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Abstract: Overaccumulation of —amyloid in the brain is believed to be a primary event in the development of Alz-
heimer’s disease (AD). This amyloid is the target of drugs currently under development for the treatment of AD, which
makes imaging amyloid plaques essential. Magnetic resonance imaging (MRI) has the resolution required to resolve these
microscopic lesions (~ 50 um). In the absence of any contrast agent, the source of MR contrast in the amyloid plaques
comes from the accumulation of iron, which shows as hypointense spots in T,, T,* or susceptibility-weighted images. Iron
deposition in the brain is an age-related phenomenon and its accumulation occurs mainly in iron-rich regions. For plaques
weakly loaded with iron, whose detection is much more challenging, the use of exogenous contrast agents (CA) becomes
necessary. This article describes (1) targeted CAs made of a paramagnetic element like Gadolinium linked to a pharma-
cophore that targets amyloid, and (2) non-targeted CAs, an alternative to enhance amyloid plaque visualization. A back-
ground on CAs is also presented, and current issues related to contrast-enhanced MR imaging, including difficulties in de-
livering these agents across the blood-brain barrier, are also discussed.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common type of
neurodegenerative diseases with 4.6 million new cases per
year in the world. This disease is neuropathologically charac-
terized by two microscopic lesions: the intracellular forma-
tion of neurofibrillary tangles and the extracellular deposi-
tion of aggregated p-amyloid (Ap) peptides in amyloid (or
senile) plaques. Amyloid peptides arise from the abnormal
metabolism of the transmembrane amyloid precursor protein
(APP) that is cleaved by the y- and B-secretase enzymes,
releasing the neurotoxic Ap fragments. Amyloid plaques are
believed to occur in the brain up to 20 years before the oc-
currence of the clinical diagnosis of AD [1]. According to
the amyloid cascade hypothesis, these AB peptides are at the
origin of a cascade of events [2] that lead to neuronal dys-
functioning, dendritic and neuronal losses, and to cerebral
atrophy throughout the progression of the disease [3]. The
critical role of amyloidosis in the development of AD has led
several therapeutic strategies to target its reduction in the
brain [4]. The ability to image amyloid plaques in humans
and in animal models of amyloidosis is thus critical to follow
the effects of new drugs in development.

In humans, amyloid plaques can be imaged with positron
emission tomography (PET) by using dedicated agents like
the Pittsburgh compound B (PiB [5, 6]). However, its short
period of life (half-life time of 20 minutes for *'C) does not
make PiB suitable for routine use in a clinical environment at
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this time, but ongoing research develops agents with longer
half-lives [7]. The ability to image amyloid plaques in ani-
mals is also critical to evaluate new treatments against AD at
a preclinical stage. To date, PET agents do not enable the
detection of amyloid plagues in mouse models of AD [8, 9].
Also, even when new contrast agents (CA) will enable
plaque detection, the low spatial resolution of PET will re-
main an issue to detect them in small animals, where impor-
tant partial volume effects are introduced. The high resolu-
tion achievable by MRI allows direct detection of amyloid
lesions both in humans and in animals. Today, in the context
of AD pathology, MRI is used in humans to mainly evaluate
cerebral atrophy in hippocampal and temporal regions as an
index of disease occurrence and progression [3].

The first attempts to detect amyloid plaques by MR were
performed on human post-mortem brain samples. It was first
shown that amyloid plaques can be detected on T,*-weighted
(To*w) and on diffusion-weighted images [10]. However,
further studies suggested that senile plaques do not always
cause susceptibility effects in T,*w images [11]. More recent
studies showed that susceptibility-weighted images (SWI)
can help detect ex-vivo [12] or in-vivo amyloid plaques in
humans [13]. The ability to detect plaques by MRI seems to
be related to their iron content [14]. Similarly, studies in
mice also showed that some plaques can be detected as dark
spots on ex-vivo [15-17] or in-vivo [17, 18] T,, T,* or SWI
images [19]. The ability to detect them also seems to be
highly dependant on the iron load within the plaques. How-
ever, several studies emphasized the heterogeneity of amy-
loid deposits. First, thalamic plaques were shown to accumu-
late much more iron and calcium than hippocampal or corti-
cal plagues [20]. This accumulation induces strong T, and
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T,* effects in the thalamic plaques that can thus be detected
as large hypointense spots on T, or T,* images [16, 20-22].
Second, young AD animals present small plaques that do not
accumulate as much iron as old animals, especially in corti-
cal and hippocampal regions [23]. The scope of this manu-
script is to review the use of MR contrast agents to overcome
difficulties related to the heterogeneity of plaques and to
facilitate their detection by MRI.

1. CONTRAST ENHANCEMENT PRINCIPLES
1.1. Molecular Basis of Relaxation Enhancement

The principal source of MR contrast relies on differences
in tissue relaxation time, either inherent to the tissue (en-
dogenous contrast), introduced to the tissue (exogenous con-
trast) or caused by magnetic field perturbations. After excita-
tion by a radiofrequency pulse, the water protons from dif-
ferent tissues differentially come back to equilibrium follow-
ing a spin-lattice relaxation time T; and a spin-spin relaxa-
tion time T,. The different relaxation times between various
tissues provide the contrast within MR images [24]. When
the spontaneous contrast between tissues is not sufficient,
one can use CAs as exogenous contrast enhancers [24]. The
signal enhancement produced by CAs depends on their lon-
gitudinal (r1) and transverse (r2) relaxivities (expressed in
mmol™ s), which is defined as the increase of the nuclear
relaxation rate (the inverse of the relaxation time) of water
protons produced by 1 mmol per liter of CA.

The effect of a contrast agent modifying T, relaxation
times is described by the following equation [25]:

Rl=R1,+r[C]

Where R1 is the relaxation rate of the tissue with the par-
amagnetic agent, R1, is the relaxation rate of the tissue in the
absence of CA, ry is the relaxivity of the agent, and C is the
concentration of the agent. The same equation can be derived
for T, relaxation time.

To be efficient, relaxation enhancers must possess two
properties: they must come to the vicinity of water molecules
and they must be able to magnetically interact with hydrogen
nuclei. Paramagnetic molecules used as CAs have a large
number of unpaired electrons and a long electronic relaxa-
tion time. Electrons have an intrinsic magnetic dipole mo-
ment (much larger than the nuclear moment) due to their
electronic spin. As a consequence, they can interact with the
nuclear spins through electron-nuclear dipolar interactions —
they increase the rate of transfer of energy to the lattice,
which shortens the T; relaxation times of the tissues. These
interactions are generally described within three different
molecular environments: (1) the bulk water where the dis-
tance between the water molecules and the paramagnetic
centers is large so the molecular interactions are weak, (2)
the inner sphere where the distance between the water mole-
cules and the paramagnetic centers is the smallest so the wa-
ter molecules bind closely to the paramagnetic agent, and (3)
the outer sphere water — the transition region between the
bulk water and the inner sphere where only water molecules
that diffuse close enough to the paramagnetic centers interact
with them. The relaxation enhancement parameters are de-
scribed by the Solomon-Bloembergen-Morgan (SBM) theory

Petiet and Dhenain

[26-28]. According to this theory, the relaxivity that charac-
terizes a CA is equal to the sum of the relaxivities in all three
molecular regions. However, the inner and outer spheres are
considered to provide the major contributions to the relaxiv-
ity, with the dominant effect coming from the inner sphere,
and a non-negligible effect (~ 40%) coming from the outer
sphere [29].

1.2. Paramagnetic and Superparamagnetic Contrast
Agents

The use of paramagnetic molecules as MR CAs was de-
scribed by Mendonga-Dias et al. in 1983 [30]. The Gadolin-
ium (Gd) element is a lanthanide with 7 unpaired electrons
and a high magnetic moment (7.6 magnetons). These proper-
ties make it an element of choice for relaxation enhancement
of protons in biological tissues. However, Gd must be
chelated to be used in biological samples to remove the high
toxicity of its free form [31]. A number of Gd chelates have
been developed and commercialized, and they are widely
used as CAs in clinical settings (e.g. Gd-DTPA, Magne-
vist®, Schering; Gd-DOTA, Dotarem®, Guerbet; Gd-
DTPA-BMA, Omniscan®, Amersham; Gd-HP-DO3A, Pro-
Hance®, Bracco; Gd-DTPA-BMEA, Optimark®, Mallink-
rodt; Gd-DO3A-Butriol, Gadovist®, Schering). Other par-
amagnetic agents based on other lanthanides, such as Dys-
prosium, have also been proposed and could be a good alter-
native to Gd agents especially at high magnetic fields [32].

Superparamagnetic agents have a much larger magnetic
susceptibility than paramagnetic agents. They are made of
iron particles of various sizes and properties: small particles
of iron oxide (SP10, diameter 50-150 nm), ultra small parti-
cles of iron oxide (USPIO, diameter 20-40 nm) or even
smaller particles such as monocrystalline iron oxide
nanoparticles (MION, diameter 1-10 nm). These agents in-
duce strong local magnetic field variations that significantly
reduce T, relaxation times and therefore reduce the signal in
MR images. Their size varies widely and determines their
physicochemical and pharmacokinetic properties, and there-
fore also determines their field of application [33]. For ex-
ample, SPIOs are used for liver, spleen or lymph nodes im-
aging and USPIOs, due to their very small size and longer
blood half-life, can be used for MR angiography, perfusion
or functional imaging.

1.3. Effect of Contrast Agents on Tissue Relaxation
Times, Signal and Contrast Enhancement

According to the SBM theory described previously, when
a paramagnetic molecule, such as a Gd chelate, comes to the
vicinity of water protons, it perturbs their magnetic environ-
ment at the microscopic level such that proton relaxation is
accelerated. This phenomenon leads to a T, relaxation short-
ening in the tissue, which in turn leads to an increased T,
signal. If CA administration leads to an increased T, differ-
ence between adjacent tissues, then the contrast between
those tissues increases. Fig. (1) illustrates T, shortening and
contrast enhancement (at 7 Tesla) for two adjacent tissues
(the hippocampus and the corpus callosum) without and with
a non-targeted CA. In this example, the contrast agent modi-
fies the Ty in both structures. In the hippocampus: T; without
CA = 1580 ms while T; with CA = 165 ms. In the corpus
callosum: T without CA = 1440 ms while T, with CA = 210
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Fig. (1). Gd effect on T, relaxation time and contrast enhancement. Two T, recovery curves (signal recovery as a function of repetition time)
are plotted for two adjacent tissues (the hippocampus (HC) and the corpus callosum (CC)), with and without a contrast agent (CA). The left y
axis represents the signal intensity within a particular tissue while the right y axis represents the contrast (i.e. signal difference) of the two
tissues. In this example, the contrast between the hippocampus and the corpus callosum increases by a factor of 2.5 (from ~ 0.035 to 0.09)
after addition of a CA. The maximum contrast occurs earlier in time with a CA (maximum contrast at a repetition time (TR) = 200 ms) rela-
tive to the case without CA (maximum contrast at TR = 1500 ms), which means that faster acquisitions are possible. At = time difference
between the maximum contrast obtained without CA and the maximum contrast obtained with CA (i.e. time gain); AC = contrast difference
between the case without CA and the case with CA (i.e. contrast enhancement).

The relaxation curves (A) were measured at 7T by using a 2D turbo spin-echo sequence (RARE; TR = 338, 500, 1000, 2000, 4000 and 8000
ms, TE = 8.3 ms, acquisition time = 12 min for the T, measurements; TR = 8000 ms, TE = 7 — 105 ms with 14 ms increments, acquisition

time = 6 min for the T, measurements).

The images B-C were acquired at very high resolution with a gradient-echo sequence (FLASH, TR/TE =

100/19.4 ms, o = 25, resolution =

23 x 23 x 90 um’, acquisition time = 12 hrs. Scale bars = 500 um (data from [34]).

ms (data from [34]). In this example, introducing a CA
shortens T, of the hippocampus by ten times and shortens T,
of the corpus callosum by seven times (Fig. (1) - left axis).
This T, shortening translates into a contrast (i.e. signal dif-
ference) increase between the two tissues by over a factor of
2.5 (Fig. (1) - right axis). In addition, because of those re-
laxation time shortenings, the maximum contrast is reached
earlier in time (At in Fig. (1)): it is reached at TR = 1500 ms
without a CA, and at TR = 200 ms with a CA. This repre-
sents a significant gain in acquisition time by a factor of 8.

Similarly, non-targeted contrast agents might modify dif-
ferentially the T, (or T,) of plaques and adjacent parenchyma
thus leading to an enhanced contrast between plaques and
adjacent parenchyma at shorter TR. On the other side, tar-
geted contrast agents are expected to specifically modify the
relaxation time of the targeted structure, for example the
amyloid plaque. In this case, the T, (and T,) difference be-
tween the plaques and cortical parenchyma is also increased,
which leads to a better detection of amyloid plaques.

2. AMYLOID PLAQUE IMAGING WITH TARGETED
CONTRAST AGENTS

Fig. (2) shows typical images illustrating amyloid plaque
detection using a targeted contrast agent (such as Gd-DTPA-

ApB1-40 or Gd-DTPA-AP1-30) (from [35]). Such agents al-
low a twofold increase of the number of detected amyloid
plaques in MR images (see Fig. 2 and 3 in [36]). A larger
increase of the number of plaques detected was recently
shown in T;w MR images of histological sections incubated
with Gd-DOTA linked to an antibody targeting the amyloid
plaques (pF(ab’)24.1) [37]. The enhanced detection of amy-
loid plaques with contrast agents is related to the increased
contrast-to-noise ratio (CNR) between plaques and adjacent
tissues. This has been quantified in a study by Poduslo et al.
that showed a twofold and a ninefold increase of the CNR
between plaques and adjacent tissues on T,w and T,w im-
ages, respectively, following administration of putrescine—
Gd-amyloid-p peptide [38].

To be efficient, the targeted contrast agents that are used
to detect in-vivo Ap plaques must (1) be highly stable, (2)
have a magnetic effect on tissues, (3) bind specifically to
plaques, (4) cross the blood-brain barrier (BBB), and (5)
diffuse from their site of entrance in the brain to the targeted
plaques. Different approaches have been investigated to sat-
isfy these properties.

The magnetic effect of these agents can be achieved by
binding a paramagnetic agent like Gd, or a superparamag-
netic agent like a MION to them [38, 39]. Gd-based agents
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Fig. (2). Ex-vivo T,*w image (A) and matched histology section (B) showing amyloid plaque detection (arrowheads) after carotid injection
of Gd-DTPA-AB1-40. TR/TE = 500/10 ms, FA = 55°, in-plane resolution = 59 x 59 um?, slice thickness = 500 um, acquisition time = 35

min. From [35].

positively enhance the signal associated to amyloid plaques
in T;w images, but contrast enhancement is stronger in T,w
or T,*w images due to susceptibility effects from the plaques
and associated CA [39]. MION-based agents are even more
sensitive than Gd agents because their effect on T, or T,* is
stronger. However, despite an apparent increased sensitivity,
MION-based constructs lead to greater individual variability
to detect AB plaques. This is likely due to the large size of
the MION-based construct and the reduced corresponding
BBB permeability, even in the presence of a compound, such
as mannitol, that opens the BBB. A recent study has investi-
gated Dysprosium (Dy) as a Gd substitute. It showed a
stronger T, and T,* effect for the Dy-based amyloid plaque
labeling agents as compared to Gd based agents [40]. Dys-
prosium agents could thus be used as an alternative to Gd
and MION-based agents, especially at high magnetic fields.

The binding affinity of the targeted agent to endogenous
Ap can be achieved by using pharmacophores such as Ap
ligands. Indeed, exogenous Ap has the property to aggregate
with endogenous AB within amyloid deposits. This property
was first shown in in-vitro studies by using radiolabeled Ap
[41]. In-vivo studies based on this concept have shown that
ApB1-40 peptide tagged with MR CAs can detect amyloid
plaques in AD mice [38, 39]. The MR image shows a large
number of plaques compared to the matched histology sec-
tion. However, full-length AB1-40 fragments can induce
amyloid plaque formation, which does not make them suit-
able targeting peptides in pharmacological trials. Alterna-
tively, Ap1-30 truncated fragments are less toxic and are
used for their therapeutic potential as a vaccine [42]. These
fragments have a high Ap affinity but do not promote AP
aggregates and they are cleared from the body within 2
weeks [36]. For ultimate human applications, A homolo-

gous peptides will have to be developed with high solubility
and reduced fibrillogenic and amyloidogenic potential. Other
strategies use agents based on targeting monoclonal antibod-
ies raised against amyloid proteins. In-vitro studies showed
that polyamine-modified F(ab’),4.1 antibody fragment of the
monoclonal 1gG4.1 raised against AB40 human protein have
a high Ap binding affinity [43]. This agent, coupled with
Gd-DTPA, was used to detect amyloid in mice and showed
improved detection on T;w and T,w images [37, 43]. The
clearance of such agent is also relatively quick as its plas-
matic concentration is low 6 hours after injection [37].

Another difficulty in targeting amyloid plaques comes
from the ability to bring the CA to their vicinity. Several
strategies have been investigated to pass molecules through
the BBB. The BBB can transiently be opened by co-injecting
a hyperosmotic solution of mannitol [39], however, this solu-
tion is toxic. An alternative way to pass a molecule through
the BBB is by increasing its permeability with naturally oc-
curring polyamines like putrescine, spermidine or spermine.
These polyamines, when covalently attached in-vitro to pro-
teins, were shown to significantly increase the protein per-
meability coefficient-surface area product [44]. More spe-
cifically, putrescine bound to AB1-40 was shown to increase
in-vivo BBB permeability in mice [38]. In the future, new
strategies will have to be defined to bring the CA close to the
amyloid plaques through the BBB. Today, popular ap-
proaches rely on the use of ultrasounds and microbubbles to
open the BBB [45-48]. Other methods used to open the
BBB, such as the use of lipid-soluble agents, proteins (carri-
ers) or association of CAs with proteins that can be taken up
by specific receptor-mediated endocytosis and transcytosis
mechanisms or by adsorptive-mediated endocytosis [49, 50],
will also need to be explored.



MR Imaging of Amyloid Plaques with Contrast Agents

Current Medical Imaging Reviews, 2011, Vol. 7,No.1 5

Fig. (3). MR images of mouse brains before (A) and after (B) staining with a Gd CA. The SNR and CNR are greatly increased after passive
staining. Co: cortex; CPu; caudate putamen (striatum); Hip: hippocampus; OB: olfactory bulb; S: septum; Th: thalamus; WM: white matter.
The two images were recorded with the same imaging parameters: 3D gradient-echo sequence, TR/TE = 100 / 20 ms, alpha = 90°, resolution
=63 x 47 x 59 um’ zero-filled to provide a digital resolution of 31.5 x 23.5 x 29.5 ym?) Scale bars = 2 mm. Modified from [52].

3. AMYLOID PLAQUE IMAGING WITH NON-
TARGETED CONTRAST AGENTS

3.1. Principle of Active and Passive Staining

Most of the first developments regarding contrast-
enhanced amyloid plaque imaging by MRI were based on
the use of targeted agents. However, the use of these agents
is limited mainly by their availability and their toxicity. As
an alternative, non-targeted Gd-based agents can be used and
have the advantage of being clinically validated, widely
available and non-toxic. Non-targeted agents were broadly
used in the context of microscopic MR imaging to stain brain
tissues. The use of non-targeted Gd CAs in rodents was first
introduced by Johnson et al. in 2002 [51]. In their protocol,
animals were perfused with a CA in conjunction with a fix-
ing agent such as formalin. The Gd agent diffused from the
vascular system into the soft tissues and increased the signal
and contrast within tissues. This protocol was called "active
staining". Later, Dhenain et al. developed a “passive stain-
ing” protocol [52, 53] based on the immersion of excised
brain samples in a Gd solution (Fig. (3)). In this technique,
the CA passively diffuses into the tissue due to concentration
gradients, and significantly increases the contrast between
tissues, for example the contrast between the cortex and
white matter. This protocol can be used for already fixed
samples, fresh tissue or concomitantly with a fixing agent,
which makes this technique flexible.

3.2. Applications in Post-Mortem Biology

Staining tissue samples with a non-targeted Gd CA has
been used in a wide variety of applications. In addition to

increasing the contrast, the method increases the signal-to-
noise ratio (SNR) in some brain tissues by a factor of 3 or
more [34]. This SNR gain is similar to that obtained by tri-
pling the strength of the magnetic field. Thanks to this signal
gain and also to an improved contrast between tissues, very
high-resolution images (down to 20 wm) showing exquisite
detail can be recorded. Examples include the use of Gd CAs
for MR histology of whole mice [54] or excised brains [55];
mouse embryo atlasing [56, 57]; mouse brain atlasing or for
the evaluation of cerebral pathologies [53, 58]. In addition to
using Gd CAs as T;w contrast enhancers, they have also
been used to enhance SNR in diffusion tensor imaging (DTI)
sequences for high-resolution acquisitions of post-mortem
non-human primate brains [59] or developing rabbit brains
[60]. These examples illustrate the broad applications of tis-
sue staining with non-specific Gd-based CAs due to their
availability in laboratories.

3.3. Applications of Passive Staining for Amyloid Plaque
Imaging

Our group has developed protocols based on the use of
non-targeted Gd chelates (e.g. gadoterate meglumine) to
improve plaque detection [52]. The rationale is based on the
hydrophilic property of these Gd chelates [61] which do not
come to the vicinity of hydrophobic structures like B-sheeted
amyloid plaques. Thus in AD brains, they enhance the par-
enchymal signal and not the signal of plaques, thereby in-
creasing the contrast between the two structures.

One of the limiting factors in recording high-resolution
MR images is the loss of SNR that occurs when the resolu-
tion of the image increases. The signal gain due to the CA
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Fig. (4). Amyloid plaque detection with passive staining in a 12-month old APP/PS1 AE9 mouse. The formalin perfusion-fixed brain was
immersed in a solution of phosphate buffered saline and Gd for at least 24 hours. The significant gain in signal and contrast allows high-
resolution overnight imaging at 23 wm in plane. Gross anatomical structures of the brain as well as cellular and molecular layers can clearly
be identified (numbered arrowheads and arrows): (1) pyramidal cell layer of the hippocampus; (2) lacunosum moleculare layer of the hippo-
campus; (3) hippocampal fissure; (4) molecular layer of the dendate gyrus; (5) granular layer of the dendate gyrus. Many individual plaques

are visible (some are identified with arrows). Scale bars = 500 um.

can thus be used to increase the resolution of the image
while maintaining a good SNR. Thus, thanks to better reso-
lution and contrast provided by passive staining, cellular
layers within brain regions can be resolved, such as those in
the hippocampus or even individual amyloid plaques of
about 50 um (Fig. (4)). With this level of detail, it is possible
to follow disease progression through amyloid plaque in-
creased load. More interestingly, recent data suggest that
such protocols can be applied to in-vivo imaging of amyloid
plaques after intracerebroventricular injection of a CA [34].
In addition, non-specific Gd chelates are well suited for lon-
gitudinal studies in animal models because they are not ex-
pected to interfere with endogenous amyloid and promote
amyloidosis unlike agents made of Ap fragments.

CONCLUSIONS

Imaging amyloid plaques is one of the current challenges
of MRI. In animals, an obvious application of such imaging
protocols would be to assess amyloid load and to be able to
follow the effects of anti-amyloid treatments at a preclinical
stage. Without contrast agents, large plaques are MR detect-
able due to their endogenous iron content in old animals, but
smaller and earlier plaques require the use of contrast agents.
Several protocols based on targeted or non-targeted CAs are
currently able to routinely detect plaques. Targeted CAs have
shown very good plaque enhancement. Their main advantage
is that they can specifically target amyloid plagues. The first
generation of agents was based on amyloid peptides and thus
risked to accelerate amyloid plaque formation. New agents
recently developed are based on Ap derivatives or antibodies
that do not induce Ap plaque formation. However, the draw-
back of these agents is that they are currently only available
in few laboratories and they are not used on a routine basis.
In contrast, non-targeted CAs are easy to use and they have

the potential to become widely used for preclinical MR im-
aging of amyloid plaques. They can be administered directly
into the cerebral ventricles for in-vivo imaging [34], and
extracted brains can simply be soaked in a Gd solution to
yield significant plague enhancement. Future developments
will lead to products that cross the BBB. The effect of such
products on the amyloid pathology will have to be assessed
to ensure that their administration does not modulate the
amyloid load.

The ability to image amyloid plaques thanks to MR con-
trast agents also has potential applications in humans to di-
agnose AD and to follow-up therapies. However, today, the
first trials of in-vivo imaging of amyloid plaques in humans
were based on spontaneous contrast but they provided con-
troversial results. We expect that future trends in humans
will include discoveries of new CAs that can safely be ad-
ministered to enable plaque detection, but the same problems
as in animals (stability, specificity of the plaque detection,
BBB opening) will thus have to be addressed as well as their
toxic effects.
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