Experimental Neurology 373 (2024) 114673

Contents lists available at ScienceDirect

Experimental Neurology

ELSEVIER journal homepage: www.elsevier.com/locate/yexnr

Research paper

Evaluation of PET imaging as a tool for detecting neonatal
hypoxic-ischemic encephalopathy in a preclinical animal model

a,b,c,”™

, Saeka Shimochi *", Thomas Keller ¢, Olli Eskola “, Francisco Lopez-Pic6n ™",
a,b,1
)

Emma Saha
Johan Rajander , Eliisa Loyttyniemi’, Sarita Forsback %, Olof Solin “:“%, Tove J. Grénroos
Vilhelmiina Parikka *" !

2 Preclinical Imaging Laboratory, Turku PET Centre, University of Turku, Turku, Finland

Y MediCity Research Laboratories, University of Turku, Turku, Finland

¢ Department of Pediatrics and Adolescent Medicine, Turku University Hospital, Turku, Finland

d Radiopharmaceutical Chemistry Laboratory, Turku PET Centre, University of Turku, Turku, Finland
© Accelerator Laboratory, Turku PET Centre, Abo Akademi University, Turku, Finland

f Department of Biostatistics, University of Turku, Turku, Finland

8 Department of Chemistry, University of Turku, Finland

" INFLAMES Research Flagship Center, University of Turku, Turku, Finland

ARTICLE INFO ABSTRACT

Keywords: Hypoxic-ischemic encephalopathy due to insufficient oxygen delivery to brain tissue is a leading cause of death
Hypoxic-ischemic encephalopathy or severe morbidity in neonates. The early recognition of the most severely affected individuals remains a clinical
Animal model challenge. We hypothesized that hypoxic-ischemic injury can be detected using PET radiotracers for hypoxia
ﬁr;‘;‘t‘;“ry (['®F]EF5), glucose metabolism (['®F]FDG), and inflammation (['F]F-DPA).
PET Methods: A preclinical model of neonatal hypoxic-ischemic brain injury was made in 9-d-old rat pups by per-
Hypoxia manent ligation of the left common carotid artery followed by hypoxia (8% oxygen and 92% nitrogen) for 120
Inflammation min. In vivo PET imaging was performed immediately after injury induction or at different timepoints up to 21
Energy metabolism d later. After imaging, ex vivo brain autoradiography was performed. Brain sections were stained with cresyl
violet to evaluate the extent of the brain injury and to correlate it with [lsF]FDG uptake.
Results: PET imaging revealed that all three of the radiotracers tested had significant uptake in the injured brain
hemisphere. Ex vivo autoradiography revealed high [®F]EF5 uptake in the hypoxic hemisphere immediately
after the injury (P < 0.0001), decreasing to baseline even 1 d postinjury. [\®FIFDG uptake was highest in the
injured hemisphere on the day of injury (P < 0.0001), whereas ['®F]F-DPA uptake was evident after 4 d (P =
0.029), peaking 7 d postinjury (P < 0.0001), and remained significant 21 d after the injury. Targeted evaluation
demonstrated that ['®F]JFDG uptake measured by in vivo imaging 1 d postinjury correlated positively with the
brain volume loss detected 21 d later (r = 0.72, P = 0.028).
Conclusion: Neonatal hypoxic-ischemic brain injury can be detected using PET imaging. Different types of ra-
diotracers illustrate distinct phases of hypoxic brain damage. PET may be a new useful technique, worthy of
being explored for clinical use, to predict and evaluate the course of the injury.

1. Introduction cause of death or severe morbidity in neonates occurring in 1-8 per 1000
live births in developed countries (Kurinczuk et al., 2010). Currently,

Hypoxic-ischemic encephalopathy (HIE) is the most severe birth therapeutic hypothermia remains the only therapeutic option for
complication related to perinatal oxygen deprivation. It originates from neonatal HIE, and it should be initiated within the first 6 h after birth
the lack of adequate blood flow and oxygen delivery to the brain within (Jacobs et al., 2013; Wassink et al., 2019). Despite such treatment, there
close temporal proximity to labor or birth. Neonatal HIE is a leading is a considerable burden of disability among surviving individuals. In
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addition, early recognition of the most severely affected individuals
remains a clinical challenge (Murray, 2019; Walas et al., 2020).

In hypoxic-ischemic injury, the lack of sufficient oxygen and glucose
delivery leads to a cascade where inflammation, excitotoxicity, and
oxidative stress further exacerbate the tissue injury after the hypoxic-
ischemic event (Gunn and Thoresen, 2019; Greco et al., 2020). The
exact mechanisms behind this second phase of energy failure are not
understood. Rapid reperfusion after the initial decrease in cerebral
blood flow may further exacerbate the tissue injury.

The infant brain undergoes rapid and fundamental changes during
the last weeks of gestation and the first postnatal months, thus making
the developing brain unique and vulnerable to disruption (Dubois et al.,
2014). Active growth, synaptogenesis, and myelination lead to
increased metabolic demand for the brain tissue. Both cerebral blood
flow (Tierradentro-Garcia et al., 2021) and glucose consumption
(Suhonen-Polvi et al., 1993; Shi et al., 2009; Odorcyk et al., 2020) in-
crease rapidly with normal neurodevelopment after birth. Studies using
PET imaging after neonatal hypoxic-ischemic brain injury are sparse.
Both hypo- and hypermetabolism in the brain have been reported in
preclinical (Odorcyk et al., 2020) and clinical (Suhonen-Polvi et al.,
1993; Blennow et al., 1995; Shi et al., 2009) studies using the PET
radiotracer [®F]FDG.

This study tested the hypothesis that PET imaging can be used to
characterize the impact of hypoxia ([18F]EF5), glucose metabolism
([18F]FDG), and neuroinflammation (['®F]F-DPA) in different phases
(0-21 d) after hypoxic-ischemic brain injury in a HIE rodent model. This
was performed by in vivo imaging, ex vivo autoradiography, and
immunohistochemistry. Our study provides new information about the
cascade of biological mechanisms affecting brain injury development
after neonatal HIE. This information may also be used for evaluating
responses to new forms of treatment in preclinical models and could
even lay the foundations for PET imaging of HIE neonates in the future.

2. Materials and methods
2.1. Study setup and HIE animal model

The study setup is illustrated in Fig. 1. Briefly, brain uptake of [*®F]
EF5, [18F]FDG, and ['8F]F-DPA was evaluated in control and HIE ani-
mals 0, 1, and 7 d after the injury. [*F]F-DPA uptake was additionally
evaluated on days 4 and 21. Tracer uptake was evaluated by in vivo
imaging and ex vivo autoradiography. Studies were performed on
healthy Spraque Dawley rat pups. All pups were kept with their dam at
21 + 1.2 °C in 55 + 5% humidity with a 12-h light/dark cycle at the
Central Animal Laboratory, University of Turku, Turku, Finland. Dams
had free access to tap water and food pellets. Both male and female pups
were included in the study. The exact number of animals used, their ages
and weights, as well as the injected doses and masses ([*8F]F-DPA only)
for each study group and tracer are listed in Supplementary Table 1.

Neonatal HIE was induced using a widely recognized murine model
in which brain injury results from a combination of unilateral ligation of
the common carotid artery and systemic hypoxia (Fig. 1; Rice 3rd et al.,
1981; Vannucci and Vannucci, 2005). Sprague-Dawley rat pups under-
went ligation of the left common carotid artery under isoflurane anes-
thesia (4% isoflurane in oxygen for induction and 1.5-2% for
maintenance) at postnatal days 9 or 10 (the age equivalent to the brain
development of a term infant at birth). Subcutaneous buprenorphine
was given for analgesia once before the operation. The ligation was
performed from the neck incision with a silk suture after which the ar-
tery was permanently cut using electrocauterization. The animals were
then returned to their dam for 1 h, whereafter they were exposed to
systemic hypoxia for 2 h (8% O3 and 92% N2, P360 ProOx; BioSpherix)
at a constant temperature (32 °C) to cause a unilateral hypoxic-ischemic
brain injury. At this chamber temperature, the pup’s body temperature
remained at 36-37 °C as measured with a rectal thermometer. Sham
controls underwent surgery without arterial ligation. Instead of hypoxic
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Fig. 1. Study setup. Schematic illustration of the experimental study design and
preparation of the neonatal hypoxic-ischemic brain injury animal model. The
left common carotid artery was permanently ligated and cut on postnatal day 9.
After 1 h of recovery time, pups were exposed to hypoxia for 2 h. The uptake of
[18F]EF5, [ISF]FDG, and ['®F]F-DPA was evaluated in control and injured an-
imals as a function of time using in vivo PET imaging and ex vivo autoradiog-

raphy. The brain damage caused by the injury was evaluated 21 d later by
immunohistochemical staining.

exposure, sham animals were kept at 36-37 °C in a cage, breathing
normal room air, and isolated from their dam for 2 h. All animal ex-
periments were approved by the Animal Experiment Board of the
Province of Southern Finland (ESAVI/9611/2020) and carried out ac-
cording to ARRIVE guidelines, the United Kingdom Animals (Scientific
Procedures) Act 1986, and EU Directive 2010/63/EU for animal
experiments.

2.2. Tracer radiosynthesis

['®FIEF5  (2-(2-nitro-1H-imidazol-1-y1)-N-(2,2,3,3,3-['®F]penta-
fluoropropyl)-acetamide) was synthesized as previously described
(Eskola et al., 2012). The molar activity (Ay) of [18F]EF5, decay-
corrected to the end of synthesis (EOS), exceeded 3.7 GBq/pmol and
the radiochemical purity exceeded 99%. [*®FIFDG (2—deoxy—2—[18F]ﬂu—
oro-p-glucose) was synthesized as described previously (Long et al.,
2013), and the Ay, at EOS was >100 GBq/pmol. Radiochemical purity
exceeded 98%. ['®F]F-DPA ((N,N-diethyl-2-(2-(4-(['®F]fluoro)phenyl)-
5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)acetamide)) was synthe-
sized as previously described (Keller et al., 2017). The radiochemical
purity exceeded 99% and the Ap, at EOS exceeded 2 GBg/pmol.

2.3. PET/CT imaging and data analyses
Animals, 9-30 d old, weighing ~20-100 g on the study day were

scanned with X- and f-cubes (Molecubes). Approximately 3-5 MBq
(Supplementary Table 1) was injected intravenously under 2%
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isoflurane anesthesia. The same animal was scanned in multiple time-
points or scanned only in one timepoint taking account of ex vivo ana-
lyses. Static scans were performed and reconstructed with an OSEM3D
algorithm. Scan durations and initiations postinjection (p.i.) depended
on the used tracer and are shown in Supplementary Table 2. A 10-min
long CT scan was conducted before the PET scan.

The PMOD software (v. 4.0) was used to convert reconstructed
DICOM images produced by the f-cube into an Inveon Research Work-
place (v. 4.2) compatible DICOM format (Output SOP: PET IMAGE
STORAGE or CT IMAGE STORAGE). For ['®F]EF5 analyses, standard-
ized volumes of interest (VOIs) were placed over the whole injured
hemisphere and related to whole brain uptake. For [*®F]FDG and [*®F]F-
DPA analyses, VOIs were placed either in the whole hemisphere or in the
following brain structures inside the hemisphere: hippocampus, cortex,
striatum, and olfactory bulb. MRI age-matched templates were used as
anatomic  references  (https://www.nitrc.org/frs/?group_id=669).
Values were corrected for the injected dose and decay, and standardized
uptake value (SUV)yean ratios were calculated for ipsilateral (injury)/
contralateral (control) hemispheres (I/C ratio). For [*8F]FDG and ['®F]
F-DPA analyses, I/C ratios were also calculated for each above-
mentioned structure inside the hemisphere.

2.4. Ex vivo autoradiography

After the PET scan, the animals were sacrificed by cardiac puncture
and transcardial perfusion. Brains were frozen in chilled isopentane and
cut into 20-pm sections using a cryomicrotome (Leica CM3050) at four
different brain levels (olfactory bulb, striatum, hippocampus, and cer-
ebellum). The slides were exposed to an imaging plate (Fuji BAS Imaging
Plate TR2025) for approximately 4 h and scanned using a Fuji BAS5000
analyzer. The ipsilateral-to-contralateral uptake ratio was calculated
from the hippocampal level of injured animals at different timepoints.
For regional brain analyses, regions of interest (ROIs) were drawn over
the whole ipsilateral and contralateral hemispheres at the level of the
olfactory bulb, striatum, and cerebellum. From the hippocampal level,
three separate structures (cortex, hippocampus, and thalamus) were
analyzed. These analyses were performed by calculating the structure-
to-contralateral thalamus ratio for the ipsi- and contralateral hemi-
spheres separately. The contralateral thalamus was used as an internal
control area because of low tracer uptake. The results were calculated as
photostimulated intensity/area — background (PSL/mm?).

2.5. PK11195 pretreatment

To determine the specificity of ['®F]F-DPA uptake, 1 mg of the TSPO
specific ligand PK11195 (ABX GmbH) was injected intraperitoneally
into one injured (7 d earlier) animal 30 min before [*8F]F-DPA admin-
istration. The animal was sacrificed 40-min p.i., and the brain was
sectioned for autoradiography analyses as described.

2.6. Immunohistochemistry staining

Brains were collected and fixed overnight in 10% formalin. Sections
from the hippocampal brain level were immunohistochemically stained
against Ibal (microglia), GFAP (astrocytes), MAP2 (microtubule-asso-
ciated protein-2), and NeuN (neurons) antigens. Antibodies used were
Anti-Ibal (1:2000; FUJIFILM Wako Pure Chemical Corporation Cat#
019-19,741), Anti-GFAP (1:100; Abcam Cat# ab4674), Anti-MAP2
(1:8000; Abcam Cat# ab183830), and Anti-NeuN (1:3000; Abcam
Cat# ab177487).

2.7. Predictive value of [ 8EIFDG
To study the predictive value of early [\®F]FDG uptake in the injured

brain (n = 9), the brain volume loss was determined 21 d postinjury from
brain sections stained with cresyl violet (Abcam Cat# ab246816). The
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area (mm?) of volume loss in the injured brain hemisphere was deter-
mined as follows: (contralateral — ipsilateral hemisphere)/contralateral
brain hemisphere x 100.

2.8. Statistical analysis

When the independent group means (either independent group data
at the same study timepoint or different group of rats at different
timepoints) were compared on continuous response, one-way analysis of
variance (ANOVA) was used. After significant results, pairwise com-
parisons were made within the model and Dunnett pairwise correction
was used, when applicable. If the same rats were measured over time,
linear mixed models for repeated measurements were used. The model
included group (between effect), timepoint (within effect), and group x
time interaction. Pairwise comparisons between the groups and within-
time comparisons were made in this model. A compound symmetry
covariance structure was used. Some of the repeated measures models
included only the time effect to determine whether a significant change
occurred over timepoints separately for each brain region.

The Pearson correlation coefficient was calculated between two
continuous variables to describe the strength of association. Addition-
ally, the SUV ratio was compared between grouped severity of brain
volume loss in the whole hemisphere and hippocampus using the Wil-
coxon rank sum test. All data analyses were generated using SAS Version
9.4 of the SAS System for Windows (SAS Institute Inc.).

3. Results
3.1. In vivo PET imaging

The hypoxic-ischemic injury resulted in decreased animal growth
compared to sham-operated pups (Supplementary Fig. 1). All three ra-
diotracers revealed increased SUV pean I/C ratios either on the injury day
or at later timepoints (Fig. 2A). Administration of [18F]EF5 immediately
before the hypoxic exposure led to significantly (P < 0.0001; Supple-
mentary Fig. 2) increased tracer uptake in the injured hemisphere
compared to the whole brain. Since [18F] EF5 uptake was homogenous in
the injured hemisphere, and only visible at the injury day, a detailed
regional brain analysis was not performed. The highest [\®F]FDG SUV-
mean 1/C ratios were seen on the injury day (Fig. 2B). This uptake
declined significantly already 1 d later and remained similar 7 d later.
Regional brain analysis revealed significantly higher [**F]FDG SUVyean
I/C ratios in hippocampus, cortex, and striatum at the injury day
compared to later timepoints. The increased uptake in the area of the
olfactory bulb occurred to a lesser extent. [*8F]F-DPA SUVean I/C ratios
were not significantly different in the injured hemisphere 1 d after the
injury, but were significantly increased 4 d later in hippocampal,
cortical, and striatal areas (Fig. 2B). This uptake peaked at 7 d postinjury
and was detectable as late as 21 d after the injury.

3.2. Ex vivo brain autoradiography

Fig. 3A illustrates the uptake pattern of [ISF]EFS, [18F]FDG, and
[*8F]F-DPA as a function of time in control and injured animals at the
hippocampal brain level, as shown in hematoxylin and eosin (H&E)-
stained images. [\®F]EF5 uptake was significantly higher (P < 0.0001)
and quite homogenously distributed in the injured hemisphere when
injected before the hypoxic exposure. In 2 of 8 animals, uptake infil-
trated into the contralateral hemisphere (Supplementary Fig. 3B).
Furthermore, if ['®F]EF5 was injected immediately after the hypoxia
exposure, the uptake pattern changed and was detected only in a smaller
cortical area in the injured hemisphere (Supplementary Fig. 3C and 3D).
At later timepoints, 1-7 d after the injury, there was no detectable [*®F]
EF5 uptake (Fig. 3). Similar to the in vivo imaging findings, the highest
[‘8FIFDG uptake was found in the injured hemisphere (P < 0.0001) on
the day of injury (Fig. 3). [®F]F-DPA uptake was evident on day 4 (P =
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Fig. 2. In vivo PET imaging. (A) PET/CT images demonstrating [18F]EF5, [18F]FDG, and ['®F]F-DPA uptake expressed as SUV ean values in an injured brain from
coronal, transverse, and sagittal planes. (B) SUV ., uptake ratios of different brain regions for [*®F]FDG (0-7 d after injury) and [*8F]F-DPA (1-21 d after injury).
Data are expressed as ipsilateral/contralateral ratio. For [*®F]FDG analyses n = 5-12/group and for ['®F]F-DPA n = 5-14/group. *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001.

0.029) and peaked 7 d (P < 0.0001) postinjury in the ipsilateral hemi-
sphere. This uptake was still evident at 21 d (P = 0.0005) after the brain
injury (Fig. 3).

To further evaluate the uptake pattern of the tracers in different
brain areas, analyses were performed at four separate brain levels
(Fig. 4A). These analyses were done on the injury day for [*8F]EF5 and
['®F]FDG and 7 d after the injury for ['8F] F-DPA, ie., timepoints
showing the highest individual tracer uptake. Regional brain areas that
were analyzed are shown in the H&E-stained images in Fig. 4A.

Significantly higher ['®F]EF5 uptake was detected in the olfactory
bulb (P = 0.0009), striatum (P < 0.0001), cortex (P = 0.008), hippo-
campus (P < 0.0001), and thalamus (P < 0.0001) on the injury day
(Fig. 4B). [*8F]FDG showed a more heterogeneous uptake profile in the
brain regions and was significantly increased in the olfactory bulb (P =
0.043), striatum (P = 0.038), hippocampus (P = 0.028), and thalamus
(P = 0.031). Cortical uptake varied considerably and did not reach
significance, whereas the cerebellum remained unaffected. ['8F]F-DPA
uptake was also heterogeneously distributed inside the ipsilateral
hemisphere and was most prominent in the cortical (P = 0.001) and
hippocampal (P = 0.035) areas. The major variation among individuals
was detected in these areas, showing increased I/C ratios ranging from
4-fold to 25-fold. No specific [18F] F-DPA uptake was seen in the
cerebellum.

3.3. PK11195 pretreatment
Pretreatment with PK11195 before the injection of [18F]F-DPA

completely inhibited tracer uptake in the injured hemisphere, as
determined by autoradiography analyses (Supplementary Fig. 4).

3.4. Immunohistochemistry

Changes after HIE brain injury were also assessed by immunohisto-
chemistry. Increased microgliosis and astrogliosis in the injured hemi-
sphere were detected with Iba-1 and GFAP antibodies, respectively.
MAP-2 and NeuN immunostaining revealed neuronal loss and cortical
thinning in the injured hemisphere (Fig. 5).

3.5. Prognostic value of ['8FIFDG

['®FIFDG uptake, measured by in vivo imaging 1 d postinjury,
correlated with the brain volume loss detected 21 d later (Fig. 6A and B).
Pearson’s correlation analysis revealed a correlation between brain
volume loss and ['®F]FDG uptake in the ipsilateral hemisphere (r = 0.72,
P = 0.028) and the hippocampal area (r = 0.75, P = 0.021). Similar,
albeit not significant, results were achieved when animals were grouped
by the severity of brain volume loss (cutoff 30%) (Fig. 6C).

4. Discussion

We have demonstrated that PET imaging can be used to detect
neonatal HIE and to measure injury severity in the acute phase of brain
injury. Imaging findings were highly dependent on timing. The uptake of
[‘8F]EF5 (hypoxia), [*8F]FDG (glucose metabolism), and [*8F]F-DPA
(inflammation) reflected distinct phases, affecting different substruc-
tural brain regions, during injury progression.

PET imaging was useful for the early detection of hypoxia. On the
injury day, ['®F]EF5 uptake showed a uniform distribution in the whole
ipsilateral hemisphere, which proved the functionality of the biological
mechanism leading to brain injury in this animal model. This uptake was
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Fig. 3. Ex vivo brain autoradiography from the hippocampal level. (A) Representative autoradiography images of brain sections from control and injured animals
showing the uptake pattern of [®F]EF5, ['®F]FDG, and ['®F]F-DPA at different timepoints at the hippocampal level. H&E-stained sections illustrating the brain level
used for the analyses. (B) The ipsilateral-to-contralateral uptake ratio was calculated on the injury day and postinjury days 1 and 7. For [\®F]F-DPA, the ratios were
also calculated for postinjury days 4 and 21. Data are expressed as mean = SD of photostimulated intensity per area — background (PSL/mm?). For [°F]EF5 n = 2-8/
group, ['®FIFDG n = 4-8/group, ['®FIF-DPA n = 3-6/group. *P < 0.05, ***P < 0.001, ****P < 0.0001.

focused on a smaller cortical area if EF5 was injected after initiation of
the hypoxic exposure. This finding is in line with previous studies using
[18F]FMISO, where hypoxic brain areas were detected in the affected
cortex in an adult rodent model of ischemic stroke (Takasawa et al.,
2007; Williamson et al., 2013). The smaller cortical area detected with
[‘8F]EF5 was in line with the location of the injury, as determined by
histopathological analysis three weeks later.

A few studies using ['8F]FDG in experimental HIE models have

previously been reported. Decreased ['®F]FDG uptake in the injured
area was reported at postnatal day 27-29 in a hybrid animal model
combining systemic inflammation (lipopolysaccharide injection) and
hypoxic-ischemic brain injury (Chevin et al., 2020). Odorcyk et al.
(2020) demonstrated decreased ['®FIFDG uptake in the lesion area 72 h
postinjury. To our knowledge, [\®F]FDG uptake has not previously been
investigated immediately after the injury. The increased ['®F]FDG up-
take in brain regions, especially the hippocampus, and the cortex, of the
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Fig. 4. Ex vivo brain autoradiography from four different brain levels. (A) Representative autoradiography images illustrating the uptake pattern of [*®F]EF5, [*®F]
FDG, and ['®F]F-DPA at four different brain levels: 1 = olfactory bulb, 2 = striatum, 3 = hippocampus (including cortex [3C], hippocampus [3H], and thalamus [3T]
separately), and 4 = cerebellum. For each tracer, the timepoint after the injury showing maximal tracer uptake was selected. H&E-stained sections showing the brain
regions used for the analyses. (B) For levels 1, 2, and 4, ROIs were drawn over the whole ipsilateral and contralalteral hemispheres. For level 3, ROIs were drawn over
the cortex, hippocampus, and thalamus. The structure-to-contralateral thalamus (PSL/mm?) ratio was calculated for both hemispheres separately, resulting in a ratio
of 1 for the contralateral thalamus. For [*®F]EF5 n = 8, ['®F]FDG n = 6, ['®F]F-DPA n = 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ipsilateral hemisphere was evident in our animal model. This uptake is
likely associated with an activated reperfusion phase, known to happen
due to the Circle of Willis also in injured animals, and compensation for
reduced oxidative phosphorylation due to hypoxia. At later timepoints
(1-3 d), the increased energy metabolism was less evident, although
slightly increased [*®F]FDG uptake was still seen in the hippocampus.
Both glucose hypo- and hypermetabolism have previously been reported
in experimental animal models mimicking hypoxic-ischemic brain
injury in adults after cardiac arrest (Kim et al., 2019; Zhang et al., 2021;
Bajorat et al., 2022).

Some pilot-type PET studies have been conducted in clinical settings
with infants at various timepoints (days to months) after HIE injury,
revealing both glucose hypo- (Suhonen-Polvi et al., 1993) and hyper-
metabolism (Blennow et al., 1995). In addition, one case report using
[‘®F]FDG imaging reported that transient glucose hypermetabolism in
the basal ganglia was replaced by severe glucose hypometabolism four
years later (Batista et al., 2007). Our data is in accordance with the
hypothesis that transient hypermetabolism occurs in damaged brain

regions in the acute phase of HIE injury (Chugani, 2021). This finding
has not been systematically reported in previous studies since most
studies were conducted in a later, subacute, or chronic state.

As new whole-body PET/CT scanners enable very short scan sessions,
with increased sensitivity and significantly lower radiation doses (Slart
et al., 2021), we consider PET imaging as a potential diagnostic tool to
determine the severity of brain injuries in newborn HIE patients in the
future. Before that, some logistic challenges remain to be carefully
evaluated as e.g safe transfer of the HIE infant to a PET department,
choosing the most predictable tracer and time point for the scan. Hence,
we determined the predictive value of [!®F]FDG uptake as detected by in
vivo imaging 1 d postinjury. Indeed, our results show that uptake cor-
relates with brain volume loss, as determined by immunohistochemical
evaluation 21 d later. Contradictorily to our finding, decreased [*8F]
FDG uptake, determined 72 h post injury, predicted impaired cognition
and a worse outcome in an animal model (Odorcyk et al., 2020). We
posit that both scenarios are of prognostic value: glucose hypermetab-
olism in the early injury phase and hypometabolism in the later phase.
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Fig. 5. Immunohistochemistry. Inmunohistochemical staining against Iba-1 (microglia), GFAP (astrocytes), MAP-2 (microtubules), and NeuN (neurons) antigens in

the brains of HIE rats 7 d after injury. Arrows indicate areas of damage.

Further studies are needed to investigate the role of glucose metabolism
during HIE injury development as a function of time. Differences in
regional ['®F]FDG uptake may be of particular interest when using PET
as a tool to provide prognostic information (Kim et al., 2019). Our data
indicate that hippocampal [*®F]FDG SUV ratios have the best capability
to distinguish more severely injured animals from less injured ones.

Increased ['®F]F-DPA uptake in the injured hemisphere was evident
on day 4, peaked on day 7, and remained detectable 21 d after the injury.
In a previous study, ['8F]1GE180 failed to detect a cerebral inflammatory
response caused by severe asphyxia in newborn piglets in the early phase
(within 32 h) after global hypoxia (de Lange et al., 2018). To our
knowledge, this is the first study demonstrating the utility of PET im-
aging in visualising and quantifying inflammatory responses in HIE. Our
results are consistent with previous studies performed with preclinical
stroke models, reporting an increased TSPO tracer uptake later (14-16
d) postinjury (Wang et al., 2014; Toth et al., 2016). Blocking with
PK11195 totally inhibited [!®F]F-DPA brain uptake. Our results are in
line with a previously reported recommendation that TSPO-PET tracers
are useful for imaging neuroinflammation 3-7 d post injury (Dickens
et al., 2014).

This study has limitations. First, the neonatal hypoxic-ischemic brain
injury model used in this study does not mimic all aspects of clinical
brain injury. The resulting brain injury in this animal model is unilateral
and thus not identical to the injury occurring in a newborn. However,
the model is well-established and widely used to study the pathophysi-
ological processes of neonatal hypoxic-ischemic injury and to test
different therapy concepts (Vannucci and Vannucci, 2005; Hamdy et al.,
2020). Furthermore, we consider the basic pathophysiological processes
to be similar in the HIE injury animal model and the clinical situation.
Thus, we consider this model as the best available choice. Second, the
predictive prognostic value of [*®F]FDG reported in this study is based
on rough estimation and must be evaluated in more detail and at
different timepoints in future studies. Although [*®F]FDG is probably the
most potent candidate for prognostic clinical studies, due to its wide
availability and capability to detect early metabolic changes, our results
also support future studies to evaluate the predictive value of other PET

tracers.

5. Conclusion

PET imaging is feasible in a HIE injury animal model in young pups.
We showed the usefulness of [lsF]EFS, [18F]FDG, and [*®F]F-DPA to
detect different pathophysiological events of hypoxic-ischemic injury in
brain tissue. Our results demonstrate that [18F]FDG uptake a day after
the injury correlates with the severity of the histopathological brain
injury three weeks later, indicating that PET imaging may be a prom-
ising tool to predict neurological outcomes in neonatal hypoxic-ischemic
injury even in clinical settings. [*8F]FDG and ['®F]F-DPA animal im-
aging studies may not only be used to further evaluate new treatment
options for HIE, but also to further investigate the pathophysiological
processes that evolve after HIE injury.
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