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Abstract

Background Cardiac arrest is an important cause of mor-
bidity and mortality. Brain injury severity and prognosis of
cardiac arrest patients are related to the cerebral areas
affected. To this aim, we evaluated the variability and the
distribution of brain glucose metabolism after cardiac
arrest and resuscitation in an adult rat model.

Methods Ten rats underwent 8-min cardiac arrest, induced
with a mixture of potassium and esmolol, and resuscitation,
performed with chest compressions and epinephrine. Eight
sham animals received anesthesia and experimental pro-
cedures identical to the ischemic group except cardiac
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arrest induction. Brain metabolism was assessed using
["®FIFDG autoradiography and small animal-dedicated
positron emission tomography.

Results The absolute glucose metabolism measured with
["®FIFDG autoradiography 2 h after cardiac arrest and
resuscitation was lower in the frontal, parietal, occipital,
and temporal cortices of cardiac arrest animals, showing,
respectively, a 36% (p = 0.006), 32% (p = 0.016), 36%
(» = 0.009), and 32% (p = 0.013) decrease compared to
sham group. Striatum, hippocampus, thalamus, brainstem,
and cerebellum showed no significant changes. Relative
regional metabolism indicated a redistribution of metabo-
lism from cortical area to brainstem and cerebellum.
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Conclusions Our data suggest that cerebral regions have
different susceptibility to moderate global ischemia in
terms of glucose metabolism. The neocortex showed a
higher sensibility to hypoxia—ischemia than other regions.
Other subcortical regions, in particular brainstem and
cerebellum, showed no significant change compared to
non-ischemic rats.

Keywords Cardiac arrest - Resuscitation - Brain ischemia -
Brain injury - Brain metabolism - Animal model

Introduction

Cardiac arrest is a leading cause of death among adults
worldwide. In the USA alone, approximately 580,000
patients suffer sudden cardiac arrest every year, with an
average overall survival rate at hospital discharge of 9.5%
[1, 2]. Recent studies suggest that 6 months after the
ischemic insult up to 70% of survivors have a good cere-
bral performance and a functional independence [3, 4].
However, neuropsychological deficits are common,
including memory, executive, and perceptive deficits in up
to two-third of cardiac arrest survivors [4-6]. All these
findings suggested some degree of cortical dysfunction
after cardiac arrest and resuscitation.

The physiopathological events during and after brain
ischemia are very complex and partially a matter of con-
jecture. The mammalian brain depends mainly on glucose
as source of energy [7, 8], thus requiring a tight regulation
of glucose supply. In addition, the complex neurons—glia
interaction for energy maintenance, synaptic activity and
neurons protections clearly support a main role of glucose
metabolism in brain functions, plasticity, and neuron
survival [9, 10].

Positron emission tomography (PET) and autoradiogra-
phy permit to evaluate brain metabolism thanks to the
administration of ['®F]fluorodeoxyglucose (FDG), a glu-
cose analogue lacking of 2-hydroxyl group, which is taken
up by cerebral cells according to energy demands, where it
is retained after phosphorylation by hexokinases [11].

The effect of cardiac arrest on regional glucose meta-
bolic pattern was described in a limited number of clinical
and preclinical PET studies [12-19]. Common conclusions
of these studies are that cardiac arrest produces a marked
depression of glucose metabolism that persists for several
hours [13-15, 20]. However, most of published studies did
not aim to the evaluation of the regional vulnerability of
brain tissue to the hypoxic-ischemic insult caused by car-
diac arrest. Since the prognosis of cardiac arrest in patients
is tightly related to the degree of ischemic injury and to its
regional distribution, we employed a rat model of asystolic
cardiac arrest to explore early regional modifications in
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brain glucose metabolism after cardiac arrest and resusci-
tation using the glucose analogue ['*F]FDG.

Methods
Subjects

Experiments were approved by the Italian and Local Ethics
Committees for Institutional Animal Care and Use (no.
206/2015-PR) and carried out in accordance with the Ital-
ian and European recommendations for the care and use of
laboratory animals. Male CD rats (Charles River Labora-
tories, Italy) weighting 340 g were housed in a
temperature-controlled environment (22 °C) under a
12:12 h dark/light cycle and free access to food and water.
All animals were fasted with free access to water from the
night before the experiments.

Experimental Protocol

Animals were allocated into two groups: ten rats underwent
8-min cardiac arrest (cardiac arrest group), whereas eight
rats were used as controls (sham group). Sham animals
were treated similarly to cardiac arrest group, except car-
diac standstill and cardiopulmonary resuscitation
procedures.

The study protocol consisted of surgical preparation,
induction of cardiac arrest and resuscitation, stabilization,
PET imaging, euthanasia, and autoradiography (Fig. 1).
The anesthesia was induced with desflurane 14% (Suprane,
Baxter, Italy) in an anesthesia chamber until uncon-
sciousness. Topical spray lidocaine 4% (SALF Laboratorio
Farmacologico, Italy) was sprayed in the oropharyngeal
cavity, and tracheal intubation was performed using a
16-gauge catheter. Animals were mechanically ventilated
with a ventilator (Servo 900, Siemens AG, Germany), in
volume control mode and 21% oxygen. Ventilation was
adapted after the first blood gas analysis (BGA). The right
femoral artery was catheterized using polyethylene tubing
(PE 50 mm ID.) for blood sampling and continuous
monitoring of mean arterial blood pressure (MAP). The
right jugular vein was catheterized (PE 50 mm 1.D.) for
intravenous drugs administration and fluid infusion. Two
electrocardiography (ECG) electrodes were subcutaneously
placed on the chest. Rectal temperature was monitored and
maintained between 36.5 and 37.5 °C using a heating lamp
throughout the whole experiment. All the surgical proce-
dures were carried out under desflurane 7% anesthesia and
subcutaneous lidocaine 4%. After surgical procedures,
anesthesia was maintained with desflurane 5%.

In order to assess the impact of experimental conditions
(e.g., surgery, anesthesia) on regional brain metabolism,
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eight additional animals (control group) were studied
without any surgical procedures and any anesthesia, except
before euthanasia, and compared with sham group. In this
last group regional brain metabolism was evaluated using
only postmortem autoradiography (see below).

Recordings and Measurements

Rectal temperature, MAP, heart rate, and single channel
ECG were displayed and registered continuously on a
monitor (Agilent M1205A, Agilent Technologies, USA).
Arterial acid-base measurements were performed on blood
obtained from the femoral artery catheter and immediately
analyzed immediately on a blood gas analyzer (Opti CCA,
Opti Medical System, USA). Plasma glucose was estimated
using a glucometer (StatStrip Xpress-i, Nova Biomedical,
USA).

Cardiac Arrest and Resuscitation

At the end of surgical procedures, anaesthetized rats were
paralyzed with vecuronium 2 mg/kg (Norcuron, Organon
Teknika BV, Netherlands). Five minutes after injection,
cardiac arrest was induced with a mixture of potassium
chloride (Braun, Germany) and esmolol (Brevibloc, Baxter
Healthcare, UK), using the procedure described by Bendel
et al. [21] previously set up and validated on Wistar rats. In
this study, CD rats were selected in order to test the
experimental procedure on another rat strain and to use our
["®F]FDG brain template for PET images analysis. Cardiac
arrest was defined as a MAP below 15 mmHg. Just after
the induction of cardiac arrest, inhalation anesthesia and
ventilation were stopped, and the heating lamp turned off.
Eight minutes after induction of cardiac arrest, cardiopul-
monary resuscitation (CPR) was initiated with manual
metronome-guided external chest compression with two
fingers at a rate of 220 bpm, ventilation resumed with
fraction of inspired oxygen (FiO,) of 100%, and the heat-
ing lamp turned on. Uninterrupted chest compressions were

90 min >

Euthanasia
Autoradiography

always made by the same operator, with quality assessed
by MAP waveform analysis. A single dose of diluted epi-
nephrine (15 pg/kg) (SALF Laboratorio Farmacologico,
Italy), followed by a single dose of calcium gluconate
(15 pg/kg) (SALF Laboratorio Farmacologico, Italy), was
injected intravenously. Restoration of spontaneous circu-
lation (ROSC) was defined as spontaneous MAP over
65 mmHg, sustained for at least 30 s. If ROSC was not
achieved within 60 s, epinephrine was repeated with 5 pg/
kg every 30 s until ROSC. ROSC had to be achieved
within 180 s; otherwise, the experiment was out of protocol
and animals were excluded. Controlled ventilation was
continued after cardiac arrest until the end of the experi-
ment. In the 25 min after ROSC, FiO, was progressively
decreased to 21% and desflurane concentration gradually
increased up to 5%. BGA was performed 22 min after
ROSC and, accordingly, ventilator settings adapted. Just
after blood analysis, catheters were withdrawn and wounds
closed.

Positron Emission Tomography Study

At the end of stabilization period (50 min), cardiac arrest
and sham groups’ animals were transferred to the PET bed,
placed in a prone position on a movable tabletop, with the
fixed head centered in the scanner. ['"*F]JFDG was prepared
for clinical use (European Pharmacopeia VIII Edition) and
injected intravenously in tail vein (35.37 & 2.92 MBq in
0.2 ml of normal saline). One hour after the injection, brain
radioactivity concentration was acquired for 30 min (6
frames of 5 min each) under desflurane 5% anesthesia.
PET images were then reconstructed with the expectation
maximization algorithm, calibrated with a calibration
phantom to transform count per voxel values in MBg/g and
corrected for '®F half-life (109.8 min.). Our ['*F]FDG PET
images were co-registered to ['*FJFDG PET Rat template
of PMOD (PMOD 2.7, PMOD Technologies, Switzerland)
software [22]. After that, on co-registered images we
applied Rat Brain volume of interest (VOI) template atlas
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to obtain radioactivity values [23]. ['*FIEDG uptake in
each area was expressed as mean standardized uptake value
(SUV mean) using the following formula: (mean radioac-
tivity measured in the VOI/injected radioactivity)*animal
weight.

Autoradiography Study

At the end of PET study, desflurane concentration was
turned to 18% and cardiac arrest and sham animals were
decapitated and brain processed for autoradiography. As
previously indicated, control group animals were processed
for autoradiography as described above at 90 min after
["®FIFDG injection. For all groups, brains were rapidly
removed, placed in Brain Matrix (Stoelting Co, USA) and
cut into coronal slices (2 mm) that were exposed to phos-
phor screen (Perkin Elmer, USA) for 1 h in a dark room
and developed with a Cyclone Storage Phosphor System
(Perkin Elmer, USA). To determine brain radioactivity
concentration, region of interests were defined using
OptiQuant software (Perkin Elmer, USA) and rat brain
atlas [23]. Optical concentration units expressed as digital
light units/mm? were transformed into radioactivity con-
centration units (MBg/mm?) using a standard calibration
curve and corrected for injected dose and then expressed as
percentage of injected dose per mm? (%ID/mm?), repre-
senting the ‘absolute glucose metabolism.” Data are
presented also as ‘relative glucose metabolism,” where
regional absolute ['®F]FDG uptake values were divided for
the mean values of [lSF]FDG uptake in the whole brain.
This second type of analysis, used also in clinical research
with ["®F]JFDG PET, reduces the high variability of brain
metabolism values present also at rest, showing the
regional metabolic reorganization of brain metabolism
induced by a certain condition.

Statistical Analysis

Data were analyzed using GraphPad Prism version 6
(GraphPad Software, La Jolla, CA, USA). Significance of
the differences between groups was analyzed by unpaired
two-tailed Student’s 7 test or one-way ANOVA followed by
Bonferroni post hoc test as appropriate. Significance was
indicated by p < 0.05. Results are expressed as mean
value =+ standard deviation and percentage variation (%).
Sample size calculation was performed according to the
results of a previous study on brain metabolism [24]: eight
animals per group were necessary to demonstrate a
decrease in cortical metabolism of 40% with a power of
90% at 5% level with a standard deviation of 25%; since
we expected an unsuccessful resuscitation rate of about
25% in the cardiac arrest group, we added two animals to
this group.
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Results
Cardiac Arrest and Resuscitation

The two interventional groups, cardiac arrest and sham, did
not differ in term of baseline and experimental variables
(eTable 1, Supplementary Material). After cardiac arrest
induction, the MAP of the cardiac arrest group immediately
fell to 5.18 = 2.49 mmHg and stabilized after resuscitation
maneuvers (eFigure 1, Supplementary Material). Tempera-
ture was stable in both groups (eFigure 2, Supplementary
Material). There were no statistical significant differences in
the acid-base values prior to cardiac arrest (eTable 2, Sup-
plementary Material). Blood gas analysis of the cardiac
arrest rats showed a significant increase in PaO, from
14.71 £ 1.83 to 22.40 4+ 4.89 kPa (p < 0.01), due to the
higher FiO, during CPR, associated with a significant
decrease in base excess (2.45 £+ 1.72 vs. —5.07 &+
2.26 mmol/L, p < 0.01) and bicarbonate (23.45 + 3.77 vs.
17.19 £ 3.18 mmol/L, p < 0.01), owing to the metabolic
acidosis that occurs during cardiac arrest.

Cardiac arrest was induced in all animals of cardiac arrest
group, and CPR was successful in nine of these ten animals
with ROSC achieved 98 + 41 s after CPR initiation.
Cumulative epinephrine administration was 25 £ 7 pg/kg.

Cardiac Arrest Impaired Glucose Metabolism
Particularly in Cortical Regions

By examining absolute uptake values obtained in autora-
diographic images analysis, the study revealed that
anesthesia per se reduced global glucose metabolism both in
sham and cardiac arrest group in comparison with control
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Fig. 2 Global cerebral metabolism measured using autoradiography
imaging: absolute ['*FIFDG uptake (%ID/mm?) in cardiac arrest,
sham, and control groups. Data shown as mean + SD. FDG
[lgF]ﬂuorodeoxyglucose, SD standard deviation. ****p value
<0.0001
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Fig. 3 Regional cerebral metabolism measured using autoradiogra-
phy imaging. a Absolute ['*F]JFDG uptake (%ID/mm?) in cardiac
arrest and sham groups in different cerebral areas. Data shown as
mean = SD. *p value <0.05. b Percentage variation of absolute

condition (p < 0.0001) (Fig. 2; eTable 3, Supplementary
Material).

Cardiac arrest reduced absolute [ISF]FDG uptake from
—32 to —36% in all cortical areas compared to sham ani-
mals (Fig. 3a; eTable 4, Supplementary Material).
Although a trend over a reduction was observed in the
striatum, hippocampus, and thalamus (—18, —17, and
—16%, respectively), the effect was not statistically sig-
nificant. No modifications were observed in posterior brain
regions like cerebellum and brainstem (—5 to +4%)
(Fig. 3b). A typical example of variation of cerebral glu-
cose metabolism is given in autoradiographic images of
Fig. 3c.

When assessing the relative regional metabolism, we
evidenced a significant reduction in relative ['8FIFDG
uptake in the cortical areas, with an increase up to 33% in
posterior regions like midbrain, pons, and cerebellum
(Fig. 4; eTable 5, Supplementary Material), indicating a
redistribution of energy utilization caused by the lower
metabolic vulnerability of these last regions to the ischemic
insult.

["®F]FDG uptake (%ID/mm?) in cardiac arrest and sham groups. Data
shown as mean (%). ¢ Representative cerebral slices at autoradiog-
raphy study of a sham and a cardiac arrest animal. FDG
[lgF]ﬂuorodeoxyglucose, SD standard deviation

Similarly, in PET images we observed a trend of
decrement of absolute metabolism in cortical areas
(p = 0.04 for frontal cortex) of cardiac arrest group and a
similar metabolic pattern in brainstem and cerebellum
(eFigure 3, Supplementary Material).

When studying the effects of experimental confounding
factors (e.g., anesthesia, surgery) on regional brain meta-
bolism comparing sham and control unanesthetized rats,
we found that these factors decreased regional brain
metabolism in a uniform manner of approximately 45%
(eTable 6, Supplementary Material).

Discussion

At preclinical level, effects of cardiac arrest and resusci-
tation on regional cerebral metabolic pattern have not been
extensively investigated. This is the first study designed
with this aim. We found a significant decrease in neocor-
tical metabolism (32-36%) in post-ischemic rats, thus
confirming the high vulnerability of the cortex to ischemic
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Fig. 4 Regional cerebral metabolism measured using autoradiogra-
phy imaging: relative ["*FIFDG uptake (%) in cardiac arrest and sham
groups. Regional ['®FJFDG uptake was normalized to whole brain
metabolism. Data shown as mean = SD. FDG ['®F]fluorodeoxyglu-
cose, SD standard deviation. **p value <0.01

insult [12, 13, 16]. On the contrary, deep structures, such as
brainstem and cerebellum, which are also phylogenetically
the oldest, were not affected by cardiac arrest. Interestingly,
relative metabolism data suggest that, after global ischemia,
brain metabolism underwent major modifications and
redistribution in favor of midbrain, pons, and cerebellum, to
the detriment of neocortical regions. Our results are in line
with clinical findings on cardiac arrest patients where a
mild-to-moderate hypoxic-ischemic encephalopathy is
usually present as early severe cortical dysfunction, with a
relative preservation of brainstem function. No ['*FIFDG
PET data are available from cardiac arrest human survivors
presenting mild-to-moderate encephalopathy; however,
data from patients with higher degree of encephalopathy
indicate a greater reduction in cortical brain metabolism
when compared with subcortical or deep regions [16, 19].

Cortical neurons are known to be very sensible to
ischemia [25-28]. De Lange et al. evaluated metabolism
with ['®F]JFDG PET in a piglet perinatal hypoxia cardiac
arrest model. In partial agreement with our findings, they
showed a marked reduction in metabolism at approxi-
mately 3 h after resuscitation that was maximum in the
cortex but involved also the basal ganglia and cerebellum
[15]. Ischemic damage to specific brain structures, due to
immediate or delayed cellular death, mainly includes
pyramidal neurons of the CAl area of the hippocampus,
neurons in layers 3 and 5 of the cerebral cortex, Purkinje
cells of the cerebellum, and spiny neurons in the striatum
[18, 27, 28].

Hippocampal neurons are widely studied in experi-
mental models of cardiac arrest. Five to ten minutes of
global cerebral ischemia determine a delayed apoptotic
neuronal death of pyramidal CA1 neurons in hippocampus
that culminates at 2-3 days after injury [29, 30]. A time-
dependent increasing damage of hippocampal neurons has
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been described postmortem also in patients [31] and the
clinical follow-up of survivors suggested an impairment of
this region [32]. In our study, we failed to find significant
decrease in glucose metabolism in this area. A lack of
hippocampal impairment is in agreement to what reported
by Blomqvist and Wieloch [14], indicating a lack of an
early large metabolic impairment after injury, even if a
relatively small decrease could not be excluded. Subcorti-
cal brain structures, like thalamus, hypothalamus, and
brainstem, are less sensitive to ischemic injury [27, 33, 34].
Indeed, our findings indicated a lesser degree of absolute
metabolic impairment in these regions and a redistribution
of relative glucose metabolism, suggesting that after mild-
to-moderate ischemia the rate of glucose consumption is
preserved in cerebellum and brainstem, whereas metabo-
lism is impaired in neocortical areas. Follow-up studies in
cardiac arrest survivors showed that alterations in arousal
and consciousness, functions directed by the brainstem, are
not predominant, since consciousness with different grade
of cognitive dysfunction is rather common [35]. On the
other hand, a general depression of regional brain function
and metabolism was demonstrated only after severe
ischemia, with a trend over a greater reduction in cortical
areas [16]. Interestingly, a consciousness-level-dependent
preservation of regional brain metabolism was observed in
cortical and subcortical areas but not in other regions like
cerebellum or brainstem [36].

Several experimental parameters could be source of
possible alteration of relevant experimental endpoints, such
as brain metabolism [37]. To avoid potential confounding
effects on brain metabolism induced by anesthesia, acute
stress conditions secondary to surgery or mechanical ven-
tilation, and modification in body temperature [38], the
cardiac arrest group was compared with a sham operated
group of rats receiving anesthesia and all experimental
procedures but no cardiac arrest. It is well known that
halogenated anesthetics (e.g., desflurane) affect brain
metabolism [39, 40]. To further test the effect of desflu-
rane, we added a control group of freely moving animals
anesthetized only for euthanasia. In agreement with other
studies, we observed that anesthesia induced a uniform
decrease in [18F]FDG retention all over the brain [39].

Strengths and Limitations

The validity of this cardiac arrest model was well docu-
mented [21, 41, 42]. In our setting it showed low
variability, confirming the good quality and high repro-
ducibility of the model both in Wistar rats, as previously
observed [21], and also in CD rats, as described here. The
ischemic insult was of predetermined duration, with low
variability in cardiac arrest onset and ROSC. Furthermore,
ischemia strikes the whole nervous system and the whole
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organism, leading to a post-resuscitation syndrome, on the
contrary of some global brain ischemia models (e.g.,
4-vassels occlusion models) [12, 13]. Our model showed
no post-ischemic complications, and the overall survival
rate was 90%, showing that this model is clinically relevant
for the study of a mild-to-moderate hypoxic-ischemic
encephalopathy [21, 41, 42]. Vasoactive medicaments
(e.g., epinephrine) were not administered to animals after
resuscitation, since these drugs could alter brain physiology
and their use could be linked to a worse outcome after
cardiac arrest [43]. As previously stated, to keep under
control possible confounders of the procedure (e.g., anes-
thesia, surgery), a sham group was added.

In our study we observed a decrease in neocortex and no
changes of ['"®FJFDG uptake in cerebellum and brainstem
with a consequent redistribution in regional brain meta-
bolism. We failed to find significant differences in
subcortical regions like hippocampus, striatum, and thala-
mus, even if a slight but not significant reduction was
detected. Our explorative study was designed and powered
to evidence major metabolic differences in cortical regions,
for an understanding of pathophysiological processes that
follow cardiac arrest. However, the small sample size could
partially mask the detection of slight modifications par-
ticularly in a small brain region like the hippocampus. It
should be noted that positron emitter signal is affected by
physical artifacts like partial volume effects or spill over
[44] that reduce the capability of the method in the
detection of slight metabolic modifications particularly in
small brain regions surrounded by high metabolic tissue,
like the hippocampus. A specific effect of cardiac arrest on
these regions could be tested in further studies designed for
this specific objective. For metabolic analysis we applied a
simple protocol based on the calculation of absolute or
relative value of radioactivity concentration and not a fully
quantification model. Despite the potential limits, the
semiquantitative approach used in our study is similar to
the one used in clinical PET studies and avoids the with-
drawal of large amount of blood that could compromised
post-cardiac arrest animals.

Future Directions

Cerebral metabolic patterns vary among different post-is-
chemic neurological conditions, but reduced glucose
metabolism remains the hallmark of early and late post-
cardiac arrest brain injury in adult humans [16-19, 45].
However, a clear correlation between cerebral glucose
metabolism and clinical outcome has not yet been estab-
lished mainly due to the lack of large clinical trials with
survivors presenting different degree of brain injury, with
adequate sample size, and standardization of methods and
imaging times. In vegetative state and comatose patients,

delayed modifications in glucose metabolism are often
indicative of irreversible cerebral damage [45]. On the
other hand, postanoxic conscious patients with a moderate
degree of cerebral injury could present a marked reduction
in cerebral glucose metabolism [16, 17, 19]. Decreasing the
degree of early neocortical metabolic injury could be an
interesting target, since the consequences of neocortical
injury are prominent in cardiac arrest survivors [4-6].
Understanding the early modifications in glucose metabo-
lism after cardiac arrest and how they are related with the
clinical outcome is crucial to develop a functional nonin-
vasive endpoint for the early preclinical assessment of the
efficacy of novel interventions strategy that can be trans-
lated to clinical studies [46, 47]. Finally, using this cardiac
arrest animal model, future studies should evaluate the
origin and possible modulation of the redistribution of
post-ischemic cerebral metabolism, in particular the jux-
taposition between neocortical and brainstem/cerebellar
metabolism, to evidence if the uncoupling of perfusion to
metabolic demand [48] or a reduced metabolism itself is
crucial in this condition.

Conclusions

Cardiac arrest and resuscitation induced a significant post-
ischemic regional variation of glucose metabolism, as
compared to sham non-ischemic rats. After resuscitation,
glucose metabolism decreased in frontal, temporal, pari-
etal, and occipital cortex, but did not change significantly
in hippocampus, striatum, thalamus, brainstem, and cere-
bellum, suggesting a selective sensibility of neocortical
areas to ischemic insult. Further preclinical studies are
warranted to evaluate if modulation of cortical glucose
metabolism could be a therapeutic strategy after cardiac
arrest.
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