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Abstract
The study’s objective is to quantify in vivo epicardial force and strain in the 
normal and transgenic myocardium using microsensors.

Male mice (n = 39), including C57BL/6 (n = 26), 129/Sv (n = 5), wild-type 
(WT) C57   ×   129Sv (n = 5), and muscle LIM protein (MLP) knock-out (n = 
3), were studied under 1.5% isoflurane anaesthesia. Microsurgery allowed the 
placement of two piezoelectric crystals at longitudinal epicardial loci at the 
basal, middle, and apical LV regions, and the independent (and/or concurrent) 
placement of a cantilever force sensor. The findings demonstrate longitudinal 
contractile and relaxation strains that ranged between 4.8–9.3% in the basal, 
middle, and apical regions of C57BL/6 mice, and in the mid-ventricular 
regions of 129/Sv, WT, and MLP mice. Measured forces ranged between 
3.1–8.9 mN. The technique’s feasibility is also demonstrated in normal mice 
following afterload, occlusion–reperfusion challenges.

Furthermore, the total mid-ventricular forces developed in MLP mice 
were significantly reduced compared to the WT controls (5.9   ±   0.4 versus 
8.9   ±   0.2 mN, p  <  0.0001), possibly owing to the fibrotic and stiffer 
myocardium. No significant strain differences were noted between WT and 
MLP mice.
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The possibility of quantifying in vivo force and strain from the normal murine 
heart is demonstrated with a potential usefulness in the characterisation of 
transgenic and diseased mice, where regional myocardial function may be 
significantly altered.

Keywords: contractile function, force, strain, piezoelectric crystals, force 
microsensor.

S  Online supplementary data available from stacks.iop.org/PM/36/071573/
mmedia 

(Some figures may appear in colour only in the online journal)

1. Introduction 

The quantification of the regional forces that neighbouring particles exert on each other 
(stress) and the material deformation (strain) responses is crucial to cardiac functional char-
acterisation. Correspondingly, regional functional measurements are essential for the study of 
ischemia, myocardial infarction (MI), and heart failure (HF), where regional mechanics may 
be significantly altered (De Simone et al 1992, Takaoka et al 2002).

The relationship between the generated myocardial forces (stresses) and material displace-
ments and deformations (strains) represents the most fundamental description of any material, 
independent of size or geometry (Demer and Yin 1983). Such mechanical properties are deter-
ministic for the inherent myocardial ability to perform work, and have been demonstrated to 
be regulators of mechanical growth and remodeling in disease (Omens et al 1996).

Invasive and other theoretical methods have been employed over the years to assess and 
quantify the regional mechanical characteristics of the myocardium. Omens et al (1993) and 
Choi et al (2010) evaluated the regional strain distribution using passive inflation. Nevo and 
Lanir (1994), using theoretical models, demonstrated that the unloaded heart is subjected to 
residual stresses and strains, and that residual strain has beneficial effects on the left ventricular 
(LV) diastolic performance while being concurrently responsible for the uniform ventricular 
stress distribution generated throughout the cardiac cycle. Others (Pelle et al 1984, Schmid et al 
2008, Kroon et al 2009) utilised theoretical models to estimate the local stresses and deforma-
tions that develop on the LV wall during the heart cycle as well as the elicited haemodynamics.

LV strains have also been previously quantified in contracting hearts of larger animals, such 
as in canines (McCulloch et al 1989, Guccione et al 1991), and in rats (Omens et al 1996). 
More recently, advances in magnetic resonance imaging (MRI) techniques, including myo-
cardial spin tagging (Zerhouni et al 1988, Axel and Dougherty 1989), displacement encoding 
with stimulated echoes (DENSE) (Aletras et al 1999), and harmonic phase imaging (Osman 
et al 1999), have allowed non-invasive myocardial tracking, motion and strain quantification 
in humans, and in normal and genetically engineered mice (Rockman et al 1991, Franco et al 
1998, Brede et al 2001, Engel et al 2004, Wilding et al 2005, Epstein 2007, Zhong et al 2010).

Despite the numerous publications on ex vivo experimental, theoretical, and computational 
passive myocardial material property characterisation (Pinto and Fung 1973, Demer and Yin 
1983, Yin et al 1987, Schmid et al 1995, Vetter and McCullogh 2000), to our knowledge, only 
a limited number of prior experimental studies have directly, concurrently, and accurately 
quantified both the in vivo regional strain and force responses of the LV myocardium, due 
to the underlying difficulties and shortcomings of direct, in vivo myocardial force or stress 
measurements (Huisman et al 1980). 
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Consequently, the purpose of this study was the quantification of the in vivo epicar-
dial myocardial force and strain values throughout the cardiac cycle in normal mice, 
using microsensors and piezoelectric crystals. The temporal evolution of contractile and 
relaxation force, displacement, and strain are studied at baseline and following afterload 
challenges.

The developed methodologies are then extended to the study of muscle LIM protein (MLP) 
knock-out mice (Esposito et al 2002) that are associated with an increased LIM role in the 
cardiac muscle’s force response. Correspondingly, the hearts of MLP knock-out mice are 
used as an animal model of dilated cardiomyopathy (DCM) (Unsold et al 2012). The study 
thus addresses the hypothesis of a decreased evoked force and strain response from the MLP 
mice compared to wild-type (WT) controls. Therefore, the ability to directly, consistently, and 
quantitatively compare the evoked force and strain responses in WT controls and transgenic 
mice emphasises the possible future role of the technique in disseminating observed defects 
to either the lack of MLP or to the DCM phenotype, and in understanding the etiology of dis-
ease progression in terms of the role of the underlying contributors (cardiomyocyte stiffening 
versus extracellular fibrosis) to the altered global contractile status.

2. Materials and methods

2.1. Ethics approval

All experimental procedures on mice were designed to avoid unnecessary pain or to minimise 
any pain or discomfort inflicted on the studied animals. Animal protocols were approved by the 
Veterinary Services of the Ministry of Agriculture of the Government of Cyprus. All experi-
ments conformed to the European convention for the protection of vertebrate animals used for 
experimental and other scientific purposes (Council of Europe Number 123, Strasbourg 1985).

2.2. Overview of mouse studies

The developed methodologies were applied to a cross-strain (C57BL/6) knock-out mouse 
model of MLP. To quantify the control force/strain values at the various genetic backgrounds, 
twenty six male C57BL/6 (mean age = 11 weeks, mean weight = 24.4 g), five male 129/Sv 
mice (mean age = 13.8 weeks, mean weight = 25.0 g), five male WT control C57   ×   129Sv 
(mean age = 24.5 weeks, mean weight = 29.6 g), and three male MLP knock-out mice (mean 
age = 10.3 weeks, mean weight = 25.9 g) were studied in total. All mice were kept in polypro-
pylene cages (2–3 mice per cage) with food and water provided ad libitum. The mice were 
maintained on a 12–12 h dark–light cycle.

2.3. Mouse physiology and animal preparation

The mice were induced for 2–3 min using 3–5% isoflurane (ISO) (Nicholas Piramal (I) Limited, 
London, UK). Anaesthesia was maintained by inhalation of 1.5% ISO (v/v) delivered via a 
nose cone (having a volume of 1 μl and a 0.2 μl of dead space). For the studied mice, either a 
100% O2, or a 50:50 O2/N2O mixture was administered with ISO (Constantinides et al 2011a). 
Breathing and ECG were recorded using a Biopac recording system (Biopac Systems Inc, 
USA), as reported earlier (Constantinides et al 2011a). The heart rate was maintained at between 
450–550 bpm approximately for all conducted experiments. The temperature was maintained 
at adequate levels (at approximately 37 °C) using a rectal temperature sensor (Physitemp, NJ, 
USA) connected to a temperature controller (Digi-Sense, Cole Parmer Inc., IL, USA).

M Michaelides et alPhysiol. Meas. 36 (2015) 1573
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2.4. Mouse tracheotomy and open chest microsurgery

The animals were intubated using a procedure that was described previously (Constantinides 
et al 2011a). Through a midline sternotomy, and with the aid of a rib retractor (Roboz Surgical 
Instruments, Gaithersburg, MD, USA), the chest was maintained opened, exposing the heart. 
The ventilator respiration rate was set at 135–138 bpm, before and after intubation.

To validate the methodology of force recordings, simple interventions (transient afterload 
increases via partial aortic occlusions) were performed in two C57BL/6 mice with consist-
ent response patterns, over multiple efforts. In such cases, the aorta was exposed and a silk 
thread loop allowed its tethering, and partial occlusion and reperfusion, during concurrent 
force recordings.

2.5. Piezoelectric crystal placement

Exposure of the myocardium allowed placement of the MRI compatible piezoelectric crystals 
(Sonimetrics, London, Ontario, Canada). Three types of available crystals were used: com-
mercially available crystals with epoxy coating (diameters of 0.5–0.7 mm (42-AWG-Cu type)) 
were initially used, followed by the use of crystals with thin sealant coverage, and crystals 
without any epoxy coating (bare) (diameter of approximately 0.2 mm). The latter two types 
were specially made by Sonometrics to assist our experimental effort with rodent measure-
ments. All of the types of crystals used were sutured on the epicardial surface. For all experi-
ments only two sensors were placed in either the basal (about 1 mm below the large vessels), 
middle (about 2 mm over the apex, and 1–2 mm below the base of the heart), or apical areas 
of the LV wall (figure 1). To ensure adequate communication, crystals were sutured facing 
each other (with a minimum distance of 1 mm apart) and were covered with gel (Signa Gel, 
Parker Laboratories, Fairefield, NJ, USA). They were subsequently connected to an analogue 
sonomicrometer unit (Sonimetrics, London, Ontario, Canada). Recordings were acquired at a 
1 kHz sampling rate via an eight channel ADI acquisition system (ADI Instruments Inc., USA), 
and were displayed and saved with the use of PVAN (ADI Instruments, USA). Consistency in 
crystal placement was based on microsurgical expertise, and on anatomical landmarks of the 
murine epicardial morphology.

2.6. Force sensor placement

The AE-800 force sensor (AE801, Kronex, CA, USA) was attached (with the cantilever ele-
ment in a horizontal position, in a direction parallel to the long axis of the exposed heart) to a 
specialised adjustable platform. A silk thread (Ethicon USP 8.0, NJ, USA) was sutured on the 
different areas of the antero-lateral epicardial LV wall (basal, middle, apical). The end of the 
silk thread was folded to create a loop (through a puncture of the epicardium). A thin metallic 
wire (length = 9.88 cm, diameter = 0.13–0.25 mm) with hook ends was attached to both the 
silk-threaded epicardial loop and to the force sensor cantilever (figure 1). The force sensor 
was subsequently connected to the half-bridge circuit of the microstrain recording device that 
consisted of two active resistors. When the tip of the beam was deflected, the total force sensor 
resistance changed in accordance with the exerted mechanical force. The attachment of the 
cantilever on the myocardium (using a silk thread at superficial depths, visible to the human 
eye from the epicardial surface) did not result in force drifts or non-constant force recordings 
over time.

The proper level placement of the cantilever platform (before the onset of record-
ings) ensured that the lowest force state of the epicardium matched the end-diastolic state. 
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Appropriate cantilever placement was also confirmed in a number of studied animals at the 
end of the recording period, immediately after euthanasia (post-mortem state), where the can-
tilever force returned to its flat zero-baseline value.

2.7. Displacement and force recordings

Recordings were conducted over 10 min intervals using the ADI recording system (piezoelec-
tric crystals) via connection to a microstrain recording device (Vishay, Raleigh, NC, USA) 
(force sensor). Three cohorts of mouse data were collected: separate piezoelectric displace-
ment, separate force, and concurrent force-displacement recordings. For the assessment of 
the temporal constancy of the force and strain values (over the 10 min intervals), separate (but 
serially recorded in time) force and displacement datasets were collected and analysed.

2.8. Strain and force calculations

Both the piezoelectric crystals and the force sensors were calibrated prior to each experi-
mental procedure, yielding voltage versus displacement (or force) calibration curves. No  
quantisation effects (or errors associated with such phenomena) could result from the use 
of the specific sonocrystals employed. For the piezoelectric crystals, the sonomicrometer’s 

Figure 1. Microsurgical implementation of ultrasonic crystal and force sensor 
placements. Schematic representation of the anaesthetised mouse and the piezoelectric 
crystal implantation scheme. Up to four sensors can be placed concurrently but 
recordings are only allowed from two—to minimise the effects of anaesthesia, 
surgery, and trauma, only two (one-pair) crystals were added on the myocardium at 
each experimental setting. The schematic also depicts the force sensor attachment at 
the epicardial regions of the exposed LV epicardium (with the force sensor assembly 
showing the force sensor and positioning platform, the silk thread sutured on the 
epicardium, and the silver-connecting wire). Every effort was taken during recordings 
for accurate positioning of the sensor, thereby avoiding lifting of the heart.

M Michaelides et alPhysiol. Meas. 36 (2015) 1573
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built-in calibration settings were used. Displacement was converted to percentage strain (in 
accordance to a resting diastolic displacement, as explained in the data analysis section below). 
For the force sensor, dedicated weights comprised of lead pellets (ranging in weight from 
0.1–2.4 g) were used (with similarly placed threaded-loop sutures, as those used in vivo, in an 
effort to emulate the in vivo setup) to generate force versus voltage calibration curves.

2.9. Data analysis

All datasets were exported in text files and were subsequently analysed using MATLAB 
(Natick, MA, USA) with routines written in-house. Specifically, peak detection algorithms 
allowed maxima and minima recordings, and estimations of contraction, relaxation force, 
and displacements over 1 s time intervals. Given the large inter-crystal distance (1–2 mm) 
compared to the size of the heart (whereby the curvature of the myocardium was ignored), 
strain (or interchangeably and equivalently, fractional shortening) (ε) values were estimated 
according to:

ε = Δl

lo
 (1)

where Δl represents the maximum or minimum crystal distances during relaxation or contrac-
tion, respectively, and lo the initial (resting) crystal separation, determined as the end-diastolic 
displacement within each analysed cycle.

2.10. Motion variability analyses

With the proposed setup for force recordings, the inherent cardiac motion during each cycle 
causes a temporally varying orientation of the connecting wire (and thence, changes in the 
direction of the total force recorded). Furthermore, rigid body movements of the mouse or 
the mouse heart thereof (primarily owing to breathing or gasping chest motion) may affect 
such force measurements. Rigid body motion effects were reduced to a minimum during 
force recordings through: (a) stabilisation of the mouse post-microsurgery, before the onset 
of recordings, (b) proper anaesthesia maintenance, (c) calculation of contractile (end-systolic 
(ES) and end-diastolic (ED)) or relaxation (ED–ES) force differences.

The effects on the recorded (or calculated) total mean force during the cardiac cycle, and 
owing to the beat-to-beat variability of motion (as such may affect the average force estimation, 
over 1 s or 10 s intervals), were quantified, and the total mean force was decomposed into the 
heart’s material (fibre) coordinate system, using independent movie recordings, photography, 
and tracking, as described in the supplementary data (stacks.iop.org/PM/36/071573/mmedia).

2.11. Histopathologic evaluation

Control mice: for the histopathologic evaluation of myocardium and assessment of ischemic 
or necrotic damage, hearts (one control C57BL/6, and two C57BL/6 hearts from experiments 
with piezoelectric and force sensors) were harvested and placed into a fixative solution (10% 
formalin) for 5–11 d. Contiguous sections from all of the samples were cut every 5 μm. More 
than 25 slides of each sample were stained with hematoxylin and eosin, focusing primarily on 
the epicardial and transmural areas where the suture threads were placed.

Wild-type and MLP mice: all of the WT and MLP-knockout hearts were harvested at the 
end of the experimental procedures, post-euthanasia, and were placed into a fixative solution 
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(10% formalin) and stored. Two WT and two MLP-knockout hearts were embedded and pro-
cessed. Contiguous slices were then sectioned from all samples with a microtome, every 5 μm, 
along the heart’s short axis. More than 60 slides of each sample heart were stained (covering 
the basal, middle, and apical areas of the fixed, processed hearts) with picro sirius red stain-
ing, in an effort to assess increased extracellular matrix deposition in MLP-knockout hearts, 
compared to the WT controls.

2.12. Statistical analyses

All results are reported as mean  ±  standard deviation (SD). The constancy of systolic and dia-
stolic forces and strain values is reported as within (the period of recording for each mouse), 
and between (averaged estimates for all the mice studied during the effective period of record-
ing) the coefficient of variabilities (e.g. CVHR = 100  ×  SDHR/MeanHR) of the averaged 10 s 
estimates, over 10 min intervals of recording. The assessment for the existence of significant 
variability for all such recorded parameters was achieved using two-way analysis of the vari-
ance (ANOVA) tests (XLSTAT, Addinsoft, USA) (genetic lineage compared for force and 
mechanical strain at middle myocardium, and mechanical strain compared at three myocar-
dial levels in control (C57BL/6) mice), and with Tukey’s post hoc analysis tests for multiple 
determinations.

3. Results

Figure 1 depicts in a diagrammatical and pictorial form, the placement of piezoelectric crys-
tals on the LV epicardium and the force sensor assembly. In the mouse piezoelectric studies, 
two or four crystals can be placed (but only two can become active at any instant in time) 
in any preferred arrangement (longitudinal, circumferential), however, the reported results 
refer to longitudinally placed pairs of crystals. Additional cohorts of mice allowed separate or 
concurrent (to displacement) recordings of epicardial force, using the micro-cantilever force 
sensor setup of figure 1. Both the crystals and force sensors were sutured on the epicardium. 
Hematoxylin and eosin histological staining post-mortem revealed no evidence of ischemic 
presence, eliminating the possibility of myocyte necrosis (or other local dysfunction) owing to 
the surgical procedures or trauma (during the studied period), as shown in figure 2.

Figure 2 also confirms myocardial fibrosis (using histological picro sirius red staining along 
short axis orientations) exemplified by the increased deposition of the extracellular matrix 
(collagen, connective tissue) in MLP knock-out mice, in comparison to the WT C57   ×   129Sv 
controls, or to normal C57BL/6 control mice. The histological examination of the left and 
right ventricular myocardial muscle of MLP-mice revealed muscle thinning and enlargement 
of the ventricular cavities, in support of the dilated cardiomyopathic phenotype.

Figure 3 shows corresponding schematic representations of the heart as well as the prin-
ciple myocardial force directions (cardiac fiber axes) (including radial, circumferential, and 
longitudinal) and associated developed forces. Shown also in this figure are typical force and 
displacement recordings over a 1 s time interval from an in vivo, normal C57BL/6 mouse. 
Simple afterload interventions (partial aortic constriction) performed in normal C57BL/6 
mice indicated initial force reductions (immediately after constriction) owing to the pro-
gressive LV and right ventricular (RV) chamber emptying, followed by a sudden dilation 
of the ventricular chambers (soon after aortic reperfusion), owing to rapid chamber filling. 
Numerous subsequent forceful contractions followed, before baseline functional activity was 
restored (figure 3).

M Michaelides et alPhysiol. Meas. 36 (2015) 1573
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The force measurement methodology was applied to normal C57BL/6 (n = 16), 129/Sv  
(n = 9), WT control (C57   ×   129Sv) (n = 5), and MLP-knockout mice (n = 3). Temporal vari-
ations of the recorded force, and strain (over 10 min intervals), for normal C57BL/6, WT, and 
MLP-knockouts are depicted in figure 4. Strain values are referred to the estimated ED, resting 
crystal separation. Average recordings over 10 s periods are plotted as these determine the force 
and strain evolutions of the epicardium during systole (contraction) and diastole (relaxation).

A quantitative assessment of the effects of motional variability (in two normal C57BL/6 
and 129/Sv mice (data not shown)) during beat-to-beat, 1 s and 10 s time-intervals, is shown in 
figure 5 (for the basal, middle, and apical left ventricular areas of a normal C57BL/6 mouse).

Minimal effects were computed for changes in the direction of the wire (as connected to 
the cantilever and myocardium) as a result of such beat-to-beat variability (maximum excur-
sions of the detected hook positions were less than 0.5 mm for C57BL/6 and 129/Sv studied 
mice, leading to angular deviations of less than 0.29°). Such global motion effects were thus 
ignored.

The effect of force averaging (for data analysis and reporting purposes) over 1 s and 10 s 
intervals was also quantified in plots showing deviations of the median, 25%, and 75% quan-
tile values from the estimated mean, and maximum and minimum data values (over the studied 
intervals). Such deviations ranged between 0.65 and  −0.94 mm (for the two studied C57BL/6 
mice) and between 0.30 and  −0.35 mm (for the two studied 129/Sv mice), indicative of mini-
mal compound errors associated with statistical mean force reporting, in comparison to actual 
beat-to-beat force estimates (figure 5).

Table 1 summarises mouse strains, sample sizes, and relevant statistical tests conducted. 
The findings demonstrated constancy of the maximum evoked mean contractile epicardial 

Figure 2. Histological tissue evaluation. (Top) Hematoxylin and eosin histology 
revealed no evidence of ischemic presence, eliminating the possibility of myocyte 
necrosis due to the surgical procedures; (bottom) picro sirius red, mid-ventricular short 
axis histology stained slices, revealing myocardial thinning and increased deposition 
of extracellular matrix in MLP-knockout mice. (a) Typical (post-mortem) long axis 
view of the myocardium that underwent surgical intervention for sensor placement. 
The region of interest (box) denotes the area from which stained slices are visualised; 
(b) stained slice showing an intact control epicardial region. (c, d) stained histology 
slides showing the sites (arrow) of the inserted epicardial sutures for the force sensor 
placement. No indication of ischemia is observed in the area. Picro sirius red stained 
slices of (e) a control C57BL/6 heart, (f) a wild-type C57   ×   129Sv heart, and (g, h) two 
dilated cardiomyopathic hearts from C57   ×   129Sv MLP knockout mice with increased 
fibrosis (arrows).
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Figure 3. In vivo recordings of total epicardial ventricular force and displacements. 
(Top row) Schematic representations of the heart depicting the anterior epicardial 
force measurement locations, the principle myocardial force directions (radial, 
circumferential, longitudinal), and the direction of the detected cantilever force. The 
angle θ represents the azimuthal angle between the connecting wire and the plane 
tangential to the surface of the heart (at the suture locus); the equatorial was maintained 
at 90°; φ represents the angular deviation of the circumferential component along 
the longitudinal-circumferential axis. (Second and third rows) Typical in vivo force 
and displacement recordings (from different mice), over a 1 s period from (different) 
C57BL/6 mice; (fourth row) epicardial force recording from a control C57BL/6 mouse 
from an anterior middle-epicardial location during baseline, and after partial aortic 
occlusion and reperfusion.
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longitudinal strains (over the 10 min intervals) of 6.57   ±   0.7/9.29   ±   0.43/5.03   ±   0.72% (for 
C57BL/6 mice in the basal, middle, and apical areas, respectively), 4.82   ±   0.65% (for 129/Sv 
mice in the middle LV areas), 6.78   ±   0.74% (for WT C57   ×   129Sv controls in the middle LV 
areas), and 6.74   ±   0.6 (for MLP knock-out mice in the middle LV areas).

The force sensor results (figure 6) yielded mean epicardial forces (over the 10 min inter-
vals) with values of 3.07   ±   0.17, 6.39   ±   0.26, and 5.47   ±   0.24 mN (in the basal, middle, and 
apical areas of C57BL/6 mice), 7.79   ±   0.38 mN (in the middle LV areas of 129/Sv mice), 
8.92   ±   0.22 mN (in the middle LV areas of WT controls), and 5.91   ±   0.35 mN (in MLP mice). 
Figure 6 also depicts the decomposed total myocardial force along the radial, circumferential, 
and longitudinal directions, for all of the mouse strains studied.

Figure 4. Strain and force temporal variation patterns. The temporal variation of in vivo 
contractile and relaxation strain and force values. The magnitude of mean contractile 
(end-systolic to end-diastolic) and relaxation (end-diastole to end-systole) strain and 
force variations from the implanted piezoelectric crystals and force sensors on the (first 
column) middle C57BL/6, (second column) middle wild-type C57   ×   129Sv, and (third 
column) middle MLP-knockout C57   ×   129Sv murine myocardium, over 10 min of 
recordings. Reported results reflect averages and SD values over 10 s time intervals.
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Within and between the CV ranges/mean values for contractile forces were 6.7–15.8% 
and 5.5% (base—C57BL/6), 3.2–18.3%, and 4.1% (middle—C57BL/6), 6.8–15.7% and 4.5% 
(apex—C57BL/6); 2.6–21.8% and 4.8 % (middle—129/Sv), 2.3–6.4% and 2.5% (middle—
C57   ×   129Sv), and 2.2–13.8% and 5.9% (middle—MLP).

Figure 5. The assessment of the relative contribution of global motion effects to total 
recorded force. Variational analysis of the in vivo epicardial motion in a typical C57BL/6 
mouse. (Top row) Photographic representation of the force sensor wire attachment on 
the anterior epicardium. The green flag and the wire hook attachment were spatially 
tracked over multiple cardiac cycles (a typical set of trajectory patterns is shown in the 
upper right corner) in the basal, middle, and apical regions of the studied C57BL/6 and 
129/Sv murine myocardium; (second row to bottom) presented are (left) basal-middle-
apical beat-to-beat displacement variability plots, and (right) corresponding plots of 
mean displacement estimates over 10 s intervals. Bar-graphs represent 1st quantile-
median (dark gray or green), and 3rd quantile-median (light gray or red), with error 
bars representing the minimum and maximum values in each period.
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Corresponding within and between the CV values for contractile strains ranges/
mean values were 8.9–20.6% and 10.7% (base—C57BL/6), 2.8–29.0% and 4.7% (mid-
dle—C57BL/6), 7.8–41.0% and 14.3% (apex—C57BL/6); 6.3–21.6% and 11.1% (mid-
dle—129/Sv), 6.3–21.8% and 11.0% (middle—C57   ×   129Sv), and 6.5–28.5% and 8.9% 
(middle—MLP).

The statistical variability for contractual (ES–ED) and relaxation (ED–ES) forces and 
strains was assessed using the analysis of variance tests (ANOVA) followed by Tukey’s hon-
est significance difference (HSD) tests for multiple determinations. The ANOVA variance 
tests demonstrated significant variability differences in the recorded forces and strains dur-
ing both the contraction and relaxation phases of the cardiac cycle (p  <  0.0001), at different 
locations of the LV myocardium (both in C57BL mice and in mid-myocardial locations of 
normal 129/Sv mice). Furthermore, significant variability differences were also noted in the 
recorded forces and strains in the middle-myocardial regions of C57BL, WT C57   ×   129Sv, 
and MLP mice.

4. Discussion

The laminar composition of the myocardial architecture and its tortuous myofibre composition 
(Takayama et al 2002) add tremendous complexity in its structure and mechanical function. 
While prior attempts were successful in invasively measuring displacement using piezoelec-
tric crystals (Villarreal et al 1988, Lima et al 1993, Yeon et al 2011) and other methodologies 
(Waldman et al 1985, McCulloch et al 1989), attempts to measure myocardial force or stress 
languished, and the feasibility for successfully performing such measurements remained 
elusive.

Mechanical strain and stress, as the basic determinants of systolic and diastolic function, 
are also regarded as long-term prognostic biomarkers. The ability to conduct concurrent 
material strain and force measurements in real time is certainly advantageous for the direct 
mechanical characterisation of the tissue providing new opportunities for direct, constitutive 
law quantification in comparison to non-invasive techniques, such as MRI and echocardiog-
raphy. On the other hand, the inherent measurement resolution of this invasive, epicardial 
technique is limited by the physical size of the recording sensors. Correspondingly, and the 
measurements are susceptible to motion-induced misalignment effects as compared to the 
superior spatial resolution of recordings in MRI and ultrasound, in relation to the deformation 
tensor formulation and transmural strain estimation.

Piezoelectric crystals, tagging, and DENSE-MRI, have been extensively used to quan-
tify myocardial displacement and strain. Gilson et al (2005) reported values of  −0.5 mm 
(basal),−0.25 mm (middle), and 0.06 mm (apical), in mice, in agreement with our corresponding 

Table 1. Summary of the completed statistical tests listing demographic details of 
mouse strains, myocardial locations, and sample sizes.

CV analyses ANOVA C57BL/6 129/Sv C57   ×   129Sv (WT) MLP

Displacement/Strain Basal (n = 5) — — —
Middle (n = 9) Middle (n = 4)a Middle (n = 5) Middle (n = 3)
Apical (n = 5) — — —

Force Basal (n = 5) — — —
Middle (n = 6) Middle (n = 5) Middle (n = 5) Middle (n = 3)
Apical (n = 5) — — —

a Four mice were studied in total—owing to technical difficulties with the displacement during part of the recording 
period, the elicited temporally varying average strains reflect the mean from 2–4 mice datasets.
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estimated mean and absolute displacement values ranging from 0.1–0.15 mm, 0.1–0.23 mm, 
and 0.07–0.11 mm, using piezoelectric crystals. The peak contractile longitudinal strain in 
mice has also been recently reported to be 18   ±   14% using DENSE-MRI (Zhong et al 2011) 

Figure 6. Strain and force comparisons in normal and transgenic mice. Strain and 
force (total, decomposed) comparisons in normal, wild-type (WT) and MLP transgenic 
mice. (Top, middle) Mean contractile longitudinal strain and mean magnitude of total 
recorded (contractile) force over basal, middle, and apical myocardial areas in normal 
C57BL/6, 129Sv, WT C57   ×   129Sv and MLP-transgenic mice; (bottom) decomposed 
force representation along radial (Frr), circumferential (Fcc), and longitudinal (Fll) 
myocardial directions.
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that is higher than our reported values of 4.8   ±   0.6–9.3   ±   0.4%. The underestimation can 
be justified by the fact that only longitudinal strain values (εll) are reported in this study and 

that there may be possible differences in the scale of the spatial measurement, compared to 

the total (composite) strain ε ε ε ε= + +( )ll cc rrtot
2 2 2  reported in MRI publications. Despite the 

differences in reported values, the spatial pattern of developed strain agrees closely to that 
reported based on MRI (Zhong et al 2011).

Additionally, recent advances in fabrication technology have allowed the construction and 
commercialisation of compact, miniature cantilever force microsensors for force measure-
ments of the order of nN. The use of such sensors has been mainly limited to in vitro studies 
where prior attempts evaluated the force production of skinned fibres from skeletal, smooth 
muscle (Alessi et al 1992, Wu et al 1998, He et al 2000, Yamaguchi and Takemori 2001), and 
in vitro cardiac muscle studies (Hanley and Loiselle 1998, Baker et al 2001).

The technique’s underlying advantages include the facts that measurements are directly 
obtained from the epicardium as these pertain to the force-generating ability of cardiomyo-
cytes. To this extent, measurements are more relevant to cellular force generation and its 
modulation owing to the tethering of the cytoskeleton to the extracellular matrix, compared to 
globally averaged estimates of pressures and volumes recorded using invasive catheters placed 
within the ventricular chamber.

The total force measurements (Ftot) from this study ranged between 3.1–8.9 mN, and are, to 
our knowledge, some of the first ever recorded from the active, in vivo epicardium. Any force 
measurement reported using the presented methodology would be a very complicated reflec-
tion of LV force development, comprising an active fibre, a passive fibre, and a passive inflow 
filling component, in accordance with:

= + +F t F t F t F t( ) ( ) ( ) ( )tot active,fiber passive,fiber passive, inflow-filling

These epicardial force measurements are reflective of the developed force at a spatial posi-
tion located between the loci of the placed piezoelectric crystals (spanning 0.5–1 mm). 
The technique’s feasibility to detect responses in challenged animals was also demon-
strated with transient afterload increases, post-aortic occlusion, as direct manifestations 
of the Frank–Starling law. Reported force estimates were based on the subtraction of peak 
systolic and diastolic cantilever displacements and they have not accounted for possible 
diastolic or peak systolic pressure variations under loading condition variations during 
the conducted experimental studies. Based on two prior elaborate studies on the effects 
of anaesthesia on mean arterial blood pressure (Constantinides et al 2011a) and haemo-
dynamics (Constantinides et al 2011b), the authors have established optimal protocols 
of invasive studies under anaesthesia in normal C57BL/6 mice, ensuring the constancy 
of such parameters over extensive periods post-induction. Furthermore, significant dif-
ferences in strain (εll) and force measurements were observed in different areas of normal 
mice of the same or different genetic strain, directly attributed to intra- or interspecies 
fibre architectural differences. In addition, motional variability analyses indicated that the 
effects on total force from the beat-to-beat cardiac variability were minimal. More prom-
inent beat-to-beat variability effects were consistently observed in apical (compared to 
basal or middle myocardial) areas.

Based on the presented results, it is shown that little circumferential or longitudinal force 
is noted in the middle areas of the myocardium. Instead, the prominent force component is 
along the radial direction. Similarly, primarily apical (and to a lesser extent basal) areas are 
associated with developed circumferential (torsional) and compressive (longitudinal) force 
components (of opposite direction) during the systolic phase of the cycle.
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Functional results also exhibit significant reductions in elicited in vivo forces in MLP-
/- mice (age  >6 months) compared to WT controls (age  >2.5 months), possibly owing to 
a stiffer, fibrotic myocardium, as reported earlier in skinned papillary muscles of 12 week 
MLP-mice (Unsold et al 2012). These results are also in agreement with the histological 
phenotype of MLP mice, exhibiting prominent cyto-architectural disorganization and dis-
ruption with increased collagen deposition and fibrosis (Arber et al 1997, Knoll et al 2010, 
Unsold et al 2012). The presented results also indicate increased total force values from the 
middle myocardium of WT-control mice, in comparison to middle-myocardial forces from 
normal C57BL/6 and 129/Sv mice. The findings were likely attributed to secondary strain 
(breed) differences or to the age of such mice, compared to the age of the normal animals 
studied (approximately 3–3.5 months). Additionally, contrary to reported results on radial 
strain, exhibiting significant reductions in MLP-mice compared to controls (Esposito et al 
2000), our reported results show insignificant longitudinal strain differences in WT and 
MLP mice.

One of the study’s primary limitations is the important unbalance between the mouse 
strains and the number of mice studied. This certainly guarantees additional investigations 
with increased and balanced sample sizes in regard to the strain type and myocardial loca-
tions evaluated. Correspondingly, the non-significant results elicited from some group com-
parisons may be also attributed to type II errors. Additionally, the sample size for some 
cohort studies (particularly for the MLP-mice) is rather low, and inferences drawn from such 
data must be interpreted with caution. An additional study limitation includes the possible 
inconsistencies of force measurements. The complex cardiac geometry and its anisotropic 
material properties impose further restrictions for transmural or endocardial LV measure-
ments. While lateral and posterior wall measurements are possible by placing the mouse in 
the right decubitus position, RV measurements may prove particularly challenging to accom-
plish. It is also imperative that circumferential measurements are also conducted. However, 
technically, it is currently impossible to collect concurrent longitudinal and circumferential 
measurements. Furthermore, although the investigation of the influencing effects of the myo-
cardial sensor positions and their geometrical arrangements on strain (especially the relations 
of radial, longitudinal, circumferential, torsional, and principle strains) and force data are 
critically important for validation purposes, this is beyond the scope of this study but repre-
sents work-in-progress.

5. Conclusion

The presented approaches led to the successful implementation of procedures that allow in 
vivo force, displacement, and strain measurements. Future work will focus on accurate quanti-
fication of the underlying contributors (cardiomyocyte stiffening versus extracellular fibrosis) 
to altered global contractile status in transgenic and diseased myocardium.
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