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ABSTRACT

Cell death is desirable in cancer cells and undesirable in organs with limited regenerative potential, like the heart. Cell death

comes inmany forms,but only apoptosis and toa lesserdegreenecrosis is currently relevant to the clinical imager.Noninvasive

imaging of cell death is an attractive option to understand pathophysiology, track disease activity, and evaluate response to

intervention. Apoptosis seems tobe themost promising target for imaging cell death, because it could be reversible andmight

be modulated with interventions. Molecular, nuclear, optical, or magnetic resonance imaging–based methods have been

developed to identify intermediate steps in the apoptosis cascade. Animal studies show promising results for noninvasive

imaging in various cardiovascular diseases. Human studies have shown feasibility, but clinical use is yet inconclusive. Newer

technologies offer promise, especially for tracking apoptosis in evaluation of novel therapeutic interventions.

(J Am Coll Cardiol Img 2018;-:-–-) © 2018 Published by Elsevier on behalf of the American College of Cardiology Foundation.

C ell death is an important feature of both life
and death (1). It is intricately controlled in
embryonic development as well as in post-

natal life, when pathways are turned on and off as
needed in exquisitely choreographed patterns, as
best seen in apoptotic cell death. The machinery for
controlled cell death, especially via apoptosis, per-
sists into adult life to get rid of unwanted cells
including cancerous and senescent ones, controlling
the immune response as well as providing immune
privilege in organs where cell death–mediated inflam-
mation can be harmful. However, these same tightly
regulated pathways can get activated in many
diseases and once out of the carefully controlled
environment, can have fateful consequences. Cell
death is undesirable in heart diseases, which has
limited regenerative capacity but may be desired for

cancer cell death in neoplasia. In addition, there is
strong evidence that cell death, especially of the
apoptotic variety, can be modulated. In either case,
detection, monitoring of cell death, and assessment
of therapeutic response might need accurate
measurement of apoptosis (2,3). Visualizing cell
death, especially through noninvasive imaging, is
thus critical for understanding disease, tracking its
course, prognostication, and even directing targeted
therapy as well as measuring the success of such
treatments.

HOW SHOULD AN IMAGER THINK ABOUT

CELL DEATH?

At least 12 forms of cell death have been described so
far (4), and more are being reported; however, only
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apoptosis, and to a lesser degree necrosis and
autophagy, could be seen as a current prior-
ity for the imager (Central Illustration). All
forms of cell death follow a rather similar
general pattern of onset and progression—
death programs are activated by a variety of
factors including ischemia, cytokines,
oxidative stress, starvation, toxins, and in-
fections. These triggers either act at the cell
surface, activating death-associated re-
ceptors (extrinsic pathways), or, as in radia-
tion injury, act intracellularly (intrinsic
pathways); often, both pathways are acti-

vated in an inter-related manner to various degrees.
Most pathways converge to the mitochondria (5), and
often it is the degree of mitochondrial disruption that
decides how the cell dies.

Necrosis (Central Illustration), the most well-
established form of cell death, signifies irreversible
damage to the mitochondria—opening of the mito-
chondrial permeability transition pore results in
collapse of its voltage gradient and thus energy
depletion (6). It is often acute and dramatic, provok-
ing strong inflammatory and immune responses in its
neighborhood through en mass release of cellular
contents. It is imaged to detect and quantitate dam-
age rather than with any hope of reversing it.
Apoptosis and autophagy are more nuanced, in that
death occurs in a controlled manner without pro-
voking an inflammatory response. Apoptosis (Central
Illustration) is a form of programmable cell death,
where a very specific death pathway made up of
sequential steps is activated to remove cells. Auto-
phagy is a form of lysosomal degradation of cell
contents within the degenerate or senescent cell it-
self, but there is controversy whether it is more of a
survival mechanism rather than committed cell
death. These forms of cell death show an insidious
cellular involution or digestion without macroscopi-
cally disrupting the cell membrane, and remnants are
engulfed by scavenger cells like macrophages; thus,
dying cell bodies disappear without much trace,
which makes imaging them more difficult. However,
they can contribute to severe organ dysfunction,
especially when they occur in sufficient magnitude
and over a significant time period in organs with poor
regenerative capacity like the heart. More impor-
tantly, because apoptosis (and to a lesser extent
autophagy) can be modulated, imaging it might have
important implications for therapy and preserving
organ structure and function. Yet another type of cell
death, necroptosis (7), is gaining significant interest
(Central Illustration, lower left panel); it is a condition
where the cellular morphology is consistent with

necrosis, but its execution appears to be programmed
like in apoptosis (7). Necroptosis-triggering stimuli
create a necrosome that induces membranous leak,
and similar to cellular necrosis, one might be able to
use intracellular targets for noninvasive imaging.

It appears that many of these pathways share ele-
ments and can influence each other (8,9). Damaged
mitochondria are potent triggers of apoptosis, and
removing them via autophagy can attenuate
apoptosis. Similarly, apoptosis and necroptosis share
a seesaw relationship, where caspases mediate
apoptosis, but inefficient caspase 8 activation shifts
the pathway to death via necroptosis. In each of these
processes, depending on the energetic state, the cell
may complete apoptosis if adenosine triphosphate
(ATP) levels are adequate for preserving pumps, may
enter a zombie state (where the cell survives by
turning down most energy-intensive processes, like
contraction, and concentrates on barely staying alive)
if ATP is marginal, and ends in necrosis if ATP levels
are depleted so much that they cannot sustain the
membrane pumps. The Central Illustration shows
various targets that are amenable to imaging in each
of the major forms of cell death.

MOLECULAR IMAGING TECHNIQUES,

AGENTS, AND TARGETS FOR IMAGING

NECROTIC CELLS

Interest in imaging necrosis peaked 2 decades ago,
and innovation has now shifted toward apoptosis
imaging; necrotic imaging will thus be considered
only briefly in this review. The waning interest in
molecular imaging of necrosis is understandable,
because unlike apoptosis, it is a late stage of cell
injury that limits options for intervention. Moreover,
necrosis is, under many circumstances, rather an
extension of apoptotic injury, and interference in the
apoptotic process could restrict necrotic cell loss (9).

A critical difference between imaging apoptosis
and necrosis is that the latter allows for targeting
intracellular constituents secondary to disrupted cell
membranes that are no longer a barrier to penetration
of imaging agents. However, this condition also cre-
ates difficulties in imaging, because many intracel-
lular targets could wash out (e.g., histones) or offer
shorter time windows for imaging, and might need at
least some residual perfusion to carry the tracer to the
desirable target. Finally, imaging should be able to
differentiate acute from subacute necrosis and ne-
crosis from apoptosis when both coexist, as they
frequently do.

Two different strategies have been used to detect
cell necrosis. Static imaging techniques detect
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