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Abstract

Although studied for many years, there remain continued gaps in our fundamental understanding 

of cardiac kinematics, such as the nature and extent of heart wall volumetric changes that occur 

over the cardiac cycle. Such knowledge is especially important for accurate in-silico simulations of 

cardiac pathologies and in the development of novel therapies for their treatment. A prime 

example is myocardial infarction (MI), which induces profound, regionally variant maladaptive 

remodeling of the left ventricle (LV) wall. To address this problem, we conducted an in-vivo 

fiduciary marker-based study in an established ovine model of MI to generate detailed, time-

evolving transmural in-vivo volumetric measurements of LV free wall deformations in the normal 

state, as well as up to 12 hours post-MI. This was accomplished using a transmural array of 

sonomicrometry crystals that acquired fiducial positions at ~250 Hz with a positional accuracy of 

~0.1 mm, covering the entire infarct, border, and remote zones. A convex-hull method was used to 

directly calculate the Jacobian J(t) = ΔυES(t)/ΔVED from sonocrystal positions over the entire 

cardiac cycle, where ΔV is the volume of each convex polyhedral at end diastole (ED) (typically 

~1cc) or end-systole (ES). We demonstrated significant in-vivo compressibility in normal 

functioning LV free wall myocardium, with JES = 0.85 ± 0.12. We also observed substantial 

regional variations, with the largest reduction in local myocardial tissue volume during systole in 

the base region accompanied by substantial transmural gradients. These patterns changed 

profoundly following loss of perfusion post-MI, with the apical region showing the greatest loss of 
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volume reduction at ES. To verify that the sonocrystals did not affect local volumetric 

measurements, JES measures were also verified by non-invasive magnetic resonance imaging, 

exhibiting very similar changes in regional volume. We note that while our estimates of regional 

compressibility were in close agreement with the values previously reported for large animals, 

ranging from 5% to 20%, the direct, comprehensive measurements of wall compressibility 

presented herein improved on the limitations of previous reports. These limitations included 

dependency on the small local volumes used for analysis and often indirect measurement of 

compressibility. Our novel findings suggest that proper accounting for the myocardial effective 
compressibility at the ~ 1 cc volume scale can improve the accuracy of existing kinematic indices, 

such as wall thickening and axial shortening, and to simulate LV remodeling following MI.
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1. Introduction

Under normal physiological conditions, myocardial perfusion takes place via the coronary 

vasculature and the capillary bed. This is facilitated by relatively large vascular content in 

heart, wherein the vasculature constitutes 15–20% of the myocardial volume (Wacker et al., 

2002) including both arterial and venous vascular systems. Not surprisingly, blood perfusion 

can modulate and be affected by myocardial kinematics. For example, it is generally 

accepted that the coronary blood supply is negligible during systole, as muscle contraction 

compresses the myocardial vascular beds. During this time, downstream blood is driven into 

the venous drainage and upstream blood is propelled retrogradely into epicardial vessels, 

impeding further coronary flow perfusion (Ramanathan and Skinner, 2005). On the other 

hand, ex-vivo studies in isolated and arrested hearts (May-Newman et al., 1994) have 

suggested that increasing perfusion pressure produces substantial radial thickening and 

increase in myocardial tissue volume (up to 15%) that is greatest at the endocardium. Such 

observations clearly demonstrate the strong interconnection between myocardial kinematics 

and perfusion, indicating that myocardium as a whole may not preserve volume during 

systolic or diastolic deformations.

The notion of in-vivo compressibility of the myocardial wall due to blood redistribution 

during systolic contraction is far from new (see Table 1). Scaramuccius (1695) appears to be 

the first study to hypothesize that intramyocardial coronary vessels “are squeezed empty by 

the contraction of myocardium”, and Porter (1898) provided supportive observations in a 

canine study. More recently, reductions of 20% of blood volume (measured as the difference 

between arterial inflow and great cardiac venous outflow) in the beating versus the arrested 

heart were reported (Vergroesen et al., 1987). Yin et al. (1996) reported very similar values 

for fluid extrusion from passive myocardial specimens under physiological pressures in a 

fluid bath using a digital subtraction angiographic method. Comparison of potassium-

arrested end-diastolic to barium-arrested peak-systolic configurations with imaging methods 

yielded a 42% reduction of blood volume, with about three-quarters of this volume being 

ejected from smaller vessels (Judd and Levy, 1991). Substantial myocardial volume 
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reductions (about 15–20% bulk volume reduction from diastole to systole) were reported 

based on the displacements of radio-opaque markers (Waldman et al., 1985) and suggested 

several mechanistic hypotheses for blood redistribution and myocardium volume reduction: 

(i) anatomical communication between coronary vessels and Thebesian veins may provide 

myocardium drainage to the ventricular cavities; (ii) extensive trabeculation of the 

endocardial surface may contain a substantial amount of “compressible” void space; and 

lastly, (iii) the dynamic mobility of the myolaminar sheet structure may allow for blood-

filled spaces within the myocardium (Ashikaga et al., 2008). Regardless of underlying 

mechanisms, a comparison among the existing reports of myocardial compressibility is 

given in Table 1.

In-vivo cardiac kinematics have long been used as a critical biomarker for evaluating the 

progress of structural heart diseases, such as myocardial infarction (MI) and hypertension. 

Changes in the metrics like LV wall thickening and LV long-axis shortening during 

contraction are used to characterize alterations in the LV contractile pattern as a result of MI. 

In this connection, in-vivo compressibility of myocardium can have a major effect on the 

estimation of these metrics, including over-(or under) estimation of changes in LV shape and 

general kinematics. In particular, when the myocardial wall is treated as isochoric, 

contraction-induced wall thickening will be overestimated, as a compressible wall could 

sustain fiber shortening without significant bulging in the cross-fiber directions. Similarly, 

the incompressibility assumption results in an underestimation of LV shortening close to the 

apex, as compressible myocardium again exhibits less axial extension during contraction. 

Therefore, accounting for the in-vivo compressibility of myocardium becomes of paramount 

importance to accurately quantify LV kinematics, particularly for the case of infarcted 

hearts, where myocardial perfusion is significantly impaired. Apically-infarcted hearts do 

not contract in the apex, and these regions “inflate” instead due to systolic pressure. 

Interestingly, t]exact post-MI remodeling events are not completely clear; it has been 

suggested that infarct thinning is the dominant feature of infarct remodeling, while changes 

in in-plane dimensions are variable and secondary to the balance between thinning and 

stiffening (Richardson and Holmes, 2015). Irregardless of the exact sequelae, the triggered 

remodeling cascade following MI induces myocardial fibrosis that promotes significant 

compositional, structural, and functional changes from infarcted myocardium to scar tissue. 

Collectively, these changes are a result of substantially altered perfusion in the infarct and 

border zones, altering the normal in-vivo compressibility in these regions.

In addition to the above considerations, in-silico simulations of heart function require the 

integration of many components, including accurate descriptions of regional mechanical 

behavior of the normal and infarcted myocardium. While the presence of significant 

myocardial systolic compressibility has been known for at least many decades, its 

experimental measurement and incorporation into computational simulations has not yet 

been sufficiently explored in contemporary cardiac models. This is in part due to some 

confusion as to the exact values and uncertainty in the need — and the additional work 

required — to shift from more accepted incompressible formulations. To further explore 

what effects that compressibility may have on cardiac simulations, we have previously 

conducted in-silico cardiac functional studies. Specifically, we utilized a specialized 

compressible model that reproduced a unimodal compressible behavior of myocardium, 
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wherein the reduction in JES was proportional to the amount of myofiber contraction (Soares 

et al., 2017). The results of this first study demonstrated that the myofiber active contraction 

stress was substantially overestimated under the assumption of tissue incompressiblity.

While the studies reported in Table 1 have consistently supported the existence of 

myocardial compressibility during systole, the need for more extensive experimental studies 

in the normal and post-MI states remain in order to clarify the nature and extent of this 

phenomenon. This is underscored by the persistent lack of direct measurements of volume 

changes in myocardium during the cardiac cycle, which are major limitations with the 

existing reports. Indeed, the reports on the wall compressibility are often based on indirect 

calculations from either local strain measurements or arterial and venous flow gradients that 

can be influenced by artifacts of such measurements. Also, a complete understanding of 

regional and transmural variations in the wall compressibility in normal and diseased hearts 

over the cardiac cycle is still elusive. In particular, an accurate calculation of these variations 

depends critically on a technique that allows for consistent measurements of volume change 

across different regions of LV myocardium; however, this has yet to be undertaken. Finally, 

once measurements of such variations are established for normal hearts, comparable studies 

in deceased hearts with controlled alterations in the regional perfusion will serve to advance 

our understanding of potential mechanisms of myocardial compressibility.

The present study was thus undertaken to better understand the localized alterations in 

myocardial compressibility in both the normal and post-MI heart using an established ovine 

model of MI. Our focus was on organ-level assessments, using measurement volumes of 

approximately 1 cc. This volume was chosen to allow for sufficient averaging of 

myocardium and to avoid the effects of local variations in the coronary vasculature. A 

sonomicrometry method was used to directly quantify local volume changes with the 

sonocrystal transducers laid out in a transmural distribution over the LV free wall. 

Sonomicrometry is a permanent fiducial marker technique appropriate for the study of long-

term remodeling that existing noninvasive imaging modalities cannot achieve. To maximize 

measurement accuracy, a convex-hull technique was used to quantify the local Jacobian J of 

myocardial regions formed by local groups of sonocrystals directly from their positions. We 

defined J = 1 at local end diastole (ED) and the normalized local volume change at end 

systole (ES), denoted by JES. We validated the sonomicrometry results with those of cardiac 

magnetic resonance (CMR) tagging. Next, in the same animals, we studied the progressive 

regional changes in local myocardial volume from pre-MI to post-MI for a duration of up to 

12 hours. To the best of our knowledge, the present work is the first specific study of in-vivo 

myocardial compressibility in the normal and infarcted heart.

2. Methods

2.1. Large animal model

A total of seven adult Dorset sheep with weights ranging 40-50 kg were used in this study. 

The MI was induced by ligating the left anterior descending (LAD) artery and the D2 

branch, which consistently resulted in apical infarction (Fig. 1a). All animals were humanely 

treated in accordance with the University of Pennsylvania Institutional Animal Care and Use 

Committee (Protocol 13021226).
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2.2. Sonomicrometry measurements

Sonomicrometry array localization (SAL) is a well-established imaging technique that uses 

small piezoelectric transducers (referred to as sonocrystals) to permanently label specific 

locations of myocardium (Gorman III et al., 1996; Jackson et al., 2002; Ratciiffe et al., 

1995). In this study, sonocrystals (2 mm in diameter) were deployed into the LV free wall 

(LVFW) of ovine models of MI. Four male Dorset sheep were used in the sonocrystal study, 

in which a total of 31 sonocrystals that spanned the anterior and posterior regions of the 

LVFW were placed within the LV in apical, mid-height, and basal regions, referred to as 

apex, mid, and base throughout the paper (Fig. 1). To obtain a transmural description of 

volume changes, sonocrystals were divided into three groups, defined by their insertion into 

the endocardium, midwall, and epicardium regions (Fig. 1). Three-dimensional sonocrystal 

spatial positions were recorded at 250 Hz over multiple cardiac cycles and at several 

longitudinal time points, including pre-snare, immediately after snare, and post-snare (30 

mins), denoted by T1, T2, and T3, respectively. The additional time points included post-

snare (60 mins), post-snare (90 mins), and post-snare (12 hr).

2.3. Volume change quantification

The time-evolving position data of the sonocrystals enabled direct measurements of LV 

regional deformation within the sonocrystals array spatial domain. This is usually done by 

adopting a convective curvilinear coordinate system and discretizing and interpolating 

between the crystal locations using spline functions. However, our interest in this work was 

focused solely on proportional volume changes using J = Δυ/ΔV, where ΔV is the reference 

local volume and Δυ is the the local time-evolving volume beyond the reference point. The 

direct calculation of volume was advantageous as it eliminated the need to assume a specific 

form of the local three-dimensional strain field.

We first discretized the regions delimited by the sonocrystal array into polyhedral convex 

hulls (Preparata and Hong, 1977) (see Fig. 2a for a representative hull) and calculated the 

time-evolving volume of each hull over multiple cardiac cycles at each time point. The 

volume of each polyhedron was calculated from the divergence theorem using the following 

formula (Allgower and Schmidt, 1986):

V = 1
3 ∑

F = 1

NF
[(PF · NF) area(F )] , (1)

where the sum is taken over all the faces (denoted by F) of the polyhedron, PF is an arbitrary 

point on face F, NF is the unit vector perpendicular to F pointing outside the polyhedron, and 

NF is the number of faces in each polyhedron. The volume confined by the sonocrystal array 

was divided into the three regions (apex, mid, and base), with nearly equal volumes at the 

organ-level (global) end-diastolic (ED) time point. In order to differentiate the dynamic 

volume changes in these regions, the reference volume for each region was chosen to be the 

maximum volume of the respective region occurring around the global ED. Therefore, the 

time point at which the maximum volume occurred was different for each region, referred to 

as the local ED (Fig. 2b). Similarly, the local end-systolic (ES) point of each region was 

identified as the time point at which the region reaches a minimum volume. This time point 

Avazmohammadi et al. Page 5

J Biomech. Author manuscript; available in PMC 2021 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was close to but not the same as the global ES for the LV myocardial regions. Choosing the 

local ED as the reference configuration, the regional Jacobian was determined as a function 

of time using

J(t) = Δ υ(t)
Δ V ED

.

The convex hull technique described above was suitable to clearly identify the apex, mid, 

and base regions and calculate the corresponding volume changes. However, to estimate a 

continuous transmural variation of JES, we used a prolate spheroidal wedge delimited by the 

sonocrystals. We reconstructed a wedge within the crystals and generated inflation and 

contraction modes of motion in the spheroidal system such that the predicted volume 

changes matched the data collected at sonocrystal sites. This led to a point-wise estimation 

of J in the transmural direction.

2.4 CMR validation

While well established, it has been speculated that the sonocrystal technique might produce 

unknown artifacts in local volume due to various interactions with the myocardium. 

Moreover, we were interested if any observed volume changes might also be observable in 

clinical studies using non-invasive methods. To this end, we utilized CMR tagging for 

additional validation of the sonomicrometry results (Axel and Dougherty, 1989; Ibrahim, 

2011). Three male Dorset sheep were used for theCMR study. Spatial modulation of 

magnetization (SPAMM) was used for visualizing transmural myocardial movement and 

calculating volume changes. Visible tags with a grid pattern of magnetization saturation 

were created on the myocardial wall. The tags covering the regions of interest (apex, mid, 

base) were identified at the global ED point. Each region was further divided into three 

transmural depths (endo, mid, and epi). Volume changes were calculated by tracking tags’ 

intersection points on the boundary of each region and measuring relative increases or 

decreases of their in-between distances from one time frame to another.

3. Results

3.1. Regional and temporal variations in the compressibility in normal myocardium

All the three regions of the normal myocardial wall (base, mid, and apex) showed significant 

reductions in volume relative to their volumes at the local ED point (Fig. 3a). The apex and 

midwall regions exhibited slightly higher compressibility than the base region, which 

showed about 15% decrease in volume from the local ED to ES (Fig. 3a). Also, calculations 

from the deformation of the spheroidal wedge during the cardiac cycle demonstrated a 

progressive decrease in myocardial wall compressibility from the epi- to the endocardial 

surface (Fig. 3b). Our measurements suggested that some very local areas close to the 

endocardial surface may experience volume reduction up to 25% (Fig. 3b). The volume 

changes across the epicardial layer were also significant for some of the specimens, 

especially in the basal region (Fig. 3c). These results clearly corroborated established 

evidence that myocardium does not deform isochorically during the cardiac cycle.
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The temporal variation of volume reduction for apex, midwall and base regions were chosen 

from a representative healthy heart with a more drastic changes in J (Fig. 4a), where the 

local volume reduction in apical area reached as low as 60% at the ES time point. Despite 

the strong regional variations, the wall compressibility in healthy myocardium became 

progressively pronounced after the global ED point and reached its respective maximum at 

about the global ES point for all three basal, mid and apical regions (Fig. 4a). However, the 

apical and midwall regions achieved more than double the volume reduction compared to 

the base. Also, the basal and midwall regions tended to attain their maximum volume 

slightly earlier than the apical region (Fig. 4a). Finally, our mean estimates of volume 

changes calculated from the convex hull representation of the sonocrystal arrays agreed well 

with the corresponding calculations from the CMR tagging for apex, mid, and base regions 

(Table 2).

3.2. Regional changes in compressibility: normal vs. post-MI

Time course analysis shows that MI impacted the ability of the infarcted myocardium to 

contract and be perfused by blood, even within 30 minutes following the snare (Fig. 4). Both 

the regional pattern and magnitude of the compressibility drastically changed within 30 

minutes (Fig. 4b). The apical region containing the infarct area showed an opposite behavior, 

exhibiting volume expansion during systole. The mid region containing the border zone 

showed less pronounced volume reduction compared to the healthy case, while the basal 

region containing the remote region in the infarcted heart maintained nearly the same level 

of volume reduction after infarction. Interestingly, on average among all the four specimens, 

the largest change in the regional volume at the local ED was observed in the mid region, 

with about 10% increase in volume, while the apex, containing the infarct region, showed 

smaller changes (~6%) (Fig. 5a). In contrast, the basal region showed a slight decrease 

(~2%) in ED volume (Fig. 5a). The average changes in the regional compressibility showed 

a drastic increase in the apical, basal, and midwall regions by approximately 11%, 3%, and 

1.5%, respectively (Fig. 5b), which were qualitatively similar to our observations from Fig. 5 

(shown for one specimen).

3.3. Transmural changes in compressibility: normal vs. post-MI

In addition to regional differences, the transmural variations in the wall compressibility 

following MI were noteworthy (Fig. 6; shown for one specimen). While the normal heart 

had its strongest transmural gradient in the midwall region, the infarcted heart showed the 

strongest transmural gradient in the basal region, progressively decreasing towards the apical 

region and attaining minimal variation in the apex (Fig. 6). However, similar to the healthy 

heart, the infarcted heart exhibits the highest compressibility in the endocardial region, with 

a progressive decrease towards the epicardium (Fig. 6).

3.4. Evolution of compressibility following snare: short-term vs. long-term

The regional changes in wall volume at ED following MI were noteworthy (Fig. 7a). The 

short-term variations in the volume exhibited a nearly monotonic and rapid, significant 

decrease in the compressibility of the apex within 60 minutes following the snare (Fig. 7a). 

Similarly, the compressibility of the midwall showed a monotonic decrease, but at a much 

slower rate (Fig. 7a). In contrast to apical and midwall regions, the base showed an opposite 
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trend by enhancing the compressibility immediately following the snare and maintaining it 

within the next hour. The further measurements beyond the 60 mins window suggested that 

altered compressibility of all three regions did not show additional significant variations in 

the long term, especially up to 12 hours following the snare (Fig. 7b). In particular, the 

compressibility of the apex and midwall regions seemed to plateau after the variations within 

the first hour and maintain the changes beyond that point. However, the compressibility of 

the base region increased moderately beyond the 60 mins window and seemed to plateau 

afterward.

4. Discussion

Accurate understanding of LV kinematics is essential to identifying the fundamental 

physiological modes of LV function over the cardiac cycle and is particularly sensitive to 

cardiac disorders such as MI. Two important extant knowledge gaps that we addressed in 

this study included: (i) a comprehensive understanding of regional and transmural variations 

in volumetric changes in the normal heart over the cardiac cycle, and (ii) an improved 

understanding of the alterations in myocardial compressibility following MI. Discussion of 

specific results is given in the following.

4.1. LV compressibility in normal heart

Overall, we found that local (i.e. in ~ 1 cc volumes) myocardium deformations during the 

cardiac cycle were significantly non-isochoric, in agreement with multiple previous studies 

(Table 1). Compressibility was evident in both regional and transmural variations behaviors. 

Volume reductions increased along the base-to-apex direction, mainly due to the regional 

differences in contractile strains as well as changes in capillary bed density. Also, the inner 

portion of the LV free wall exhibited greater compressibility than the outer layer, which 

could be due in part to direct venous return at endocardial surface. However, the outer layer 

in the basal region still exhibited about 10-15% volume reduction. This latter finding is of 

particular interest, as it counters the possibility that the in-vivo sonocrystal measurements 

are spuriously influenced by artifacts induced by left ventricular trabeculae.

4.2. Comparisons to existing data

To the best of our knowledge the present study is the first detailed, focused report on 

regional and transmural measurements of in-vivo myocardial compressibility in normal and 

infarcted hearts. However, several previous studies have also investigated either local (e.g. 

Villarreal et al., 1991; Waldman et al., 1985) or global (e.g. Judd and Levy, 1991; Zhong et 

al., 2010) levels of myocardium compressibility. Our measurements of 5-20% reduction in 

the volume from the basal to apical regions agreed quantitatively well with previous data for 

normal hearts that were calculated through either measuring difference between arterial 

inflow and great cardiac venous outflow (Vergroesen et al., 1987; Waldman et al., 1985) or 

local deformation measurements (Ashikaga et al., 2008; Tsamis et al., 2011, for instance).

As mentioned above, we emphasize the importance of the size of myocardial volume 

studied. This is because smaller volumes of myocardium tend to contain only a small portion 

of the capillary network with a limited perfusion capability, leading to only a modest change 
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in the volume under study from ED to Es. In contrast, larger volumes of myocardium likely 

contain principal branches of coronary arteries, leading to larger changes in volume during 

the cardiac cycle. In other words, the volume changes are notably heterogeneous inside the 

myocardium, and their overall values depend on the extent of the volume under study. 

Lastly, to the best of our knowledge, our measurements of regional and transmural 

adaptations in compressibility due to MI are reported for the first time here. The opportunity 

of assessing our post-MI results against comparable data remains to be pursued.

4.3. Temporal and spatial alterations in LV compressibility following MI

The present comprehensive investigation of LV volumetric changes in healthy and infarcted 

hearts revealed diverse temporal, regional, and transmural adaptations in LVFW volume 

dynamics due to MI. Time-course calculations of fixed convex hulls engulfing the three 

regions of the wall enabled us to explore regional differences in the adaptation of LV 

compressibility. As our MI animal model was designed to consistently produce anteroapical 

infarct regions, the apical, midwall, and basal regions nearly corresponded to infarct, border, 

and remote zones, respectively. With this perspective in mind, the infarct zone showed 

significantly smaller volume reductions during systole, followed by border and remote 

zones, when compared to the healthy heart. In one of the animals, the infarct zone in the 

apex even showed volume expansion during systole. The increase of apical volume beyond 

the ED point was in drastic contrast to normal hearts, where all the regions attained their 

maximum and minimum volumes around global ED and ES points, respectively. The 

potential mechanisms for this change are suspected to be impaired contractility and reduced 

blood supply in the infarct region that prevent myocardium from decreasing its volume 

during the cardiac cycle. This effect diminishes moving from the infarct (apex) to healthy 

(basal) region.

4.4. A question of mechanism

The redistribution of blood in the coronary arterial and venous networks during systole has 

long been thought to be the primary mechanism behind in-vivo myocardial compressibility 

(Ashikaga et al., 2008; Yin et al., 1996), and may indeed be essential for efficient cardiac 

energetics. Our measurements of compressibility adaptations in infarcted regions are 

consistent with the existing knowledge that myocardial perfusion is a key mechanism for 

myocardial compressibility. That said, we emphasize that our present focus was on ~1 cc 
volumetric behaviors of myocardium volumetric deformations, and not on more local effects 

or the elucidation of specific mechanisms. The rationale for this approach was our focus on 

increasing the accuracy of computational simulations of the heart (see below), as 

compressibility and its relation to both the specific material model used as well as proper 

understanding of cardiac kinematics are well known. Therefore, a full investigation of the 

role of perfusion through measuring regional coronary arterial and venous flows and other 

potential mechanisms like intrinsic compressibility of myocytes and extracellular matrix 

must still be addressed.

4.5. Implications in computational modeling and design of cardiac interventions

Although it is common to represent myocardium as an incompressible hyperelastic material 

in computational modeling of normal and deceased cardiac function, the amount of tissue 
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volume reduction reported in this work suggest that the incorporation of compressibility into 

myocardium models could play a significant role in the accurate assessment of cardiac 

function (Hassaballah et al., 2013; Soares et al., 2017). Indeed, if myocardium is modeled as 

an incompressible material, its tissue volume remains incorrectly constant. Given our 

observation of volume reductions up to 20%, the frequently used incompressible 

approximation of myocardium behavior in computational cardiac would likely lead to 

inaccurate descriptions of LV kinematics that are often used as clinical metrics, particularly 

an overestimation of wall thickening and an underestimation in long-axis shortening. This is 

simply due to the fact that incompressible materials have the tendency to laterally bulge 

when contracting/shortening along the fiber direction, whereas a compressible material is 

able to undergo considerable shortening without expanding in the cross-fiber direction. 

Computational models enable the possibility of estimating local in-vivo active forces for a 

healthy heart and their alterations in response to structural heart disease; however, the 

accuracy of these estimates becomes substantially dependent on the level of compressibility 

used in the model, such that incompressible models of myocardium would overestimate the 

necessary contraction force needed for the heart to maintain the same pressure-volume loop.

4.6. Limitations

Although sonomicrometry offers a high-fidelity approach for measurement of myocardial 

kinematics and is especially appropriate for time-course studies, it is invasive and requires 

open chest procedures. It has been speculated that bleeding and slight interstitial swelling 

from the crystal implantation may affect the accuracy of in-vivo volume measurements. 

However, using the SPAMM tagging technique, we confirmed the calculations from 

sonomicrometry with in-vivo strain measurements. We thus believe, to the best of our 

abilities, that the present measurements represent an accurate representation of local 

volumetric changes over the cardiac cycle.

5. Concluding Remarks

There has been considerable evidence showing that myocardium is compressible during 

systole. Detailed quantification of dimensional and kinematic changes due to MI is thus 

critically important for (i) improving the understanding of the etiology and pathophysiology 

of post-infarction myocardium remodeling and its impact on organ-level cardiac function, 

and accordingly, (ii) advancing diagnosis metrics, quantitative risk stratification, therapies, 

medical device development, and clinical outcomes. We demonstrated evidence of 

substantial in-vivo systolic compressibility of myocardium, as well as its strong temporal, 

transmural, and regional variations in normal ovine hearts. Although myocardial 

compressibility in normal hearts is an important (yet often-neglected) feature by itself, we 

further demonstrated its significant time-course and regional adaptations following MI to 

highlight the importance of accounting for this feature in analyzing LV kinematics in health 

and decease. In the future, and given the data reported in this work, we plan to evaluate the 

effects of neglecting and accounting for myocardial compressibility on predictive 

capabilities of cardiac computational modeling.
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Figure 1. 
Sonocrystal array deployment in the ovine model. (b) Prolate spheroid wedge with 

sonocrystals locations. (c) Detail of transmural locations of the sonocrystal array spanning 

the full thickness of the LV free wall.
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Figure 2. 
A representative convex hull constructed by nine sonocrystals and labeled as Cell 1. (b) 

Variation of the volume of Cell 1 within one cardiac cycle. The local and global ED and ES 

time points are denoted. The local ED and ES identify the time points at which the 

maximum and minimum volumes of Cell 1 occur, respectively.
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Figure 3. 
(a) Volume changes from local ED to local ES (JES) for healthy myocardium for basal, mid, 

and apical regions. (b) Average transmural variation of JES for healthy myocardium (n = 4). 

(c) Representative transmural variation of JES for epicardial layer (n = 1).

Avazmohammadi et al. Page 15

J Biomech. Author manuscript; available in PMC 2021 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Temporal changes in the ventricular volume within a cardiac cycle for basal, mid and apical 

regions. (a) Pre infarct (T1), (b) 30 mins after infarct (T3). The results were chosen for a 

specimen that exhibits clear distinction between the regions although J values for the apex in 

this specimen was the largest recorded in our cohort. Note that ’ED’ and ’ES’ refer to global 

end-diastole and end-systole, respectively.
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Figure 5. 
Changes in myocardial compressibility from pre-infarct (T1) to 30 mins post-infarct (T3) for 

basal, mid and apical regions. (a) T3 Volume/T1 Volume at end diastole (ED). (b) 

Comparisons of average volume reduction (J) for total ventricular wall. *p < 0.05 versus pre-

infarct (T1) value.
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Figure 6. 
Representative examples of the transmural variation in volume reduction (a) Pre-infarct 

(T1). (b) Post-infarct (T3).
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Figure 7. 
Temporal evolution of average volume changes from pre-infarct to post-infarct for basal, 

mid, and apical regions. (a) Short-term changes. (b) Long-term changes.
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Table 1:

Comparisons between reported myocardial compressibility. Some of the studies included here dis not 

explicitly report values for the volume reduction. The values were calculated from the reported strain 

measurements.

Study Subject & Condition Size of Local Volume 
Studied Measurement Description

Porter (1898) Porter (1898) Dog, in-vivo Not reported Not reported, but considerable reduction in 
intramyocardial volume

Waldman et al. (1985) Dog, in vivo < 0.1 cc 15% reduction in volume

Vergroesen et al. (1987) Goat, in vivo Not reported 20% reduction in volume

Judd and Levy (1991) Rat, in vivo LVFW 42% reduction in volume

Villarreal et al. (1991) Dog, in vivo < 0. 1 cc 13% reduction in volume

Yin et al. (1996) Dog, ex vivo Not reported 20% reduction in volume

Mazhari et al. (2001) Dog, in vivo Not reported 6% reduction in volume

Ashikaga et al. (2004) Dog, in-vivo ~ 1 cc Comparison with end relaxation, 10% reduction

Ashikaga et al. (2008) Dog, in vivo < 0.1 cc 20% reduction in volume

Zhong et al. (2010) Human, in vivo LV 16% reduction in volume

Tsamis et al. (2011) Sheep, in vivo ~ 1 cc 8% reduction in volume

Tsamis et al. (2012a) Sheep, in vivo ~ 1 c.c 4% reduction in volume

Tsamis et al. (2012b) Sheep, in vivo ~ 1 c.c 6% reduction in volume

McEvoy et al. (2018) Pig, ex-vivo drained tissue ~ 0.1 cc 10% reduction in volume under confined 
compression test
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Table 2:

Average transmural volume changes (n=3) for endocardial (endo), midwall, and epicardial (epi) layers 

calculated from CMR SPAMM tagging. The calculations were done for basal, mid and apical ventricular 

regions.

Volume change (JES)

Base Mid Apex Total Regions

Endo 0.83 0.84 0.90 0.86

Midwall 0.86 0.86 0.92 0.88

Epi 0.90 0.89 0.95 0.91

Full Thickness 0.86 0.86 0.92 0.88
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