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Abstract: Apoptosis involves a particular type of cell death that plays an important role in tissue turnover and
homeostatic regulation. Remove unwanted cells m multicellular organisms and unicellular orgamized by this
process. Cell apoptosis begins with the production and release of various factors. The effects of apoptosis
depend on the environment in which is occur programmed cell death. Apoptosis in some cells also causes
release of various factors such as cytokines and subsequently mediated activation of other protein mediators
of immune and inflammatory response. Today, using genes, inducer metabolites and inhibitors involved in of
apoptosis, or programmed cell death, can be immune system (the balance between cellular and humoral immune)
1s directed towards the desired immune response. There are different methods for detection of apoptotic cells
and each of these methods alone cannot be used as the criterion of apoptosis. The activation of caspases also
is a marker for cellular damage in diseases. Caspases as an indicator is specific apoptosis therefore determine
the activation of caspase can be used to differentiate between necrosis and apoptosis. Molecular imaging 1s
ideally suited to measuring early response by quantifying cellular metabolism, proliferation and apoptosis,
activities altered early in treatment. There are now several possible Magnetic Resonance Tmaging (MRI) based
approaches for detecting apoptosis, n particular tumor apoptosis, which have the potential to be translated
into clinical application. Detection of cellular lipid droplet accumulation, using localized Magnetic Resonance
Spectroscopy (MRS) and changes in tissue architecture using Diffusion-Weighted Imaging (DWT) has the
virtues that they are completely non-invasive and thus could be implemented in the clinical practice now.
Potential disadvantages include a lack of specificity for apoptosis and the possibility that they may be linited
n detecting relatively low but clinically relevant, levels of cell death. Finally using labeled molecular factors and
inducer proteins and also measurement of metabolites by non-invasive medical mmaging techniques such as
magnetic resonance spectroscopy can be identified the actual mechanisms and pathways of apoptosis as well
by manipulated these pathways may be effective in the prevention of diseases such as autoimmune and
neurodegenerative disorders.
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INTRODUCTION Kerr and coauthors used the term “shrinkage necrosis™ to

describe this form of cell death (Hale et al, 1996).

Apoptosis was originally defined as a distinct mode
of cell death on the basis of a series of characteristic
ultrastructural features according a sequence of events
starting from nuclear and cytoplasmic condensation and
leading to cell fragmentation and phagocytosis. Initially

Subsequently they coined the word “apoptosis™ (from the
Greek = falling of the leaves), which indicates the
dropping of leaves from trees or petals from flowers, to
emphasize the occurrence in normal tissue turmover
(Hale et al., 1996, Kinloch et al., 1999). Apoptosis is an
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essential part of normal fetal development, growth of
juveniles and control of cell numbers 1n adults where 1t
exactly balances cell division. Apoptosis also occurs in a
number of pathological conditions (Kinloch ef al., 1999,
Evan and Vousden, 2001). This process has characteristic
microscopic featires and 18 a hghly controlled and
ordered mechanism that removes cells n a way that
causes minimal disruption to the swrounding tissue.
Apoptosis is brought about by different mechanisms than
those causing necrosis, a mode of cell and tissue death
that occurs only in pathological conditions (Hale et al.;
199¢; Blankenberg et al., 2000). A well-known example of
necrosis 18 myocardial mfarction, where heart muscle dies
from lack of oxygen due to blockage of a coronary artery.
Apoptosis 13 an active process requiring the expenditure
of energy, while necrosis 1s characterized by the mability
of cells to produce the energy (ATP) required maintaiming
homeostasis (Hale et ai., 1996, Evan and Vousden, 2001).
When apoptosis occurs during development of the
embryo or fetus it is often referred to as programmed cell
death. Control of apoptosis is very finely balanced and a
wide variety of triggers may initiate the process. The
signal for apoptosis may be the binding of an external
signal molecule to a membrane receptor (the “death
receptor” known as Fas), or may arise from intracellular
signals such as DNA damage, leading to the release of the
enzyme cytochrome ¢ from the mitochondria mto the
cytoplasm (Blankenberg et al., 2000, Broughton ef al,
2009, Nuzuma et al, 2010). Within the cell many
regulatory protens control apoptosis mcluding members
of the bel-2 and Inhibitors of Apoptosis (IAP) families
(Evan and Vousden, 2001; Broughton et al, 2009).
Apoptosis 1s accomparied by a specific pattern of DNA
damage that leads to the formation of low molecular
weight DNA oligomers. These can be visualized after
DNA extraction and electrophoresis in tissue extracts, or
directly in tissue sections by the use of the TUNEL
techmque. Although a variety of extrinsic and intrinsic
triggers may mitiate apoptosis, at the molecular level the
final common pathway 1s the activation of the caspase
cascade. Caspases are a set of enzymes found in mactive
form m all cells (Hale ez al., 1996, Blankenberg et al., 2000,
Vila and Perier, 2008). When the first in the series is
activated, by cleaving off a short protein sequence, it is
then able to activate the next enzyme in the series and so
on. Because each enzyme is able to activate many copies
of the next enzyme, the reaction is greatly amplified. This
enzyme cascade mechanism is also seen in other
situations requiring a rapid but controlled response, such
as the blood clotting mechamsm (the coagulation
cascade) and the complement cascade (Broughton ef al.,
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2009, Niizuma et al., 2010) (Fig. 1). At the same time, the
cell shrinks away from its neighbors with loss of cell-cell
contacts and increasing eosinophilia (pink staining ) of the
cytoplasm. The cytoplasmic organelles are still preserved
at this stage. As the process continues, the nuclear
material breaks into fragments (karyorrhexis) (Hale ef af .,
1996, Blankenberg et al., 2000; Niizuma ef af., 2010). This
is accompanied by dissolution of the nuclear membrane.
Cytoplasmic blebs B break away from the cell surface and
eventually the entire cell breaks up (karyolysis) (d) to form
membrane-bound fragments. Some of the cell fragments
contain nuclear material and are known as apoptotic
bodies A. These apoptotic bodies may be phagocytosed
by tissue macrophages M, scavenger cells derived from
the bone marrow and found m virtually every tissue in the
body, or by their neighboring cells. In the rest of the
orgamsm, apoptosis 1s essential for organogenesis,
sculpts digits and extremities and plays a role in
determiming polarity of structures by contributing to
directional growth of cell populations (Hale et al., 1996;
Niizuma et al., 2010; Vila and Perier, 2008).

Cell death in neural system: Thus, the first descriptions
of cell death m neurons date back to the 1880s when
Beard described the loss of a specific population of
sensory neurons in fish and skate. These cells that are
today referred to as Rohon-Beard neurons are specialized
mechanoreceptors  occurring  during  embryonic
development in the dorsal spinal cord in fish and
amphibians (Kinloch ef al., 1999; Nuzuma et af., 2010). A
demonstration of neuron cell death in birds was given a
few years later by Collin who, in 1906, reported the
occurrence of Dorsal Root Ganglion (DRG) and motor
neuron cell death during embryonic development of
chicks (Kinloch et al., 1999; Morrison et al., 2003). Then,
i 1926, Ermst was the first to recogmze that an
overproduction of neurons was followed by death of a
substantial fraction in the retina, the trigeminal, facial and
DRGs and in the anterior hom of the spinal cord. He was
also the first to propose a general theory of neuron death
during normal development of the nervous system, to
obtain supporting evidence and to describe the existence
of three main types of cell death during normal
development: the first occurring during the regression of
vestigial organs; the second during morphological
modifications of organ anlages; the third during tissue
remodeling (Blankenberg ef al, 2000; Morrison et af.,
2003; Springer, 2002). A strong refractoriness to the idea
of an mtervention of cell death during development was,
1n fact, still present in textbooks of the 1930s dealing with
the mterpretation of one of the most widely used
experimental paradigms to investigate the development of
the nervous system, 1.e., the removal or grafting of limbs
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Fig. 1: Intrinsic and extrinsic pathways of apoptosis after spinal cord injury

to alter peripheral sensory and motor fields (Evan and
Vousdery, 2001; Morrison ef al., 2003). These experunents
were shown to result in hypoplasia or hyperplasia,
respectively and those consistently
interpreted as consequences of altered proliferation of the
nerve cells. After some studies, the concept that
Programmed Cell Death (PCD) already expanded in
abstract was occurring in the nervous system at different

results were

stages of development and growth mdependently of
external insults started rapidly catching on (Martin, 2001,
Springer, 2002). Thus PCD was recognized as a highly
phylogenetically conserved general mechamsm by which
eukaryotic cells die following a stereotyped series of
molecular and cellular events in nervous tissues

(Morrison et al., 2003, Springer, 2002).

Molecular mechanism of apoptosis in neural system:
Today, the concept that developmental cell death occurs
during the course of central and peripheral nervous
system maturation is fully established TIn parallel,
evidence 1s accumulating to indicate a major role of PCD
during physiological aging and m neuwodegenerative
diseases. After PCD came to be recognized as a
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widespread  phenomenon in  development, an
ultrastructural study on several embryomic tissues
proposed that there were three main types of cell death
during normal development, on the basis of the role of
lysosomes in cell disruption (Evan and Vousden, 2001;
Vila and Perier, 2008; Morrison et al., 2003). The different
morphological types of cell death that have been so far
described 1n neurons are associated with a series of
cellular biochemical changes that display a certain degree
of specificity. Therefore, it follows that it is theoretically
possible to distinguish between each different type by the
localization of specific components of the respective
intracellular machineries (Vila and Perier, 2008; Martin,
2001). However, it must be remembered that PCD i1s a
highly dynamic process and very often a cross-talk
between different types of PCD is likely to occur, under
either normal or pathological conditions, so that a
combination of different approaches 1s always necessary
to obtain an unequivocal proof of a given type of cell
death taking place in specific neuronal populations and/or
experimental contexts (Martin, 2001; Springer, 2002). A
detailed description of the intracellular pathways
specifically associated with any of the possible modalities
of PCD in neurons 1s beyond the purpose of this
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introductory chapter. Below, the most relevant features of
each of the types of cell death described in the previous
section will be briefly considered to set the ground for
better understanding the arrays of technical approaches
available to the study of PCD in neurons (Morrison ef al.,
2003; Springer, 2002). The current view indicates that
there are two main apoptotic pathways in neurons: the
extrinsic or death receptor pathway and the intrinsic or
mitochondrial pathway. However, it is now clear that
these two pathways are intimately linked and that
molecules n the death receptor pathway can mfluence the
mitochondrial pathway and vice versa (Evan and
Vousden, 2001; Springer, 2002). Both pathways then
converge on the same execution (or terminal pathway)
that is initiated by the cleavage of caspase-3 and
eventually results in DNA fragmentation, degradation of
cytoskeletal and nuclear proteins, cross-linking of
proteins, formation of apoptotic bodies, expression of
ligands for phagocytic cell receptors and, finally, uptake
by phagocytic cells (Evan and Vousder, 2001; Broughton
et al., 2009, Martin, 2001). Generally, in organisms, two
distinctly different cell death mechanisms can be
observed. First, an uncentrolled necrotic cell death
mechanism, which includes cell swelling and loss of cell
energy and cell membrane integrity in the very early
phases of the death process and secondly, apoptosis (or
programmed cell death) which manifests with DNA
fragmentation, nuclear condensation, cell shrinkage and
the formation of membrane-encapsulated apoptotic bodies
(Evan and Vousden, 2001; Morrison et al., 2003). The
intention of this article is to review non-invasive imaging
strategies which have been used in histological and
biochemical levels. Rather than focusing on an imaging
method, or apoptosis mechanism, we describe and
discuss the cuwrrent status and possible future
developments of imaging methods and technologies in
apoptosis (Kinloch et al., 1999; Niizuma et al., 2010).
Although at tissue level, apoptosis generally appears as
a subtle process, the individual cells experience profound
changes in morphology, structure and biochemistry
brought forth by the activation of distinct proteases and
lipases. Tt is exactly through these changes and the
careful temporal orchestration of cell events that we are
being provided with a wide array of markers and targets
for visualizing apoptosis by modern imaging technologies
(Martin, 2001; Hakumaki and Brindle; 2003; Laxmanet al.,
2002). Image processing can be used in interpreting, this
technique is different application in medicine and safety
and health (Karchani et al., 2015).

MATERIALS AND METHODS

Traditional assay methods: Apoptosis can be imaged
using very different imaging modalities. The methods can
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be divided into groups by the time scale of detection, the
detection targets (protemns, DNA fragments, apoptotic
bodies, tissue changes) (Kinloch ez al., 1999, Hakumaki
and Brindle, 2003; Zhao, 2001). The exact method of
choice depends on proliferation of cells, microscopy
capabilities, the living cells or tissue section types and the
detected phase event in the apoptotic time line (Hakumaki
and Brindle, 2003). Apoptosis can be detected through
enzyme expression, DNA fragmentation markers,
membrane alterations, proteases (such as caspases),
apoptotic proteins, plasma membrane leakage and/or
certain metabolic activity. Although, all of the above
technicques  generally have their shortcomings,
histological markers are often considered “gold standard”
and must therefore normally be used as reference to other
techniques, such as in vivo imaging (Laxman et al., 2002,
Zhao, 2001).

Imaging of apoptosis in vive: Traditionally, assessment of
apoptosis in tissue 1s based on microscopic methods.
Microscopic sections must be taken from tissue
invasively using biopsy or post mortem (Artemov, 2003;
Zhao, 2001). Clearly, these are mvasive and set limitations
to many follow-up studies. More complex methods are
needed to visualize apoptosis in living systems,
laboratory animals or human bodies. Tt is perhaps
surprising that a phenomenon as subtle as apoptosis can
non-destructively be visualized in vivo. This has become
reality within just a few years, however. The research on
apoptosis imaging began with metabolic characterization
of cells by Nuclear Magnetic Resonance (NMR)
spectroscopy (MRS) m vitro (Zhao, 2001; Aloya ef al.,
2006). Magnetic resonance imaging (MRT), MRS and
nuclear 1mmaging approaches then followed rapidly
together with optical imaging and even ultrasound. The
success of these techniques lies on the mynad of changes
involving membrane composition, protein synthesis,
glycolysis, phosphatidylcholine, phosphatidylserine and
cell fatty acid tumover, energy levels and even
intracellular pH throughout the execution of the
“apoptotic program in vivo (Laxman et al., 2002; Artemov,
2003; Zhao, 2001; Aloya et al., 2006). These can all be
addressed either by direct detection or by applymng
external targeted agents. With the advent of personalized
molecular medicine, accurate imaging of the apoptotic
process could become an important tool in selecting, e.g.,
non-responding patients from responders much earlier
than 1s currently possible with anatomical mmaging
techniques only (Hakumaki and Brindle, 2003,
Aloya et al, 2006). Likewise, these techniques could
prove helpful in drug development and preclinical testing.
We will briefly mtroduce here the mainstream in vivo
imaging techniques and describe some of the key imaging



Int. J. Trop. Med., 11 (4): 90-97, 2016

targets facilitating the detection of apoptotic cells.
Furthermore, the first MRI technique applied to the
detection of apoptosis was lipid proton magnetic
resonance spectroscopy (Artemov, 2003; Aloya ef al,
2006). These studies described apoptosis-specific
changes, including a selective increase in CH, (methylene)
relative to CH, (methyl) mobile lipid proton signal
mtensities at 1.3 and 0.9 ppm, respectively. The rise in
CH2 resonance occurred with a wide range of apoptotic
drugs as well as apoptosis associated with serum (growth
factor) deprivation. The CH,/CH, ratio also had a strong
linear correlation with other markers of programmed cell
death, including fluorescent annexin V cytometry and
DNA ladder formation (Zhao, 2001, Schellenberger et ai.,
2002). Although, there was an increase in the methylene
resonance, there was no detectable change in total lipid
composition or new lipid synthesis, suggesting an
increase in membrane mobility as opposed to increased
amounts of lipids within cells. These observations have
largely been confirmed in subsequent investigations,
though the source of the increased methylene signal
intensity seen with apoptosis has been determined to
arise from the formation of osmophilic lipid (0.222.0 mm)
droplets with the ocytoplasm (Artemov, 2003
Schellenberger et al., 2002; Bammer, 2003). These droplets
contain variable amounts of polyunsaturated fatty acids
assoclated largely with 18:1 and 18:2 lipid moieties and an
accumulation of triacylglycerides. The accumulation of
triacylglycerides is  believed to be related to
phospholipase A2 activation and the formation of
ceramide (a regulatory molecule m the mediation of
membrane-related apoptotic events with a long CH,
chain). Diffusion-Weighted MRI (DWT) is an alternative
MRI modality that can image apoptosis in response to
radiation and chemotherapy without the need for a
contrast agent. DWI generates image contrast by using
the diffusion properties of water within tissues. Diffusion
can be predominantly unidirectional (anisotropic) or not
(1sotropic) and can be restricted or free depending on the
amount of water m the extracellular (relatively
unrestricted) or intracellular (restricted) compartments
(Bammer, 2003; Radermacher et al, 2012). DWI
llustrations can be acquired with magnetic gradients of
different magnitudes, generating an Apparent Diffusion
Coefficient (ADC) map. As increases in cellularity are
reflected as restricted motion, DWI has been used in
cancer 1magimg to distinguish between tumor (restricted
microenvironment) and peritumoral edema (unrestricted).
DWI may also be valuable in monitoring treatment where
changes due to cell swelling and apoptosis are
measurable as changes in ADC (Radermacher et al,
2012). The magmitude of changes, however, 1s small (i.e.,
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50% of control) and it may be difficult to separate tumor
shrinkage, necrosis and other processes that can occur
with therapy. Therefore, more studies are needed to
confirm the validity of DWI as a marker of
therapeutic efficacy in the clinic (Radermacher et al., 2012;
Saito et al., 2016).

RESULTS AND DISCUSSION

At quick glance, it is apparent that the most
numerous applications for in vivo imaging of apoptosis
are based on marker molecules. This 13 not surprising
given the fact that after all, marker molecules, ie.,
biologically active dyes, are what also has made the
histological detection of apoptosis possible. Magnetic
resonance research mto apoptosis started in the mid-
nineties when several groups began locking at relevant
metabolic indicators of apoptosis (Aloya et al., 2006;
Radermacher et al., 2012; Saito et al., 2016). Due to the
poor relative sensitivity and spatial resolution of MRS, 1t
is an absolute necessity to use markers with sufficient
signal intensity. If this requirement is fulfilled, molecular
markers can easily be mapped with techniques such as
MRS (Radermacher ef ai., 2012; Fatehi et ai., 2015). The
information provided by MRI has long been mostly
anatomical and the technology clearly excels at this. MRI
has in fact, become an indispensable imaging modality
that can probe tissue and its biophysical properties with
exceptional in-plane resolution in vivo. It would therefore
be extremely beneficial to combine chemical specificity
(such as that obtained by nuclear imaging or MR S) with
the much better resclution (>>50 m) of MRI. Indeed, it has
recently been shown that MRI contrast can be rationally
adjusted with good biocompatibility by chemically
malleable marker ligands linked to magnetically active
compounds, such as Superparamagnetic Iron Oxide
nanoparticles, i.e., (SPTO) or Gadolinium (Gd) chelates that
have been used to detect the over expression of certain
receptors 1n tumors (Zhao, 2001; Radermacher et af.,
2012; De Backer et af., 2010; Blankenberg and Strauss,
2013). These are important breakthroughs clinically, where
MRI is more widely available, accurate localization is
required and the levels of therapeutically induced
apoptosis may still be low (Radermacher et af., 2012;
Tanha et al.) (Fig. 2).

Confirmation of apoptosis is then based on other
criteria, such as demonstration of the mternucleosomal
DNA fragmentation in electrophoresis or analysis of the
morphological features. Electrophoresis does not specify
the cell types undergoing apoptosis and it is not sensitive
enough to detect small quantitative
Morphologic criteria are considered as the most reliable

differences.
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Fig. 2. MRS as reliable noninvasive tool can be presented important factors in apoptosis such as increased levels of

lactate (Lac)

evidence of apoptosis (Blankenberg et al., 2000, Zhao,
2001). Great progress has taken place in apoptosis
imaging but we are essentially at the beginning. Much
more experimental research with solid, consistent models
and relevant oncological problems 1s required in the
future. Clinical imaging applications for cancer need to be
tested and developed more effectively. Independent
measures of apoptosis such as flow cytometry and
immunohistological stains still need to be kept abreast to
confirm the localization, extent and kinetics of
therapeutically induced apoptosis. The optimal time
frames for imaging therapeutically induced apoptosis will
have to be addressed as well (Radermacher et al., 2012;
Tanha et al, 2016; Salehi et al 2016). However,
demonstration of complete apoptotic morphology by a
single method 1s difficult. Nuclear condensation,
shrinkage of the cell and fragmentation into apoptotic
bodies can be visualized wsing light microscopy
which is suitable for screening of large numbers of cells.
Electron microscopy is required to demonstrate the
loss of intact intracellular structures (Tanha ef al., 2016,
Van Tilborg et al., 2010). The major limitation of electron
microscopy is that studying large numbers of cells is not
feasible. Since the proportion of cells in the degradation
phase of apoptosis at a single time pomt 1s small, finding
even a single apoptotic cell by electron microscopy may
be difficult. Due to its extremely high spatial resolution
and true noninvasiveness, we expect a niche to remain for
MRI agents as well, where optimal contrast generation
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and agent delivery will preside as the main goals. For
instance, SPIO-labeling despite its high sensitivity
provides “negative” contrast, i.e., signal intensity
reduction (Radermacher et af, 2012; Van Tilborg et af.,
2010). This effect 1s more prone to artifacts and also
difficult to interpret due to the often seen intrinsic
heterogeneity of tumor masses on MRI. The conjugation
of marker proteins with paramagnetic gadolmum based
agents could be used to avert this problem with their
“positive” contrast effect, i.e., brightening on MRT but the
approach 1s plagued by severe sensitivity issues. NMR
spectroscopic markers can be efficiently probed and more
information gamed by using advanced MRS techniques
(Lindskog et al., 2005). These are likely to reveal more
information on the distribution and timeline of critical
metabolic events during apoptosis m vivoe. Among the
potential application 1s lipid H MRS wluch 1s robust and
practical. However, the metabolic factors governing
NMR-visible lipid dynamics are poorly understood and
theoretically, these signals could also arise from other
cellular processes and from other endogenous cell types.
The clinical use of *'P appears unlikely due to its poor
sensitivity, long acquisition times and inferior spatial
resolution (Radermacher et al., 2012; Fatehi ef al., 2015,
Lindskog et al., 2005). It 1s noteworthy however, that
intracellular pH can currently be imaged non-mvasively
only by P MRS, In the coming vyears, these
developments in molecular imaging will undoubtedly be
transformed into a better understanding of apoptosis in
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cancer and its management, to the satisfaction of the
clinician and to the benefit of the patient. Great progress
has taken place in apoptosis imaging but we are
essentially at the begimning (Niizuma et af., 2010; Zhao,
2001; Van Tilborg et al., 2010). Much more experimental
research with solid, consistent models and relevant
oncological problems 1s required m the future. Clinical
umaging applications for cancer need to be tested and
developed more effectively. Independent measures of
apoptosis, cytometry
immunohistological stains still need to be kept abreast to
confirm the localization, extent and kinetics of
therapeutically induced apoptosis (Van Tilborg et al,
2010). The optimal time frames for imaging therapeutically
induced apoptosis will have to be addressed as well.
Many more markers for apoptosis, with better sensitivity
and specificity must also be explored.

such as flow and

CONCLUSION

As the field of apoptosis imaging is changing quite
rapidly, it is difficult to make predictions about which set
of tracers or imaging modalities will prove successful for
climcal applications. For the time bemng, it appears that
agents that bind to the surface of stressed or apoptotic
cells, including Bcl, and its derivatives have the
advantage with respect to sensitivity and specificity over
metabolically directed tracers, such as caspase-related
radiopharmaceuticals. NMR spectroscopic markers can be
efficiently probed and more information gained by using
advanced MRS techmiques. These are likely to reveal
more nformation on the distribution and timeline of
critical metabolic events during apoptosis in vivo. Among
the potential application 1s lipid 1H MRS, which 1s robust
and practical. However, the metabolic factors governing
NMR-visible lipid dynamics are poorly understood and
theoretically, these signals could also arise from other
cellular processes and from other endogenous cell types.
The climical use of 31P appears unlikely due to its poor
sensitivity, long acquisition times and mferior spatial
resolution. Tt is noteworthy however, that intracellular pH
can currently be imaged non-invasively only by 31P MRS.
We suggestion a steady flow of new umaging applications
to address apoptosis also in the climical routine. However,
for those involved with experimental studies and drug
design, an even larger array of molecular imaging
techniques 1s available. In the coming years, these
developments in molecular imaging will undoubtedly be
transformed into a better understanding of apoptosis in
cancer and its management, to the satisfaction of the
climician and to the benefit of the patient. MR
spectroscopy may be useful inside the brain and requires
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no administration of contrast agent but its low sensitivity
for DWT may be more robust outside the brain but, again,
changes with cell death appear to be small and sensitive
to many different types of artifacts. It 1s also unclear
which are the best imaging applications for any given
apoptosis directed agent in the clinic.
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