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Abstract: The heart is a complex multi-scale system composed of components integrated at the subcellular, 
cellular, tissue and organ levels. The myocytes, the contractile elements of the heart, form a complex three-
dimensional (3D) network which enables propagation of the electrical signal that triggers the contraction to 
efficiently pump blood towards the whole body. Cardiovascular diseases (CVDs), a major cause of mortality 
in developed countries, often lead to cardiovascular remodeling affecting cardiac structure and function 
at all scales, from myocytes and their surrounding collagen matrix to the 3D organization of the whole 
heart. As yet, there is no consensus as to how the myocytes are arranged and packed within their connective 
tissue matrix, nor how best to image them at multiple scales. Cardiovascular imaging is routinely used to 
investigate cardiac structure and function as well as for the evaluation of cardiac remodeling in CVDs. For a 
complete understanding of the relationship between structural remodeling and cardiac dysfunction in CVDs, 
multi-scale imaging approaches are necessary to achieve a detailed description of ventricular architecture 
along with cardiac function. In this context, ventricular architecture has been extensively studied using a 
wide variety of imaging techniques: ultrasound (US), optical coherence tomography (OCT), microscopy 
(confocal, episcopic, light sheet, polarized light), magnetic resonance imaging (MRI), micro-computed 
tomography (micro-CT) and, more recently, synchrotron X-ray phase contrast imaging (SR X-PCI). Each 
of these techniques have their own set of strengths and weaknesses, relating to sample size, preparation, 
resolution, 2D/3D capabilities, use of contrast agents and possibility of performing together with in vivo 
studies. Therefore, the combination of different imaging techniques to investigate the same sample, thus 
taking advantage of the strengths of each method, could help us to extract the maximum information about 
ventricular architecture and function. In this review, we provide an overview of available and emerging 
cardiovascular imaging techniques for assessing myocardial architecture ex vivo and discuss their utility in 
being able to quantify cardiac remodeling, in CVDs, from myocyte to whole organ.
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Introduction

The heart, as other organs within the body, can be 
understood as a complex multi-scale system composed of 
components integrated at subcellular, cellular, tissue and 
organ levels, which work efficiently together in order to 
receive blood and subsequently pump it to the rest of the 
body. Cardiovascular diseases (CVDs), the leading cause of 
mortality in developed countries, can lead to cardiovascular 
remodeling affecting cardiac structure and function at all 
scales, from the sarcomere, the basic contractile unit within 
the myocyte, to the whole heart.

The cardiac myocytes, known also as cardiomyocytes, are 
the primary functional muscle cells in the myocardium (1).  
They are aggregated together to form a complex three-
dimensional (3D) network showing predominant directions 
within the ventricular myocardium (2). Several studies have 
suggested that myocytes are also grouped forming flattened 
structures of approximately four myocytes thick although 
there is some controversy about the presence or absence of 
these structures. Different terms such as: ‘sheets’, ‘sheetlets’, 
‘laminar’ or ‘lamellar’ have been used interchangeably to 
describe them (3,4). The orientation of myocyte aggregates is 
assessed by means of three different angles. Their longitudinal 
orientation with respect to the long axis of the ventricular 
cavity is known as helical angle; their radial orientation with 
respect to the epicardial surface is known as intrusion angle 
(also known as transverse, transmural or imbrication angle). 
Finally, the angle between the normal vector of the plane 
of myocytes aggregates and the epicardial surfaces is known 
as ‘sheet’-normal or E3 angle. There is continuing debate 
about precise structure, in particular on how these groups 
of myocytes are packed within their surrounding connective 
tissue matrix (the endo-, peri- and epi-mysium), and how 
they achieve this form in-utero (5,6). It is also known that 
myocardial architecture of the heart differs between the left 
ventricle (LV) and the right ventricle (RV). While the LV 
has a thick compact myocardium, the RV has a very complex 
shape and more trabeculations, especially in the apical part, 
with a thin compact myocardium. Unlike the LV, the normal 
RV myocardium is not thought to contain a mid-layer of 
circumferentially arranged myocytes apart from the outflow 
tract (7,8). Nonetheless, the arrangement of the myocytes 
within the ventricular walls determines propagation of the 
electrical activity through the myocardium as well as the 
development of force during cardiac contraction or relaxation 
(9,10). To understand cardiac dysfunction associated with 
CVDs, therefore, it is important to study the alterations that 

occur at all scales of the heart, from subcellular to whole 
organ level. This requires multi-scale imaging approaches 
that allow quantitative assessment of ventricular architecture 
and its remodeling ideally both ex vivo and in vivo.

Cardiovascular imaging is used widely in basic and 
clinical applications to investigate cardiac structure and 
function as well as for the diagnosis and assessment of 
cardiac remodeling in CVDs. Ventricular architecture has 
been extensively studied using microscopy by multiple 
technologies (light, confocal or electron microscopy) 
(11,12), which can be very powerful in terms of resolution 
and contrast thanks to histological staining agents, but 
involves destruction of the sample and only 2D images 
from thin tissue sections can be obtained. On the other 
hand, 3D imaging techniques such as ultrasound (US), 
magnetic resonance imaging (MRI) or (micro-) computed 
tomography (CT), amongst others, have proven popular 
in cardiology since they are able to image the whole heart 
both ex vivo and in vivo albeit with lower resolution than 
using microscopy (see Figure 1). Recently, synchrotron 
X-ray phase contrast imaging (SR X-PCI) has emerged 
as a powerful imaging technique for the investigation of 
cardiac structure ex vivo. This technique uses the refractive 
properties of brilliant X-rays to enhance image contrast 
in tomographic measurements, which is limited for soft 
tissues in conventional clinical systems. Thanks to its 
versatile sample stage and detector configuration, X-PCI 
offers the possibility to perform multi-resolution studies 
without sample manipulation (13), and with resolutions 
down to the submicron level (13,14-19). However, up to 
now, it is only possible to perform ex vivo studies in small 
samples (<3 cm3).

In this review, we provide a thorough overview of the 
imaging techniques that are currently being used to assess 
ventricular architecture at different scales, both in health 
and in disease, focusing on those than can provide details 
at different scales from the same sample. Table 1 provides 
a summary of the main characteristics of the different 
imaging modalities discussed in this review. We conclude 
with the future of research and challenges of multi-scale 
cardiovascular imaging.

Ultrasound

Cardiac US, also known as echocardiography, is a non-
invasive imaging modality, routinely used in clinical 
practice, that can provide dynamic cardiac anatomical 
and hemodynamic information thanks to its real-time 
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nature. Almost 10 years ago, Lee et al. proposed the use 
of shear waves (a type of elastic wave) generated by US, 
travelling in different directions within the myocardium, 
to map the orientation of myocyte aggregates (20). This 
technique is known as shear wave imaging (SWI) or elastic 
tensor imaging (ETI). Since shear wave propagates faster 
along than across the myocyte direction, the helical angle 
of myocyte aggregates can be estimated by finding the 
maximum shear wave in vivo speed. Lee and colleagues 
successfully mapped the transmural fiber orientation in 
5 in vitro porcine and 3 open-chest ovine hearts with a 
spatial resolution of 0.2 mm (20). In the in vitro porcine 
myocardium, the estimated helical angle of myocytes 
gradually changed from +80º (endocardium) to –40º 
(epicardium) with 0º aligning with the circumference of the 
heart, while in the in vivo hearts, the average orientation 
exhibited +71º (endocardium) and –26º (epicardium) at mid-
systole. However, an important limitation of SWI is the 
need to generate a shear wave at every location of interest, 
thus requiring long acquisitions.

More recently, Papadacci et al. introduced 3D backscatter 
tensor imaging (3D-BTI) to map myocyte orientation 
dynamically with high temporal resolution in vivo (21). 
In 3D-BTI, ultrafast volumetric US acquisitions are used 
to measure the spatial coherence of ultrasonic speckle. 
The authors estimated myocyte orientation in vitro in 5 

porcine LV myocardial samples and subsequent histology 
was performed in these samples for validation. In the 
same study the authors also reported the use of 3D-BTI 
in vivo, to assess the changes in myocyte orientation in 
the beating heart of an open-chest sheep as well as on a 
healthy volunteer to test its clinical feasibility. However, an 
important limitation of 3D-BTI is its incapability to map 
the z component of myocyte orientation as well as its low 
spatial resolution. Overall, although US is a cheap and non-
invasive imaging technique that offers excellent temporal 
resolution for assessing global cardiac structure and function 
real-time it has a poor spatial resolution (few mm) to study 
myocardial architecture in detail.

Optical coherence tomography

Optical coherence tomography (OCT) is a non-destructive 
technique that utilizes light in the near-infrared spectral 
range to provide 3D images at micrometer-resolution from 
biological samples at high acquisition speeds (22).

OCT was first used to extract the 3D orientation of 
myocytic aggregates (23). Gan et al. acquired 3D images 
from swine hearts, without optical clearing and with a pixel 
size of about 5 μm, to quantify myocyte orientation. More 
recently, OCT has been used to image entire young and 
adult mouse hearts ex vivo at micron scale resolution, to 

Figure 1 Spatial resolution of multi-scale cardiovascular imaging modalities, from animal to subcellular level. MRI, magnetic resonance 
imaging; micro-CT, micro-computed tomography; nano-CT, nano-computed tomography; X-PCI, X-ray phase contrast imaging. This 
figure was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; 
https://smart.servier.com.
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Table 1 Summary of the strengths, weaknesses and applications of the presented imaging techniques used to investigate the cardiac ventricular 
architecture and function

Modality Strengths Weaknesses Applications

US Non-invasive; in vivo real-
time imaging; portable and 
cheap; directly based on 
structural scattering

Low tissue contrast for direct 
microstructure visualization; spatial 
resolution depending on frequency 
used together with scan depth; indirect 
measurements based on shear wave 
propagation

Gross morphology; myofiber orientation; 
cardiac function evaluation; blood flow 
measurements

OCT Non-destructive; resolution 
down to a few microns

Depth penetration limitations Myocyte and laminar orientation; gross 
morphology

CM Resolution down to 155 nm Sample preparation artefacts; small 
sample size; long exposure times

Lamellar architecture analysis; collagen 
deposition

HREM Resolution down to 0.3 µm; 
automatic alignment of 2D 
images in 3D

Relies on whole block staining; requires 
sectioning after each 2D acquisition

Developmental cardiology; detailed 
morphology; trabeculations complexity; 
myoarchitectural disarray; helical and intrusion 
angles

LSFM Resolution <1 µm; high-
speed; in vivo 4D imaging

Optical clearance often needed Real-time developmental cardiology; micro-
circulation; helical angle

PLM Resolution down to ~100 µm; 
directly based on structural 
orientation

Sample preparation artefacts; anisotropic 
resolution; collagen birefringence 
artefacts

Helical, intrusion and elevation angle; collagen 
properties

MRI High soft tissue contrast; 
non-invasive; functional 
information; whole heart 
imaging; in vivo 4D imaging; 
diffusion tensor and 
molecular modalities

Long scanning times; typically, lower 
spatial resolution; indirect measurement 
of myocytes orientation (water diffusion)

Detailed gross anatomy visualization; myocyte 
and laminar orientation; in vivo/in vitro cardiac 
cycle investigation

micro-CT Resolution down to ~10 µm; 
non-destructive; in vivo 4D 
imaging; compact hardware 
solution

Dose deposition; relies on contrast 
agents/sample preparation

Detailed gross anatomy visualization; 
conduction system delineation; helical and 
intrusion angles; lamellar architecture analysis

SR X-PCI Resolution down to ~1 µm in 
3D; non-destructive; phase 
contrast exploitation; time-
efficient

Dose deposition; availability (large-
scale facility); nanometer resolution only 
feasible in small samples and with long 
scan times

Detailed gross anatomy visualization; 
conduction system delineation; coronary tree 
analysis; helical and intrusion angles; lamellar 
architecture analysis; collagen deposition; 
single cardiomyocyte analysis

US, ultrasound; OCT, optical coherence tomography; CM, confocal microscopy; HREM, high-resolution episcopic microscopy; LSFM, 
light-sheet fluorescence microscopy; PLM, polarized light microscopy; MRI, magnetic resonance imaging; micro-CT, micro-computed 
tomography; SR X-PCI, synchrotron X-ray phase contrast imaging.

investigate morphological changes in cardiac architecture 
that occur with normal aging (24), showing that the slope 
of myocyte orientation from the endocardium to the 
epicardium decreased with age. However, one of the main 
drawbacks of OCT is its limited depth of light penetration 
(about 1 mm) which restricts its use to small animals.

Polarization-sensitive optical coherence tomography 

(PS-OCT) has been used to assess myocyte orientation 
in fixed (25) as well as in a fresh mouse hearts (26). This 
technique is an extension of OCT which can determine 
depth-resolved local polarization properties. While 
conventional ‘standard’ OCT is based exclusively on the 
intensity of light backscattered or reflected by the sample, 
PS-OCT also detects its polarization thereby improving 
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image contrast as well as allowing quantification of sample 
specific polarization properties. The authors showed that, 
although the imaging depth of the PS-OCT system was 
not able to penetrate the entire ventricular wall in mice, it 
was sufficient to quantify myocytes and sheet orientation 
in 3D and to validate this technique with histological 
measurements (26).

Microscopy imaging

Microscopy techniques are based on the interaction 
of sample sections with visible light with the aid of 
conventional histological staining or the use of antibody 
specific fluorescent or non-fluorescent probes. The high 
resolution achievable and the wide offer of contrast agents 
and biomarkers make microscopic techniques very powerful 
for the detailed study of biological tissues at (sub)cellular 
level. Nevertheless, these techniques introduce well-
characterized alterations due to tissue processing, staining, 
embedding and cutting, and typically rely on the acquisition 
of individual 2D images from 3D samples. Among all 
the different microscopy techniques available, the ones 
that have been widely used to characterize ventricular 
architecture include; confocal, high-resolution episcopic 
microscopy (HREM), polarized light microscopy (PLM) 
and, more recently, light-sheet fluorescence microscopy 
(LSFM).

Confocal microscopy (CM)

CM is a scanning variation of traditional fluorescence 
microscopy that uses point illumination and a pinhole 
in front of the detector to eliminate out-of-focus signal. 
Therefore, only the fluorescence signal coming from the 
region close to the focal plane is detected and resolution is 
increased significantly (27). Thanks to staining procedures 
and hardware developments, high resolution images (<1 
μm) of cardiac subcellular structures over relatively small 
volumes (up to 4 mm3) and areas (up to 75 mm2) can be 
imaged (28).

This technique, in combination with a variety of image 
processing tools, has been used to study cardiomyocyte 
orientation in chicken embryos with altered mechanical 
load (29), in fetal rabbits (30) and in rats (31,32). In 
addition, CM has been extensively used to investigate the 
fibrous matrix/collagenous microstructure and lamellar 
structure in adult rats (28,32,33), as well as its age-
dependent remodeling in rat models of hypertension 

and its relationship with cardiac left ventricular function  
(34-36).

Although CM offers resolution and image contrast 
adequate to resolve cardiac tissue microstructural 
components ex vivo, a general limitation of this technique 
is related to the dehydration of tissue and use of chemicals 
which might alter inherent myocardial structure. Moreover, 
the visualization of cardiac microstructure of whole 
hearts with CM is not feasible, therefore limiting it to the 
investigation of small samples of cardiac tissue.

High-resolution episcopic microscopy

In HREM, high-resolution 2D digital images of the surface 
of resin-embedded samples, with pixel sizes ranging from 0.5 
to 3 μm2, are acquired in fluorescence-mode after repeated 
sectioning. In contrast to traditional histology, this process 
is done automatically so that a perfectly aligned 3D dataset 
can be generated without user interaction, thus avoiding 
related manipulation distortions and enabling to decrease 
section thickness up to 1 μm (37). For a detailed review 
about HREM, we refer the reader to the publication of 
Weninger et al. (38).

Given its high resolution and the ability to generate 3D 
volumes, HREM has been extensively used to visualize 
cardiac morphology at different stages of fetal development 
in animal models such as zebrafish, frog, chicken and mouse 
(38-40) as well as in human (41,42). Among all the different 
animal models, the mouse has been most widely studied (43). 
While some studies focus on morphological development 
of normal cardiac structures (44-46), others have assessed 
defects induced by a variety of genetic mutations (40,47,48), 
thus showing the potential of HREM for high throughput 
phenotyping of mouse mutants.

Most of the literature is focused on visual inspection/3D 
reconstructions of cardiac morphology and only few 
performed quantitative assessment of  myocardial 
architecture. The fractal dimension in combination with the 
measurement of ventricular thickness, size and surface has 
been proposed to quantify the complexity and development 
of trabeculations both in normal and in mutant mouse 
models (49-51). More recently, Garcia-Canadilla et al. 
quantified the orientation of myocytes aggregates (helical 
and intrusion angles) and myoarchitectural disarray in a 
mutant mouse model of hypertrophic cardiomyopathy 
during fetal development and at birth (52).

One of the limitations of HREM is that it is restricted 
to exploring the microanatomy of small specimens. 
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Moreover, as for most microscopy techniques, it involves 
the dehydration and processing of samples. Finally, use of 
histologic stains and antibodies is still experimental and 
requires careful collection of all tissue sections obtained 
during the HREM process (40). Therefore, with this 
technique is still not possible to visualize specific cardiac 
tissue components such as the fibrous matrix and relate 
these to myocyte organization.

Polarized light microscopy

PLM is a microscopy technique that uses polarized light 
to image specimens that are visible primarily due to their 
optically anisotropic character (53). Generally, the setup 
consists of a first polarizer that polarizes the light coming 
from a white light source, next to the sample, and a 
second polarizer (analyzer) perpendicular to the first one. 
A charge-coupled device (CCD) camera, placed behind, 
detects the transmitted light. When the light interacts with 
an anisotropic sample, as in the case of cardiac tissue, its 
polarization axis changes and some of the light propagates 
through the analyzer. The intensity detected by the CCD 
camera is related to the main orientation axis of the sample.

Within the cardiovascular field, PLM has been mainly 
used for the visualization of myocardial collagen and 
quantification of its orientation both in animal models (54) 
and humans (55,56). Whittaker and colleagues proposed 
the use of circularly instead of linearly polarized light 
in combination with picrosirius red staining to enhance 
histological assessment of myocardial collagen thus 
providing additional insight into its composition and 
structure (54).

Moreover, PLM has been also used to quantitatively 
measure the orientation of myocyte aggregates in human 
fetal and infantile hearts embedded in methyl methacrylate 
by inferring the mean spatial orientation of the myosin 
filaments with a resolution of few microns, and described by 
means of the helical and intrusion angles (57-59). However, 
one of the main limitations is that the range of helical 
angle that can be measured is restricted to 90º having also 
a systemic bias between 0º and 20º. Moreover, values of 
helical angle higher than 70º cannot be resolved due to the 
low amount of transmitted light. Therefore, PLM seems to 
be more suitable for the quantitative analysis of myocardial 
collagen rather than the assessment of myocytes aggregates 
orientation, although it is restricted to the study of small 
pieces of tissue and also the intensity of the transmitted 
light depends on the orientation of collagen fibers with 

respect to the section plane.

Light-sheet fluorescence microscopy

LSFM is a non-destructive technique in which a thin 
sheet of light illuminates the sample and a fluorescence 
signal is detected orthogonally by a 2D detector, usually 
a CCD or complementary metal-oxide semiconductor 
(CMOS), combined with an objective (60). With the use 
of very thin light-sheets, deep-tissue penetration, high 
spatial resolution (<1 μm) and good optical sectioning with 
minimal photobleaching and phototoxicity is achieved, 
with an additional increase of contrast due to the reduction 
of background signal. The high spatiotemporal resolution 
offered by LSFM has been mainly used to study real-time 
developmental biology (61). The fast acquisitions achieved 
with respect to other microscopy techniques, allows  
in vivo visualization (4D imaging) of samples ranging from 
live zebrafish embryos to adult mouse hearts (62-64).

4D imaging of zebrafish embryos has been used to 
dynamically investigate cardiac anatomy, architecture and 
function (65,66) as well as for elucidating the mechanisms 
of cardiovascular regeneration and chemotherapy-induced 
cardiac remodeling (62,67). Some of these studies focused 
also on the detailed visualization of neonatal murine hearts, 
proving the capabilities of LSFM to unravel functional 
and structural information of the murine heart (64,66). 
However, all the studies found in the literature focused only 
on the visual inspection of the heart without providing any 
quantitative data about cardiac architecture and/or function.

Compared to other microscopy techniques such as 
CM or two-photon microscopy, LSFM is able to image 
thicker tissues (>1 cm) with reduced photobleaching and 
phototoxicity. Moreover, LSFM offers higher resolution 
and faster acquisitions compared with other non-destructive 
techniques such as MRI or CT. However, one of the main 
limitations is that since LSFM is an optical method samples 
need to be transparent and fluorescent for imaging, meaning 
that many samples require optical clearing in order to 
eliminate self-absorption of tissue and use of fluorophores.

Magnetic resonance imaging

MRI and, more specifically, diffusion tensor imaging 
(DTI) has become the gold standard for the investigation 
of myocardial architecture, both ex vivo and in vivo, thanks 
to the high anisotropy of the myocardium and the ability 
of DTI to measure water diffusion paths (68,69). DTI 
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enables estimation of the three orthogonal eigenvectors 
of the diffusion tensor, v1, v2 and v3, that are associated to 
myocytes aggregates longitudinal, ‘sheet’ and ‘sheet’-normal 
directions respectively.

MRI offers superior soft tissue contrast in 3D without 
the use of ionizing radiation and thus the possibility to 
perform in vivo studies. Nevertheless, some authors have 
reported the use of gadolinium to increase contrast in 
3D fast low angle shot MRI (FLASH) images or visualize 
myocardial fibrosis (70,71). Spatial resolution is typically 
limited (~1 mm), requiring long acquisition times (>12 h) 
for high resolution scans. For a review on the technical 
details of cardiac MRI we refer the reader to the works of 
Hoffman et al. (72) and Mekkaoui et al. (68).

An extensive volume of research supports DTI in 
characterizing myocyte aggregate orientation ex vivo, in 
experimental animal models such as mouse (73-75), rat 
(70,76-84), rabbit (71,85), bovine (86), ovine (87,88), 
canine (89-91), porcine (92-96) and even in human 
fetal (97) and adult (98,99) hearts. Most of these studies 
focused on the visualization and quantification of myocyte 
aggregate orientation in healthy hearts by means of helical, 
intrusion and sheet angles, trying to shed more light on 
the controversy about the precise myocardial architecture 
and the existence, or not, of a unique ventricular 
myocardial band (6,7). Furthermore, some studies have 
also quantified myocardial remodeling induced by different 
CVDs such as myocardial infarction (75,79) or pulmonary 
hypertension (88). Among all the different ex vivo MRI 
studies published over the last 20 years, that of Gilbert and 
colleagues demonstrated the highest resolution, with an 
isotropic voxel size of 50 μm3 (82).

Most of the ex vivo MRI studies discussed above focused 
only on describing myocardial architecture of the LV, while 
very few have investigated also RV myocardial architecture 
in detail, both in healthy conditions comparing different 
contraction states (71,94) and in different CVDs (88,100), 
which is crucial for a full understanding of the overall 
cardiac structure-function relationship. Considering that 
the RV wall is very thin (2–5 mm in humans), the limited 
spatial resolution offered by MRI could have been a limiting 
factor for investigating the myocardial architecture of RV.

Another topic of interest has been the study of the 
changes in myocyte orientation during cardiac contraction. 
This has been produced either by fixing hearts at different 
selected phases of the cardiac cycle and imaging them  
ex vivo (71,94), or by using in vitro isolated heart perfusion 
systems in rats (76,80,83), which allow to stop the same 

heart in different contraction states thanks to the use 
of different ion concentrations in the buffer solutions. 
Surprisingly, the different studies have reported different 
results. While Chen et al. have observed an increase in 
longitudinally arranged myocytes in both the endocardium 
and epicardium at the end of systole (80), Hales et al., and 
Teh et al., also reported an increase in the longitudinally 
arranged myocytes in the sub-endocardium but a decrease 
in longitudinally arranged myocytes in the sub-epicardium 
during contracture state (71,83). The authors attribute 
these differences to the chemical fixation of the heart in 
the contracture heart prior to imaging. More recently, 
Omann and colleagues have reported a decrease in E3-
angle from relaxation to contraction, predominantly in 
the endocardium of both ventricles of female swine, with 
no significant changes in either the helical or intrusion 
angle of myocytes of the RV. These results suggest that the 
aggregation of myocytes is the predominant mediator of 
myocardial wall thickening during cardiac contraction (94).

Generally, in ex vivo MRI studies with long acquisition 
times, the sample is chemically fixed and embedded in 
either agarose or Fomblin to prevent tissue autolysis and 
sample motion. However, this may alter tissue structure and 
MRI properties as demonstrated by Hales et al. (81). The 
authors reported changes in T1 and T2 relaxation times 
over 48-h period following embedding in all the different 
media as well as alterations in the orientation of the 
primary eigenvector of the diffusion tensor in all the hearts. 
Therefore, the use of some chemicals for tissue fixation 
and embedding may alter tissue properties and this has to 
be taken into account when assessing changes in cardiac 
microstructure due to CVDs.

One of the great advantages of MRI is the possibility to 
perform in vivo studies non-invasively. This way, changes 
in myocyte and ‘sheet’ orientation during the cardiac cycle 
have been studied in vivo in healthy humans (101) as well 
as in patients with hypertrophic cardiomyopathy (102) 
and dilated cardiomyopathy (95), and further compared to  
in vivo porcine measurements. One of the main limitations 
of all these in vivo studies is the low spatial as well as 
temporal resolution. Furthermore, information was only 
acquired at specific short-axis slices of the heart thus 
limiting the possibility to detect small local changes in 
myocardial architecture. This could explain why these 
studies have showed limited changes in myocytes helical 
angle between different contractile states.

Most of the studies have tried to validate DTI using 
conventional histology, which requires destructive sectioning 
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to acquire 2D optical images and which thus might alter 
myocyte microstructure, limiting the correct assessment of 
3D myocardial architecture (77,78,82,83,85,86,95). Recently, 
DTI has been validated with intact 3D histology by means 
of LSFM using a tissue-clearing technique in normal 
mouse hearts (75) showing a good agreement between both 
techniques. On the other hand, Teh and colleagues proposed 
the use of synchrotron radiation imaging (which will be 
discussed in the next section) to validate DTI measurements 
of cardiac architecture in fixed healthy rat hearts showing 
also an excellent agreement in helical and intrusion angles 
between DTI and structure tensor synchrotron radiation 
imaging (103).

Finally,  some authors have assessed myocardial 
architecture in T2*-contrast images (77,78) and 3D FLASH 
images (70,98) using a structure tensor method. Although 
measurement of helical and intrusion angles are shown 
to be similar between DTI and T2* and 3D FLASH, the 
authors reported some differences especially in the ‘sheet’ 
and ‘sheet-normal’ orientations. More specifically, DTI 
showed less accuracy in measuring ‘sheet’ orientation as 
a consequence of poor ‘sheet’ eigenvector assignment. 
Apart from the lower spatial resolution of DTI, this 
could be also explained by the fact that in the ventricular 
myocardium of ex vivo perfused hearts, there may be more 
than one diffusion component, fast and slow, whereas a 
single diffusion compartment model in each image voxel is 
normally used in DTI. Therefore, the authors argue that 
the proposed orthotropic diffusion may be complicated 
by non-orthotropic fast diffusion which could result in 
inaccurate measures of ‘sheet’ orientation (70).

X-ray micro-computed tomography imaging

X-ray imaging, based on material absorption coefficient, is 
used in the clinics for several cardiovascular applications. 
Generally, chest X-rays and CT are used to observe heart 
size and morphology, while coronary angiography with 
the aid of contrast agents allows for detection of coronary 
disease. However, the lower contrast of soft-tissue with 
X-rays compared to MRI and the use of ionizing radiation, 
relegates it to a non-first-choice technique in most 
applications (104,105). Recently, the phase shift of X-rays 
passing through a specimen has been used as an imaging 
contrast methodology, which is known as X-ray phase 
contrast imaging (X-PCI). X-PCI is based on the difference 
in refractive index between different materials, which 
for soft tissues is actually much larger than in the case of 

absorption coefficients.
X-rays offer the possibility to increase image resolution 

in 3D to the micrometer-level (hence the name micro-CT), 
while keeping short acquisition times, thanks to the use of 
more brilliant X-ray sources, thus becoming a powerful 
imaging technique for the detailed analysis of myocardial 
architecture. In addition, the exploitation of the refractive 
(phase contrast) and diffractive (scattering) properties 
of X-ray beams allows to assess cardiac tissue structures, 
which could otherwise not be resolved with conventional 
absorption contrast.

In terms of X-ray sources, we can distinguish between 
(laboratory) X-ray tubes and synchrotron sources, which 
are mainly differentiated by availability, level of brilliance, 
acquisition techniques and sample preparation as discussed 
below.

Micro-computed tomography

Laboratory micro-CT is achieved with compact laboratory 
X-ray sources. The optimization of the X-ray source and 
detectors used, as well as the smaller bore, allows to increase 
resolution (down to a few micrometers) while keeping 
reasonable acquisitions times (<1 h). For biomedical 
applications, given that X-ray absorption is measured, it 
often still relies on the use of contrast agents (e.g., iodine-
based) to compensate for the low soft tissue contrast (106). 
More recently, the use of more powerful nano-focused X-ray 
sources, such as that found in nano-computed tomography 
(nano-CT) systems have enabled sub-micron spatial 
resolution imaging thus resolving microstructural tissue 
components such as microvasculature or individual cells 
(107,108).

In terms of cardiovascular applications, Badea et al.  
(109-111) studied LV morphology and volume in mice  
in vivo but could not quantify myocardial architecture due 
to the limited resolution achieved (100 µm). The major 
breakthrough arrived with the visualization and delineation 
of the cardiac conduction system in 3D, hitherto only 
visualized with conventional histology, and the quantification 
of myocytes orientation in isolated, ex vivo, rat and rabbit 
hearts (112,113). This was possible by an increase in image 
resolution down to 30 μm and the use of iodine-based 
contrast agents, which allows better differentiation of cardiac 
conduction from myocardial tissue.

Micro-CT has also been used to identify structural 
anomalies in ex vivo human fetuses and isolated fetal hearts 
with congenital heart disease (CHD), demonstrating its 
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capability to reproduce, and even give additional diagnostic 
detail, when compared to conventional techniques (114). 
In addition, the delineation of the conduction system 
and quantification of myocytes in normal (115) and in 
CHD post-natal hearts (116) has also been achieved, 
thus providing value insight for understanding the 
electrophysiological and contractile performance of 
the CHD heart, which could aid clinical diagnosis and 
management of CHD patients.

As already mentioned, all these studies used iodine-based 
contrast agents to improve the absorption contrast within 
myocardial tissue. Nevertheless, a new generation of X-ray 
sources (liquid metal jet tubes) allow to achieve higher fluxes 
and partial coherence, which is key for the exploitation of 
PCI (discussed below). In the work of Reichardt et al. (117), 
different quantitative structural parameters describing 
the 3D myocardial architecture were computed in mouse 
hearts using propagation-based (PB) X-PCI. Even if image 
quality and resolution (about 5.5 μm voxel size), were highly 
improved with this new generation of X-ray sources, this 
approach still entailed dedicated sample preparation and 
contrast agent combinations.

Current studies show that micro-CT is capable of 
imaging of a broad range of sample sizes, from murine  
(~0.5 cm3) to adult human hearts (~575 cm3). Nevertheless, 
there is a trade-off between sample size and spatial 
resolution. Larger samples and higher resolution require an 
increase in radiation deposition and scan time. Therefore, 
imaging of ex vivo large samples limits the achievable 
resolution, and vive versa, due to constraints in radiation 
damage and acquisition time. For in vivo imaging, such 
limitations still apply and become even more restricted if 
the experiment is not designed to be terminal.

Synchrotron X-ray phase contrast imaging

Synchrotron light sources are large-scale facilities in 
which near-speed-of-light electron bundles generate very 
brilliant and coherent X-ray beams while crossing a series 
of magnetic fields. Thanks to the highly coherent and 
brilliant X-ray beams, absorption and phase contrast micro-
CT experiments on soft tissues can be routinely performed 
down to <1 μm isotropic resolution.

In  order  to  perform SR X-PCI,  two di f ferent 
approaches are mainly used: grating interferometry (GI) 
and PB imaging. GI involves the use of gratings but 
can provide three different images at once after post-
processing: absorption, differential phase contrast and 

dark-field signal. On the contrary, PB can achieve higher 
resolution with a simpler and faster setup but relies on 
phase retrieval algorithms in order to provide phase 
contrast images.

There are some studies that have used GI for the 
detailed visualization of the gross cardiac morphology 
of fetal hearts and, particularly, the delineation of 
conduction system in fetal and neonatal human hearts 
with CHD (19,118,119). On the other hand, PB X-PCI 
has been successfully applied for the ex vivo assessment of 
myocardial architecture in detail in LV transmural pieces 
of human hearts (17,18,120,121), in whole hearts of fetuses 
with CHD (15) as well as in hearts from different animal 
models (13,14). Moreover, PB X-PCI has also shown its 
potential for the detailed visualization and quantification 
of coronary arteries, both in human fetuses and in a rabbit 
model of intrauterine growth restriction (14), as well as the 
delineation of the conduction system in a fetal heart with a 
complex CHD without the use of any contrast agent (15).

All the above-mentioned studies focus on the assessment 
of different macro-structural tissue components, such as 
myocyte orientation or coronary arteries, both in healthy 
and in diseased hearts. Nevertheless, it is well known that 
remodeling also affects the heart at cell and even subcellular 
level. Recently, Dejea et al. presented a multi-scale PB 
X-PCI protocol to study the cardiac architecture non-
destructively at two different resolutions and without any 
sample manipulation between the two scans. This approach 
was applied to investigate detailed cardiac remodeling in 
rat models of fibrosis and myocardial infarct (13). Lower 
resolution scans (5.8 μm pixel size) were used to assess gross 
anatomy, myocyte orientation and coronary arteries, while 
zoom-in scans of regions of interest with higher resolution 
(0.65 μm pixel size) were used to quantify collagen, segment 
individual myocytes and microvasculature and quantify the 
orientation of myocytes in more detail at an unprecedent 
resolution (see Figure 2).

SR X-PCI is thus a very powerful technique for the 
multi-scale investigation of cardiac architecture thanks to 
its high-resolution (<1 μm), 3D, non-destructive and time-
efficient nature. Nevertheless, this technique is limited to 
small samples, such as rodent or fetal and neonatal human 
hearts. As in micro-CT, a trade-off between sample size 
and spatial resolution, which will determine scan time 
and dose deposition, must be considered when planning 
an experiment. Finally, access to synchrotron facilities is 
limited due to high competition and low availability of 
experimental slots.
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Multimodal imaging

In the previous sections, the capabilities of different imaging 
techniques to investigate ventricular architecture have 
been discussed. It was shown that each of these techniques 
provides different descriptors of cardiac tissue and at 
different scales, meaning that their combination has the 
potential to achieve a multi-scale and broader assessment 
of myocardial architecture. For this reason, multimodal 
imaging is currently one of the main research topics in the 
biomedical imaging field.

In the cardiovascular field, multimodal imaging 
combines techniques at different scales for multi-scale 
structural visualization and, occasionally, with techniques 
that can provide quantitative information on myocardial 
architecture. For example, in the study proposed by Pieles 
et al., whole mice embryos were first imaged using micro-
MRI and, afterwards, individual organs were visualized 
with HREM (122). Goergen et al. performed an in vivo 
multi-scale study of myocardial infarcts in mice using 
(I) molecular MRI to detect apoptosis and necrosis, 
(II) DT-MRI to compute myofiber orientation, and 

Figure 2 Multi-scale imaging and analysis of cardiac tissue. (A) Schematic representation of multi-scale synchrotron-based acquisition 
pipeline. Synchrotrons generate coherent and brilliant X-ray beams, whose energy can be selected with a monochromator. The X-ray beam 
is then controlled and shaped by a shutter and slits to minimize the radiation deposited on the sample. After interacting with the rotating 
sample, X-rays are first detected by a low-resolution microscope. Then, regions of interested will be selected from such low-resolution 
scan and the microscope will be automatically displaced to allow measurements with a high-resolution microscope, thus achieving multi-
scale imaging without sample manipulation; (B) diagram showing the multi-scale quantitative image analysis. Low-resolution data is used to 
extract information on the macro-structure of the heart, such as the trabeculations, vasculature or myocyte orientation. High-resolution data 
is, in turn, used to analyze micro-structural components such as the collagen matrix, micro-vasculature or even individual myocytes.
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(III) fluorescence to detect macrophages infiltration in 
healing myocardium (123). Desgrange et al. presented a 
multimodal imaging pipeline for phenotyping laterality 
defects and associated heart malformations in mouse. 
First, micro-US was used to image the embryonic heart 
loop in utero, then micro-CT was used for the analysis 
of organ situs without dissection and finally, HREM was 
used to assess cardiac left/right anatomy (124). Finally, 
Rykiel et al. proposed a multi-scale pipeline for the study 
of remodeling in CHD hearts where whole hearts were 
imaged with micro-CT and regions of interest were 
extracted and further imaged with scanning electron 
microscopy (125).

Discussion and future directions

This paper provides an overview of current and emerging 
imaging modalities used to investigate myocardial 
architecture from myocyte to whole organ level. Despite 
the fact that ventricular architecture has been investigated 
over several centuries, our understanding of its structure in 
the healthy heart and changes that occur during a cardiac 
cycle remain incomplete with ongoing controversy (2,5-7).  
Myocardial architecture differs between the normal LV and 
RV. The mature LV has a thick compact layer with myocytes 
arranged in predominant directions transmurally and fine 
trabeculations, while the RV is predominantly trabeculated, 
with only a thin outermost compact layer (7,8). While the 
myocardial architecture of the LV has been extensively 
studied, reflected by the large volume of published data, 
less attention has been paid to the RV. Relatively few 
articles have characterized the myocardial architecture 
of the RV (71,94) and quantified changes in different 
disease states, such as pulmonary hypertension (88) or RV  
hypertrophy (100), which supports the critical role of RV in 
determining outcomes in multiple CVDs.

Over the past decades, there have been remarkable 
improvements in cardiovascular imaging, which have 
augmented analysis of cardiac structure and function at 
different scales. Microscopy as well as imaging modalities 
such as OCT (22) offer high image resolution but need 
sample preparation, such as fixation and dehydration, 
that can easily distort tissue and cannot be used to assess 
tissue microstructure in intact organs or in vivo. US (126) 
and DT-MRI (68) are the most popular imaging tools 
for evaluating cardiac structure and function as one. US 
allows for non-invasive real-time visualization of the heart 
and blood flow using Doppler imaging, but it does not 

have the tissue contrast and spatial resolution necessary 
to investigate cardiac microstructure. MRI offers better 
contrast than US and differentiates soft tissues better than 
CT although it requires long acquisition times to get the 
resolution necessary to assess ventricular architecture. DT-
MRI emerged as a promising imaging tool for revealing 
myocardial architecture in 3D such as myocyte aggregate 
orientation, fibrosis, etc. However, the long acquisition times 
needed to achieve high resolution necessary to investigate 
cardiac architecture in detail, limit its application in vivo. 
The few in vivo MRI studies achieved only millimeter 
resolution.

X-ray micro-CT imaging, specially using synchrotron-
generated X-rays, has been shown to have histological 
capabilities in 3D, non-destructively and with relatively 
short scanning times (<1 h) (127). Recently it has been 
demonstrated that with synchrotron PB X-PCI is now 
possible to perform multi-resolution acquisitions on 
the same sample without any sample manipulation, thus 
allowing the assessment of overall cardiac geometry and 
architecture as well as detailed morphological evaluation of 
structure within focused areas. Nevertheless, most of these 
studies have been focused on ex vivo non-beating small 
hearts (13) or had to compromise resolution to achieve 
in vivo (128) or larger sample sizes. This is mainly due to 
setup complexity and dose deposition on living animals 
(128,129). With the advent of ultra-fast imaging (130), the 
use of more efficient optics (131) and the upgrade into even 
more powerful/brilliant fourth-generation synchrotrons, 
scan times can be dramatically reduced and open the door 
to perform 4D imaging of in vitro and/or in vivo rodent 
hearts. Due to the limited availability of synchrotron 
facilities, translation of phase contrast techniques into 
clinical or laboratory systems is paramount. For example, 
such translation has already started in other fields such as 
mammography for breast cancer detection (132), advancing 
towards in vivo assessment of tissue structure, fibrosis, and 
vessels without the use of contrast agents. The use of more 
powerful sources (i.e., liquid jet tubes) and the inclusion of 
gratings (laboratory GI) will allow the use of X-PCI in a 
clinical setting. Contrast agents can be avoided, and better 
in vivo image quality and resolution achieved.

A better understanding of how the microstructural 
tissue elements of the heart are arranged and integrated 
together at the whole organ level is crucial to improve 
our knowledge of cardiac function and dysfunction in 
health and disease, as well as to develop more realistic 
and sophisticated computational cardiovascular models 
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that can integrate all imaging information at different 
scales (133-135). Therefore, we believe that the future 
of cardiovascular imaging will undoubtedly involve the 
combination of multiple imaging modalities in order to 
provide integrative information about the structure and 
function of the heart and vasculature thus improving the 
diagnosis of CVDs with the ultimate aim of improving 
patient care.
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