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A B S T R A C T   

With the rise in maternal mortality rates and the growing body of epidemiological evidence linking pregnancy 
history to maternal cardiovascular health, it is essential to comprehend the vascular remodeling that occurs 
during gestation. The maternal body undergoes significant hemodynamic alterations which are believed to 
induce structural remodeling of the cardiovascular system. Yet, the effects of pregnancy on vascular structure and 
function have not been fully elucidated. Such a knowledge gap has limited our understanding of the etiology of 
pregnancy-induced cardiovascular disease. Towards bridging this gap, we measured the biaxial mechanical 
response of the murine descending thoracic aorta during a normotensive late-gestation pregnancy. Non-invasive 
hemodynamic measurements confirmed a 50% increase in cardiac output in the pregnant group, with no changes 
in peripheral blood pressure. Pregnancy was associated with significant wall thickening ( ~14%), an increase in 
luminal diameter ( ~6%), and material softening in both circumferential and axial directions. This expansive 
remodeling of the tissue resulted in a reduction in tensile wall stress and intrinsic tissue stiffness. Collectively, our 
data indicate that an increase in the geometry of the vessel may occur to accommodate for the increase in cardiac 
output and blood flow that occurs in pregnancy. Similarly, wall thickening accompanied by increased luminal 
diameter, without a change in blood pressure may be a necessary mechanism to decrease the tensile wall stress, 
and avoid pathophysiological events following late gestation.   

1. Introduction 

During the nine months of gestation, the maternal body undergoes 
significant hemodynamic alterations, potentially inducing structural 
remodeling of the cardiovascular system (Wells and Martin, 2022; 
Pierlot et al., 2014, 2015). Combined with the drastic hemodynamic 
changes, the growing fetus applies additional forces which place a 
burden on the maternal cardiovascular system, revealing previously 
undiagnosed cardiovascular problems (Ramlakhan et al., 2020). Car-
diovascular disease (CVD) complicates about 4% of pregnancies globally 
(Duley, 2009; Regitz-Zagrosek et al., 2018). In the U.S., CVD accounts 
for more than one-third of pregnancy-related deaths, making cardio-
vascular complications the leading cause of maternal mortality 
(Petersen et al., 2019). 

During a normotensive pregnancy, i.e., a pregnancy with normal 
blood pressure levels, the maternal body is presented with cardiovas-
cular challenges due to the significant hemodynamic changes that occur 
during gestation. Fig. 1 provides a summary of the maternal hemody-
namic changes associated with gestation time from multiple studies 
(Robson et al., 1989; Grindheim et al., 2012; Katz et al., 1978; Clapp and 
Capeless, 1997; Kager et al., 2009; Poppas et al., 1997; Zentner et al., 
2012; Rodriguez et al., 2018; Huisman et al., 1987; Oosterhof et al., 
1993; Buchan, 1984; Mulder et al., 2022). During the course of preg-
nancy, the mother’s blood pressure and pulse pressure (Fig. 1A and B) do 
not change significantly, while the cardiac output is observed to increase 
by approximately 45% at late gestation (Fig. 1C) (Hunter and Robson, 
1992). Similarly, maternal blood volume increases by approximately 
40% by the end of gestation (data not shown) (Thornburg et al., 2000). 
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In addition, blood viscosity (Fig. 1D) decreases during mid gestation and 
rises to normal levels at late gestation, which is associated with an 
observed 34% drop in peripheral resistance (Fig. 1E). Due to the drastic 
increase in cardiac output and blood volume, in spite of constant blood 
pressure, it is evident that the maternal arteries have to remodel to 
accommodate the changes in flow and volume (Wells and Martin, 2022). 

Aortic compliance has previously been reported in humans as a 
representative measure of aortic remodeling during pregnancy (Fig. 1F). 
However, to the best of our knowledge, changes in aortic compliance 
throughout pregnancy have not been fully elucidated, with the few 
studies available showing inconsistent results (Poppas et al., 1997; 
Kager et al., 2009; Rodriguez et al., 2018). The structural stiffness of the 
aorta, a measure of vessel wall elasticity, has been assessed clinically 
using pulse wave velocity (PWV) throughout human gestation. Franz 
et al. (2013) measured the PWV of normotensive pregnancies and 
concluded that PWV increased during late gestation, indicating aortic 
stiffening. Similarly, Osman et al. (2017), reported that PWV initially 

declined during the first trimester and increased in the third trimester. 
However, conflicting results have been reported in other studies. In 
particular, aortic PWV decreased from early gestation to late gestation, 
indicating a decline in the structural stiffness (Mersich et al., 2005; Turi 
et al., 2020). Inconsistent reports of maternal aortic stiffness highlight a 
critical gap in our understanding of the structural remodeling of the 
aortic wall during pregnancy. In particular, aortic stiffening has been 
implicated in the pathogenesis of complicated hypertensive pregnancies 
due to preeclampsia (Torrado et al., 2015; Estensen et al., 2013) and 
connective tissue disorders such as Marfan’s Syndrome (Groenink et al., 
1998; Jondeau et al., 1999). Stiffness plays a crucial role in arterial 
function by influencing the energy stored in the arterial wall under 
physiological deformation of the vessel. Normally, the elasticity of the 
arterial wall allows it to act as an elastic reservoir, distending—and 
storing elastic energy—during cardiac systole and then recoiling—and 
releasing the stored energy—during diastole, thereby augmenting blood 
flow through the Windkessel effect. However, when the arterial wall 

Fig. 1. Literature review on maternal hemodynamics during pregnancy (Robson et al., 1989; Grindheim et al., 2012; Katz et al., 1978; Clapp and Capeless, 1997; 
Kager et al., 2009; Poppas et al., 1997; Zentner et al., 2012; Rodriguez et al., 2018; Huisman et al., 1987; Oosterhof et al., 1993; Buchan, 1984; Mulder et al., 2022). 
(A) Systolic blood pressure and (B) pulse pressure remain constant throughout pregnancy. (C) Cardiac output increases (rs = 0.766, P < 0.001*). (D) Blood viscosity 
decreases and rises to normal levels during late gestation. (E) Vascular resistance decreases during gestation (rs = −0.579, P = 0.005*). (F) The trend on the behavior 
of arterial compliance during gestation is not consistent (or clear) among different studies. We relied on the Pearson correlation coefficient test to determine the level 
of correlation between the two variables in a linear manner. The rs values indicate the strength and direction of the correlation, with P < 0.05 considered a sta-
tistically significant correlation. 
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becomes stiffer, it loses its ability to distend elastically, compromising its 
capacity to store and release energy. As a result, the continuous perfu-
sion of blood flow is disrupted, leading to other cardiovascular com-
plications (Wagenseil and Mecham, 2009; Cocciolone et al., 2018). 
Therefore, accurately quantifying aortic wall stiffness is an essential step 
in bridging our knowledge gap with regards to vascular remodeling in 
normal and hypertensive pregnancies. 

Because PWV takes into account both shape and material properties 
of the aorta, it is impossible to identify whether changes in the structural 
stiffness are due to either alterations in the intrinsic mechanical prop-
erties of the wall, changes in geometry, changes in loading, or a com-
bination thereof. Differentiating between these factors, and their 
specific contribution to the structural stiffness of the vessel wall, is 
important to fully elucidate the remodeling that occurs during 
pregnancy. 

To identify the functional changes that occur in the aorta during 
pregnancy, we quantified the biaxial mechanical properties of the mu-
rine descending thoracic aorta (DTA) during a normotensive late- 
gestation pregnancy. The detailed characterization of these mechani-
cal properties is necessary to assess changes in intrinsic behavior and 
link the quantified tissue responses to clinical observations of normo-
tensive pregnancies. Given the preserved blood pressure coupled with 
the increased cardiac output throughout gestation, one could postulate 
that the central vasculature undergoes a remodeling process to maintain 
a homeostatic stress state despite an increase in blood flow. As such, we 
hypothesized that the DTA wall stress remains unchanged during late- 
gestation normotensive pregnancies. Moreover, our study provides a 
baseline characterization of normotensive pregnancies that may be used 
in future studies to assess risk of CVD and to examine vascular remod-
eling mechanisms associated with complicated pregnancies. 

2. Methods 

2.1. Animals and sample groups 

Experimental procedures involving animals followed National In-
stitutes of Health (NIH) guidelines and received Northeastern University 
Institutional Animal Care and Use Committee (IACUC) approval. Preg-
nant C57BL/6 mice (n = 9) at gestation day 18 ± 1 were assigned to the 
late-gestation group. Gestation day 18 was selected as it is roughly 
equivalent to being 197 days pregnant in humans, which falls within the 
third trimester of pregnancy (Blum et al., 2017; Davidson, 1989). 
C57BL/6 nulligravida female mice (n = 9) served as the non-pregnant, 
age-matched controls (10 ± 1 weeks of age). 

2.2. Hemodynamic measurements 

Blood pressure measurements were collected in awake, restrained 
mice (n = 9 for both groups) using a non-invasive tail-cuff system 
(CODA; Kent Scientific, Torrington, CT). One blood pressure measure-
ment for the pregnant group was excluded due to inaccurate/extreme 
measurements. 

Additional 10-week-old pregnant (day 15-17 of gestation) and non- 
pregnant, age-matched C57BL/6 female mice (n = 3 per group) were 
purchased from Jackson Laboratories (Bar Harbor, ME) and delivered to 
the UMass Chan Medical School Cardiovascular & Surgical Models Core 
(IACUC #20220006) for ultrasound imaging. The abdomen and chest 
were treated with depilatory cream. Animals were induced with 2.0% 
isoflurane mixed with 0.5L/min 100% O2 and gently affixed to the 
heated physiologic platform of the Vevo 3100 imaging system (Visual-
sonics, Toronto, ON, Canada). Electrode cream was applied to each limb. 
Body temperature was continually monitored and maintained at 37◦C 
with a rectal temperature probe. Isoflurane was administered by nose 
cone and the concentration was reduced to 1.0% isoflurane mixed with 
0.5L/min 100% O2 for maintenance. All animals were imaged at a heart 
rate (HR) of at least 450-500 beats per minute. Two dimensional (2D) 

and M-mode images were obtained in the parasternal long and para-
sternal short axis with a 50 MHz transducer (MX550S), as previously 
described (Respress and Wehrens, 2010; Scherrer-Crosbie and Thibault, 
2008). Image analysis was performed off-line using the VevoLab image 
analysis software. Left ventricular volumes at end-diastole (LVd) and 
end-systole (LVs) were derived from M-mode measurements using 
Teichholz’s formula, 

LVd = 7.0(LVIDd)3

2.4 + LVIDd
(1)  

LVs =
7.0(LVIDs)3

2.4 + LVIDs
(2)  

where LVIDd and LVIDs represent the left ventricular internal dimensions 
at end-diastole and end-systole, respectively. Stroke volume (SV) mea-
surements were used to calculate the cardiac output (CO) of each mice, 
such that 

SV = LVd − LVs (3)  

CO = SV*HR
1000 (4)  

2.3. Sample collection and preparation 

After completion of blood pressure measurements, mice were 
euthanized and a ~5-mm segment of the DTA was excised. The sample 
was cleaned from perivascular tissue and excess fat. The lateral branches 
of the tissue were tied with 9-0 nylon suture. Specimens were cannulated 
on the proximal and distal ends onto custom-made glass micro-pipettes 
using 6-0 silk suture in double knots. Ring samples were taken from the 
proximal end of each specimen, and imaged with a dissection micro-
scope at × 45 magnification to estimate the unloaded wall thickness 
using a custom MATLAB (MathWork, Natick, MA) code. 

2.4. Passive biaxial mechanical testing 

Details of the methods for the biaxial mechanical testing procedure 
have been reported previously (Farra et al., 2021). Briefly, prepared 
samples were cannulated at both ends and mounted onto a custom-made 
biaxial testing system for inflation/extension loading (Gleason et al., 
2004) controlled by a computer. Tissues were submerged in a Hank’s 
Balanced Solution (HBSS) bath. To measure the outer diameter of the 
specimens, a camera was positioned in front of the transparent HBSS 
bath. The distance between the two cannulae, and in turn the axial 
stretch of the tissue, were controlled by linear actuators mounted on the 
stage of the device. To measure the force resisting axial stretching, a load 
cell with a wire hook was attached to the distal cannula using paraffin 
wax. A custom LabView computer interface (National Instruments, 
Austin, TX) was employed to set the luminal pressure and axial length, as 
well as to visualize the acquired diameter and force data. 

Once the tissue was mounted, the in-vivo axial stretch was estimated 
by identifying the specific axial stretch where the axial force remained 
constant within the physiological pressure range between 80 and 120 
mmHg (Weizsäcker et al., 1983). At this stretch, the tissue samples then 
underwent a 15-minute acclimation period, during which the vessel was 
subjected to a pulsatile pressurization between 80 and 120 mmHg. 
Additionally, tissue samples underwent four cycles of preconditioning, 
where the luminal pressure was gradually decreased to 10 mmHg and 
then increased up to 140 mmHg. 

Following acclimation and preconditioning, the in-vivo axial stretch 
was re-estimated and samples were subjected to pressure-diameter and 
force-length loading tests (Gleason et al., 2004). During the 
pressure-diameter test, samples were stretched to their estimated in-vivo 
axial stretch and subjected to a range of luminal pressures from 10 to 
140 mmHg. The test was also repeated at a slightly lower stretch (5% 
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below in-vivo stretch) and a slightly higher stretch (5% above in-vivo 
stretch). Throughout the test, the stretch remained constant while, the 
pressure was gradually increased/decreased. In the force-length tests, 
the luminal pressure within the artery was maintained at either 10, 60, 
100, or 140 mmHg. At the same time, arterial samples were stretched to 
obtain specific axial force values within a target range (from -0.5 g up to 
5 g). Both pressure-diameter and force-length tests comprised of two 
cycles, the first cycle being a preconditioning cycle, and data collected 
on the second cycle. 

2.5. Mechanical analysis 

To measure the mechanical behavior of the arterial wall, we 
analyzed the stress-stretch responses of the tissue. 

First, circumferential stretch (λθ) and axial stretch (λz) were 
calculated: 

λθ =
r + h/2
R + H/2 and λz =

l
L (5) 

where the variables r, h, and l represent the luminal radius, thickness, 
and length, respectively, in the deformed/loaded configuration. Simi-
larly, the variables R, H, and L correspond to the same metrics in the 
unloaded configuration. The luminal radius and thickness of the vessel 
were computed using experimental values of the loaded outer diameter, 
and the axial length was calculated by assuming incompressibility of the 
tissue (i.e., constant volume). 

The circumferential stress was then calculated using the law of 
Laplace: 

σθθ = Pr
h (6) 

The law of Laplace describes the relationship between the normal 
stress (i.e., normal force per unit area) exerted on the aortic wall, the 
pressure (P) within the lumen, and the curvature of the wall (see 
Appendix A for more details). Additionally, the axial stress was 
computed as 

σzz =
f

πh(2r + h) (7) 

where f is the total axial load on the aortic wall, considering the 
contribution of transmural pressure. 

Following well-established methods (Ferruzzi et al., 2013), the 
stress-stretch data were then fitted via non-linear regression to a 
microstructurally motivated strain-energy function to relate the stored 
energy in the vessel to its deformation and obtain material parameters. 

Using such fitted parameters, structural and material metrics, e.g., 
the linearized stiffness, were estimated at experimentally obtained 
values of systolic blood pressure and in-vivo axial stretch, as described in 
detail previously (Baek et al., 2007; Farra et al., 2021). 

Lastly, distensibility (D), a measure of structural stiffness often used 
in clinical studies, was calculated using systolic and diastolic blood 
pressure (i.e., Psys and Pdias, respectively), and systolic and diastolic inner 
diameters, (i.e., di,sys and di,dias, respectively): 

D = di,sys − di,dias

di,sys(Psys − Pdias)
. (8)  

2.6. Statistics 

Unless specified, data are reported as mean ± standard error of mean 
(SEM). Normal distribution for all data was assessed using D’Agostino 
and Pearson test for all samples, except for cardiac output measure-
ments, which were too limited to be assessed for normality. As such, 
statistical significance was determined by Mann-Whitney-Wilcoxon 
unpaired sample test (Cardillo, 2009) for cardiac output measure-
ments, and pregnant versus control data relied on Student’s t-test with 

two-tailed distributions. Differences in data were considered to be sta-
tistically significant if P ≤ 0.05. 

3. Results 

3.1. Murine hemodynamics 

In-vivo echocardiac measurements confirmed an increase in cardiac 
output (Fig. 2A) in late-gestation pregnant mice, with average values of 
12.9 ± 0.6 and 19.4 ± 3.6 mL/min in control and pregnant mice, 
respectively (P = 0.05). Peripheral blood pressure measurements did not 
show any difference between groups, with average systolic (Fig. 2B), 
diastolic, and mean values of 118 ± 3, 89 ± 6, and 98 ± 6 mmHg for the 
control group, and 113 ± 8, 82 ± 9, and 96 ± 8 mmHg, for the pregnant 
group, respectively (P> 0.05). 

3.2. Aorta mechanics 

Pregnancy was associated with a rightward shift of the stress-stretch 
curve in both circumferential and axial directions (Fig. 3A and B), sug-
gesting tissue softening. This shift indicates that the pregnant DTA ex-
periences a larger stretch than the control DTA at the same amount of 
applied stress. 

Overall material softening, without a significant change in blood 
pressure, imposed a larger circumferential stretch at systole in the 
pregnant aorta (Fig. 4A) (1.62 ± 0.05 and 1.70 ± 0.06, for control and 
pregnant samples, respectively, P< 0.05). Concurrently, at group- 
specific systolic blood pressure, the pregnant aorta was observed to 
have a greater luminal diameter (Fig. 4G), increasing from 1182 ± 50 
μm in the control group to 1250 ± 79 μm in the pregnant group 
(P< 0.05). This increase in diameter in the pregnant group may have 
occurred to accommodate the significant increase in cardiac output, as 
previously noted (Fig. 2A). 

Additionally, inherent tissue stiffness decreased in both circumfer-
ential and axial directions of the pregnant DTA (Fig. 4, C and F) as 
compared to that of the control DTA (from 1.90 ± 0.16 to 1.68 ± 0.25 
MPa in the circumferential direction and from 2.34 ± 0.30 to 1.84 ±
0.50 MPa in the axial direction, P< 0.05 for both directions). Concur-
rently, wall thickness increased from 36 ± 2 in the control to 40 ± 3 μm 
in the pregnant DTA (Fig. 4H; P< 0.05). Similarly, pregnancy was 
associated with increased structural distensibility (Fig. 4I) of the DTA 
(from 19 ± 2.4 to 21 ± 2.2 MPa−1, P< 0.05), despite no change 
observed in pulse pressure measurements (data not shown). 

Furthermore, in-plane normal stresses along both directions of the 
pregnant DTA (Fig. 4, B and E) were lower when compared to the control 
group. In particular, the circumferential normal stress decreased from 
260 ± 16 kPa in the control group to 234 ± 22 kPa in the pregnant 
group (P< 0.05). In the axial direction, the normal stress dropped from 
255 ± 21 kPa in the control group to 214 ± 28 kPa in the pregnant 
group (P< 0.05). 

4. Discussion 

As maternal mortality rates continue to increase, and epidemiolog-
ical evidence highlights the role of pregnancy history in predicting the 
future of the mother’s cardiovascular health (Hauspurg et al., 2018; Wu 
et al., 2017), it is crucial to understand the cardiovascular remodeling 
processes that occur throughout gestation. Herein, we report a func-
tional assessment of the murine DTA from young C57BL/6 mice in the 
late-gestation period, to characterize changes in maternal hemody-
namics and intrinsic wall mechanical properties independently. 

In agreement with human hemodynamic studies during pregnancy 
(Robson et al., 1989; Poppas et al., 1997; Clapp and Capeless, 1997), 
cardiac output increased by approximately 50% in the pregnant group. 
Again aligned with clinical observations in human (Robson et al., 1989; 
Grindheim et al., 2012; Katz et al., 1978), our data showed no significant 
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change in blood pressure between both groups. As such, C57BL/6 mice 
were considered a physiologically and hemodynamically relevant model 
for examining cardiovascular remodeling during pregnancy. 

An increase in the luminal diameter of the pregnant murine aorta 
measured at systolic blood pressure was observed, consistent with pre-
vious studies that reported an increase in aortic root diameter (East-
erling et al., 1991) and a larger diameter during the late-gestation period 
(Hart et al., 1986) in humans. Langille et al. (Langille, 1993), explained 
how altered flow (specifically an increase in flow) appeared to modulate 
vascular changes during pregnancy, causing the aortic diameter to in-
crease. As such, this increase in luminal diameter might be a remodeling 
response of the vessel to accommodate the increase in cardiac output, 
while maintaining constant blood pressure. 

With preserved pressure and increased diameter, the vessel has to 
increase its wall thickness to avoid an increase in wall stress. Our results 
showed a 14% increase in wall thickness in the pregnant DTA. Wells 
et al. (Wells and Martin, 2022) previously explored alterations in the 
size of the DTA during pregnancy, though using a bovine model. Unlike 
our findings, their examinations revealed a relative reduction in tissue 
thickness during pregnancy in comparison to nulligravida control sam-
ples. It is plausible that this difference could have been due to mea-
surements at earlier stages of pregnancy in their study. Wells and 
colleagues did not report during which level of gestation their mea-
surements were taken. If such an examination was performed at earlier 
stages of pregnancy, the observed reduction in thickness of the aortic 
wall may plausibly denote a remodeling mechanism that takes place at 
an earlier stage of gestation, a phenomenon that we did not explore in 
our study. In addition, it is important to recognize that there is a like-
lihood of interspecies differences, given that our study employed a 
murine animal model as opposed to a bovine animal model. 

Our findings showed that the pregnant tissue experienced softening 

both in the axial and circumferential directions (Fig. 3). The softening of 
the pregnant tissue over a wide range of circumferential and axial de-
formations prevented a rise in intrinsic tissue stiffness under sytolic 
loads during late-gestation (Fig. 4, C and F). Specifically, the intrinsic 
stiffness of the pregnant group appeared to be significantly lower than 
the nulligravida control tissue. Similarly, the structural stiff-
ness—measured through the inverse metric of aortic distensibility—of 
the pregnant aorta was also lower than control (Fig. 4I). This observa-
tion is consistent with clinical studies which show a decrease in PWV 
during pregnancy, indicating a decrease in structural stiffness (Mersich 
et al., 2005; Turi et al., 2020). 

The increase in wall thickness (Fig. 4H) during late-gestation preg-
nancy was in line with our initial hypothesis, which coupled with the 
increase in luminal diameter (Fig. 4G), would allow the aortic wall stress 
to be kept at its operating point. Surprisingly, our results showed that 
the aortic wall stress in the late-gestation group did not remain con-
stant— rather it decreased significantly in the pregnant group (Fig. 4, B 
and E). Thus, the expansive remodeling of the aorta during pregnancy 
resulted in a reduction in biaxial wall stresses. Without further analysis 
of tissue micro-structure, we can only speculate how the remodeling 
process led to a decrease in the wall stress of pregnant tissue. It is 
possible that the remodeling of the aortic wall during late gestation was 
an “overshoot” response during that relatively short timeframe. The 
reduction of stress could also be aimed at preventing excessive stresses 
during labor and delivery. We did not conduct any tests to assess blood 
pressure or vascular tissue properties during labor, delivery, or the 
postpartum period. However, previous research has indicated that blood 
pressure tends to increase during labor (Cohen et al., 2015), which, 
when coupled with the observed remodeling, could result in an increase 
in aortic wall stress. Therefore, it is conceivable that the decrease in 
stress and softening of the tissue during late gestation served as a 

Fig. 2. Hemodynamics of age-matched control mice 
(gray circles) and late-gestation pregnant (black di-
amonds). (A) Cardiac Output (CO), calculated by 
cardiac echocardiograph readings of heart rate and 
stroke volume. (B) Systolic blood pressure. While 
there was an increase in CO, systolic blood pressure 
did not change between groups, similar to humans 
throughout gestation (Fig. 1A and B). As such, wild-
type mice were deemed as an appropriate model for 
examining cardiovascular adaptations during preg-
nancy. Statistical significance was assessed by Mann- 
Whitney-Wilcoxon unpaired sample test for cardiac 
output measurements and Student’s t-test for pressure 
measurements, with P ≤ 0.05 considered to be sta-
tistically significant.   

Fig. 3. Experimental average mechanical response of 
tissues of the DTA, depicted by stress-stretch curves. 
Data are shown for age-matched control (gray circles, 
n = 9) and late-gestation pregnant mice (black di-
amonds, n = 9) in the mean (A) circumferential 
(Circ.) and (B) axial directions. The pregnant group 
experienced a rightward expansion of the stress 
stretch curve in both directions, indicative of global 
tissue softening. Error bars show SEM from experi-
mental data collected on individual specimens.   
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mechanism to prevent vascular damage during labor, delivery, and/or 
the postpartum period. 

In summary, the objective of this study was to elucidate the biome-
chanical response of the murine DTA during a normotensive pregnancy 
in the late-gestational phase. Despite the lack of noteworthy changes in 
blood pressure, the aorta displayed an increase in size, as evidenced by 
the augmented luminal diameter and increased wall thickness. This 
widening and thickening of the aorta resulted in a reduction of tensile 
wall stress. Moreover, the geometric remodeling led to a reduction in the 
structural stiffness of the aorta, with augmented ability to expand in 
response to in-vivo loads. Therefore, our study reports for the first time a 
comprehensive view of the biomechanical mechanisms (i.e., reduction 
in intrinsic stiffness) associated with pregnancy-induced changes in the 
structure and function of the aorta in mice. Additionally, it establishes 
crucial baseline data to further evaluate the cardiovascular conse-
quences of different medical conditions during the late stages of preg-
nancy, such as preeclampsia, and their potential impact on the aorta. 

Given the projected increases in maternal mortality rate over the next 
few years and our knowledge gap both in normotensive pregnancies as 
well as in pathophysiological conditions during pregnancy, more 
biomechanical and mechanobiological research in the field of cardio- 
obstetrics is necessary. 

CRediT authorship contribution statement 

Ana I. Vargas: Conceptualization, Formal analysis, Investigation, 
Data curation, Writing – original draft, Writing – review & editing, 
Visualization. Samar A. Tarraf: Formal analysis, Software, Writing – 
review & editing. Timothy P. Fitzgibbons: Investigation, Writing – 
review & editing. Chiara Bellini: Conceptualization, Methodology, 
Resources, Writing – review & editing, Supervision. Rouzbeh Amini: 
Conceptualization, Resources, Writing – review & editing, Supervision, 
Project administration, Funding acquisition. 

Fig. 4. Structural and material parameters of the DTA of age-matched nulligravida control mice (gray circles, n = 9) and late-gestation pregnant mice (black di-
amonds, n = 9). (A) Circumferential (Circ.) stretch. (B) Circumferential stress. (C) Circumferential stiffness. (D) Axial stretch. (E) Axial stress. (F) Axial stiffness. (G) 
Luminal diameter. (H) Wall thickness. (I) Distensibility. Calculations of stretch, stress, stiffness, luminal diameter and wall thickness were performed at group-specific 
systolic blood pressure measurements. Distensibility measures for structural stiffness and accounts for diameter and pressure changes between diastole and systole. 
The thickening of the wall in the late-gestation group, coupled with the increase in luminal diameter and the tissue softening, decreased the intrinsic stiffness in both 
the axial and circumferential directions. Similarly, the significant thickening of the wall in the pregnant group reduced the wall stress to lower values when compared 
to the control group, by outpacing the increase in luminal diameter. The asterisk (*) represents a statistically significant difference of P<0.05. 
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Appendix A 

Consistent with our previously published work (Nwotchouang et al., 2021; Thomas et al., 2019; Clarin et al., 2023) and as part of our efforts to 
broaden the impact of our research, we have developed an educational component related to the research work discussed in this manuscript. The 
“homework problem” presented herein aims to provide a deeper insight into the biomechanics of the aortic wall and is appropriate for an under-
graduate level biomechanics course. 

Problem - Luminal pressure in blood vessels generates tensile stresses within the plane of the vessel wall (Fig. A.5). In our paper, the circumferential 
wall stress (σcirc) was calculated via the law of Laplace 

σcirc =
Pr
h (A.1)  

where r and h are the luminal radius and the wall thickness in the loaded configuration, respectively. The law of Laplace, postulates that the tension in 
the wall is directly proportional to the product of pressure and luminal radius assuming, for simplification purposes, that the aorta is a thinned-walled 
cylinder (Fig. A.5) (Westerhof et al., 2010). 

In the first part of the problem, determine the percentage change in circumferential wall stress at systolic blood pressure between the late-gestation 
group and the age-matched control group. The average values needed for this calculation can be found in Table A.1. 

The second objective is to comprehend the impact of hypertensive pregnancies on tensile wall stress. Hypertension is a frequently observed 
complication during pregnancy and can lead to serious health issues for both mother and fetus. Approximately 10% of all pregnancies are affected by 
hypertension (Garovic, 2000). Therefore, to understand how hypertension affects the biomechanics of the aorta, calculate the circumferential wall 
stress ratio 

σcirc,hypertensive

σcirc,nulligravida
(A.2)  

and compare it to the wall stress ratio of normotensive and nulligravida mice. Assume that all parameters stay the same between normotensive and 
hypertensive mice, and the systolic blood pressure in the hypertensive model is: 140 mmHg. Discuss the effects of an elevated high blood pressure in 
pregnancy, and explore the potential impacts that the changes in the geometry of the vessel might have on the aortic wall stress.

Fig. A.5. Law of Laplace Diagram. This law describes the relationship between pressure and wall stress in thin structures when the radius of curvature of the curved 
surface and its thickness are known. (A) Cross-sectional top view of a cylinder illustrating the pressure (P) acting on the inner wall, and the thickness (h) of the wall. 
(B) Side view of a cylinder, illustrating the tension produced on the wall when pressure is applied. r denotes the luminal radius of the cylinder. (C) Cross-section side 
view of a cylinder, illustrating the circumferential wall stress (σcirc) acting on the wall as pressure is applied.  
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Table A.1 
Average raw data collected for the late-gestation pregnant group and age-matched controls at their respective systolic blood 
pressure.  

Groups Systolic Pressure (mmHg) h (μm) Luminal Diameter (μm) 
Control 118 36 1182 
Late Gestation 113 40 1250  
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