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Abstract

Objective Animal models for myocardial injuries represent important cornerstones in cardiovascular research to monitor
the pathological processes and therapeutic approaches. We investigated the association of 18F-FDG derived left ventricular
metabolic volume (LVMV), defect area and cardiac function in mice after permanent or transient ligation of the left anterior
descending artery (LAD).

Methods Serial non-invasive ECG-gated 2-deoxy-2-[18F]fluoro-p-glucose positron emission tomography (18F-FDG PET)
after permanent or transient LAD ligation enabled a longitudinal in vivo correlation of 18F-FDG derived left ventricular
metabolic volume to functional parameters and myocardial defect.

Results The LVMYV shows a more prominent drop after permanent than transient LAD ligation and recovers after 30 days.
The loss of LVMYV correlates with the defect area assessed by QPS software. Cardiac function parameters (e.g., EDV, ESV,
SV) by the QGS software positively correlate with LVMV after permanent and transient LAD ligation.

Conclusions This study provides novel insight into 18F-FDG derived LVMYV after permanent and transient LAD ligation by
longitudinal in 18F-FDG PET imaging and underlines the associations of the FDG derived parameter and cardiac function.

Keywords Cardiac positron emission tomography - 18F-FDG - Myocardial infarction - Ischemia—reperfusion injury - Heart
function
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Abbreviations Materials and methods
ID/g max Maximum injected dose per gram

18F-FDG 2-Deoxy-2-[18F]fluoro-p-glucose
IR Ischemia reperfusion

LAD Left anterior descending artery
LVMV Left ventricular metabolic volume
MI Myocardial infarction

PET Positron emission tomography
ROI Region of interest

VOI Volume of interest
Background

Coronary artery disease (CAD), the manifestation of patho-
logical accumulation of atherosclerotic plaques in cardiac
arteries, is a leading cause of morbidity and mortality in
western society [1].

Narrowing the coronary arteries over time and rupturing
atherosclerotic plaques result in myocardial injury by the
diminished heart blood supply. Loss of cardiac muscle tis-
sue leads to decreased cardiac function and can progress to
heart failure with detrimental effects on the patient’s health.
Percutaneous coronary intervention (PCI), a minimally inva-
sive procedure to recanalize the occluded artery, facilitates
reperfusion of the ischemic cardiac tissue and has signifi-
cantly improved the outcome of patients after myocardial
infarction [2].

To further reduce mortality and morbidity after ischemic
cardiac injury, basic animal models are essential to under-
stand the pathological processes better and transfer new
therapeutics into the clinical setting. Nowadays, two surgi-
cal myocardial infarction models in mice are established to
mimic cardiac injury [3, 4]. Permanent ligation of the LAD
resembles a main cardiac artery's occlusion without timely
reperfusion and represents a model for myocardial infarction
(MI). The transient ligation of the LAD transfers the set-
ting of early recanalization of an occluded coronary vessel
into a suitable animal model (IR injury). While reperfusion
improves the survival of ischemic cardiomyocytes, it also
leads to a clinically relevant reperfusion injury (reviewed
in [5]).

Besides cardiac magnetic resonance imaging, which
is another valuable tool in mice as demonstrated by sev-
eral investigators [6—8], the small animal PET imaging is
an established modality in different disease models, e.g.,
ischemic [9-11] and dilated cardiomyopathy [12] and in
pressure-overload left ventricular hypertrophy [13].

Regardless of a large amount of published data in the
setting of ischemic cardiomyopathy, our study is the first to
evaluate the association of LVMV and cardiac function after
transient and permanent LAD ligation.
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Animals

Male C57/BL6 mice were purchased from Charles River
(Sulzfeld, Germany). Animal care and all experimental
procedures were performed according to the Guideline
for the Care and Use of Laboratory Animals published
by the U.S. National Institutes of Health (NIH publica-
tion no. 85-23, revised 1996). Myocardial infarction and
ischemia—-reperfusion injury were induced in 12-16 week-
old C57BL/6 mice by surgical permanent (n = 10) or tran-
sient (n =9) ligation of the left anterior descending artery,
as described previously [3, 4]. The ECG of one mouse (MI
group) was erroneous during the scan, and thereby no car-
diac function parameters could be assessed. Healthy ani-
mals served as a control group (n =8). In brief, mice were
anaesthetized using intraperitoneal injection of fentanyl
(0.05 mg/kg), midazolam (5.0 mg/kg), and medetomidine
(0.5 mg/kg), and mechanically ventilated (MiniVent Venti-
lator model nr. 845, Harvard Apparatus®). After left lateral
thoracotomy, the proximal LAD was either ligated perma-
nently (inducing MI) or transiently for 60 min, inducing
IR injury. Study protocols complied with the institution’s
guidelines and were approved by the Government’s ani-
mal ethics committee (ROB-55.2-2532.Vet_02-19-17 and
ROB-55.2-2532.Vet_02-19-1).

In vivo cardiac PET imaging

ECG-gated 18F-FDG-PET scans were performed on
post-operation day 6 and day 30, using a dedicated small-
animal PET scanner (Inveon Dedicated PET, Preclinical
Solutions, Siemens Healthcare Molecular Imaging, Knox-
ville, TN, USA) as described previously [13, 14]. The ani-
mals had free access to food (standard laboratory chow
from Ssniff Spezialdiditen GmbH, Soest, Deutschland)
and water, as described previously [9, 12—-15]. Anesthesia
was induced (2.5%) and maintained (1.5-2%) with isoflu-
rane delivered in pure oxygen at a rate of 1.5 L/min via
a face mask. The core body temperature was maintained
within the normal range using a heating pad and moni-
tored by a rectal thermometer. Neonatal ECG electrodes
(3 M, St. Paul, MN, USA) were placed on both forepaws
and the left hind paw. Vital parameters were monitored
and recorded using a dedicated physiological monitor-
ing system (BioVet; Spin Systems Pty Ltd., Brisbane,
Australia) [16]. After placing an intravenous catheter
into a tail vein, approximately 20 MBq of 18F-FDG was
injected in a volume of ~0.1 ml. The catheter was then
flushed with 0.05 ml of saline solution. Animals remained



Annals of Nuclear Medicine (2022) 36:533-543

535

anaesthetized during the entire scan and were placed in a
prone position within the PET tomograph. A three-dimen-
sional PET recording was obtained in list mode from 30
to 45 min after injection of the tracer. For attenuation and
scatter correction, a 7-min transmission scan was per-
formed with a rotating [57Co] source immediately after
each PET scan, as described previously [12]. Recovery
from anesthesia and the PET scan was monitored closely
in the home cage by a veterinarian. The recorded data
were processed with the Inveon Acquisition Workplace
(Siemens Medical Solutions, Knoxville, TN, USA). FDG
list-mode acquisitions were reconstructed, as described
previously [12]. Reconstruction was performed using an
OSEM 3D algorithm with 4 iterations (16 subsets) and a
MAP 3D algorithm with 32 iterations (16 subsets) in a
128 x 128 matrix with a zoom of 211%. Data were either
reconstructed as a static image or as gated images with 16
bins, normalized, corrected for randoms, dead time, and
decay, as well as attenuation and scatter.

PET image analysis

Analysis of PET images was performed by the Inveon
Research Workplace (Siemens Medical Solutions) described
previously [17, 18].

Inveon Research Workplace was used for assessing the
percentage of the cardiac injected dose per gram (%ID/g)
and left ventricular metabolic volume (LVMYV) from static
PET images. A cubic volume of interest (VOI) was drawn
around the left ventricle, and a threshold value excluding
30% of the least hot voxels was applied. Correct VOI place-
ment was verified in three projections (axial, sagittal, and
coronal) [13]. In addition, ECG trigger signal accuracy was
retrospectively verified using in-house software programmed
in MATLAB (The Mathworks, Natick, USA) and C pro-
gramming language [19].

The defect parameter was calculated with QPS® (Cedars-
Sinai, Los Angeles, CA, USA) using a normative database,
as described previously [20]. In brief, infarct sizes were esti-
mated with commercially available software (QPS® 2012)
from static FDG PET scans by creating polar maps of the left
ventricle. In this approach, the FDG uptake in a given region
is quantified as the percentage of the maximum tracer uptake
in the polar map. The individual polar map is then compared
to the average polar map from our normative database con-
sisting of gender, strain, and age-matched animals (18 in
total). The extent of the abnormally viable myocardium is
calculated as a percentage of the left ventricle surface area.

Furthermore, the severity of the injured cardiac tissue is
calculated in units of standard deviations below the normal
tracer uptake. Extent and severity are combined into a sin-
gle parameter corresponding to the infarct size expressed
as a percentage of the left ventricular surface area. We used

a similar approach as described by Slomka et al. [21] for
myocardial perfusion data.

Left ventricular function parameters: end-diastolic
(EDV), end-systolic (ESV) and the stroke volume (SV), and
the left ventricular ejection fraction (EF), were calculated
from ECG-gated images using QGS® (Cedars-Sinai, Los
Angeles, CA, USA), as described previously [12, 17].

Histology

On day 30, mice were sacrificed, and the hearts were
excised. After fixation in 4% phosphate-buffered formalin,
hearts were cut into 2 mm thick slices and embedded in par-
affin. Five micrometer thick sections were cut and mounted
on positively charged glass slides. Standard histological pro-
cedure (Sirius Red/Fast green Staining) was performed as
described previously [22].

Statistical analysis

All results were expressed as means with standard deviation.
One-way ANOVA analysis with Tukey’s multiple compari-
sons, unpaired Student’s ¢ tests were used where appropri-
ate. For groups without normal distribution, the Wilcoxon
signed-rank or the Mann—Whitney U test was applied. The
differences were considered statistically significant at a P
value of 0.05.

Results

Defect size after transient and permanent LAD
ligation using 18F-FDG PET imaging

The mouse hearts were evaluated using 18F-FDG PET imag-
ing at days 6 and 30 post-transient or permanent LAD liga-
tion. The defect assessment revealed a substantial defect in
both models.

Permanent LAD ligation results in larger defect areas
than transient ligation (illustrated in polar Bulls-eye map
Fig. 1A, histology Fig. 1B and Fig. 1C, IR d6 vs MI d6,
p < 0.001). Figure 1 B illustrates the histological evaluation
after transient and permanent LAD ligation. The Sirius Red/
Fast green staining was used to illustrate the fibrotic scar
after injury. The transient LAD ligation leads to a smaller
defect in the LV, due to the re-established perfusion of the
infarct area. The defect after the permanent LAD ligation is
far more severe and more cardiac mass is lost by the persis-
tent obstruction of the LAD.

The defect among the two surgical approaches remained
the same at 30 days post-operation (IR d30 vs MI d30,
p < 0.001, Fig. 1C).
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Fig. 1 Assessment of myocardial defect in 18F-FDG PET imaging
after transient and permanent LAD ligation. A Representative polar
bulls-eye image of the left ventricle in IR day 6 and day 30 (upper
images) and MI day 6 and day 30 (lower images) showing the defect
by diminished 18F-FDG uptake. Colour Scale from QPS (Cool and
in percentage range). B Representative histology section of hearts
30 days after IR (upper panel) and MI (lower panel) LAD ligation.

Neither after permanent nor after transient LAD ligation,
a relevant change in the defect could be detected from day
6 to day 30 (MI d6 vs MI d30, ns; IR d6 vs IR d30, ns).
Figure 1D and E is depicting the correlation of the histo-
logical defect assessment towards the PET defect in the IR
model (r= 0.807, p= 0.008) and the MI model (= 0.931,
p<0.001).

Dynamic changes of LVMV and %ID/g
after myocardial injury

Serial cardiac PET imaging enabled evaluating the left ven-
tricular metabolic volume (LVMYV), which is an 18F-FDG

@ Springer

Histology Defect (%) d30

Right ventricle (RV), left ventricle (LV). Sirius Red fast green stain-
ing of the left ventricle indicates the defect area. Bar equals 100 pum.
C Quantification of the left ventricular defect after IR injury (in grey)
and MI (in rose). D and E Correlation of histological defect to PET
defect at day 30 after IR and MI injury. All groups: n=9-10. All data
represent mean =+ SD. *p = 0.05, **p < 0.01, ***p < 0.001

derived parameter [13] and the cardiac percentage of
injected dose (%ID/g).

The cardiac %ID/g increased in both models compared to
the control mice (control vs IR d6, p=0.019; control vs MI
d6, p< 0.001, Fig. 2A) and remained elevated at day 30 after
permanent LAD ligation (control vs MI d30, p =0.004).
Regarding the %ID/g change, we could not detect any sig-
nificant alterations from day 6 to day 30 (IR d30-d6 vs MI
d30-d6, ns, Fig. 3A).

LVMYV in both IR and MI models was decreased at day 6
compared to the control group and LVMYV was reduced in IR
compared to MI at day 6 (control vs IR d6, p < 0.001, control
vs MI d6, p < 0.001, IR d6 vs MI d6, p=0.042, Fig. 2B).
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A

Fig.2 Alterations in LVMV and cardiac %ID/g after transient and
permanent LAD ligation. A Representative static image after per-
manent LAD ligation exported from Siemens Inveon Workplace in
different axes (left (L), right (R), planar (P), anterior (A), inferior
(D), and sagittal (S). Bar equals uptake in from O to 5.9%10° Bq/
ml. Quantification of the cardiac %ID/g in the different groups on
the right side. Control (in white), MI (in rose), and IR (in grey).

We observed increased LVMYV in both models at day 30
(IR d6 vs IR d30, p = 0.046; MI d6 vs MI d30, p < 0.001).
No difference in LVMV in the two injury models after
30 days was observed (IR d30 vs MI d30, ns).

We further calculated the change of LVMYV from day 6
to day30 (Fig. 3A). Here we detected an increase in LVMV
after permanent compared to transient LAD ligation (IR
d30-d6 vs MI d30-d6, p = 0.049). Of note, we could not
detect any difference in the maximum injected dose in the
heart (Fig. 3B).

Comparing the defect and the change in LVMYV displayed
a significant correlation after permanent LAD ligation (day
6: r= 0.749, p= 0.013; and day 30: r= 0.832, p=0.003;
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All groups:
**p< 0.01, #**p < 0.001. B Illustration of the LVMYV (in green) after
permanent LAD ligation. Quantification of the LVMYV after transient
and permanent LAD ligation is shown on the right side. All groups:

n=8-10. All data represent mean+SD. *p=0.05,

n=8-10. All data represent mean=+SD.
*#¥p < 0.001

*p=0.05, **p<0.01,

Fig. 3C). There was no correlation among the defect after
transient LAD ligation and the change of LVMV from day
6 to day 30 (Data not shown). Figure 3D illustrates the cor-
relation of the histological defect with the change in LVMV
in both model (= 0.500, p = 0.029).

Left ventricular dilatation and diminished EF
after permanent LAD ligation

Next, we assessed the alterations in cardiac volumes and

function parameters to further enable the correlative analysis
to the LVMYV after surgical LAD ligation.

@ Springer
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Fig. 3 Increasing LVMV from day 6 to day 30 and correlation to
defect area. A Difference in LVMV and %ID/g from day 30 to day
6 among the two cardiac injury models. B Quantification of the
maximum ID/g among the different experimental groups. C Correla-

We detected an increased EDV on day 6 after perma-
nent LAD ligation compared to the control and the transient
ligation (Fig. 4A showing the 3D-reconstruction and quan-
tification from QGS software, Fig. 4B, control vs MI d6,
p=0.037).

At day 30, the EDV further increased after MI, dem-
onstrating ongoing LV dilatation (control vs MI d30,

@ Springer

tion of LVMV d30-d6 to defect area at day 6 (on the left side) and to
day 30 (on the right side). All groups: n=8-10. All data represent
mean+SD. *p=0.05, *¥p<0.01, ***¥p<0.001. D Correlation of
LVMYV d30-d6 to histological defect area after MI and IR injury

p < 0.001; MI d6 vs MI d30, p = 0.005; IR d30 vs MI d30,
p = 0.002). The EDV in the reperfusion model increased
but not achieve statistically significance over time (IR d6
vs IR d30, ns).

Additionally, we could note changes in the ESV (control
vs M1 d6, p < 0.001; control vs MI d30, p < 0.001; IR d6 vs
MI d6, p = 0.003; IR d30 vs MI d30, p < 0.001; Fig. 4B).
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Fig.4 Longitudinal functional left ventricular parameters. A Illus-
trates three-dimensional evaluation from QGS software of the left
ventricular EDV in the RAO view. Left picture: EDV at IR day 30
and right picture: EDV at MI day 30 illustrating the LV dilation. B

The SV decreased after MI at day 6 (control vs MI d6,
p=0.012; Fig. 4B) and increased over time (MI d6 vs MI
d30, p= 0.0061).

In line with the defect after MI, the EF was significantly
lower after permanent LAD ligation than IR injury (control
vs M1 d6, p < 0.001; control vs MI d30, p < 0.001; IR d6 vs
MI d6, p < 0.001; IR d30 vs MI d30, p < 0.001, Fig. 4B).
After transient ligation, the EF was preserved after day 6
(control vs IR d6, ns; control vs IR d30, ns).

Furthermore, we could detect no improvement in the EF
after 30 days of follow-up (IR d6 vs IR d30, ns; MI d6 vs MI
d30, ns). Correlations of the cardiac function to the histolog-
ical defect such as positive correlation to EDV (r= 0.618,
p=0.006), ESV (r= 0.626, p= 0.005), and negative corre-
lation to EF (r= -0.563, p = 0.015) underlining the methods
itself are displayed in the supplement.

I T T
‘e Q S D > O AN o 4D
©° \ &®

Comparison of cardiac volume and function parameters at day 6 and
d 30. Control (in white), IR (in grey) and MI (in rose). All groups:
n=8-10. All data represent mean+SD. *p=0.05, **p<0.01,
**¥p < 0.001

Correlation of LVMV to cardiac function parameters

Finally, we evaluated the correlation of LVMYV to cardiac
volume and function estimated by the QGS software for
both models.

We could detect a positive correlation after perma-
nent LAD ligation to EDV (r= 0.609, p = 0.007), ESV
(r= 0.522, p=0.026) and SV (r= 0.688, p= 0.002)
(Fig. 5).

After transient LAD ligation, we as well detected sev-
eral positive correlations: EDV (r= 0.714, p < 0.001),
ESV (r= 0.592, p= 0.009), and SV (r= 0.540,
p=0.021).

@ Springer
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Discussion shown to correlate with fibrosis, end-diastolic volume and

This study provides novel insight into 18F-FDG derived
LVMV in two established models of ischemic cardiac injury
using small-animal PET imaging [3, 4]. Using this experi-
mental approach enables the multiparametric assessment
of cardiac volume, function, and defect in a single modal-
ity, while otherwise the combination of PET and magnetic
resonance imaging (MRI) or additional echocardiography
is needed.

We aimed to evaluate the cardiac chamber volumes and
function, the % ID/g and the LVMYV, which previously was

@ Springer

cardiac mass after pathological cardiac hypertrophy induced
by transaortic constriction [13].

The permanent ligation of the LAD is a widely used
model for myocardial infarction. However, it does not trans-
late into the effect of myocardial reperfusion therapy by
percutaneous coronary intervention which is widely avail-
able. Indeed, the cardiac IR model efficiently translates the
revascularization after MI into mouse experiments and dif-
ferences exist not only in functional data but also triggers a
substantially different immune response compared to per-
manent LAD ligation [23].
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First, we evaluated both models by assessing the defect
area, showing an efficient ligation for both cardiac injury
models. As expected, we detected positive correlation of
the histological infarct area to EDV and ESV, and negative
correlation to EF, indicating that larger histological defect
result in LV dilatation and decrease in LV function.

Further, we found an initial drop in LVMYV in both mod-
els, more pronounced after permanent LAD ligation, that in
line with the more significant defects.

The defect achieved in our experiments matches the
extent of previously published data [24]. The LVMW in both
injury models increases over time, which could reflect car-
diac remodelling after ischemic injury [13]. These observa-
tions were more pronounced after permanent LAD ligation,
and the difference of LVMYV from day 30 to day 6 correlated
with the histological defect area. The defect or rather the
fibrotic scar remains after myocardial injury. The LVMV
in the mouse model, however increases during the cardiac
remodelling as part of potential compensatory processes to
overcome the damage, which is further underlined by the
positive correlations towards the increasing EDV and SV.
Therefore, the LVMV and defect size are focusing on dif-
ferent aspects after cardiac damage in mice.

This emphasizes the potential of LVMV as a monitoring
parameter for changes in heart after ischemic injury.

Our measurements demonstrated a transient increase in
%1D/g at day 6 after permanent and transient LAD ligation,
which may to a certain extent be associated with inflam-
matory processes. In this particular setting, the %ID/g pro-
vides information of the cardiac uptake of FDG. This uptake
is however not limited to cardiomyocytes or fibroblasts,
but also to immune cells that are invading after ischemic
injury. The further increased %ID/g after the permanent
LAD ligation compared to the transient ligations underlines
the increased damage and potentially a more pronounced
immune invasion.

Myocardial infarction causes an inflammatory response,
that triggers a recruitment of various immune cells [23].
At day 3 post-MI there is an increase in neutrophils, but
macrophages are the dominant inflammatory cell population
after the first week post-injury. Fate mapping and single cell
transcriptomic at steady state and after injury aim to deci-
pher this complex process. There are proposed differences
temporal and spatial immune response after myocardial
infarction (reviewed in [25-27]).

Increased 18F-FDG uptake and invading immune cells
in human hearts at day 5 after myocardial infarction was
proposed before [28]. Data from 49 humans with ST-ele-
vation myocardial infarct and 18F-FDG PET imaging 5
days after PCI showed an inverse correlation of cardiac
18F-FDG uptake with functional outcome after 6 months
[29]. However, it should be mentioned that the FDG proto-
cols in humans and mice cannot be easily transferred from

one species to another but may provide hints for future
directions.

However, since isoflurane narcosis, in contrast to keta-
mine/xylazine narcosis as illustrated by, e.g., Vasudevan
et al. [9], Thackery et al. [30], leads to an enhanced FDG
uptake in the heart, our methodical approach prevents fur-
ther conclusions due this technical limitation. Nevertheless,
despite the isoflurane enhanced FDG uptake in all groups,
we detect differences among the experimental groups, which
are indicative for the contribution of invading immune cells.

Furthermore, comparing the two infarction models by
volume and functional parameters displays that permanent
LAD ligation led to ventricular dilatation and diminished
left ventricular function [2]. The ejection fraction after tran-
sient ligation remained stable, which could be explained by a
milder subendocardial defect resulting in preserved ejection
fraction. In our experiments, the SV is not reduced at later
stages in the infarct models compared to control, as expected
in individuals with compensated heart failure [31].

The correlation of LVMV and cardiac volume parameters
(EDV, ESV, SV) provides new insight into this parameter.
Thus, increasing cardiac volume could be related to higher
LVMVs. The correlation of EDV and ESV to LVMV indi-
cated the utility of this parameter to monitor the volume
remodelling after myocardial infarction by either permanent
or transient LAD ligation. While there is a negative correla-
tion of EF in the IR group, no correlation could be observed
after permanent LAD ligation. The LV dilation and there-
fore the cardiac remodelling after permanent LAD ligation is
by far more prominent, which might result in dilated hearts
with a persistent lower EF compared to the transient LAD
ligation with re-established perfusion and a decent dilations
and preserved EF. Therefore, the LVMYV should be carefully
assessed as it might be affected by the extent of myocardial
damage. It remains a possible limitation of this parameter,
that volumes might be correlated, while the ejection fraction
might be affected by other intracellular changes in cardiomy-
ocytes or structural alterations (e.g.: myofibrils or sarcomere
composition). Estimation of the LVMV from static images
and correlation towards gated images could further represent
a technical limitation. Calculating the LVMYV in each frame
after gated reconstruction without the technical averaging in
static pictures could be a future directive.

If this parameter could provide the beneficial insight
in rats and pigs or can also be translated into other tracers
remains to be elucidated in future investigations.

Our study suffers from several limitations.

Both models bear the limitation of using healthy and
young mice to compensate for the loss of viable tissue.
Humans develop coronary artery disease while ageing and
the erupting coronary plaques occur later in life.

Further, we did not evaluate the metabolic shifts in sub-
strate difference after cardiac injury [30, 32], which could
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interfere with the cardiac FDG uptake under isoflurane
narcosis [33]. However, we could not find a significant
difference in the maximum uptake in FDG in the control
compared to the infarction models. The cardiac metabolism
could also be influenced by anabolic and catabolic hormones
such as insulin, insulin growth factor, or glucagon, and blood
glucose levels which were not evaluated in this study. Never-
theless, we followed a strict routine of mouse handling and
narcosis in the process to avoid potential bias [14, 15, 33].

Conclusions

This study provides new insight into the 18-FDG derived
parameter LVMYV and cardiac function in longitudinal PET
imaging in two mouse models of myocardial infarction.
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