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Although mortality rates from cardiovascular disease in the developed world are falling,

the prevalence of cardiovascular disease (CVD) is not. Each year, the number of people

either being diagnosed as suffering with CVD or undergoing a surgical procedure related

to it, such as percutaneous coronary intervention, continues to increase. In order to

ensure that we can effectively manage these diseases in the future, it is critical that

we fully understand their basic physiology and their underlying causative factors. Over

recent years, the important role of the cardiac microcirculation in both acute and chronic

disorders of the heart has become clear. The recruitment of inflammatory cells into the

cardiac microcirculation and their subsequent activation may contribute significantly to

tissue damage, adverse remodeling, and poor outcomes during recovery. However, our

basic understanding of the cardiac microcirculation is hampered by an historic inability to

image the microvessels of the beating heart—something we have been able to achieve in

other organs for over 100 years. This stems from a couple of clear and obvious difficulties

related to imaging the heart—firstly, it has significant inherent contractile motion and is

affected considerably by the movement of lungs. Secondly, it is located in an anatomically

challenging position for microscopy. However, recent microscopic and technological

developments have allowed us to overcome some of these challenges and to begin to

answer some of the basic outstanding questions in cardiac microvascular physiology,

particularly in relation to inflammatory cell recruitment. In this review, we will discuss

some of the historic work that took place in the latter part of last century toward

cardiac intravital, before moving onto the advanced work that has been performed

since. This work, which has utilized technology such as spinning-disk confocal and

multiphoton microscopy, has—along with some significant advancements in algorithms

and software—unlocked our ability to image the “business end” of the cardiac vascular

tree. This review will provide an overview of these techniques, as well as some practical

pointers toward software and other tools that may be useful for other researchers who

are considering utilizing this technique themselves.

Keywords: cardiac imaging, motion artifact detection, motion artifact removal, intravital imaging, microcirculation,

ischaemia and reperfusion injury, cardiac microcirculation
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HEART DISEASE AND INFLAMMATION

In the United Kingdom, more than a quarter of all deaths are
attributable to cardiovascular disease (CVD) and around 7.4
million people currently live with a heart or circulatory disease
(1). While mortality is decreasing in developed countries, the
number of people who are living with cardiovascular conditions
is increasing; the number of patients in the UK who underwent
percutaneous coronary interventions (PCI) in 2013 was seven
times the number two decades earlier (2). Although there has
been significant progress in the reduction of mortality rates from
CVD, it is still the cause of death for almost 170,000 people every
year– accounting for almost 28% of all mortality in the UK (3). In
order to fully ensure that we can treat this disease properly in the
next decade, it is critical that we fully understand themechanisms
that underlie this condition.

One of the key players in both acute and chronic heart
conditions is inflammation. The role of inflammation in heart
disease has become clearer in recent years. For many years,
heart disease was considered to be a problem of hemodynamics,
resulting simply from blockage or narrowing of blood vessels (4).
It subsequently became apparent that a haemodynamic theory
alone could not explain the manner in which heart failure
(HF) progressed. This led those in the field at the time to
suggest additional underlying mechanisms contributing to the
development of HF. The “cytokine hypothesis,” proposed in the
early 1990s, suggested that it was in fact the release of cytokines
during heart disease that drove the progression and pathology
of this disorder (5). Since then, and particularly over the last 10
years, we have become increasingly aware of the importance of
inflammation and the role leukocytes play in the progression of
heart disease.Whether inflammation causes heart disease or vice-
versa is a hotly debated topic, and probably varies on a patient-by-
patient basis. Although circulating pro-inflammatory cytokine
levels are raised in patients with HF and positively correlate
with disease severity (6), this does not necessarily indicate that
the inflammation is the predominant causative factor. Much
of our understanding of the role of inflammation in heart
disease is derived from animal models. For instance, animals
over expressing TNFα have high levels of inflammatory infiltrate
in their hearts and develop dilated cardiomyopathy; these mice
have an exceptionally high mortality rate (∼25% at 6 months)
(7). Interleukin-23p19−/− mice, who have an interleukin-23
deficiency (a cytokine important in the differentiation of CD4+
cells), show significantly increased inflammation, impaired scar
formation, and adverse remodeling after MI (8). Consistent with
this, using anti-inflammatory approaches has been shown to be
beneficial in animal models of heart disease; administration of
a TNFα antagonist attenuates the development of myocardial
inflammation, fibrosis, and subsequent cell death in a model of
streptozotocin-induced diabetic cardiomyopathy (9).

Exposure of cardiac endothelial cells to pro-inflammatory

cytokines leads to the upregulation of adhesion molecules (10),
which in turn, leads to the recruitment of inflammatory effector

cells. These effector cells, which include neutrophils, monocytes,

macrophages, and lymphocytes, can induce apoptotic, and
phenotypic changes in cardiac endothelial cells via the release of

cytokines, reactive oxygen species, or the engagement of counter-
ligands on the endothelial cell surface (4). Endothelial cell
phenotypic changes in this manner are not trivial—TGF-β and
Ang-II can induce an endothelial-to-mesenchymal transition,
shifting endothelial cells toward a fibroblast phenotype and
leading to the development of cardiac fibrosis (11). It is clear,
however, that some degree of inflammatory cell infiltrate is
required for normal repair functions to take place following an
ischaemic event or during the development of a chronic cardiac
pathophysiological disease state (12). It is widely accepted and
understood that inflammatory cells are often required for the
resolution and repair of injured tissues. Indeed, that is also the
case with the heart—for instance, monocytes/macrophages are
essential for normal physiological healing of the heart following
MI (13). However, what is important from a therapeutic point of
view is that we are able to ensure that the inflammatory response
to an insult is appropriately measured and does not overwhelm
the local tissue environment. In particular, the main goal is to
protect the local microvascular environment as it is within the
microcirculation where the inflammation that is causative for HF
is thought to predominantly occur (14).

THE IMPORTANCE OF THE CORONARY
MICROCIRCULATION—THE “BUSINESS
END” OF THE VASCULAR TREE

The potential role of the coronary microcirculation in
pathologies of the heart has been known for some time. In
1967, Likoff et al. described a set of 15 patients who they
considered to have coronary heart disease, but with patent
coronary arteries (15). With remarkable foresight, Likoff et al.
suggested that the coronary syndrome exhibited in these
patients resulted from “abnormalities in the microcirculation”
and that “an oxygen-diffusion impairment . . . at these levels
could be responsible for the symptoms and signs of apparent
myocardial ischemia” (15). Over the subsequent 50 years, our
understanding of the importance of the microvasculature in
coronary pathophysiology has improved significantly and we are
now acutely aware of the importance of coronary microvascular
dysfunction (CMVD). In 2013, CMVD was implicated as a
primary causative factor for heart failure with preserved ejection
fraction (HFpEF), shifting the causative emphasis away from left
ventricular afterload excess (14). This suggestion is consistent
with the idea that smaller vascular components are critical
in determining the vascular resistance of the heart; ∼55% of
the total vascular resistance in the heart originates in cardiac
microvessels (16).

Understanding how the microvessels of the heart operate
in health and disease is critical. The heart is supplied by
two major coronary arteries—the left and right—which both
originate from the early part of the ascending aorta. These arteries
branch into smaller vessels which supply distinct anatomical
regions of the heart. This branching initially occurs at the
epicardium, before continuing into the myocardium where
the vessels begin to form a tree-like network (17). Finally,
in contrast with a number of other tissue beds, these vessels
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develop into a non-tree like network with hairpin loops, T-,
Y-, and H-shaped junctions (18). Interestingly, as a result of
these connections, capillaries which are directly adjacent to each
other may have completely opposite and counter-current flow
profiles (19). Our understanding of microvascular perfusion
in the cardiac microvasculature is further complicated by the
contractile activity of the heart. Intramyocardial microvessels
are subject to rhythmic compression during systole (20) with
diameters decreasing by up to 20% (21). Furthermore, blood
which enters the coronary arterioles during diastole can be
squeezed out during systole, in some cases generating retrograde
flow (22). Although one would assume similar physical forces to
be applicable in the capillaries, the extent to which retrograde
flow occurs in the terminal end of the microcirculation is
currently unclear. This highly contorted structural design, in
conjunction with the complexities of contraction-dependent
retrograde and counter-current flow, makes in vitro or in silico
modeling of the coronary microvasculature challenging. The
ability to image the coronary microvasculature in situ is a critical
step in helping us to understand the nature of pathophysiology
that occurs in this bed.

Unfortunately, research investigation of the microcirculation
in patients is difficult. Techniques such as positron emission
tomography (PET) have allowed the identification of some
cardiac specific haemodynamic parameters, such as myocardial
blood flow (MBF; mL/min/g) and coronary flow reserve
(CFR; MBF near maximal coronary vasodilation to basal
MBF) (23). Single photon emission computed tomography
(SPECT), magnetic resonance imaging (MRI), and ultrasound
offer some structural information, but often without sufficient
resolution to identify “true” microvasculature (24). While these
are useful surrogate markers for coronary vascular dynamics,
none of them are—in practical terms—suitable for clinicals or
researchers to directly visualize the coronary microcirculation
in patients (25). Compounding this situation, imaging the
coronary microcirculation in vivo has also been considered,
at least for the vast majority of the last 50 years, particularly
challenging. This has led to some researchers referring to the
cardiac microcirculation as a research “black box” (25). Not
only is the heart in an anatomically challenging location in
respect of imaging, the physiological motion inherent to the
organ makes identification of the microvasculature difficult.
Recent work has identified the size of the challenge facing
scientists in regard cardiac motion. Of all of the major organs
used for intravital microscopy, the heart has one of the highest
maximal displacements under normal physiological conditions
(up to 19.9 mm/s) (26); worse still, this displacement more than
doubles when animals are on ventilation (47.8 mm/s) (26), an
essential component during surgery for intravital imaging of
the heart. As a result of this movement, without stabilization
techniques, resolution at a single cell level is impossible—
something which intravitalists have been able to achieve in
other vascular beds for over a hundred years (27). This has
led to the of significant deficits in our knowledge related to
the coronary microcirculation and how this relates to cardiac
diseases and pathophysiology (25). While many other tissue beds
are readily available for intravital microscopy (28–33), the unique

nature of the coronary microcirculation limits our ability to
use these organs as surrogates for the study of this important
vascular network.

IMAGING THE CORONARY
MICROCIRCULATION—THE EARLY
STUDIES

Experimental imaging studies of the microcirculation began
to gather pace during the mid-to-late part of the 1900s.
These studies could be categorized into three main categories:
(1) those aimed at identifying the layout of the coronary
microvascular network under normal physiological conditions
and under conditions of hypoxia; (2) those examining the effect
of cardiac contraction on the coronary microcirculation; and (3)
studies seeking to understand the effects of myocardial ischemia
reperfusion injury on the coronary microcirculation. In perhaps
the first feasible example of cardiac intravital, Martini and Honig
(34) performed microscopy on the beating heart of ventilated
rats. In this preparation, the heart was exposed via an incision
in the chest wall, covered with a glass slip, and illuminated via a
point-strobe light driven into a ring condenser. While this model
generated useable images, it did not control for movement. So
poor was movement control, that the authors required “∼100–
150 feet of film to provide 30–50 focused frames” (34).

Subsequent studies began to address this issue of stabilization.
These studies all generally shared the same technical setup which
was indicative of the time—images were captured using camera-
based systems, with the tissue illuminated either by either epi- or
trans-illumination. All of these preparations (and indeed, their
modern counterparts) had to deal with two main physiological
processes which induce movement—cardiac contraction and
pulmonary inflation. In one of the first imaging studies of
the beating canine heart, Tillmanns et al. used a number of
adaptations to overcome the inherent difficulties with imaging
the beating organ (35). Firstly, the authors considered epi-
illumination—while easy to achieve—to be inefficient. As the
ventricular wall is too thick for transillumination, light needed
to be transmitted toward the microscope objective from a point
within the heart muscle. This method of transillumination was
achieved using what, even some 45 years later, might still be
considered an elegant approach. Tillmanns et al. used a 20G
needle, engineered to contain a quartz rod (which is conducive
to light) with a mirrored end, with the terminal end modified
to reflect light at 45◦. Insertion of this under the superficial
layer of the myocardium would lead to the transmission of light
upwards and through the ventricular wall, making capture by
light microscopy viable (35). In addition, to ensure that the
microscope remained in focus with the surface of the beating
heart, Tillmanns et al. designed what they termed a “focus
keeper”—a floating, counterbalanced system that allowed the
microscope objective to move in vertical synchronicity with the
beating heart. This ensured that the objective always retained
an identical z-distance from the tissue surface regardless of the
movement of the heart itself. While controlling for movement
in the XZ plane, it should be noted that this mechanism did
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not specifically include mechanisms that compensated for lateral
movement; rather, the application of the device with some
downward force was expected to hold the heart in its lateral
position (35). This group went on to further validate this method,
publishing evidence of vascular patency and perfusion dynamics
through imaging of the administration of FITC-conjugated
dextran (19).

Following on from these initial studies, intravital microscopy
of the heart continued to develop, with particular focus around
the development of methods to improve tissue stability and
resultant image quality. Originally, Nellis et al. attempted to
mechanically (and relatively aggressively) fix a segment of the
beating heart around a specific point, allowing them to image
this area free from movement artifacts (36). However, they
quickly found that aggressive mechanical fixation significantly
impeded microvascular perfusion (36). Consequently, they
slightly adapted their existing method to be more conservative
in its approach to constraint. In this study, the authors designed
two imaging techniques for the beating rabbit heart; (1) a free-
motion imaging technique, where transillumination came from
a light source underneath the tissue surface (thus, inside the
ventricle) but with no mechanism to constrain the imaging site
with relation to the light; (2) a fixed-position imaging technique,
where the trans/epi-illumination also included a means for
holding the tissue in positional synchronicity with the light
source (37). In addition, the authors were one of the first groups
to utilize electrocardiographic (ECG) gating to help minimize
motion artifacts. However, rather than being used to trigger
imaging, the ECGwas linked to a stroboscopic light source. Using
the QRS complex as a reference point, Nellis and colleagues were
able to trigger rapid and short-lived (15–25 µs) illumination at
the same point in the cardiac cycle (38).While the heart is moving
relatively free at all times, only illuminating the surface at a
particular point in the cardiac cycle gives a perception of stillness.
Furthermore, slightly staggering the triggering delay from the
QRS complex allowed the authors to give an impression of the
heart moving in slow motion.

Pulmonary inflation proved a much more challenging issue to
deal with; while the heart could be either physically constrained
or movement compensated for, preventing the lungs from
inflating is clearly an exceptionally difficult task in the context
of most surgical setups. After many years, (39) identified high-
frequency jet ventilation (HFJV) as a potential technique which
could be used to mitigate some of this movement. HFJV is
a relatively non-conventional mechanism of ventilation which
is thought to be favorable in cohorts who are at risk of
chronic lung injury (40). It maintains effective gas exchange,
yet effectively reduces respiratory motion to almost nil, by
working at very small tidal volumes and high respiratory
rates (41). By applying this methodology to cardiac intravital
imaging, the authors were able to ventilate the lungs, but with
minimal physical displacement of the heart due to pulmonary
movement. Cardiac displacement was further dampened by the
positioning of 22G needles entering at the interventricular groove
and exiting from the left ventricle (39) and tissue movement
negated by the use of stroboscopic illumination. In a further
technological advance, the authors designed a semi-automated

electromagnetically controlled micromanipulator—termed the
“Wobbler.” This device could be registered manually with the
location of the vasculature of interest at various points during
the cardiac cycle. Once this information was known, an attached
computer was able to move the micromanipulation arm in
synchronicity with the vessel of interest. Using these techniques,
the authors identified that around 75% of the total vascular
resistance in the heart resides in vessels beneath 200µm (39).
Subsequent work from this group has used the same technique to
successfully measure cardiacmicrovascular dynamics in response
to α1- and α2-adrenergic stimulation (42) and the role of nitric
oxide in the response to adenosine (43).

IN VITRO IMAGING OF THE
HEART—THINKING OUTSIDE THE BOX

While the above approaches were relatively successful in
achieving their goal of tissue stabilization, it is fair to say that they
were not easily accessible to all laboratories. The development of
the tools described were often complex and not always applicable
across all use cases. In these situations, many users turned to
the Langendorff heart, or isolated perfused heart, as a potential
means for cardiac tissue imaging but with the ability to more
easily control some of the movement aspects of the tissue.

The Langendorff model was first conceptualized by
Langendorff (44), and since then has become a mainstay of
the cardiovascular research community. However, unlike many
other techniques which have their origins based in long history,
the basic methodology for the Langendorffmodel remains largely
unchanged since its original inception. For a more detailed and
comprehensive description of the technique, the authors are
directed to an excellent review covering this topic (45). However,
to summarize—the heart is removed via careful dissection and
the aorta is cannulated for the (retrograde) administration of a
perfusion buffer. Administering this buffer against the normal
physiological direction of flow closes the aortic valve and forces
fluid to flow via the left and right main coronary arteries and into
the resulting microvasculature. While the Langendorff model
has some obvious disadvantages, there are some key advantages
to consider: the model is straightforward, low cost, reproducible,
and allows for the study of the heart in isolation.

In almost all use cases of the Langendorff model, the heart
is perfused with Krebs-Henseleit buffer (KHB) (45). This buffer
primarily relies on glucose as the primary metabolic substrate for
the working heart. While this is sufficient to cover the energy
needs of the tissue, perfusion with KHB (or other physiological
buffers) does significantly limit the use of the Langendorff
preparation for in vitro modeling of leukocyte trafficking using
microscopic techniques. It should be noted that the Langendorff
heart can be perfused with blood and interestingly, a number of
studies have shown that doing this does significantly improve
the function of the heart in this model (46–48). In smaller
animals, the volumes of blood required for constant perfusion
of this model may be prohibitive; perfusing one murine heart
would require blood from many donors (49). In addition, blood
from larger species is often unsuitable as their relatively larger
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erythrocytes are less able to traverse murine capillaries (49).
There are also potential questions about the validity of using
these models for immune cell trafficking; studies have shown
that blood collection in itself can result in leukocyte activation
in the resulting isolate (50). In addition, oxygenation of isolated
blood (a critical requirement) can often lead to cellular damage
due to the formation of foam (51). Unfortunately, the relative
expense and complication of using blood vs. KHB has meant
that most researchers—unless they specifically require blood
supplementation—favor KHB or other physiological buffers over
perfusion with haematopoietic components. Somemore complex
options exist in order to facilitate blood perfusion (for example,
parabiotic models); the reader is directed to other reviews where
this is considered in more detail (49).

Very few studies have used the ex vivo perfused heart for
imaging immune cell trafficking. It should be noted that it is
not the case that there are a lack of ex vivo perfused heart
models in which immune cells are administered; there are such
models—but rather that these models do not undergo live
imaging, instead relying on immunostaining or scanning electron
microscopy methods on cut sections (52–54). Kuppat et al. used
widefield fluorescence imaging, at the terminal end of their
experiment and after the inducement of cardioplegia, to identify
neutrophil trafficking in the microvasculature. Administration
of labeled neutrophils and FITC-dextran (for vascular contrast)
into the perfused ex vivo heart has been used to examine the
role of angiotensin I converting enzyme (ACE) and nitric oxide
in the attenuation of inflammation post ischemia-reperfusion
injury (55). Neutrophil recruitment was markedly enhanced in
guinea pig hearts following ischemia-reperfusion (IR) injury,
a phenomena which could be reduced by administration of
cilazaprilat (an ACE inhibitor) or enhanced by treatment
with nitro-L-arginine (NOLAG) (55). The authors were also
able to demonstrate some capillary plugging in this model—
a phenomena where excessive leukocyte recruitment results in
the blockage of capillaries and an ultimate failure of perfusion;
often, when this occurs following IR injury, this is termed “no-
reflow” (56).

Given the potential benefits of the Langendorff system,
it remains surprising that to date this model has not been
readily used to dynamically monitor the mechanisms of cellular
trafficking in the perfused heart. What makes this perhaps
more surprising is that the Langendorff model has been used
extensively for imaging of the heart but outside of the context
of immune cell trafficking. There are many examples of the
model being used for other investigations, such as: imaging of
sarcomere length during cardiac mechanics (57, 58); calcium
handling and the identification of various types of calcium
waves during health and disease (59–62); and the assessment
of mitochondrial function using dyes which are sensitive to
mitochondrial membrane potential (19m) (63). Much of this
imaging is actually performed live and used to generate image
data for quantitative analysis; as such, the tools are readily
available in most labs to adapt this model to examine cellular
trafficking. Indeed, a combinatorial approach (for instance,
imaging calcium transients alongside cellular recruitment) may
help to yield more detailed information about the molecular

events that occur in the context of immune cell recruitment.
Given many labs will have access to heart tissue that is not
suitable for intravital imaging but may be accessible for later
ex vivo imaging, it may be worth considering the Langendorff
model as a potential tool for investigating mechanisms
of cell recruitment.

Other imaging models exist beyond than the Langendorff
system, albeit somewhat less complex. For some experimental
purposes, groups have found that imaging cardiac explants

without any flow or contractile activity may provide some

useful information about inflammatory processes. As a small

part of a larger intravital study, Li et al. used cardiac explants
to examine the behavior of neutrophils following IR injury
(64). Hearts were isolated from LysM-GFP mice, in which
neutrophils could be readily identified by their GFPhi phenotype
(64). Using two-photon microscopy, few neutrophils were
identified in mice without IR injury; however, following IR
injury, significantly increased numbers of neutrophils could be
observed in the microvasculature. More importantly, even in
the absence of any flow, these neutrophils could be observed
crawling and transmigrating through the vessel wall into the
tissue parenchyma (64). As an important methodological note,
the authors were able to image the explanted heart for at
least 6 h post reperfusion, likely due to the low phototoxicity
and bleaching that is inherent with two-photon microscopy.
However, the lack of flow and contraction in this model limits
its translation to the whole organ.

CONFOCAL AND MULTIPHOTON
INTRAVITAL IMAGING OF THE BEATING
HEART—SEEING THINGS DIFFERENTLY

Cardiac intravital imaging advanced significantly with the
introduction and uptake of more advanced imaging techniques
such as laser scanning (raster scanning) confocal imaging,
spinning disk confocal imaging, and multiphoton imaging.
As understanding these techniques is key to garnering a full
appreciation of how these new technologies have helped cardiac
intravital reach the next level, we shall briefly touch on them
from a technical stand point in this review an overview of the
advantages and disadvantages of the methods discussed in this
section is shown inTable 1. Should readers want further technical
information about these techniques, there are excellent reviews
to which one should refer (65–67). Examples of the types of
images generated from cardiac intravital microscopy using these
techniques are provided (Figure 1).

During regular widefield fluorescence imaging, the tissue is
illuminated by a block of excitation light as it is focused in
toward the plane of interest. As a result, not only does the
excitation light excite the target focal plane, but also excites other
focal planes above and beneath the target. These planes generate
emission light, but as they are not in the same focal plane as
the detector, they impact negatively on the resulting image and
generally reduces image quality. Confocal imaging introduces a
pinhole which rejects light that is not in the same focal plane
as the detector. This significantly improves the image quality
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TABLE 1 | Summary of the various options for cardiac intravital imaging.

Disadvantages Advantages

Imaging method

Raster-scanning

confocal

Inherently slower; requires advanced stabilization and/or

gating mechanisms in order to use for cardiac IVM

Prone to “tearing” artifacts due to the line-by-line nature of

image formation

Identical illumination of each pixel (field uniformity)

Well-established technique, more widely available, numerous

vendors

Better light transmission vs. spinning disk methods

Spinning disk confocal Identical illumination of each pixel cannot be guaranteed (lack

of field uniformity)

Potentially increased background/non-focal plane light (due

to pinhole crosstalk)

Reduced light transmission vs. raster scanning methods

Generally much faster than raster scanning techniques

Full field illumination; less prone to “tearing”-type artifacts (see

Figure 2)

Typically reduced laser powers are required;

less photo-bleaching/-toxicity

Stabilizer attachment mechanism

Disadvantages Advantages

Glue Permanent; stabilizer cannot readily be manipulated once

attached

Requires care—excessive glue can block the field of view and

removing it is difficult if placed incorrectly

Potential for side effects from the application of glue

More straightforward than suction; not reliant on external

equipment

Quicker than suction stabilization techniques

Firm bonding to the stabilizer

Suction Requires monitoring to ensure seal is maintained

Potential for tissue damage with high levels of suction

Disturbance of tissue perfusion underneath the suction ring

Reversible and can be moved if positioned incorrectly

Less impact on the tissue surface for

post-imaging experiments

Gating

Disadvantages Advantages

No gating Highest potential for motion artifacts in resulting images

Requires large numbers of frames to ensure sufficient data for

analysis; inefficient data capture method

Uses low exposure times and thus needs (relatively)

stronger staining

Surgically more straightforward; ECG/respiratory readings not

needed

Technically more straightforward than gating mechanisms;

less specialist knowledge required

Quicker set up time

Retrospective Requires large numbers of frames to ensure sufficient data for

analysis; inefficient data capture method

More technically challenging than not gating

If pacing, potential for pacing to interfere with experimental

outputs

Requirement for post-capture processing

Better mechanism for abrogating motion artifacts than not

gating

Requires less complex/reactive equipment than

prospective gating

Prospective Most technically challenging gating option

If pacing, potential for pacing to interfere with experimental

outputs

Requires non-trivial technical equipment to process a number

of incoming input sources

Best mechanism for abrogating motion artifacts

More efficient capture technique than retrospective gating or

no gating

Post-capture processing not required

There are a variety of options available to researchers who wish to begin experiments using cardiac intravital imaging. The above table summarizes some of the advantages and

disadvantages of the various amendable options in this experimental model.

by rejecting out-of-focus light, reducing blur and improving
resolution. There are two main methods relevant to this review:
laser scanning and spinning disk. Although both are forms of
confocal imaging, they should be considered very distinct in
their methodologies. In the case of laser scanning confocal, this
imaging is performed in a point-scanning mode; the microscope
system has a single raster scanning beam which moves across
the tissue to generate the resulting image pixel-by-pixel based
on the returned signal at each point. Once reaching the end of
the image, the scan head can either return to the start position
and begin again (one-way) or reverse its direction (round trip).
It may be immediately obvious that in a moving tissue, point-
scanning methods may not be suitable for image capture. For
the entire image frame to be captured in the exact same physical

space, the tissue would need to remain entirely still for the
duration of each raster scan duration. This—at least in the
case of the heart—is impossible without complete cardioplegia;
even with the most aggressive stabilization techniques, the heart
retains some degree of contraction within the confines of the
imaging window. Spinning disk confocal avoids some of these
problems by generating multiple beams which illuminate the
tissue simultaneously. These multiple beams are generated by
placing a spinning disk (which contains up to 20,000 pinholes)
in the emission light path. This disk runs at up to 10,000
rpm and illuminates the entire sample with these generated
beams. The use of a second disk, running in sync with the first
provides the pinhole effect that is critical to confocal imaging
and allows for the generation of confocal quality imaging, but
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FIGURE 1 | Typical imaging results from cardiac intravital microscopy. As the technique has developed, so has the variety of parameters that can be assessed from

cardiac intravital imaging. (A) Using fluorescently labeled antibodies, the recruitment of leukocytes (green, anti-Gr-1) and platelets (red, anti-CD41) to injured heart

(Continued)
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FIGURE 1 | can be monitored. Importantly, particularly in models of acute inflammation where understanding of the chronology of cell recruitment is crucial, imaging

can be taken from the same area over a period of time. Cell recruitment can be counted by simple identification, while thrombus formation can be analyzed by

masking upon positive signal. Figures adapted from published figure (70) (scale bar: 100µm). (B) Perfusion of the mouse with a vascular contrast agent allows

researchers to identify viable areas of tissue perfusion and permits the calculation of functional capillary density. During IR injury, for example, there is a clear reduction

in the amount of patent microvessels compared to an animal undergoing sham surgery. Areas of “no-reflow” are shown with white arrows. Figures adapted from

published figure (68) (scale bar: 100µm). (C) Using a combination of vascular contrast agents and cellular staining, cell trafficking in and out of vessels can be

examined in depth. The range of fluorescent channels which can be examined is limited only by the availability of filters and dyes. In this example, GFP-labeled bone

marrow cells can be seen in the heart, both inside and outside of the vascular space. Adapted from Lee et al. (69) (scale bar: 200µm). (D) Advancements in

stabilization (and synchronization) techniques have allowed for detailed physical measurements to be performed due to the near eradication of motion artifacts. For

example, imaging the contraction of single cardiomyocytes is now possible using this technique. Adapted from published figure (70) (scale bars: 20µm). (E) The use

of genetically modified animal strains facilitates studies that examine trafficking without the need for antibody (or tracker)-based staining techniques. In this example,

LysM-GFP positive neutrophils can been seen trafficking to the heart following IR injury (subpanel A), which can be inhibited by administration of a CXCL2 neutralizing

antibody (subpanel B). Adapted from published figure (71) (scale bars: 50µm).

without any loss of speed or image quality due to raster scanning
methods. As a result, the raw (unprocessed) images derived
from these techniques differ greatly (Figure 2). Raster scanning
techniques tend to generate intravital imaging that has “tearing”
artifacts, where imaging fields have intra-field artifacts due to
movements during the travel of the scan head. On the other
hand, spinning disk techniques tend to have inter-field artifacts,
stemming from movements of the entire field between frames.
In addition, in contrast to raster scanning techniques, field
uniformity (identical stimulation at each pixel of the image)
cannot be guaranteed. While this may be an issue for models
that rely on pixel intensity (such as platelet recruitment), it can
be mitigated by averaging frames across an imaging window
(rather than analyzing still images). Spinning disk confocal is
also prone to a phenomenon known as pinhole crosstalk. This
results from out-of-plane/scattered emissions passing through an
adjacent pinhole on the disk which is not in alignment with the
pinhole the excitation light passed through (72). This effect leads
to an increased background signal on spinning disk confocal
microscopy when compared to laser scanning confocal. However,
the speed advantages gained from employing spinning disk
confocal has allowed some labs—including ours—to perform
cardiac intravital without necessarily needing aggressive post-
analysis image restoration techniques (68).

Multiphoton imaging is a further and more powerful form
of confocal imaging that delivers focally limited imaging but
without the need for a pinhole. In contrast with other microscopy
techniques which use continuous wave laser/light sources,
multiphoton microscopy uses pulsed lasers to generate a stream
of infrared photons. As infrared photons have less energy than
their non-infrared counterparts, the near simultaneous (within 1
× 10−18 s) absorption of two photons at the same fluorophore
is required for excitation (as the wavelengths used are infrared,
excitation wavelengths used for fluorophores are longer than
they would be using confocal microscopy). In addition, as the
beam is focused through the microscope optics, the photons
become more and more crowded in space—thus increasing the
chance that two photons may simultaneously interact with a
single fluorophore. The net result of this combination of factors
is that there is a small volume downstream of the objective—the
focal plane, in this case—where the probability of two photons
meeting a fluorophore near-simultaneously is sufficiently high
enough that excitation can occur. It is this physical phenomenon

FIGURE 2 | Common artifacts observed during cardiac intravital in raster and

spinning disc scanning modes. The type of motion artifacts observed during

cardiac intravital are highly dependent on the nature of the scanning mode

utilized to obtain the images. Raster scanning modes, which use a scan head

to move across the tissue in a point-by-point fashion are subject to “tearing”

artifacts, which result from the tissue moving while the scan head progresses

across the tissue. This manifests in scanlines being positionally out-of-sync as

the scan head moves in its secondary axis. In spinning disk mode, the scan

head images the whole field of view during the imaging procedure. Thus,

spinning disk imaging modes tend to cause whole-field image shifts.

that results in the excitation of fluorophores only within the
focal plane—there is no out of focus excitation and it is this
which delivers confocality without the need for a pinhole.
Similar to laser scanning confocal, multiphoton microscopy
operates in a point-scanning mode, working across the tissue
in a pixel-by-pixel fashion. Again, similar to laser-scanning
confocal, multiphoton imaging is highly sensitive to movement
and requires a mixture of physical stabilization, a degree of
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predictability in tissue movement (possibly including gating—
discussed later), and post-acquisition image manipulation.

The first studies to effectively develop cardiac intravital using
these imaging techniques to monitor immune cell trafficking
in real-time were published at around the same time in 2012.
The first of these studies, by Li et al. (64), used multiphoton
microscopy to identify some of the basic characteristics of
leukocyte trafficking within the heart, in real-time. This paper
used two main approaches, combining elegant surgery, and
an external stabilization device. For the first approach, the
authors connected a donor heart into the circulation of a
recipient mouse. To achieve heterotopic heart transplantation,
they engrafted donor hearts into the right cervical region of
recipient animals. In order to generate injury, some donor
hearts had undergone cold (4◦C) ischemia for 1 h prior to
reconnection. To re-establish perfusion, the donor ascending
aorta and pulmonary artery were connected to the recipient’s
right common carotid artery and right external jugular vein,
respectively. Once successfully transplanted, the donor heart
adopted a normal heartbeat in its ectopic position. In order to
image this heart in position, the authors developed an imaging
chamber consisting of a glass coverslip which was brought into
contact with the heart using height-adjustment dials. The authors
also applied a small ring of veterinary adhesive (cyanoacrylate
based) in order to physically stabilize the heart against the
chamber glass. By engrafting wild-type (WT) donor hearts onto
either LysM-GFP mutant mice (whose neutrophils express high
levels of GFP) or CX3CR1 GFP/GFP mutant mice (B6.129P-
Cx3cr1tm1Litt/J; whose monocytes express GFP), the authors
were able to image the trafficking of exogenous (non-resident)
neutrophils and monocytes to the heart during reperfusion (Q-
dots were used as a vascular contrast medium). Using this
technique, the authors identifiedminimal neutrophil recruitment
in post-capillary venules during IR injury, but rather localized
most recruitment activity to the walls of the larger coronary veins
where they identified intraluminal crawling and congregation.
In addition, monocyte recruitment to the microvasculature was
also identified, although congregation of monocytes was not
identified in this model (65). Perhaps one of the most interesting
capabilities of this model is the ability to graft donor hearts
from mutant mice; allowing researchers to investigate cardiac-
specific mechanisms in the context of otherwise normal systemic
physiology. The authors capitalized on this, using donor hearts
from ICAM-1 mutants (B6.129S4-Icam1tm1Jcgr/J); these mice do
not express a functional form of ICAM-1 (73). Results from these
hearts, alongside the use of Mac-1 blocking strategies, suggested
a key role for Mac-1/ICAM-1 in intravascular crawling and
transmigration of neutrophils. Subsequently, the authors adapted
their original stabilization technique to stabilize the heart in its
normal intrathoracic position. No neutrophil recruitment was
noted in the absence of inflammation. Importantly, results from
heart imaging in its normal position in situ correlated with the
results obtained from heterotopic heart transplants. The authors
noted that in this model, mice were able to tolerate this imaging
procedure for at least three hours; this is important to note, as
this preparation did not use pacing, or any special ventilation
techniques (such as supplementation with medical air). The

authors have subsequently used this imaging model in further
sophisticated studies, including: the identification of a critical
role for CCR2+ monocytes in driving neutrophil recruitment
following ischemia (71) (imaging from this study is included in
Figure 1E); showing evidence that tissue-resident macrophages
promote or inhibit monocyte recruitment dependent on their
CCR2 expression phenotype (74); and that ferroptosis (an iron-
dependent form of cell death) is a key mediator of neutrophil
recruitment in transplanted hearts through a TLR4/TRIF/Type
I IFN signaling pathway (75).

Later in 2012, Lee et al. published (69) an alternative method
for intravital imaging of the cardiac microcirculation, utilizing
not only tissue stabilization but also cardiorespiratory gating. On
the former point, the stabilization proposed by Lee and colleagues
was significantly less intensive than in the work of Li et al. (64).
The stabilizer in this study was essentially a small ring machined
from stainless steel, with an outer and inner diameter of 3.6
and 2.2mm, respectively. This ring had a small groove on the
base, and was designed to be attached to the heart surface, using
veterinary adhesive. The stabilizer was attached to an arm which
itself was attached to a manipulator allowing it to be advanced
or adjusted to the correct location on the surface of the heart.
Due to the relatively small internal diameter of the ring, the
initial design was specifically for use with “stick” objectives—
extremely thin objective lenses that were designed to fit within
the center of the machined ring (these objectives, manufactured
by Olympus, are now hard to reasonably hard to obtain). The
authors also published a modification that could be applied to
the stabilizer that allowed for the use of standard diameter water-
immersion lenses (in this study, the x20 XLUMPLANFL, which
has a lens diameter of 5.2mm at its base and 10.5mm where it
meets the base of the objective). These standard objectives still
permitted the capture of high-quality multichannel imaging (an
example from this method can be seen in Figure 1C). One of the
useful aspects about using such a small stabilizer and the ability
to manipulate the stabiliser’s location, is that the heart can be
positioned such that the only pressure the heart experiences is
that of it contracting against the stabilizer. The authors suggest
that this is “similar as the heart beating against the chest wall”
(69). Although stabilization provided mechanical support to
the beating heart, motion artifacts remained and physiological
gating became necessary in order to circumvent these issues.
This gating was designed to retain capture fields only during
specific points of the cardiac and respiratory cycle. Initially,
the authors had considered (and attempted) gating imaging on
points in the cardiac cycle alone. However, the authors noted that
gating on the cardiac cycle alone was insufficient as pulmonary
movements were also significant contributors to the physical
movement of the heart. In order to eliminate movement, the
authors chose two points on both cycles in which to capture
images. In the cardiac cycle, they chose a 15ms window after
the appearance of the P wave, as measured by electrocardiogram
(ECG). In the pulmonary cycle, a window of 90ms near the
end of expiration was selected; as the animals were mechanically
ventilated, the observers could be sure of the exact point in
respiration at which imaging would be triggered. The net result
was the generation of an optimal imaging window during
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which image data could be retained. Using this information,
the group designed an algorithm which could, in real-time,
rebuild images using only line scans obtained during the optimal
imaging window. Rebuilding these, the authors were able to
generate captures in real-time, devoid of motion artifacts. In
the initial paper, this model was tested, perhaps unsurprisingly,
by examination of leukocyte recruitment following cardiac
ischaemia-reperfusion injury. The authors labeled endogenous
leukocytes by administration of Rhodamine 6G and noted
leukocyte rolling in cardiac capillaries. The descriptions of
leukocyte trafficking in this study were relatively preliminary and
minimal analysis was performed on the trafficking described.
Subsequent work from the group explored the addition of
cardiac pacing as a means to gate imaging more reliably (76).
The authors also suggested that this should also to allow for
imaging to be better gated prospectively. A number of years
later, the same group published an extensive methods paper,
describing the various techniques they had developed to date
in detail and distributing the 3D STL files in order for research
groups to be able to print the stabilizers for themselves using 3D
printing techniques (70). It is worth noting that others have since
designed glue-dependent stabilizers that are relatively similar in
design (77); but it is probably the case that are only so many
ways that one can design a stabilizer for cardiac imaging—
as the technique becomes more widespread, we would posit
that significant differences in the overall design of stabilizers
are unlikely.

We have also recently published work using a glue-based
stabilizer for cardiac intravital microscopy (68). Although we
have used a stabilizer that is similar in design to those used
elsewhere in the literature, we have not used cardiopulmonary
data to gate our imaging. Rather, we have used a combination
of spinning disk confocal imaging, minimal exposure times,
and high sensitivity detection in order to allow us to capture
as many frames as possible during any given amount of time.
The net result is that we have enough frames from which
we can disregard those which are afflicted by motion artifacts,
and retain those that are sufficiently clear (we have written
software to help us achieve this, which we will come onto
later). Using this technique, we have been able to examine the
role that stem cells play in the downregulation of inflammatory
injury following ischaemia-reperfusion injury. We have shown
previously that haematopoietic stem cells (HSCs), in addition to
their normal physiological role, are able to play an active role in
the reduction of an acute inflammatory injury (78). Indeed, HSCs
express a number of receptors for pro-inflammatory cytokines,
such as the TNF receptors TNFR1 and TNFR2 (78), so it is
contemplable that they may possess the ability to respond to
inflammatory cytokines. Using spinning disk confocal imaging,
we sought to identify the acute time course of neutrophil and
platelet recruitment following the onset of reperfusion injury;
and secondly, whether the administration of HSCs is able to affect
the onset of this inflammatory response. By utilizing endogenous
antibody labeling, we identified that both neutrophil and
platelet recruitment is enhanced rapidly during reperfusion (a
representative example of this imaging can be seen in Figure 1A).
Furthermore, the administration of HSCs significantly reduced

neutrophil and platelet accumulation during reperfusion. At the
end of each experiment, we administered a vascular contrast
agent to identify viable perfused microcirculation; as we could
do this in the same animals, this allowed us to obtain additional
functional data while not increasing the number of animals
required for each group. Using this technique, we identified
that IR injury is characterized with clear areas of microvascular
no-reflow, evidenced by portions of cardiac microcirculation
which do not take vascular contrast agent upon administration (a
representative example of this imaging can be seen in Figure 1B).

Not all publishedmethods rely on glue to affix stabilizers to the
heart. Rather than rely on VetBond and other tissue adhesives,
some groups have turned to negative pressures (suction) in order
to affix their stabilizer devices to the tissue surface. Before suction
stabilization was adopted as a means for imaging the heart, it had
been used extensively as a means for imaging the lungs (79–81).
Vinegoni et al. were the first to describe a suction based device
for intravital imaging of the cardiac microvasculature (82). The
device is small, similar to that described in Lee et al. (69); the
internal chamber of the stabilization device has a diameter of
2mm, while the outer diameter is 4.5mm. The outer chamber
is a hollow ring, which is attached to a vacuum regulator. This
regulator provides gentle suction to the device and maintains
the connection between the stabilizer and the tissue surface.
The small diameter of the internal chamber does mean, again,
that the user is highly dependent on access to micro-lens (or
“stick”) objectives. However, suction based techniques have a very
clear advantage—it is much, much easier to remove a stabilizer
that is being held on by suction than it is to remove one that
is affixed to the heart with glue. As such, using suction-based
stabilization techniques allow for the movement of the stabilizer
unit to different parts of the heart and/or the possibility of
recovery surgery in cardiac intravital imaging models. Again,
in this study, the authors utilized cardiopulmonary gating in
order to attempt to remove motion artifacts. Critically, the
authors go to some lengths in this study to convince that the
application of the suction stabilizer leaves no lasting effect on
the cardiac tissue. As a result of application, the authors show no
visible cardiac damage, no change to ECG traces, and no macro-
or microvascular damage identified by Griffonia simplicifolia-I
lectin administration (which labels endothelial cells) (82).

An elegant approach was devised by Jung et al. who created a
small suction-assisted endoscope which could be advanced into
the chest cavity and toward the heart with minimally invasive
surgery (83). The aim of the endoscope was to transmit signal
from the base of an imaging probe to the top, such that an
objective lens could image the top of the probe as if it were
imaging the surface of the heart. By attaching a number of rod
lenses together, the authors were able to achieve this, generating
a lens with a x1 magnification and a length of 20mm. The bottom
two-thirds of this lens was housed within a steel sleeve, and
surrounded by an outer steel tube which acted as the suction
tube. This suction tube was connected at its end to a rubber
tube which provided the suction source (at a pressure of 50
mmHg), with the upper third of the imaging probe protruding
through the suction tube. This entire construct is then held
in place, and imaged through the tip of the imaging probe
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with a high-numerical aperture objective. Validation data with
the technique showed that application of suction through the
construct virtually eliminated all movement, while the flow rate
of cells through the microcirculation was not perturbed even
at negative pressures as high as 150 mmHg (83). Furthermore,
tissue damage was only observed at extreme levels of suction
(300 mmHg) and no local inflammation was noted in areas
where the suction was applied. One interesting aspect of this
technique is that the authors were able to reproducibly (and
with no evidence of damage) move the endoscope around the
heart in order to image an area wider than a single field of view.
This “wide-area scan” mode allows for individual captures to be
tiled in a mosaic fashion, generating fields much larger than the
initial limited field of view. In the publication associated with
this work, the authors—using individual 250µm fields of view—
were able to construct an interlaced high resolution image of
1.2mm by 1.2mm (83). The authors went on to examine the
recruitment of CX3CR1

+ monocytes and neutrophils to the post
ischaemic heart using both longitudinal (0, 1, or 6/7 days) and
acute imaging (0, 5, or 30min). Neutrophil recruitment increased
acutely, with significantly enhanced neutrophil recruitment
observed within 30min [we have seen an identical observation
using spinning disk confocal (68)]. Interestingly, neutrophil
recruitment returns to baseline at 7 days post reperfusion. On
the other hand, monocyte recruitment increases much more
rapidly in reperfusion and precedes neutrophil recruitment, with
a significant increase in monocyte presence as early as 5min post
reperfusion. Furthermore, this increase continues at 30min and
persists up to 6 days post-reperfusion. The authors also noted
an increase in the number of monocytes flowing through the
heart during reperfusion, but with a significant decrease in rolling
during this period.

More recently, others have developed alternative suction
stabilization techniques that do not depend on “stick” objectives
or rod lenses. Matsuura et al. (84) have developed a suction-
based stabilizer for use on rats that has a small central hole.
In a slightly higher plane than the base of this central hole is
an outlet for suction. Up from this is a notch onto which a
larger cover slip sits, allowing the formation of a fully closed
pressurized system once negative pressure is applied via suction
through the outlet. The rat is positioned underneath the central
hole of this stabilizer, and either side of the animal, two arms
which protrude from the central portion of the stabilizer lock
into two locking nuts which are located on metal breadboard
and tightened to (a) lower the stabilizer in the z-plane onto the
tissue, and (b) lock the stabilizer in place. With the coverslip
in place between the tissue and the objective, water immersion
objectives can be used with relative ease. Using a mixture of
alignment and image processing techniques, the authors were
able to monitor the trafficking of leukocytes in subsequent image
frames, with frame to frame captures allowing for the calculation
of leukocyte velocity and displacement. The authors were also
able to identify an increase in leukocyte recruitment as a result of
ischemia-reperfusion injury, which was induced via the insertion
and inflation of a PCI balloon into a loop placed around the
left anterior descending coronary artery. The authors further
stated that leukocyte blockage of capillaries occurred within 1 h

of reperfusion (84), consistent with results we have seen in our
work (68).

NOTHING ALIVE IS TRULY
STILL—ACQUISITION DATA PROCESSING
AND ADAPTIVE FOCUSING MECHANISMS
FOR IMAGING THE HEART

While stabilization techniques are able to eradicate the vast
majority of tissue movement, it is impossible (unless the tissue
is rendered cardioplegic) to prevent all movement of stabilized
cardiac tissue. This is because even within the central imaging
window of a cardiac stabilizer, the myocardium will continue
to contract, regardless of much gross movement is reduced.
Therefore, further compensatory techniques are required to
eliminate these movement artifacts from resulting data. At
present there are two main mechanisms by which this can be
achieved; either by the use of software processing, or adaptively
focused optics. On the latter, a number of techniques now
exist which are set up to allow microscope optics to move in
line with tissue movement. One of the earliest iterations of
this approach used a high-speed (∼955fps) camera to detect
movement of bright fluorescent particles in an imaging field,
and subsequently moved the microscope objective accordingly
to maintain these particles in the same initial location (85). This
study was primarily for the movement of the objective in the
x,y planes and not z. Additional work by the same authors later
added the ability to also compensate for movement in the z plane,
creating a system that could compensate for tissue movement in
all three dimensions (86). Other solutions exist to help imaging
setups mitigate against the movement of tissues in the axial plane.
Spectral domain optical coherence tomography (OCT) has been
used to rapidly measure the distance between amoving tissue and
an imaging objective (87). When coupled with fast processing
and piezoelectric control of objectives, this technique has been
shown to be able to rapidly compensate for fast moving tissues in
live animals.

Software processing is a much more accessible means for
minimizing movement artifacts, from both a financial and a
technical perspective. Software processing can be done either
prospectively or retrospectively. Prospective image processing
involves using information from the preparation and/or model
to manipulate image capture in order to capture image frames
that do not suffer from movement artifacts. In retrospective
image processing, the image data is handled after it has been
captured. In some cases, the data may be captured with a range
of ancillary data such as ECG and respiratory cycles, while
in others, image data may be captured alone and processed
without the support of additional data sets. Image processing
based on physiological parameters normally relies on either
cardiac ECG gating, pulmonary gating, or a mixture of both.
Such techniques aren’t particularly new. In as far back as 1981,
researchers were using the peak of the QRS complex as a timing
reference for the triggering of an external stroboscopic light
source (37). Although this is not technically a triggering of image
capture (in this instance, the presence of light on a given image
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frame allows the non-illuminated frames to be ignored), modern
day equivalents are essentially more efficient versions of the
same technique. Much of the work in this area has developed
in the lab of Ralph Weissleder et a. who have published a
number of studies [including an excellent and comprehensive
methods paper (70)] which detail extensively how they have
applied these techniques. For prospective image gating, the ECG
and/or respiratory data must be processed and linked directly
to the capture hardware in real-time. Windows are set in which
tissue movement is likely to be minimal—in most cases this is
normally defined as the entire QRS complex for the ECG, and
either the Pplat or PEEP segment for pulmonary airway pressure
(70, 88, 89). Although prospective gating strategies are more
efficient in that they require the collection of less data (i.e., data
likely to be spurious is rejected even before it is captured), they
also require more expensive hardware and for capture systems
to be compatible with fast triggering. However, one system—
prospective sequential segmented microscopy (PSSM)—has been
used as a method for generating motion-artifact free intravital
imaging of the heart (76). In this technique, cardiac pacing is
used to provide absolute definition of the cardiac cycle. Using
this known pacing information, image capture can be accurately
harmonized with an appropriate point in the cardiac cycle (in this
study, pulmonary movement was minimized by either electronic
triggering of the ventilator or pausing of its activity). In PSSM,
the capture frequency and the pacemaker frequency are slightly
offset. By doing this, it is possible to capture images from the
heart during the entire cardiac cycle. This technique has been
used to make determinations of cardiomyocyte activity at the
single cell level; data from this technique shows it is possible to
image the contractile activity of individual cardiomyocytes (76)
(an example of the imagery underlying this technique is shown
in Figure 1D).

It is much more common to see retrospective image
processing techniques used in the context of cardiac intravital
microscopy. While some of these techniques have been designed
specifically with cardiac intravital in mind, others have been
designed more generally for intravital microscopy. Others are
simply general image processing techniques which can be applied
to intravital microscopy. We will cover briefly the latter as they
are the most generic and not cardiac specific. General image
processing in the context of cardiac intravital most often takes
the form of registration and alignment tools. Image registration
is a technique to align or reposition images that have shifted
in respect to one another. It is most often used in medical
scanning, such as in CT and MRI scanning, but does have a use
in intravital when handling images with reasonably manageable
movement artifacts. Numerous plugins are available either for
use in ImageJ/Fiji [we have found SPIM Registration to be a
good tool in our hands (90)] or standalone [elastix is a well-
established tool in this regard (91, 92)]. Some specific tools
have been designed for registration of intravital microscopy
data. IMART (Intravital Motion Artifact Reduction Tool) is a
software tool designed specifically for the removal of motion
artifacts (via registration) of intravital microscopy imaging (93).
This image registration tool takes advantage of the fact that
sequential frames in a time series are likely to be very similar

to one another, while still being able to compensate for noise
due to things like the introduction of cells, vascular dyes, and
antibodies (93). StabiTissue is another tool that can perform
similar functions and was also specifically designed for the
purposes of intravital microscopy (94). Registration tools are
useful, in particular when stabilization has been used and small
amounts of residual movement remain. This is often the case,
we have found, when using spinning-disk confocal imaging
techniques for cardiac intravital imaging. Of course, registration
tools are not particularly useful for line scanned images unless
the image data has been processed by another tool first to repair
distortions due to “during-scan” movement.

Retrospective image processing tools have two different tasks
depending on the type of image data they are processing; for
instance, line/raster scanned image data is very different to
spinning disk confocal image data. The latter, providing it has
been captured at a fast-enough speed, will contain full fields of
valid image data. The former will contain image frames which
will be made up of individual line scans that will be out of
sync in the x,y plane. In order to process this data, the software
must be able to return to the ECG/lung airway pressure data,
connect this data with line scans, and reject line scan data
which falls outside of the cardiac/pulmonary windows. Indeed,
this is the approach that most studies have taken in this regard
(69, 70, 88). While this means that the constructed image will
be made of individual line scans with different temporal profiles,
the image capture rate should be sufficient that the differences
between them are relatively (and more importantly, biologically)
insignificant. It is important, if it possible, for researchers to
capture both ECG data and lung airway pressure—movement of
the lungs is a clear contributor to themovement of the heart and a
failure to take this into consideration can cause serious difficulties
for cardiac intravital imaging—particularly for line-scanning
techniques. However, not all techniques obtain respiratory or
cardiac physiology data during capture. Indeed, we have found
that cardiac intravital using spinning disk confocal does not
require ECG or respiratory gating to generate useable imaging. In
these cases, retrospective processing of image data sets without
this information is required. In these cases, the most frequent
approach used for this type of processing is frame rejection,
where those with significant motion artifacts are removed from
an image set. There are a number of tools available to allow
researchers to achieve this, which work in a broadly similar
fashion with some slight differences in how they achieve their
goal of frame rejection.

Intravital_Microscopy_Toolbox is an ImageJ tool developed
by Soulet et al. (95) which is designed to process an image
stack and remove individual frames affected by motion artifacts.
This software works by comparing each frame to a reference
frame (or frames), and calculating a dissimilarity score. Using
a cut-off value for this difference, the toolbox is able to remove
frames which are considered to be too dissimilar to the reference
frames. Along similar lines, we have developed a tool—termed
Tify—which is able to process large image stacks and perform
automated frame removal based on whether or not they meet
given criteria (in terms of this review, this would be whether
they contain motion artifacts or not) (96). However, rather
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FIGURE 3 | Process map for Tify and example of human vs. computed image scoring for example sets of images. (A) Our image processing tool Tify has a set

procedural pathway for processing video captures from spinning disk confocal imaging. This quality-based tool is able to exclude frames from a large image stack by

exclusion based on quality scoring. Using a small subset of human scores, Tify is able to use regression to calculate estimated scores for frames which it has not seen

and subsequently exclude them from final output videos. (B) Crucially, Tify is able to calculate scores which are proximal to human scores.
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than use reference frames, Tify instead uses a small subset of
human scoring, underlying image statistics (such as standard
deviation, entropy, and skewness), and regression analysis to
attempt to “quality score” all frames from an entire image stack
(for an idea of the methodology involved, see Figure 3). To
make this software more applicable for intravital microscopy, we
built in two additional statistics which were specifically relevant
to cardiac intravital imaging: sum pixel ramp and segment
intensity deviation. Detailed descriptions on how these statistics
are calculated is beyond the scope of this review, but detailed
information is available in the published manuscript detailing
Tify (96). On average, users needed to score around 20 frames
in order for Tify to score the remaining frames in the image
stack with high levels of accuracy. To test this accuracy, we asked
users to attribute a quality score (0–5) to 200 frames of a video
obtained from cardiac intravital imaging. We then provided Tify
with the scores from the first 20 of these, and assessed the
software’s accuracy at calculating the rest; the correlation co-
efficient between human scores and calculated scores was high
(e.g., 0.76 ± 0.03 for one set) (96). This approach has some
advantages—because the image scores for unseen frames are
calculated formulaically, Tify does not need to have seen images
in advance in order to score them—it simply needs to have a
formula with which to calculate the scores from. Therefore, it
is possible—for instance—that a user could carry out intravital
microscopy on the heart, perform scoring on those images, and
generate a formula that can be used for all subsequent cardiac
intravital microscopy images that are processed through Tify.
One of the other advantages toTify that, at least to our knowledge,
is not available in other post-acquisition software, is the ability to
retain temporal relationships between the retained frames. Most
methods of frame removal do not rely on a simple system of cut-
off; that is, if an image is below a certain quality of score, then it is
removed from the stack.Whenwe designed Tify, it was important
to us that the output from our program retained some temporal
relationship—for instance, if our software had disposed of 20 s of

consecutive frames (an extreme example) then the result would
have a large temporal gap in the output. To avoid this, we built
in a feature called Frame Windowing, which rather than being
a frame rejection technique, should rather be considered as a
frame selection technique. Users specify the size of a window in n
frames, and the software identifies the highest quality frame from
within that window. Once done, the softwaremoves onto the next
n frames, and so on until the end of the input file. The resulting
output is 1/n times the size of the original file, but each frame has
some degree of temporal link between them.

CONCLUDING REMARKS

For some time in the latter part of the 1970s and 1980s, it
appeared as if cardiac intravital becoming a routine technique
was an inevitability, given the pace of developments. It would
be fair to comment that some of the techniques used in the
1980s were, even by todays technological standards, exceptionally
elegant. However, the final leap toward using these techniques
to monitor immune cell trafficking seemed to be lacking. It
was not until the publications earlier this decade that allowed
intravital microscopy of the heart to begin to gather pace again.
As we approach the end of this decade, there are now a range
of tools and approaches available to those who wish to explore
intravital imaging of the cardiac microvasculature. We would
put on record that such work is still challenging; the surgery
required for exposure of the heart and induction of ischaemia is
not trivial. However, the technological barriers that one used to
face are no longer in the way. Using these new found techniques
over the next decade, perhaps we may finally see an end to the
days where the cardiac microcirculation is considered a research
“black box.”
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