi.org/10.3389/fcell.2022.865983.

Boyer, G., N. Lachmann, G. Bellemere, C. De Belilovsky, and
C. Baudouin. Effects of pregnancy on skin properties: a bio-
mechanical approach. Skin Res. Technol. 24(4):551-556, 2018.
https://doi.org/10.1111/SRT.12465.

Elwood, E. T., W. L. Ingram, and G. W. Carlson. Pregnancy as
a tissue expander in the repair of a massive ventral hernia. Ann.
Plast. Surg. 45:4, 2000.

Del Frari, B., P. Piilzl, T. Schoeller, M. Widschwendter, and G.
Wechselberger. Pregnancy as a tissue expander in the correction
of a scar deformity. Am. J. Obstet. Gynecol. 190(2):579-580,
2004. https://doi.org/10.1016/J.AJOG.2003.09.018.

Riordan, C. L., P. G. Budny, and P. J. Regan. Pregnancy as an
autologous tissue expander for closure of an abdominal-wall
defect. Br. J. Plast. Surg. 56(1):64-65, 2003. https://doi.org/
10.1016/S0007-1226(02)00477-0.

Muallem, M. M., and N. G. Rubeiz. Physiological and biologi-
cal skin changes in pregnancy. Clin. Dermatol. 24(2):80-83,
2006. https://doi.org/10.1016/J.CLINDERMATOL.2005.10.
002.

Kumari, R., T. J. Jaisankar, and D. M. Thappa. A clinical study
of skin changes in pregnancy. Indian J. Dermatol. Venereol.
Leprol. 73(2):141, 2007. https://doi.org/10.4103/0378-6323.
31910.

Ainsworth, C. Cell biology: stretching the imagination. Nature.
456(7223):696-699, 2008. https://doi.org/10.1038/456696A.
Mow, V. C., C. C. Wang, and C. T. Hung. The extracellular
matrix, interstitial fluid and ions as a mechanical signal trans-
ducer in articular cartilage. Osteoarthrit. Cartil. 7(1):41-58,
1999. https://doi.org/10.1053/JOCA.1998.0161.

Discher, D. E., P. Janmey, and Y. L. Wang. Tissue cells
feel and respond to the stiffness of their substrate. Science.
310(5751):1139-1143, 2005. https://doi.org/10.1126/science.
1116995.

Dahl, K. N., A. Kalinowski, and K. Pekkan. Mechanobiology
and the Microcirculation: Cellular, Nuclear and Fluid Mechan-
ics. Microcirculation. 17(3):179-191, 2010. https://doi.org/10.
1111/1.1549-8719.2009.00016.X.

Dessalles, C. A., C. Leclech, A. Castagnino, and A. I. Barakat.
Integration of substrate- and flow-derived stresses in endothelial
cell mechanobiology. Commun. Biol. 4(1):1-15, 2021. https://
doi.org/10.1038/542003-021-02285-w.

Ortells, M. C., et al. Transcriptional regulation of gene expres-
sion during osmotic stress responses by the mammalian target of
rapamycin. Nucleic Acids Res. 40(10):4368-4384, 2012. https://
doi.org/10.1093/NAR/GKS038.

Li, Y., et al. Volumetric compression induces intracellular
crowding to control intestinal organoid growth via Wnt/p-
catenin signaling. Cell Stem Cell. 28(1):63-78.e7, 2021. https://
doi.org/10.1016/J.STEM.2020.09.012.

Springer

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kourouklis, A. P., et al. Control of hydrostatic pressure and
osmotic stress in 3D cell culture for mechanobiological stud-
ies. Biomater. Adv.145:213241, 2023. https://doi.org/10.1016/].
BIOADV.2022.213241.

Gong, Z., et al. Matching material and cellular timescales max-
imizes cell spreading on viscoelastic substrates. Proc. Natl.
Acad. Sci. 115(12):E2686-E2695, 2018. https://doi.org/10.
1073/pnas.1716620115.

Elosegui-Artola, A. The extracellular matrix viscoelasticity as
a regulator of cell and tissue dynamics. Curr. Opin. Cell. Biol.
72:10-18, 2021. https://doi.org/10.1016/j.ceb.2021.04.002.
Achterberg, V. F., et al. The nano-scale mechanical properties
of the extracellular matrix regulate dermal fibroblast function. J.
Investig. Dermatol. 134(7):1862-1872, 2014. https://doi.org/10.
1038/J1D.2014.90.

Hadjipanayi, E., V. Mudera, and R. A. Brown. Close dependence
of fibroblast proliferation on collagen scaffold matrix stiffness.
J. Tissue Eng. Regen. Med. 3(2):77-84, 2009. https://doi.org/10.
1002/term.136.

Izumi, Y., W. Yang, J. Zhu, M. B. Burg, and J. D. Ferraris. RNA-
Seq analysis of high NaCl-induced gene expression. Physiol.
Genomics. 47(10):500, 2015. https://doi.org/10.1152/PHYSI
OLGENOMICS.00057.2015.

Liu, S., et al. Regulation of cell behavior by hydrostatic pressure.
Appl.. Mech. Rev. 71(4):0408031, 2019. https://doi.org/10.1115/1.
4043947.

Ohashi, T., Y. Sugaya, N. Sakamoto, and M. Sato. Hydrostatic
pressure influences morphology and expression of VE-cadherin of
vascular endothelial cells. J. Biomech. 40(11):2399-2405, 2007.
https://doi.org/10.1016/J.JBIOMECH.2006.11.023.

Lai, W. M., V. C. Mow, D. D. Sun, and G. A. Ateshian. On the
electric potentials inside a charged soft hydrated biological tissue:
streaming potential versus diffusion potential. J. Biomech. Eng.
122(4):336, 2000. https://doi.org/10.1115/1.1286316.

Lai, W. M., D. D. Sun, G. A. Ateshian, X. E. Guo, and V. C.
Mow. Electrical signals for chondrocytes in cartilage. Biorheol-
0gy. 39(1-2):39-45, 2002.

Guo, A, et al. Effects of physiological electric fields on migration
of human dermal fibroblasts. J. Investig. Dermatol. 130(9):2320—
2327, 2010. https://doi.org/10.1038/J1D.2010.96.

Dudaryeva, O. Y., et al. 3D confinement regulates cell life and
death. Adv. Funct. Mater. 31(52):2104098, 2021. https://doi.org/
10.1002/ADFM.202104098.

Wang, J., Y. Zhang, Y. Gao, S. Shan, and Q. Li. EZH2 regu-
lates the correlation between skin regeneration and the duration
of mechanical stretch. J. Investig. Dermatol. 141(4):894-902.e9,
2021. https://doi.org/10.1016/J.J1D.2020.09.007.

Ng, C. P, and M. A. Swartz. Fibroblast alignment under inter-
stitial fluid flow using a novel 3-D tissue culture model. Am. J.
Physiol .Heart Circ. Physiol. 284(5):1771-1777, 2003. https://
doi.org/10.1152/ajpheart.01008.2002.

Ng, C. P, B. Hinz, and M. A. Swartz. Interstitial fluid flow induces
myofibroblast differentiation and collagen alignment in vitro. J.
Cell. Sci. 118(20):4731-4739, 2005. https://doi.org/10.1242/jcs.
02605.

Manssor, N. A. S, et al. Characteristics and Young’s modulus of
collagen fibrils from expanded skin using anisotropic controlled
rate self-inflating tissue expander. Skin Pharmacol. Physiol.
29(2):55-62, 2016. https://doi.org/10.1159/000431328.

Zuo, D., S. Avril, H. Yang, S. J. Mousavi, K. Hackl, and Y. He.
Three-dimensional numerical simulation of soft-tissue wound
healing using constrained-mixture anisotropic hyperelasticity
and gradient-enhanced damage mechanics. J. R. Soc. Interface.
17(162):2090708, 2020.


https://doi.org/10.1016/j.cps.2004.08.001
https://doi.org/10.1016/j.cps.2004.08.001
https://doi.org/10.1115/1.1560144
https://doi.org/10.1371/journal.pone.0201440
https://doi.org/10.3389/fcell.2022.865983
https://doi.org/10.1111/SRT.12465
https://doi.org/10.1016/J.AJOG.2003.09.018
https://doi.org/10.1016/S0007-1226(02)00477-0
https://doi.org/10.1016/S0007-1226(02)00477-0
https://doi.org/10.1016/J.CLINDERMATOL.2005.10.002
https://doi.org/10.1016/J.CLINDERMATOL.2005.10.002
https://doi.org/10.4103/0378-6323.31910
https://doi.org/10.4103/0378-6323.31910
https://doi.org/10.1038/456696A
https://doi.org/10.1053/JOCA.1998.0161
https://doi.org/10.1126/science.1116995
https://doi.org/10.1126/science.1116995
https://doi.org/10.1111/J.1549-8719.2009.00016.X
https://doi.org/10.1111/J.1549-8719.2009.00016.X
https://doi.org/10.1038/s42003-021-02285-w
https://doi.org/10.1038/s42003-021-02285-w
https://doi.org/10.1093/NAR/GKS038
https://doi.org/10.1093/NAR/GKS038
https://doi.org/10.1016/J.STEM.2020.09.012
https://doi.org/10.1016/J.STEM.2020.09.012
https://doi.org/10.1016/J.BIOADV.2022.213241
https://doi.org/10.1016/J.BIOADV.2022.213241
https://doi.org/10.1073/pnas.1716620115
https://doi.org/10.1073/pnas.1716620115
https://doi.org/10.1016/j.ceb.2021.04.002
https://doi.org/10.1038/JID.2014.90
https://doi.org/10.1038/JID.2014.90
https://doi.org/10.1002/term.136
https://doi.org/10.1002/term.136
https://doi.org/10.1152/PHYSIOLGENOMICS.00057.2015
https://doi.org/10.1152/PHYSIOLGENOMICS.00057.2015
https://doi.org/10.1115/1.4043947
https://doi.org/10.1115/1.4043947
https://doi.org/10.1016/J.JBIOMECH.2006.11.023
https://doi.org/10.1115/1.1286316
https://doi.org/10.1038/JID.2010.96
https://doi.org/10.1002/ADFM.202104098
https://doi.org/10.1002/ADFM.202104098
https://doi.org/10.1016/J.JID.2020.09.007
https://doi.org/10.1152/ajpheart.01008.2002
https://doi.org/10.1152/ajpheart.01008.2002
https://doi.org/10.1242/jcs.02605
https://doi.org/10.1242/jcs.02605
https://doi.org/10.1159/000431328

Sustained Physiological Stretch Induces Abdominal Skin Growth in Pregnancy

69.

70.

71.

Stracuzzi, A. Chemomechanical interactions in biomaterials: mul-
tiphase and multiscale analyses. ETH Zurich. 2021. https://doi.
org/10.3929/ETHZ-B-000492446.

Borrelli, M. R., M. Griffin, L. M. Ngaage, M. T. Longaker, and H.
P. Lorenz. Striae distensae: scars without wounds. Plast Reconstr
Surg. 2021. https://doi.org/10.1097/PRS.0000000000008065.
Yang, W., et al. On the tear resistance of skin. Nat Commun.
6(1):6649, 2015. https://doi.org/10.1038/ncomms7649.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3929/ETHZ-B-000492446
https://doi.org/10.3929/ETHZ-B-000492446
https://doi.org/10.1097/PRS.0000000000008065
https://doi.org/10.1038/ncomms7649

	Sustained Physiological Stretch Induces Abdominal Skin Growth in Pregnancy
	Abstract
	Introduction
	Methods
	A Biphasic Nonlinear Model of Skin Growth and Resorption
	The Passive Mechanical Behavior of Human Skin
	Suction Experiments
	Statistical Analysis

	Results
	Skin Stiffening and Growth During Pregnancy
	Measuring the Passive Mechanical Response of Skin During Pregnancy
	Skin Growth Is Required to Rationalize the Passive Mechanical Response during pregnancy

	Changes of the Skin Mechanome During Pregnancy
	Comparison with the Mechanome of Skin Expansion

	Discussion
	Combining Suction Measurements and Mechanical Simulations Allows Quantifying Skin Growth and Resorption
	The Components of the Mechanome and Their Changes with Skin Stretch
	Model Limitations
	Conclusion and Future Work

	Acknowledgments 
	References


