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HIGHLIGHTS

� LVEF is used to detect

doxorubicin-induced cardiotoxicity in

patients, but this index is variable and has

limited ability to detect early

cardiotoxicity.

� Doxorubicin induces cardiotoxicity largely

through the excessive production of ROS.

� We hypothesized that 18F-DHMT, a PET

tracer that detects superoxide

production, would provide an early index

of cardiotoxicity in rodents.

� 18F-DHMT PET imaging was able to detect

an elevation in cardiac superoxide

production before a fall in LVEF.

� The early elevation in myocardial

superoxide production was associated

with only mild myocardial toxicity and

occurred before cellular apoptosis or

significant activation of MMPs; enzymes

associated with myocardial remodeling.

� A drop in LVEF was associated with a

significant increase in MMP activation,

cellular apoptosis, and significant

myocardial toxicity.
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AND ACRONYM S

2D = 2-dimensional

CT = computed tomography

DOX = doxorubicin HCl

H&E = hematoxylin and eosin

LV = left ventricle/ventricular

LVEF = left ventricular

ejection fraction

MMP = matrix

metalloproteinase

MT = Masson’s trichrome
Reactive oxygen species (ROS) are involved in doxorubicin-induced cardiotoxicity. The authors investigated the

efficacy of 18F-DHMT, a marker of ROS, for early detection of doxorubicin-induced cardiotoxicity in rats. Echocar-

diographywas performed at baseline and 4, 6, and 8weeks post-doxorubicin initiation, whereas in vivo superoxide

productionwasmeasured at 4 and 6weekswith 18F-DHMTpositron emission tomography. Left ventricular ejection

fraction (LVEF) was not significantly decreased until 6 weeks post-doxorubicin treatment, whereas myocardial

superoxide production was significantly elevated at 4 weeks. 18F-DHMT imaging detected an elevation in

cardiac superoxide production before a fall in LVEF in rodents and may allow for early cardiotoxicity

detection in cancer patients. (J Am Coll Cardiol Basic Trans Science 2018;3:378–90) © 2018 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
= positron emission
PET
tomography

ROS = reactive oxygen species

SUV = standardized uptake

value

TUNEL = terminal

deoxynucleotidyl transferase-

mediated nick-end labeling

VOI = volume of interest
D oxorubicin (DOX) (Adriamycin) is a widely
used antineoplastic agent of the anthracy-
cline drug class that is effective against

solid tumors and hematologic malignancies (1).
Although effective, a common side effect of DOX
therapy is cardiotoxicity, which affects 3% to 26%
of patients and often manifests as heart failure
(1,2). DOX-induced cardiotoxicity is largely dose-
dependent, thus limiting the use of this agent and
optimal oncological treatment (3). Current guidelines
to detect DOX-induced cardiotoxicity are based on
the serial assessment of global systolic function.
Generally, the left ventricular (LV) ejection fraction
(LVEF) is assessed by nuclear gated blood pool studies
or cardiac ultrasound (4). However, assessment of
LVEF is variable and has limited ability to detect early
cardiotoxicity, as many patients have histological evi-
dence of cardiotoxicity before decrements in systolic
function occur (5). Importantly, a reduction in LVEF
is often an irreversible side effect of DOX therapy, as
45% to 58% do not recover systolic function despite
receiving optimal medical therapy (6). As such,
early detection methods of anthracycline-induced
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The precise mechanisms of DOX-induced
cardiotoxicity are not fully elucidated;
although it is well established that DOX in-

duces cardiotoxicity largely through the excessive
production of reactive oxygen species (ROS) that
lead to direct myocardial apoptosis, contractile ab-
normalities, inflammation, and vascular injury
(11,12), and promote deleterious cardiac remodeling
by increasing the activity and abundance of matrix
metalloproteinases (MMPs) (13,14). Some studies
report that elevations in circulating biomarkers of
oxidative stress (myeloperoxidase) precede clini-
cally significant systolic dysfunction in
anthracycline-treated patients (8,15). However, the
signal-to-noise ratio for cardiac-specific detection of
ROS with circulating oxidative stress biomarkers
may be low considering that DOX induces oxidative
stress in extracardiac organs (e.g., liver, skeletal
muscle) (16,17), and tumor cells can also produce
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FIGURE 1 Schematic of Experimental Design

Animals were treated with either doxorubicin HCl (DOX) (15mg/kg total, n¼ 10) or saline (control [CTL], n¼ 10) every 3 days (2.15 mg/kg/dose)

for 21 days. Left ventricular functionwas assessed in all animalswith echocardiography (echo) at baseline and 4weeks after the initiation of DOX

(n¼ 20). At this time, a subgroup of animals (CTL, n¼ 5; DOX, n¼ 5)were imagedwith 18F-DHMTpositron emission tomography (PET)/computed

tomography (CT). Myocardial MMP activity (99mTc-RP805), cellular cardiotoxicity and apoptosis were also assessed in these animals following

euthanasia. In the remaining rats, echo (CTL, n ¼ 5; DOX, n ¼ 5) and 18F-DHMT PET/CT (CTL, n ¼ 4; DOX, n ¼ 4) imaging were repeated at

6 weeks. At 8 weeks, the remaining animals (CTL, n¼ 5; DOX, n¼ 4) underwent echo imaging and evaluation of myocardial 99mTc-RP805, and

histological assessment of cardiotoxicity and apoptosis following euthanasia. mPET ¼ micro-positron emission tomography.
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ROS (18). Therefore, more targeted detection of ROS
activity in the heart may provide a higher sensi-
tivity approach for detecting early cardiotoxicity
that often complicates DOX therapy. Recently, a
18F-labeled analog of dihydroethidium, 18F-DHMT,
was synthesized that permits positron emission
tomographic (PET) imaging of superoxide genera-
tion in vivo (19,20). Initial studies reported an w2-
fold short-term increase in 18F-DHMT cardiac up-
take, indicative of elevated ROS production, in mice
following a 1-time bolus injection of DOX (20 mg/
kg) compared with controls (19). However, whether
18F-DHMT is increased before a fall in LVEF in a
more clinically relevant, progressive rodent model
of DOX-induced cardiotoxicity is unknown. Taken
together, we hypothesized that the novel PET
radiotracer 18F-DHMT would provide an early
in vivo index of cardiotoxicity before a decrease in
systolic function in a well-established rodent model
of progressive DOX-induced cardiotoxicity.
METHODS

ANIMAL MODEL. A schematic of the overall study
design is illustrated in Figure 1. Male Wistar rats
(Crl:Wl) (10 to 11 weeks old) were purchased from
Charles River Laboratories (Wilmington, Massachu-
setts) and were acclimatized to their environment for
5 days before any study procedures. All animals were
housed in a temperature-controlled facility (22�C to
24�C), kept on a 12:12-h light/dark cycle, and fed a
standard chow diet ad libitum for the duration of the
study. We employed an established model of chronic
progressive cardiotoxicity (14), in which rats were
treated with DOX (2.15 mg/kg intraperitoneally every
3 days for 21 days [15 mg/kg total]) (n ¼ 10). Control
rats received an equal volume of 0.9% NaCl intra-
peritoneally over the same period as DOX-treated rats
(n ¼ 10). All animals were used in accordance with
protocols and policies approved by the Yale Institu-
tional Animal Care and Use Committee.
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Systolic function and LV dimensions were
measured with 2-dimensional (2D) echocardiography
in all animals at baseline (n ¼ 20). Four weeks
following the first chemotherapy dose, cardiac func-
tion was reassessedwith echocardiography (n¼ 20). At
this time, a subgroup of control (n ¼ 5) and DOX-
treated (n ¼ 5) animals were injected with 18F-DHMT
and microPET/computed tomography (CT) imaging
was performed for the in vivo assessment of superox-
ide production. Three days following 18F-DHMT
microPET/CT imaging, animals were injected with
99mTc-RP805, a radiotracer that binds to the catalytic
site of activatedMMPs (21) for quantitative assessment
of myocardial 99mTc-RP805 uptake with gamma well
counting. Left ventricular tissue was harvested to
assess the degree of cardiotoxicity with standard mo-
lecular and histopathologic techniques (see below).
Cardiac function/dimensions (control, n ¼ 5; DOX, n ¼
5) and in vivo superoxide production (control, n ¼ 4;
DOX, n ¼ 4) were measured in the remaining animals 6
weeks following the first dose of chemotherapy with
2D echocardiography and 18F-DHMT microPET/CT
imaging, respectively. These animals were followed
for an additional 2 weeks (8 weeks following the first
dose of chemotherapy) and had cardiac function
reassessed with 2D echocardiography, and had LV
MMP activity and the degree of cardiotoxicity deter-
mined as described in the preceding text (control, n ¼
5; DOX, n¼4). One DOX-treated animal died before the
last imaging session at 8 weeks.
18F-DHMT SYNTHESIS. 18F-DHMT was synthesized by
an optimized and fully automated process developed
at the Yale University PET Center as recently
described (20). Further detail is provided in the
Supplemental Methods. The formulated 18F-DHMT
product had a specific activity of 2.19 � 0.9 mCi/nmol
for the PET imaging studies.
18F-DHMT microPET/CT IMAGING. Rats were injected
with 0.32 � 0.02 mCi of 18F-DHMT (0.64 � 0.004 mg
injected mass) via the tail vein and underwent
microPET imaging for 10 min on a dedicated small
animal hybrid microPET/CT system (Inveon, Siemens
Healthineers, East Walpole, Massachusetts) 60 to 70
min following tracer injection. Following microPET
imaging, all animals underwent a noncontrast
microCT (80 KVp, 500 mA) for attenuation correction
of the PET images and to facilitate localization of
radiotracer within the myocardium for quantitative
image analysis. Imaging was performed under light
isoflurane anesthesia (1.5% to 2.0% isoflurane/98% to
98.5% oxygen) under physiological temperatures
(35.9�C to 37.5�C).
MicroPET/CT IMAGE RECONSTRUCTION, DATA

CORRECTION, AND ANALYSIS. All PET images were
reconstructed using a 3D ordered subset expectation
maximization/maximum a posteriori algorithm with 2
ordered subset expectation maximization iterations
and 18 maximization/maximum a posteriori iterations
on the Siemens Inveon Acquisition Workplace. PET
images were corrected for attenuation, scatter, ran-
doms, decay, normalization, and dead time. Further
detail is provided in the Supplemental Methods.

The 3D Gaussian filtering with 2-mm full-width-at-
half-maximum was applied on the reconstructed im-
ages using AMIDE software (version 1.0.4) (22). In this
study, the filtered PET images were only used for
volumes of interest (VOIs) definition and image
display, whereas the image quantification was per-
formed on the unfiltered PET images. VOIs were
drawn on the LV myocardium and within the LV
cavity using the Seg3D software (version 2.1.5) (23).
CT images were used to localize the heart and confirm
the epicardial surfaces for VOI edge placement.
Standard uptake values (SUVs) were then calculated
for the LV myocardium, liver, and LV blood pool.
Differences in blood pool and liver SUV were
observed between groups (see later in the text);
therefore, the ROS activity ratio was determined as
the ratio between LV myocardial SUV and LV blood
pool SUV to account for differences in tissue tracer
clearance and bioavailability.
TRANSTHORACIC ECHOCARDIOGRAPHY. Transthoracic
echocardiography was performed under light iso-
flurane anesthesia (1.5% isoflurane/98.5% oxygen)
under physiological temperatures (35.9�C to 37.5�C)
using standardized cardiac views and imaging modes
with a high-resolution ultrasound system (Vevo 2100,
VisualSonics, Toronto, Ontario, Canada) equipped
with an ultra-high frequency (24 MHz) linear array
transducer. LV volumes and dimensions, and systolic
function were measured offline using Vevo Lab soft-
ware (version 1.7.1, VisualSonics) by an experienced
sonographer blinded to the treatment groups. Mitral
E-A fusion was present in most rats due to tachy-
cardia, thus diastolic function parameters were
excluded from the analyses because many diastolic
indices could not be accurately determined.
GAMMA WELL COUNTING OF MYOCARDIAL 99mTc-RP805

ACTIVITY. 99mTc-RP805 was used to quantify
myocardial MMP activity in control (n ¼ 5) and in
DOX-treated (n ¼ 5) rats at 4 weeks, and control
(n ¼ 5) and DOX-treated (n ¼ 4) rats at 8 weeks
following chemotherapy initiation with gamma well
counting, as previously described (21,24) and
described in further detail in the Supplemental
Methods. Briefly, rats were injected with w5 mCi of
99mTc- RP805 via the tail vein and were euthanized
with saturated KCl 4 h following tracer injection.

https://doi.org/10.1016/j.jacbts.2018.02.003
https://doi.org/10.1016/j.jacbts.2018.02.003
https://doi.org/10.1016/j.jacbts.2018.02.003
https://doi.org/10.1016/j.jacbts.2018.02.003
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99mTc-RP805 radioactivity in each tissue segment was
measured by gamma well counting (Cobra
Auto-Gamma, PerkinElmer, Waltham, Massachusetts)
using an energy window (120 to 160 keV) centered on
the peak gamma emission of 99mTc. Global LV 99mTc-
RP805 uptake values are reported in percent injected
dose per gram of tissue.

HISTOPATHOLOGICAL ANALYSES OF MYOCARDIUM.

Paraffin embedded mid-ventricular sections (3 to
5 mm) were stained with hematoxylin and eosin (H&E)
or Masson’s trichrome (MT) by routine methods.
H&E-stained sections were evaluated for the presence
and severity of myocardial toxicity (cardiomyocyte
vacuolation, degeneration) or necrosis, inflammation
(histiocytic myocarditis), and MT-stained sections
were evaluated for the presence and severity of
myocardial fibrosis by a veterinarian (C.J.B.) trained in
veterinary pathology with extensive expertise in ro-
dent pathology, blinded to both treatment group and
time point. The tissue parameters were assessed and
scored using a semiquantitative criterion-based anal-
ysis adapted from prior published methods (25) as
described in the Supplemental Methods. Myocardial
degeneration, inflammation, and fibrosis were inde-
pendently scored, and a total severity score was
determined by summing the values for the 3 variables.

IMMUNOFLUORESCENCE. The terminal deoxy-
nucleotidyl transferase-mediated nick-end labeling
(TUNEL) assay was performed to assess in situ cell
death according to the manufacturer’s directions
(Sigma-Aldrich, St. Louis, Missouri) using paraffin-
embedded tissue as described in further detail in
the Supplemental Methods. To ensure that nuclei
were only considered for quantification, the nuclear
stain DAPI (1:20,000 dilution) (ThermoFisher Scien-
tific, Waltham, Massachusetts) was used as a coun-
terstain according to the manufacturer’s directions.
In addition, the extracellular matrix antibody, anti-
laminin (1:50 dilution) (Sigma-Aldrich), was used as
a counterstain according to the manufacturer’s
directions to avoid counting cells within pericardial
fat and blood vessel lumens.

Tissue sections were imaged on a fluorescent mi-
croscope (Nikon 80i, Nikon, Tokyo, Japan) and sub-
endocardial and subepicardial fields for the anterior,
septal, posterior, and lateral walls of the LV were
imaged at 40� magnification for each tissue section.
The number of cardiomyocytes with TUNEL-positive
and DAPI costaining were counted manually per
field using ImageJ software (version 1.6.0_24) (NIH,
Bethesda, Maryland) (analysis grid and cell counter).
The number of DAPI-stained nuclei was counted
semiautomatically with a custom-developed
algorithm for thresholding and segmentation (26,27)
implemented in MATLAB 2017a (The MathWorks,
Natick, Massachusetts). The number of TUNEL-
positive cells was corrected for the number of DAPI-
stained cells and multiplied by 100 to obtain a
TUNEL-positive index per field. The TUNEL-positive
index was then averaged over the 8 fields for subse-
quent statistical analysis. A biological positive control
(infarct) and negative control were used to facilitate
accurate TUNEL scoring.

STATISTICAL ANALYSIS. All statistical analyses were
performed with SAS (version 9.4, SAS Institute, Cary,
North Carolina). Longitudinal mixed-effects models
were used to compare the 2 groups with respect to
echocardiographic variables (LVEF, global longitudi-
nal strain, global radial strain, LV end-diastolic vol-
ume, LV end-systolic volume, and relative wall
thickness). Repeated measures models (with un-
structured covariance) were used to assess the change
in these parameters over time with the group and
group*time interactions used as covariates. The sig-
nificance level was adjusted for multiple comparisons
for overall and between-group differences at each
time point (0, 4, 6, 8 weeks), thus the significance
level was set at p < 0.01 for this model. Significance is
provided for between-group differences only if the
overall difference in least-squares means between the
groups was significant. All other data were nonpara-
metric and not matched; thus, a Wilcoxon rank sum
test was used to determine differences between
groups with a significance level set a priori at
p < 0.05. All nonparametric data are expressed as
median (first quartile, third quartile). Pearson’s
Product Moment correlations were used to determine
relationships among variables of interest with a sig-
nificance level set a priori at p < 0.05.

RESULTS

TRANSTHORACIC ECHOCARDIOGRAPHY–DERIVED

SYSTOLIC FUNCTION AND LEFT VENTRICULAR

DIMENSIONS. The most widely used clinical imaging
index for detection of cardiotoxicity is the LVEF,
which was not significantly reduced in DOX-treated
rats at 4 weeks after initiation of treatment
compared with time-matched controls. Only after 6
weeks (p ¼ 0.0012) and 8 weeks (p ¼ 0.0009) did
DOX-treated rats have a significant reduction in the
LVEF compared with time-matched controls
(Figure 2A). Similarly, global longitudinal strain, a
reported index of early cardiotoxicity, only trended to
be lower in DOX-treated rats at 8 weeks (p ¼ 0.02)
after initiation of treatment compared with time-
matched controls (Figure 2B). Conversely, the global

https://doi.org/10.1016/j.jacbts.2018.02.003
https://doi.org/10.1016/j.jacbts.2018.02.003


FIGURE 2 Transthoracic Echocardiography–Derived Systolic Function and Ventricular Dimensions

(A) Ejection fraction, (B) global longitudinal strain, (C) global radial strain, (D) left ventricular (LV) end-diastolic volume, (E) end-systolic

volume, and (F) relative wall thickness at baseline (CTL, n ¼ 10; DOX, n ¼ 10), and 4 weeks (CTL, n ¼ 10; DOX, n ¼ 10), 6 weeks (CTL, n ¼ 5;

DOX, n ¼ 5), and 8 weeks (CTL, n ¼ 5; DOX, n ¼ 4) following the initiation of chemotherapy in DOX-treated rats and time-matched controls.

*p < 0.01 between-group difference. Box plots display the median (horizontal bar), first quartile, third quartile, and minimum and maximum

values (whiskers). LVPwd ¼ left ventricular posterior wall thickness at end-diastole; LVID ¼ left ventricular internal diameter; other

abbreviations as in Figure 1.
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radial strain, another reported early index of car-
diotoxicity, was not significantly different between
the groups overall or at any time point (Figure 2C).

LV end-diastolic volumes were significantly
different between control and DOX-treated rats at 4
weeks (p ¼ 0.0108) and 8 weeks (p ¼ 0.006)
(Figure 2D). In addition, LV end-diastolic volumes in
DOX-treated rats trended lower than controls at 6
(p ¼ 0.048) (Figure 2D). Aligned with the LVEF
changes, LV end-systolic volume trended to increase
at 6 weeks (p ¼ 0.052) and was significantly increased
at 8 weeks after the initiation of DOX treatment
compared with time-matched controls (p ¼ 0.0006)
(Figure 2E). DOX treatment did not influence relative
wall thickness (2 � posterior wall thickness/LV in-
ternal diameter) overall or at any time point
compared with controls (Figure 2F).
MicroPET/CT 18F-DHMT IMAGING OF IN VIVO

MYOCARDIAL ROS PRODUCTION. Representative
18F-DHMT microPET/CT images of each experimental
group are shown in Figure 3A. The myocardium-to-
blood ROS SUV ratio was 35% higher in DOX-treated
animals compared with time-matched controls at 4
weeks after initiation of treatment (p ¼ 0.03), before
any decrease in the LVEF (Figure 3B). At 6 weeks, this
ratio was 56% higher in DOX-treated animals
compared with time-matched controls (p ¼ 0.03).
Interestingly, we observed a modest inverse correla-
tion (r2 ¼ 0.65; p ¼ 0.01) between ejection fraction
and in vivo myocardial ROS production at 6 weeks in
DOX-treated rats (n ¼ 4) and matched controls (n ¼ 4)
(Figure 3C), suggesting that the magnitude of the
decline in LV function is associated with an increase
in myocardial ROS production. Similarly, LV end-
systolic volume was modestly and directly corre-
lated (r2 ¼ 0.72; p ¼ 0.007) with 18F-DHMT uptake in
these rats (Figure 3D).

LV, liver, and blood SUV values for DOX-treated
animals (and time-matched controls) at 4 and 6
weeks after DOX initiation are shown in
Supplemental Table 1. At 4 weeks post-DOX initia-
tion, the LV SUV tended to be lower in the
DOX-treated animals compared with time-matched
controls (p ¼ 0.06), whereas both liver (p ¼ 0.007)
and blood pool (p ¼ 0.03) SUVs were significantly
lower in the DOX-treated animals compared with
controls at this time. At 6 weeks post-DOX initiation,
there were no differences in the LV SUV between

https://doi.org/10.1016/j.jacbts.2018.02.003


FIGURE 3 18F-DHMT microPET/CT Imaging and Quantitation of the Myocardial ROS Activity Ratio

(A) Representative micro/PET (top row) and fused microPET/CT (bottom row) images following 18F-DHMT injection from a control and a

matched DOX-treated rat imaged at 4 weeks after chemotherapy initiation (left), and a control and corresponding DOX-treated rat imaged at

6 weeks following chemotherapy initiation (right). Each individual image is scaled to the blood pool SUV. (B) Quantified myocardial-to-blood

pool SUV ratios between controls (n ¼ 5) and DOX-treated rats (n ¼ 5) at 4 weeks, and controls (n ¼ 4) and DOX-treated rats (n ¼ 4) at 6

weeks following chemotherapy initiation. (C) Correlation between LVEF and LV 18F-DHMT uptake (myocardial-to-blood pool SUV), and (D)

between LV end-systolic volume and LV 18F-DHMT uptake (myocardial-to-blood pool SUV) in DOX-treated rats at 6 weeks (n ¼ 4) and

matched controls (n ¼ 4). *p < 0.05 between-group difference. Values are expressed as median with interquartile range. LVEF ¼ left ven-

tricular ejection fraction; ROS ¼ reactive oxygen species; SUV ¼ standardized uptake value; other abbreviations as in Figures 1 and 2.

Boutagy et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 3 , N O . 3 , 2 0 1 8

PET Cardiac Reactive Oxygen Species Imaging J U N E 2 0 1 8 : 3 7 8 – 9 0

384
DOX-treated animals and time-matched controls
(p ¼ 0.34), whereas liver 18F-DHMT uptake was
significantly lower in DOX-treated animals compared
with controls (p ¼ 0.03). At this time, blood pool SUVs
also tended to be lower in the DOX-treated rats
compared with controls (p ¼ 0.06).

MYOCARDIAL 99mTc-RP805 ACTIVITY. Temporal
changes in the retention of 99mTc-RP805 in the
myocardium of the LV, which reflect myocardial MMP
activity, are shown in Figure 4A for control and DOX-
treated rats. At 4 weeks, 99mTc-RP805 retention was
nonsignificantly elevated in DOX-treated rats
compared with time-matched controls (p ¼ 0.056).
However, at 8 weeks, 99mTc-RP805 retention was
significantly increased in DOX-treated rats compared
with time-matched controls (p ¼ 0.01) and to DOX-
treated rats at 4 weeks (p ¼ 0.01).

In 8-week rats, we correlated LV systolic function
and dimensions with MMP activity to assess the
relationship between changes in LV function and
volumes to elevations in MMP activity. We observed a
modest inverse linear correlation (r2 ¼ 0.67; p ¼ 0.01)
between ejection fraction and 99mTc-RP805 uptake in
DOX-treated rats (n ¼ 4) at 8 weeks and matched
controls (n ¼ 5) (Figure 4B), suggesting that a decline
in LV function is associated with increased myocar-
dial MMP activity. Similarly, LV end-systolic volume
had a direct linear correlation (r2 ¼ 0.63; p ¼ 0.02)
with 99mTc-RP805 uptake in these rats (Figure 4C).

HISTOPATHOLOGY. Blinded review of H&E- and MT-
stained tissue confirmed graded cardiotoxicity asso-
ciated with this rat model. As expected, control rats
displayed no significant pathological findings.
Aligned with the model, DOX-treated rats euthanized
at 4 weeks had a nonsignificantly greater overall
severity score compared with time-matched control
rats (p ¼ 0.08) with some evidence of fibrosis,
inflammation, and myocardial degeneration. DOX-
treated rats euthanized at 8 weeks following chemo-
therapy initiation had more progressive fibrosis, focal
myocardial inflammation, and myocardial vacuola-
tion (degeneration) contributing to a nonsignificantly



FIGURE 4 LV 99mTc-RP805 Uptake

(A) LV 99mTc-RP805 uptake between controls (n ¼ 5) and DOX-treated rats (n ¼ 5) at 4 weeks, and controls (n ¼ 5) and DOX-treated rats

(n ¼ 4) 8 weeks following chemotherapy initiation. Correlation between (B) LV ejection fraction and LV 99mTc-RP805 uptake, and (C) LV end-

systolic volume and LV 99mTc-RP805 uptake in DOX-treated rats at 8 weeks (n ¼ 4) and matched controls (n ¼ 5). **p ¼ 0.01 between-group

difference. ‡p < 0.05 within-group difference compared with 4-week rats. Values are expressed as median with interquartile range.

Inj. ¼ injected; MMP ¼ matrix metalloproteinase; other abbreviations as in Figures 1 to 3.
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elevated overall severity score compared with DOX-
treated rats at 4 weeks and a significantly elevated
overall severity score compared with time-matched
controls (p ¼ 0.02) (Figure 5).

CELLULAR APOPTOSIS. Representative fluorescent
images for laminin, DAPI, and TUNEL stains, and a
merged image of these 3 stains are shown in
Figures 6A to 6D from a DOX-treated rat at 8 weeks.
The results of the quantitative analysis of TUNEL-
positive staining for all rats is shown in Figure 6E.
Unlike the observed progressive histopathologic
changes described in the preceding text, cellular
apoptosis only trended to increase in DOX-treated
rats at 8 weeks compared with time-matched con-
trols rats (p ¼ 0.06) and was significantly increased
compared with DOX-treated rats at 4 weeks (p < 0.02)
(Figure 6E).

DISCUSSION

The major finding from the present study is that
18F-DHMT, a novel ROS-targeted PET radiotracer, was
able to noninvasively detect an early elevation in
myocardial in vivo ROS production before a fall in the
LVEF in an established rodent model of progressive
DOX-induced cardiotoxicity. The early elevation in
myocardial ROS production was associated with only
mild histologic evidence of myocardial toxicity and
occurred before any significant activation of
myocardial remodeling enzymes (e.g., MMP activity)
or cellular apoptosis compared with controls. Other
more sensitive echocardiographic indices of systolic
function were also unchanged at this time of early
ROS activation. It is important to note that the sub-
sequent drop in LVEF, which occurred over time in
DOX-treated rats, was associated with a significant
increase in myocardial degeneration, MMP activation,
and cellular apoptosis. Thus, decline in LVEF, which
is typically used clinically for detection of car-
diotoxicity, occurs at a point where irreversible
myocardial injury has already occurred.

DOX has been shown to increase ROS levels through
multiple pathways including, but not limited to,
mitochondrial redox cycling of iron–doxorubicin
complexes (28), activation of the renin-angiotensin-
aldosterone system (29), increased expression of
nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (30), and changes in the mitochon-
drial and nuclear transcriptome (31). In addition, DOX
decreases reduced gluthathione levels and decreases
catalase activity, thus impairs the inherent cardiac
antioxidant defense system (11). The ROS-dependent
cardiotoxic effects of DOX are numerous and include
apoptosis through direct DNA damage (11,12), a
reduction in mitochondrial function (32), increased
fibrosis and remodeling through direct activation and
increased expression ofMMPs (13,14), up-regulation of
the proinflammatory pathways (12), and altered
excitation–contraction coupling through impairing
calcium dynamics (33). It appears that excessive ROS
production is a key upstream event in DOX-induced
cardiotoxicity, because numerous studies report an
improvement or reversal of cardiotoxicity with anti-
oxidant therapy (34–36) or direct manipulation of key
molecular targets in ROS producing or quenching
pathways (11,12,30,37). Our findings extend these prior
observations, because we show that in vivo cardiac
ROS production with 18F-DHMT PET/CT imaging pre-
cedes the impairment in cardiac function often asso-
ciated with DOX-induced cardiotoxicity. Notably, a



FIGURE 5 Histopathology Score

Quantified cardiotoxicity grading (summed severity score)

between controls (n ¼ 5) and doxorubicin (DOX)-treated rats

(n ¼ 5) at 4 weeks, and controls (n ¼ 5) and DOX-treated rats

(n ¼ 4) 8 weeks following chemotherapy initiation. *p < 0.05

between-group difference. Values are expressed as median

with interquartile range.
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separate, independently acting mechanism of DOX-
induced cardiotoxicity has been proposed that de-
scribes DOX binding to topoisomerase-2b and DNA as a
trigger of cell death and transcriptome changes that
secondarily lead to excessive ROS formation (31). Our
findings of increased in vivo cardiac ROS production
before cellular apoptosis are inconsistent with these
reports; however, it is unclear at this time how specific
pathways that lead to cardiotoxicity may predomi-
nate, when they may be activated, and how they may
interact. Differences in chemotherapy dosing and
animal models may also account for discordance
between studies.

Accumulating preclinical evidence suggests
that activation of several MMP isoforms (MMP-1, -2,
-9, -14) play a key role in acute and chronic
DOX cardiotoxicity by contributing to myocardial
fibrosis, collagen disorganization, and contractile
dysfunction (13,14). Here, we observed an elevation in
myocardial MMP activity in DOX-treated rats observed
at a later time point following DOX therapy (8 weeks),
but not in DOX-treated animals observed at an earlier
time point (4 weeks) compared with controls. In
addition, we observed a modest correlation between
systolic dysfunction and myocardial MMP activity in
DOX-treated rats at 8 weeks and matched controls. In
agreement with other studies (14,38,39), our data
suggest that ROS production may lead to activation of
myocardial MMPs, and that MMP activation contrib-
utes, at least in part, to LV remodeling and dysfunc-
tion. However, we cannot rule out the possibility that
factors other than elevated ROS production contrib-
uted to MMP activation observed in this model.

Several noninvasive imaging modalities have been
proposed for early detection and prediction of car-
diotoxicity. Preclinical and clinical reports indicate the
use of myocardial deformation (e.g., global longitudi-
nal strain) imaging with echocardiography, although
the high technical variability of these methods and
nonstandardized analysis packages have led to
inconsistent support of these functional indices (6).
Similarly, perturbations in some echocardiographic
indices of diastolic function, such as prolonged iso-
volumic relaxation time, reduced mitral inflow veloc-
ity, a reduction in mitral inflow velocity/atrial flow
velocity, and a reduction in mitral inflow velocity
deceleration time have been shown to precede changes
in systolic function after anthracycline treatment (40–
42). However, the poor reproducibility of these echo-
cardiographic indices of diastolic function has limited
their application as early indicators of anthracycline-
induced cardiotoxicity (4). Magnetic resonance imag-
ing has also been applied for evaluation of early
myocardial edema and/or inflammation (T2-weighted
imaging) and early cardiac fibrosis/extracellular vol-
ume changes (T1-weighted imaging) in the setting of
cardiotoxic chemotherapy agents (10,43); however,
the utility of thesemagnetic resonance indices remains
controversial due to conflicting reports (43,44).

A few studies have proposed radiotracer-based
molecular imaging methods as highly sensitive diag-
nostic tools for early detection of cardiotoxicity,
because these methods are able to directly target mo-
lecular (apoptosis, 99mTc-annexin V), metabolic (fatty
acid oxidation, 123I-beta-methyl-p-iodo-phenyl-
pentadecanoic acid), and physiological (sympathetic
denervation, 123I-metaiodobenzylguanidine) alter-
ations associated with the underlying disease patho-
physiology and progression (45–47). Along these lines,
we hypothesized that 18F-DHMTPET imaging of in vivo
ROS production may be valuable for early detection of
DOX-induced cardiotoxicity, because increased ROS
production plays a critical role in DOX-induced car-
diotoxicity. In accordance with this hypothesis, we
show for the first time to our knowledge, that
18F-DHMT imaging was able to detect an early eleva-
tion in cardiac ROS production before a fall in ejection
fraction in a progressive rodentmodel of DOX-induced
cardiotoxicity. These findings extend initial studies
that reported anw2-fold increase in 18F-DHMT cardiac
uptake compared with controls following a 1-time
bolus injection of DOX (20 mg/kg) in mice (19). As
compared with that acute model, the chronic model
used in the current work more adequately
resembles clinically observed anthracycline-induced



FIGURE 6 TUNEL Staining and Quantitation of Cellular Apoptosis

(A) Representative laminin, (B) DAPI, (C) TUNEL, and (D) a merged image of these 3 stains from a doxorubicin (DOX)-treated rat at 8 weeks

following chemotherapy initiation. Yellow arrows point to nuclei costained with DAPI and TUNEL that were considered positive. (B)

Quantified TUNEL-positive nuclei per 40� field (average over subendocardial and subepicardial fields for the lateral, septal, inferior, and

lateral walls) between controls (n ¼ 5) and DOX-treated rats (n ¼ 5) at 4 weeks, and controls (n ¼ 5) and DOX-treated rats (n ¼ 4) 8 weeks

following chemotherapy initiation. (E) ‡p < 0.05 within-group difference compared with 4-week rats. Values are expressed as median with

interquartile range. TUNEL ¼ terminal deoxynucleotidyl transferase-mediated nick-end labeling.
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cardiotoxicity, which manifests as LV systolic
dysfunction, is progressive, and typically occurs after
completion of chemotherapy (4).
STUDY LIMITATIONS. First, 18F-DHMT oxidation and
subsequent cellular retention largely reflect superox-
ide activity. Therefore, the utility of measuring other
ROS, such as hydrogen peroxide with peroxy-caged-
[18F]fluorodeoxy thymidine-1 (PC-18F-FLT-1) (48) or
redox status with 1-[C11]methyl-1,4-dihydroquinoline-
3-carboxamide (11C-DHQ1) (49) using PET/CT for early
detection of DOX-induced cardiotoxicity is unknown.
However, a large portion of cardiac ROS produced
during DOX therapy arises from the mitochondria and
NADPH oxidases, both sources of superoxide (30,37),
thus supporting the use and early rise of cardiac 18F-
DHMT uptake observed in this model. Second, it is
possible that DOX influences 18F-DHMT myocardial
kinetics, peripheral tissue uptake and metabolism,
and tracer clearance. Thus, SUV measurements pre-
sented herein only provide a semiquantitative
assessment of myocardial 18F-DHMT retention and
superoxide production in this complex model.
Observed changes in the bioavailability of the tracer
between groups were addressed by correcting the LV
SUV to the blood SUV, which is appropriate for tracers
that can be best characterized by a 2-tissue irreversible
kineticmodel. Because 18F-DHMToxidationwithin the
myocardium is irreversible, the trend of ROS in
response to chemotherapy based on our calculation of
myocardium-to-blood pool SUV ratio is appropriate to
account for potential confounding factors in the blood
and is expected to be directly proportional to quanti-
fication parameters (e.g., Ki) derived from the kinetic
analysis in dynamic PET. For example, a recent 18F-
FDG study reported that the ratio of tumor SUV to
blood SUV derived from static PET had amuch stronger



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE 1:

Doxorubicin is an effective chemotherapy agent but is

associated with cardiotoxicity. Current noninvasive

screening methods for doxorubicin-induced cardiotox-

icity are based on the serial assessment of the LVEF.

However, the measurement of LVEF is variable and

unable to detect cardiotoxicity before overt, non-

reversible myocardial toxicity. Decades of basic science

research have indicated that ROS are key mediators in

doxorubicin-induced cardiotoxicity. Our study provides

evidence that PET/computed tomography imaging of
18F-DHMT, amarkerof superoxideproduction, allows for

early detection of cardiotoxicity in rodents, and that the

early elevation in myocardial 18F-DHMT uptake occurs

beforedecrements in LVEFand overtmyocardial toxicity

following doxorubicin administration.

COMPETENCY IN MEDICAL KNOWLEDGE 2:

Assessment of myocardial superoxide production can

be achieved noninvasively using PET imaging of
18F-DHMT. The application of this technique in cancer

patients receiving doxorubicin or other anthracyclines

may facilitate the early detection of cardiotoxicity,

thereby helping to guide optimal oncological treat-

ment and avoid cardiotoxicity.

TRANSLATIONAL OUTLOOK: Studies in large an-

imal models of anthracycline-induced cardiotoxicity

and in cancer patients receiving anthracycline

chemotherapy are warranted to determine the po-

tential clinical utility of 18F-DHMT PET imaging for

early detection of cardiotoxicity. The ability to detect

in vivo myocardial superoxide production with
18F-DHMT PET imaging also provides the opportunity

to apply this tracer in other cardiovascular diseases in

which excessive production of ROS contributes to

disease progression.
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correlation with the retention index Ki derived from
dynamic PET with kinetic modeling, when compared
with tumor SUV alone, because the SUV ratio reduced
the residual interstudy variability of the input func-
tion in the SUV calculation (50). Ultimately, full
compartmental modeling with an arterial input func-
tion and high-performance liquid chromatography
analysis of blood and tissuemetabolites will be needed
to absolutely quantify myocardial 18F-DHMT retention
and superoxide production, although this approach
will bemost effectively accomplished in larger animals
and humans. Third, we were unable to accurately
quantify diastolic function in these animal’s due to E-A
wave fusion, thus we cannot exclude the possibility
that diastolic dysfunction may have preceded systolic
dysfunction in this model. Therefore, it is unknown at
this time whether 18F-DHMT PET imaging would out
perform this echocardiographic index of early
anthracycline-induced cardiotoxicity. Finally, the
specific molecular pathways that led to the increase in
cardiac superoxide production were not addressed in
this study, and are beyond the scope of this study.
However, measuring global superoxide production
with 18F-DHMT is valuable for diagnostic and predic-
tive applications in the early assessment of DOX-
induced cardiotoxicity and potentially other disease
processes involving ROS activation, because superox-
ide produced from all pathways contributes to aber-
rant cell signaling and damage/death.

CONCLUSIONS

18F-DHMT PET/CT imaging was able to noninvasively
detect an early elevation in myocardial ROS produc-
tion in vivo, before a fall in LVEF in an established
chronic rodent model of progressive DOX-induced
cardiotoxicity. Importantly, this early elevation in
myocardial ROS was associated with only mild
myocardial toxicity, and no significant changes in
MMP activity or cellular apoptosis. On the other hand,
a fall in the LVEF was associated with higher levels of
ROS production, more advanced myocardial toxicity,
activation of myocardial MMPs, and cellular
apoptosis. These preliminary data suggest that 18F-
DHMT PET/CT imaging may allow for early assess-
ment of cardiotoxicity that precedes the often-
irreversible decline in systolic function in cancer pa-
tients receiving DOX. Future investigations should
focus on evaluating the ability of 18F-DHMT PET/CT
imaging to predict changes in systolic dysfunction
with DOX therapy and evaluate therapeutic in-
terventions to limit cardiotoxicity in order to fully
elucidate the clinical potential of this ROS-targeted
radiotracer.
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