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a b s t r a c t 

Pulmonary hypertension (PHT) is a devastating disease with low survival rates. In PHT, chronic pressure 

overload leads to right ventricle (RV) stiffening; thus, im peding diastolic filling. Multiple mechanisms 

may contribute to RV stiffening, including wall thickening, microstructural disorganization, and myocar- 

dial stiffening. The relative importance of each mechanism is unclear. Our objective is to use a large 

animal model to untangle these mechanisms. Thus, we induced pulmonary arterial hypertension (PAH) 

in sheep via pulmonary artery banding. After eight weeks, the hearts underwent anatomic and diffusion 

tensor MRI to characterize wall thickening and microstructural disorganization. Additionally, myocardial 

samples underwent histological and gene expression analyses to quantify compositional changes and me- 

chanical testing to quantify myocardial stiffening. Finally, we used finite element modeling to disentangle 

the relative importance of each stiffening mechanism. We found that the RVs of PAH animals thickened 

most at the base and the free wall and that PAH induced excessive collagen synthesis, increased car- 

diomyocyte cross-sectional area, and led to microstructural disorganization, consistent with increased ex- 

pression of fibrotic genes. We also found that the myocardium itself stiffened significantly. Im portantly, 

myocardial stiffening correlated significantly with collagen synthesis. Finally, our computational models 

predicted that myocardial stiffness contributes to RV stiffening significantly more than other mechanisms. 

Thus, myocardial stiffening may be the most important predictor for PAH progression. Given the corre- 

lation between myocardial stiffness and collagen synthesis, collagen-sensitive imaging modalities may be 

useful for estimating myocardial stiffness and predicting PAH outcomes. 

Statement of significance 

Ventricular stiffening is a significant contributor to pulmonary hypertension-induced right heart failure. 

However, the mechanisms that lead to ventricular stiffening are not fully understood. The novelty of 

our work lies in answering this question through the use of a large animal model in combination with 
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. Introduction 

Pulmonary hypertension (PHT) is a devastating disease with a 

urvival rate of only 58 % at 3 years [1] . For those eventually suc-

umbing to PHT, complications associated with right heart failure 

re the predominant cause of death [ 2 , 3 ]. When failing, the right

eart can show hallmarks of both systolic and diastolic dysfunc- 

ion [4] . Interestingly, recent evidence suggests that measures of 

iastolic dysfunction may be better predictors of adverse clinical 

utcomes [5] . That is, decreased compliance of the right ventricle 

RV) – or, alternatively, increased stiffness of the RV – during dias- 

olic filling has been shown to correlate strongly with PHT disease 

rogression [6–8] . Clearly, understanding the geometric, structural, 

nd biological factors that contribute to RV stiffening is of signifi- 

ant clinical interest. 

The proposed mechanisms driving RV stiffening and impaired 

iastolic filling range from the molecular to the organ scale. In par- 

icular, it has been proposed that three distinct mechanisms are 

esponsible for RV stiffening: i) RV thickening, leading to struc- 

ural resistance to filling, ii) extracellular matrix remodeling, lead- 

ng to a less organized myocardium, iii) and myocardial remodel- 

ng via intracellular and extracellular mechanisms. The latter leads 

o stiffening of the myocardium itself, independent of thicken- 

ng and microstructural disorganization [8–11] . The relative onset 

f each mechanism may vary and depend on the disease sever- 

ty [8] . That is, not all mechanisms have to be present at all

imes. 

Interestingly, the relative contribution of each of these fac- 

ors to global stiffening of the RV is unclear. Given the predic- 

ive power of RV stiffening for PHT outcomes, disentangling the 

ifferent mechanisms of PHT-induced RV stiffening could reveal 

ovel treatment targets, identify new diagnostic markers, and im- 

rove prognosis. However, doing so is not without its challenges. 

hief among them is that the proposed RV stiffening mechanisms 

ay occur simultaneously; thereby, obfuscating their individual 

oles. 

Additionally, given the limitations of non-invasive imaging tech- 

iques in right heart failure patients, most prior work has relied 

n non-mechanistic measures of stiffening, such as end-diastolic 

lastance [4] . In contrast, spatial and directional information could 

rovide additional insight into mechanisms of RV diastolic dysfunc- 

ion but has largely been ignored. Noteworthy exceptions are re- 

ent effort s toward image-based in-vivo RV strain measurements 

12] . To overcome the limitations of non-invasive clinical assess- 

ent, the development of animal models has allowed for inva- 

ive measurements and therefore enabled the study of spatially- 

nd directionally-sensitive properties of the RV [ 5 , 13 , 14 ]. However,

ost prior animal work has been limited to rodents and other 

mall animal models where the relevance to the human condition 

s unclear [ 10 , 13 , 15–18 ]. 

Thus, the objective of our current work is to use a spatially- 

nd directionally-sensitive repertoire of imaging, experimental, and 

omputational modeling techniques to determine the relative con- 

ributions of wall thickening, microstructural disorganization, and 

yocardial stiffness to RV stiffening. Overall, our goal is to im- 

rove our understanding of the mechanisms contributing to PHT- 

nduced RV stiffening with the hope of benefitting clinical practice 

nd right heart failure patient outcomes. 
156 
sitive experimental techniques. We find that myocardial stiffness is the

o ventricular stiffening. Clinically, this knowledge may be used to improve

apeutic strategies for patients with pulmonary hypertension. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

. Methods 

.1. Animal procedures 

All animal procedures complied with the Principles of Labo- 

atory Animal Care by the National Society for Medical Research. 

oreover, all associated protocols abided by the Guide for Care and 

se of Laboratory Animals by the National Academy of Science and 

ere approved by the local Institutional Animal Care and Use Com- 

ittee at Spectrum Health, MI. 

In total, our study included twenty male Dorsett sheep (10–12 

onths of age, Hunter Dorsett Sheep, Lafayette, IN). Eight sheep 

nderwent pulmonary artery banding to induce pulmonary arte- 

ial hypertension (PAH group, n = 8), while the remaining ani- 

als served as controls and did not undergo pulmonary artery 

anding (CTL group, n = 12). For pulmonary artery banding, we 

losely followed the procedure as reported by Verbelen et al. [19] . 

n short, we anesthetized the animals before accessing the pul- 

onary artery via a left thoracotomy through the 4th intercostal 

pace. Next, we performed epicardial ultrasound to assess biven- 

ricular function as well as tricuspid and mitral valvular compe- 

ence. We then encircled the pulmonary artery with an umbili- 

al tape before its bifurcation. While monitoring systemic and pul- 

onary pressures via pressure catheters (PA4.5-X6; Konigsberg In- 

truments, Inc.), we tightened the tape progressively to the brink 

f hemodynamic instability. After a short observational period, we 

losed the chest and let the animals recover from the surgery. 

After eight weeks of PAH disease progression, we anesthetized 

he animals, performed a sternotomy and conducted repeated epi- 

ardial ultrasound to assess biventricular and heart valve function. 

ithout arresting the heart, we surgically placed a total of 14 so- 

omicrometry crystals (Sonometrics, London, Canada) across the 

V free wall. At the same time, pressure catheters were placed 

n the right atrium as well as the left and right ventricles. Under 

pen-chest conditions, we recorded sonomicrometry crystal posi- 

ions as well as atrial and ventricular pressures for at least 10 car- 

iac cycles. At the end of the procedure, animals were euthanized, 

nd we excised their hearts for downstream imaging and analysis. 

ontrol animals underwent the same terminal procedure. 

Immediately after excision, we replaced the 14 epicardial so- 

omicrometry crystals with magnetic resonance imaging (MRI) 

isible markers (MR-spots, Beekley Corporation, Bristol, CT). The 

reshly excised hearts were then submerged in phosphate-buffered 

aline supplemented with the myosin inhibitor 2,3-Butanedione 

onoxime (Sigma Aldrich) to reduce myocardial contraction [20] . 

tored on ice, we shipped the hearts overnight from Michigan to 

he University of Texas at Austin. 

.2. Magnetic resonance imaging 

Upon receipt (approximately 12 h after euthanasia), we per- 

ormed detailed MRI scans of each of the excised hearts. To this 

nd, we first replaced the physiological solution with chilled per- 

uoropolyether oil (Fomblin 25/6, Solvay Solexis, Thorofare, NJ). 

ext, we placed the hearts in a 32-channel head/neck receiver coil 

Siemens Healthineers, Erlangen, Germany), and scanned them in 

 Siemens Skyra 3.0 T human MRI scanner using a T -weighted 
1 
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rotocol and a Diffusion Tensor Imaging (DTI) protocol; additional 

etails are provided in the supplement. 

During postprocessing, we obtained the RV wall anatomy by 

egmenting the T 1 -weighted anatomic MRI scans in the open- 

ource software 3D Slicer (Version 4.11). Once segmented, we ex- 

orted the segmented ventricles to MATLAB (Version R2021b) for 

V wall volume and thickness calculations. Next, we converted the 

all segmentation into an image mask, which we, in turn, im- 

orted into the open-source tractography software DSI Studio (June 

6 2020, build) for analysis of DTI-MRI scans; more details are pro- 

ided in the supplement. After conducting fiber tracking within the 

V wall using DSI Studio, we exported the fiber tractography infor- 

ation into MATLAB for additional analysis. There, we subdivided 

he large RV fiber map into 14 myocardial regions as defined by 

he epicardial MR-spots. Next, we projected the 3D-fiber orienta- 

ion vectors within each region onto four equidistant transmural 

lanes between the epicardium and endocardium. We did so to 

atch our histological data which we obtained across four trans- 

ural sections, see below. Finally, we fit the corresponding pro- 

ected fiber vectors to a π-periodic von Mises distribution, viz. 

 

(
θ
)

= 

exp 
(
b cos 

(
2 
[
θ − μ

]))

2 π I o 
(
b 
) (1) 

here θ is the fiber direction, b is the concentration parameter, μ
s the fiber mean angle, and I o is the zeroth order Bessel function. 

ote that b = 0 represents a random fiber distribution, whereas b 

 inf represents a perfectly aligned fiber distribution. 

.3. Mechanical testing 

Following completion of the MRI protocol, we rinsed the ex- 

ised hearts and separated the RV wall from the remainder of the 

eart. Next, we excised myocardial cubes of approximately 10 mm 

dge size. Each sample was excised such that its edges aligned 

ith the circumferential direction (C), the longitudinal direction 

L), and radial direction (R). Then, we mounted these samples in 

ur custom multi-axial shear tester, which we previously described 

n detail [20] . Once mounted, we deformed the samples in two 

imple shear modes up to 30 % strain and one tension-compression 

ode up to 10 % strain and recorded the force associated with each 

eformation. Then we removed the samples from the device, ro- 

ated the samples, re-mounted them, and repeated the next two 

hear modes and tension-compression mode until every unique 

rientation was tested. Together, our experiments yielded a total 

f six simple shear and three uniaxial tests per specimen. See Sup- 

lementary Figure S1 for a detailed depiction of each deformation 

ode. 

To quantify the passive stiffness of each specimen, we trans- 

ormed the force-displacement data into (Cauchy) stress-strain 

ata and quantified stiffness as the slope of the stress-strain 

urves. To this end, we distinguished between two regimes: i) the 

ow strain regime (i.e., toe stiffness) and ii) the high strain regime 

i.e., calf stiffness). 

.4. Histology 

After mechanical testing, we fixed samples in 10 % neutral- 

uffered formalin before submitting them to a commercial histol- 

gy service for sectioning, staining, and imaging (Histoserv, Ger- 

antown, MD). Histoserv paraffin embedded and sectioned the 

amples before staining and imaging four equidistant, transmu- 

al slices with Masson’s Trichrome. Upon receiving the slide im- 

ges, we identified the relative fraction of collagen by conduct- 

ng color thresholding as previously described [ 21 , 22 ]. Threshold- 

ng was conducted blinded to avoid bias. 
157 
.5. Immunohistochemistry 

A subset of mechanically tested, formalin-fixed samples were 

mbedded and frozen in O.C.T. Compound (23-730-571, Fisher Sci- 

ntific) prior to cryosectioning at a thickness of 8 μm. Cryosec- 

ions were oriented transversely across the short axis of RV car- 

iomyocytes. After sectioning, O.C.T. compound was removed by a 

 min wash in phosphate buffered saline (PBS; without calcium 

nd magnesium) at room temperature. Samples were incubated in 

0 μg/mL wheat-germ agglutinin (WGA) conjugated to Alexa Fluor 

88 (W11261, ThermoFisher Scientific) for 30 min at room temper- 

ture to label the cardiomyocyte cell membrane. Stained samples 

ere washed in two 5 min exchanges of PBS then mounted in Pro- 

ong Gold Antifade with DAPI (P36935, ThermoFisher Scientific). 

lides were imaged at 20x magnification on an Olympus BX53 mi- 

roscope with a DP80 camera. In each image, cardiomyocyte area 

as defined as the area within each cell of the network of WGA- 

tained cardiomyocyte membranes [23] . Images were analyzed us- 

ng a semiautomatic detection and analysis program in MATLAB 

Version R2021) that included a series of image enhancement, bi- 

arization, skeletonization, object detection, and shape measure- 

ent. Regions with low quality staining were excluded from the 

nalysis; a minimum of 50 cardiomyocytes were analyzed per im- 

ge and over 6500 individual cardiomyocytes were analyzed per 

roup. 

.6. Quantitative polymerase chain reaction (qPCR) 

After mechanical testing, a subset of isolated RV tissue was ho- 

ogenized using the TissueLyser II system. Total RNA was isolated 

sing the Qiagen RNeasy Mini Kit (74104, Qiagen) and cDNA was 

ynthesized using the SuperScript IV VILO system (11766050, In- 

itrogen). Real-Time qPCR was performed using PowerTrack SYBR 

reen Master Mix (A46012, Invitrogen) in a QuantStudio 3 Real- 

ime PCR system. Forward and reverse primers for specific genes 

f interest were constructed for the sheep genome ( Ovis aries ) and 

re listed in Supplementary Table S2. Relative gene expression was 

alculated for each sample based on differences in cycle number 

rom the housekeeping genes GAPDH and HPRT1 . Data are pre- 

ented as normalized relative gene expression, and fold changes 

etween groups were computed from 2 −�Ct values [24] . Statistical 

nalysis was performed on �Ct values. 

.7. Finite element modeling 

We constructed a representative model of the RV by approxi- 

ating the endocardium as an ellipsoid section that matched the 

verage radial-to-longitudinal length ratio of our MRI-derived epi- 

ardial geometries. To create the RV volume, we extruded the en- 

ocardial surface using the average MRI-derived, spatially varying 

all thickness values. We discretized this geometry with 20,986 

ri-linear hexahedral elements using a three-field formulation as 

mplemented in FEBio ( www.febio.org ) [ 25 , 26 ], see Supplemen- 

ary Figure S2 for a mesh convergence study. To model the me- 

hanical behavior of the myocardium, we chose an incompressible 

ung-type material model, see more details in the supplement. The 

arameters and microstructural organization for the control case 

ere based on our previous experimental work [20] . That is, we 

ssumed that fiber distributions follow a π-periodic von Mises dis- 

ribution with a concentration parameter of b = 1.12. Additionally, 

ased on our prior work, we assumed that the mean fiber an- 

le varies transmurally from + 22.9 ° to −76.4 ° between the epi- 

ardium and the endocardium, respectively [20] . We constrained 

he free surfaces of the RV wall to remain within plane; thus, en- 

orcing symmetry conditions. Finally, we simulated the passive fill- 

ng of the right ventricle under quasi-static conditions by applying 

http://www.febio.org
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Fig. 1. Pulmonary arterial hypertension induced spatially-dependent RV thickening. 

A) Representative right ventricular segmentations as measured via MRI. B) Pulmonary arterial hypertension (PAH) induced right ventricular volume increase as measured 

via MRI. C) Spatial map of the average local thickness increase computed by comparing the MRI-derived mean thickness maps between control (CTL, n = 11) and PAH 

( n = 8) animals (indexed by animal weight). Please note that discrepancies between subject numbers and specimen numbers stem from some hearts not having undergone 

MRI imaging. Base Markers: 1–5, Mid-wall Markers: 8,9,12, Septal Markers: 6,7,10,11,13, Apex Marker: 14. ∗∗∗∗ ( p < 0.0 0 01), ∗∗∗ ( p < 0.001), ∗∗ ( p < 0.01), ∗ ( p < 0.05). D) 

Representative Wheat Germ Agglutinin (WGA) stains of RV myocardium samples from CTL and PAH animals. E) PAH ( n = 8) induced an ∼46 % increase in the cardiomyocyte 

area with respect to the CTL ( n = 7) group; an average of 4–5 images were included per sample for a total of 6549 cells (CTL) and 10,052 cells (PAH) analyzed. Please note 

that discrepancies between subject numbers and specimen numbers stem from limited specimen availability, and thus, some animals are not represented in the WGA stains. 
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n inner pressure of 40 mmHg and using the implicit nonlinear 

nite element solver FEBio (Version 3.6.0). To disentangle the im- 

act of the different PAH-induced stiffening mechanisms on the di- 

stolic pressure-volume curve (i.e., the filling curve), we repeated 

ur control simulations after individually altering i) wall thickness, 

i) the concentration parameter, and iii) stiffness of our constitu- 

ive model. Specifically, we modified the wall thickness by the av- 

rage PAH-induced change as shown in Fig. 1C , changed the con- 

entration parameter from b = 1.12 to b = 0.56, and multiplied the 

tiffness parameters ‘a’ of our constitutive law by 1.79, according 

o the mean findings in our experiments. Finally, we repeated the 

imulation once more with all three effects combined. 

.8. Statistics 

For statistical comparisons between two independent groups, 

e first tested for normality via the Shapiro-Wilk test. Where at 

east one group was not normally distributed, we conducted Mann- 

hitney U tests. Otherwise, we conducted independent Student’s 

-tests. For comparisons where multiple samples per animal were 

vailable, i.e., with between and within effects, we used linear 

ixed models. For comparing mean fiber angles in DTI-MRI data, 

e used a circular mixed model [ 27 , 28 ]. For all numeric data, we

eport mean + /- 1 standard deviation when normally distributed 

r median + /- interquartile range when non-normally distributed. 

inally, we used a p -value of 0.05 as our significance level for 

ll inference tests. All descriptive and inference statistical analy- 

es were conducted in MATLAB (Version R2021) except for the 

inear mixed model analysis, which we conducted in R (Version 

021.09.0). 
158 
. Results 

.1. Pulmonary artery banding induced pulmonary arterial 

ypertension in sheep 

Eight weeks of pulmonary artery banding induced significant 

AH in sheep as seen in Table 1 . That is, PAH animals showed

ncreased RV pressure at both end-diastole (ED) and end-systole 

ES), as well as increased RV volume (based on ultrasound mea- 

urements). The increased RV pressures occurred in the absence 

f elevated LV pressure or central venous pressure (CVP). More- 

ver, PAH animals presented with tricuspid regurgitation (TR), re- 

uced RV ejection fraction (EF), reduced fractional area contrac- 

ion (FAC), and lower tricuspid annular plane systolic excursion 

TAPSE); thus, clearly demonstrating reduced RV function. Hemo- 

ynamic data and clinical signs were comparable to Stage II-III of 

he New York Heart Association (NYHA) heart failure classification. 

.2. Pulmonary arterial hypertension induced spatially-dependent 

all thickening 

Using anatomic MRI scans of isolated sheep hearts, we com- 

ared both the RV volume and RV wall thickness between PAH 

nd CTL animals. Both metrics were indexed using the animals’ to- 

al body weights. Fig. 1A shows representative segmentations of a 

AH RV (shown in red) and CTL RV (shown in white). We found 

hat PAH induced significant hypertrophy ( p = 0.002), leading to 

n average 65 % increase in mean RV volume, see Fig. 1B . Addi-

ionally, using our MR spot identification, we found that the RV 

olume increase was spatially heterogeneous ( p < 0.0 0 01) and 
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Table 1 

Comparison between measures and right ventricular size and function between the hypertension (PAH) and 

control (CTL) groups. 

Control (CTL) Hypertension (PAH) p -value 

Mean/Median Std/IQR Mean/Median Std/IQR 

Weight (kg) 62 2.5 63 1.6 0.0816 

HR (bpm) ∗ 110 20 108 ∗ 29 ∗ 0.7898 

RVP ES (mmHg) 21 5.0 32 14 0.0285 

RVP ED (mmHg) 4 2.4 12 4.4 < 0.001 

RVP max (mmHg) 29 5.8 40 16 0.0234 

CVP ED (mmHg) 9 ∗ 2.0 ∗ 10 1.9 0.3510 

LVP ES (mmHg) 60 18 50 21 0.4133 

LVP ED (mmHg) 10 4.7 11 5.0 0.7426 

LVP max (mmHg) 95 9.6 90 20 0.1546 

TR (-) 1 ∗ 0.0 ∗ 4 ∗ 0.5 ∗ < 0.001 

RVV ES (ml) 3.9 0.60 19 7.1 < 0.001 

RVV ED (ml) ∗ 13 4.2 30 ∗ 10 ∗ < 0.001 

RV EF (%) 66 8.5 45 7.0 < 0.001 

RV FAC (%) 51 5.7 41 8.4 0.0044 

TAPSE (mm) ∗ 1.4 0.39 0.7 ∗ 0.11 ∗ < 0.001 

∗ Indicates that these data were not normally distributed and are therefore described via their median 

and inter-quartile range (IQR). HR, heart rate; RVP, right ventricular pressure; LVP, left ventricular pressure; 

CVP, central venous pressure; ES, end-systole; ED, end-diastole; TR, tricuspid regurgitation grade; RVV, right 

ventricular volume; RV EF, right ventricular ejection fraction; RV FAC, right ventricular fractional area con- 

traction; and TAPSE, tricuspid annular plane systolic excursion. 
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riven by wall thickening primarily at the RV base (markers 1–

; p < 0.05) and the RV free wall (markers 9, 12; p < 0.01), but

ot at the apex (markers 7, 11, 14) or the interventricular sep- 

um (markers 6, 10, 13), see Fig. 1C . Based on WGA stains of CTL

nd PAH RV myocardium samples, we found that PAH significantly 

ncreased cardiomyocyte cross-sectional area, see Fig. 1D and E . 

ig. 1D shows representative WGA stains labeling cardiomyocyte 

embranes (green) and nuclei (blue) for both control and dis- 

ased tissues. On average, cardiomyocyte cross-sectional area was 

ncreased by 46 % ( p = 0.018) as a consequence of PAH, see Fig. 1E .

.3. Pulmonary arterial hypertension increased extracellular collagen 

eposition 

Based on Masson’s Trichrome staining of RV free wall samples, 

e computed collagen content as area fractions within each field 

f view. Fig. 2A shows representative histology images from a PAH 

nimal and a CTL animal demonstrating fibrotic collagen deposi- 

ion in the former. Note that we included four equidistant trans- 

ural sections for each sample in our analysis. We found a sig- 

ificant increase in collagen content ( p < 0.0 0 01) in each sec- 

ion, see Fig. 2B . In fact, we found mean increases of 241, 310,

79, and 322 % in the epicardial sections (A), mid-wall sections (B) 

nd (C), and the endocardial sections (D), respectively. These his- 

ological analyses were further confirmed via transcriptional anal- 

sis of hypertrophy-related genes, which revealed a significant in- 

rease in NPPB, MYH7 , and a decrease in CCN2 , see Fig. 2C . Further-

ore, we conducted a transcriptional analysis of fibrotic gene ex- 

ression in RV free wall tissue, where COL1A1, COL3A1, MMP2 , and 

DC1 transcription was significantly upregulated in PAH samples, 

hile increases in FN1 and TGFB1 were also marginally increased, 

ee Fig. 2D . 

.4. Pulmonary arterial hypertension led to disorganization of 

yocardial microstructure 

Using DTI-MRI data, we computed the mean myocardial fiber 

rientation angles and divided the data into four equidistant sec- 

ions (A-D) across the RV wall (similar to our histological analysis), 

ee Fig. 3A . In contrast to our histological analysis, we performed 

he DTI-MRI tractography analysis for the entire RV, not just a mid- 

all section. By fitting von Mises distributions to the diffusion ten- 
159 
or data, we could capture both the mean fiber angle and the ex- 

ent of fiber splay or dispersion. Interestingly, we found that the 

ean fiber angle did not significantly change between PAH and 

TL animals, see Fig. 3B . However, by comparing the concentration 

arameter b , see Eq. (1) , between PAH and CTL animals, we found

hat myocardial fibers were more dispersed – i.e., less organized –

n PAH animals than in CTL animals, see Fig. 3C . Recall that smaller

 values imply a larger fiber dispersion. 

.5. Extracellular collagen deposition stiffened myocardium but is 

ikely not the sole cause 

From a comprehensive set of mechanical testing protocols, see 

ig. 4A , B , we found that myocardial stiffness increased in PAH 

nimals relative to CTL. Specifically, we found that the toe-region 

f samples significantly stiffened under shear, see Fig. 4C , D , and 

nder extension and compression, see Fig. 4E , F . That is, my- 

cardium showed stiffening under shear only at small strains 

 p = 0.003), while at large strains no statistical significance was 

ound ( p = 0.161), see also Supplementary Figure S3. In contrast, 

yocardium showed stiffening under extension and compression 

oth at small strains ( p < 0.0 0 01) and large strains ( p = 0.015).

nteractions between disease and orientation were not signifi- 

ant. Thus, PAH-induced stiffening was not directionally depen- 

ent. Please see Supplementary Figure S4 for a comparison be- 

ween the stress-strain curves of control and PAH tissue under all 

eformation modes. When correlating collagen content with each 

ample’s stiffness in the circumferential direction (CC) we found 

 statistically significant ( p < 0.001) and moderately strong rela- 

ionship (R 2 = 0.45), see Fig. 4G , F . This may imply that increased

ollagen deposition in the PAH animals is, at least partially, respon- 

ible for the increased stiffness of the tissue; but not solely. 

.6. Myocardial stiffening is a significant if not primary cause for RV 

tiffening 

Our data revealed three potential mechanisms of RV stiffen- 

ng: i) thickened RV walls, ii) a disorganized microstructure, and 

ii) stiffened myocardium. To decouple these three mechanisms, 

e built finite element models of a simplified RV and used the 

odels to simulate end-diastolic filling, see Fig. 5A . First, we only 
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Fig. 2. Pulmonary arterial hypertension induced extracellular collagen synthesis. 

A) Representative Masson’s Trichrome stains of myocardium samples from control and pulmonary arterial hypertension (PAH) animals. B) Comparison of collagen area 

fractions in four sections across the myocardial free wall, between control (CTL, n = 11) and PAH ( n = 14) specimens. Please note that discrepancies between subject 

numbers and specimen numbers stem from collecting multiple samples from some subjects. C) Relative expression of hypertrophy-related genes. D) Relative expression of 

fibrosis-related genes (CTL n = 8, PAH n = 8). Please note that discrepancies between subject numbers and specimen numbers stem from limited specimen availability and 

thus, some animals not being represented in the histology. 

Fig. 3. Pulmonary arterial hypertension induced microstructural disorganization. 

A) Representative diffusion tensor (DTI-MRI) tractography with orientation color coding. B) Mean fiber orientation angle in four sections across the right ventricular free 

wall. Shaded areas indicate the lower and upper bounds of the 95 % highest posterior density interval. C) Fiber dispersion in four sections across the right ventricular free 

wall. (control (CTL), n = 11; pulmonary arterial hypertension (PAH), n = 8). Please note that discrepancies between subject numbers and specimen numbers stem from some 

hearts not having undergone MRI imaging. 
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Fig. 4. Pulmonary arterial hypertension induced myocardial stiffening. 

A) Nomenclature for mechanical testing modes, where C, L, and R are the circumferential, longitudinal, and radial shear directions. B) Representative stress-strain data. C-D) 

Toe stiffness (i.e., stiffness at small strains) in six shear directions in positive and negative directions. E-F) Toe stiffness under compression and tension in three material 

directions. (control (CTL), n = 12; pulmonary arterial hypertension (PAH), n = 14). G-H) Correlation between fiber compressive and tensile stiffness in the circumferential 

direction (CC) with collagen content (per area fractions) (CTL n = 11, PAH n = 14). Please note that discrepancies between subject numbers and specimen numbers stem 

from collecting multiple samples from some subjects. 
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Fig. 5. Myocardial stiffness is the primary wall stiffening mechanism as predicted by a computational model of the right ventricle. 

A) Simplified model of the right ventricle under zero pressure (gray) and at max pressure (red). We compared the diastolic filling volume ( V f ) after accounting for pulmonary 

arterial hypertension (PAH)-induced changes in wall thickness, fiber dispersion myocardial stiffness, separately and combined. B-D) Passive filling curves of the right ventricle 

after wall thickening, changing fiber dispersion, and increasing myocardial stiffness, respectively, overlaid with the control case and the combined effects. Pressures ( p ) are 

normalized by the initial myocardial stiffness ( a ), while volumes are normalized by the pressure-free volume. 
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ncreased the wall thickness of our model according to our aver- 

ge PAH-induced findings, see Fig. 1C . This thickening induced only 

mall changes in the passive filling curve, see Fig. 5B . In fact, at a

ormalized pressure of 2.5 ( ∼40 mmHg) the total filling volume 

 V f ) decreased only by 1.5 %. Similarly, we drastically altered the 

yocardial organization and increased its fiber dispersion as seen 

n our PAH animals, see Fig. 5C . Again, we found only small effects

n the passive filling curve with a marginally increased filling vol- 

me ( V f ) of less than 0.5 %. Next, we increased the stiffness of our

onstitutive model reflecting the stiffness increases we observed in 

ur PAH animals, see Fig. 5D . This change significantly altered the 

lling curve reducing V f by 9.5 %; thus, significantly exceeding the 

ffects of wall thickening and microstructural disorganization. Fi- 

ally, we combined all three effects in our computational model. 

his lead to a decrease of V f by 10.9 %, as shown by the dashed

ines in all three curves in Fig. 5B - D . 

. Discussion 

Our goal for this work was to use spatially- and directionally- 

ensitive measures of RV remodeling in a large animal model of 

AH to delineate the relative importance of the different RV stiff- 

ning mechanisms of wall thickening, fiber orientation, and my- 

cardial stiffness. This work provided new insights into the mech- 

nisms of RV stiffening. 

We confirmed that the RV adapts to hypertension via signifi- 

ant volumetric growth, primarily due to cardiomyocyte hypertro- 

hy. Interestingly, this volumetric growth was not uniform. Instead, 
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e found a markedly heterogeneous thickening. Specifically, the 

ase and the free wall of the RV were thickened in the PAH an- 

mals, while the apex (e.g., markers 13 & 14 in Fig. 1C ) and the

all near the interventricular septum (e.g., markers 6, 7, 10 & 11 

n Fig. 1C ) were nearly unchanged. This uneven distribution likely 

tems from differing growth stimuli across the wall, however, car- 

iomyocyte hypertrophy by WGA staining was only measured from 

id-wall samples and thus not compared to similar measurements 

t the apex and septum. At the apex and the septum, where the 

V is tied closely to the LV, mechanobiological stimuli are likely 

maller than in the untied free wall and at the base [29] . This hy-

othesis agrees well with the general understanding that it is the 

ateral RV wall that dilates in RV failure and is implicated in tricus- 

id valve regurgitation [30] . Of note, others have made the oppo- 

ite argument. Specifically, Andersen et al. concluded their meta- 

nalysis on RV fibrosis with the observation that late gadolinium 

nhancement – as a measure of myocardial fibrosis – was found 

rimarily near the RV insertion point at the interventricular sep- 

um and argued that higher local stresses may be the cause for 

hose local hotspots [31] . Our contrasting findings imply that local 

ypertrophic thickening may not necessarily correlate with local 

brosis and that both phenomena should be viewed as separate 

tiffening mechanisms. 

Regarding RV fibrosis, we confirmed that PAH induces signifi- 

ant collagen synthesis. Notably, we found an increase in intersti- 

ial collagen of more than 60 % in PAH tissue relative to CTL. This 

istological finding was consistent throughout the RV wall thick- 

ess and showed signs of persisting as several genes encoding fi- 
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rotic proteins continued to be upregulated in the myocardium at 

 weeks after pulmonary artery banding. This contrasts findings 

n humans where interstitial RV collagen accumulation has been 

escribed as minor [ 6 , 32 ]. One possible explanation for this dif-

erence in RV fibrosis across species is the fast onset of PAH in our 

nimal model as opposed to the gradual onset of disease in (some) 

uman conditions. It is possible that the fast adaptive response of 

he sheep RV may result in aberrant collagen synthesis as opposed 

o the more chronic natural history of human disease. This argu- 

ent is supported by the findings of Rain et al., who observed 

hat in rats with mild dysfunction, the RV stiffened primarily via 

ypertrophic thickening. However, in rats with severe RV dysfunc- 

ion the ventricle stiffened primarily via myocardial stiffening as 

 result of collagen deposition [10] . Note that we evaluated col- 

agen density as a measure of RV fibrosis only on mid-wall sam- 

les and thus cannot compare our findings to the reports based 

n late gadolinium enhancement-based spatial maps of fibrosis, as 

eported above. 

When characterizing microstructural organization, we found 

hat mean fiber directions across the RV had not changed, but that 

ber dispersion had increased. DTI-MRI derived “fiber” orientation 

efers to the combined complex of cardiomyocytes and their extra- 

ellular matrix. Thus, we submit that increased fiber dispersion is 

ikely a result of newly synthesized collagen being deposited into 

 pre-existing, pathologically deformed extracellular network and 

he associated dispersion of cardiomyocytes along their disorganiz- 

ng extracellular matrix. However, these findings directly contrast 

ith others’ prior studies in rodents that observed the opposite 

ehavior – mean fiber direction was changed and fiber alignment 

ncreased [ 13 , 14 ]. The source of this disagreement is unknown and

ay be attributed to the difference between the natural history 

f RV remodeling in rodents and in our large animal model. That 

aid, the current findings agree well with our prior work where we 

ound tricuspid valve leaflets underwent the same fibrotic changes 

n animals with RV failure [33] and are consistent with a general 

nderstanding of microstructural remodeling associated with fibro- 

is [34] . 

Importantly, our large animal model of PAH confirmed sev- 

ral previous findings that PHT induces myocardial stiffening 

 10 , 13 , 35 , 36 ], although the current study is the first to subject mal-

dapted RV myocardium to multi-directional shear loading scenar- 

os. We found that RV myocardium had significantly stiffened in 

lmost all shear directions. Additionally, myocardium stiffened un- 

er compression and tension in (nearly) all directions. At the same 

ime, the measured stiffness increase in the circumferential di- 

ection correlated significantly with collagen content. Finally, we 

ound that stiffness significantly differed only at small strains (i.e., 

oe stiffness), but not at large strains (i.e., calf stiffness). Recall, 

here are two broad contributors to myocardial stiffness: collagen- 

ominated extracellular stiffness and titin-dominated cellular stiff- 

ess [6] . The former depends on collagen type, cross-link density, 

ollagen density, and collagen alignment [37–39] . The latter de- 

ends on titin isoform ratio and the state of titin phosphorylation 

40] . Titin is activated even at small strains, while collagen is ac- 

ivated only at moderate to large strains [ 5 , 13 ]. Our observation

hat stiffness correlated moderately with collagen content impli- 

ates collagen as a significant contributor, but not the sole driver 

f myocardial stiffening. In addition, the dominance of small strain 

tiffening im plicates titin as another possible im portant driver of 

tiffness. The absence of cell-level stiffness measurements in the 

urrent study, however, makes it difficult to draw detailed conclu- 

ions regarding the extent of titin-dependent intracellular myocar- 

ial stiffening mechanisms in our model of PAH. 

Finally, we conducted a finite element analysis of RV diastolic 

lling and used this computational model to independently inves- 

igate the impact of each proposed stiffening mechanism – wall 
163 
hickening, microstructural disorganization, and myocardial stiff- 

ning – on RV diastolic stiffness. Interestingly, we found that of 

he three mechanisms, myocardial stiffening had the largest influ- 

nce. To ensure that our findings weren’t the result of poor mod- 

ling assumptions, we conducted sensitivity analyses and varied 

ll elements of our model. That is, we tested different geome- 

ries, material models, and assumptions of the organization of the 

yocardium model. None of these numerical permutations fun- 

amentally altered our findings. In support of our findings, Baicu 

t al. and Kwan et al. suggested that myocardial stiffening is an 

mportant adaptive mechanism that protects the RV from excessive 

ilation [ 18 , 36 ]. 

.1. Clinical significance 

The clinical significance of our work stems from several key 

oints. First and foremost, we have demonstrated the immense re- 

odeling potential of the RV in a large animal model. That is, after 

nly 8 weeks of PAH the RV grew on average by 65 % in volume,

emodeled its microstructure, and fundamentally altered its intrin- 

ic material properties. Second, we showed that RV hypertrophy 

s driven primarily by growth at the base and free wall, while all 

ther areas seem to be protected from excessive growth by the left 

entricle. From a clinical perspective, this suggests RV hypertrophy 

hould be evaluated with spatial heterogeneity in mind. That is, 

ypertrophy should be evaluated where the ventricle is likely most 

emodeled. Most importantly, our findings suggest that the inher- 

nt stiffness of the RV myocardium may be the primary driver of 

V stiffening. Thus, myocardial stiffening via intracellular (titin ac- 

ivation) or extracellular mechanisms (collagen deposition) should 

e considered a prime candidate for predicting RV diastolic dys- 

unction. While there are global measures of RV stiffening, such as 

nd-diastolic elastance, other direct and spatially-sensitive meth- 

ds such as ultrasound- or MRI-based strain measurement tech- 

iques should be explored for the RV myocardium [41] . Finally, our 

ork suggests that collagen synthesis and extracellular matrix fi- 

rosis are critical drivers of myocardial stiffening of the RV. This 

s of potential clinical significance as modern MRI techniques are 

ensitive to collagen signatures and could be further used to non- 

nvasively estimate material stiffness of the RV and to predict clin- 

cal outcomes of PHT and heart failure [42] . 

.2. Limitations 

The primary limitation of our study is that the onset of PAH 

n our animal model is sudden rather than progressive as in most 

linical instances [43] . For example, others have found some evi- 

ence in rodents that suggests sudden onset PAH may have a dif- 

erent pathology than progressive onset PAH [ 18 , 36 ]. Future work 

ith our large animal model of PAH will consider a progressive 

anding model as described by Ukita et al. [44] Additionally, we 

ave captured only one time point at eight weeks of disease pro- 

ression. Thereby, we are unable to characterize the temporal evo- 

ution of RV stiffening in this large animal model. We also did not 

onduct cell-level biophysical studies that could have provided fur- 

her insight into the intracellular mechanisms of myocardial stiff- 

ning and potentially explain the relative importance of extracel- 

ular and intracellular contributions. Also, we are currently lack- 

ng quantitative models that allow a deeper insight into the func- 

ional importance of the highly orthotropic, mechanical response 

f the myocardium. Future modeling approaches paired with our 

ata may provide valuable insight into these complex mechanics 

nd allow for better clinical interpretation of our data. Finally, our 

tudy was conducted on sheep which may not fully resemble the 

uman clinical condition. 
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. Conclusion 

We found that PAH induces RV wall thickening, microstructural 

isorganization, and myocardial stiffening. These mechanisms were 

oth spatially and directionally dependent. Most critically, we ob- 

erved – through experimental measures of fibrosis and numerical 

imulations of diastolic filling – that myocardial stiffening is the 

ost important contributor to RV stiffening. Thus, by extension, 

yocardial stiffening may be an important predictor, if not the 

ost important predictor, for PAH progression. Given the signifi- 

ant correlation between myocardial stiffening and collagen syn- 

hesis, extracellular matrix-sensitive imaging modalities may be 

sed as a future clinical proxy for myocardial stiffness and a useful 

ool for evaluating disease outcomes. 
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