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Abstract: Background: Anesthesia can significantly impact positron emission tomogra-
phy (PET) neuroimaging in preclinical studies. Therefore, understanding these effects
is crucial for accurate interpretation of the results. In this experiment, we investigate
the effect of [18F]-labeled glucose analog fluorodeoxyglucose ([18F]FDG) uptake in the
brains of rats anesthetized with two commonly used anesthetics for rodents: isoflurane,
an inhalation anesthetic, and Hypnorm–Dormicum, a combination injection anesthetic.
Materials and Methods: Female adult Sprague Dawley rats were randomly assigned to one
of two anesthesia groups: isoflurane or Hypnorm–Dormicum. The rats were submitted
to dynamic [18F]FDG PET scan. The whole brain [18F]FDG standard uptake value (SUV)
and the brain voxel-based analysis were performed. Results: The dynamic [18F]FDG data
revealed that the brain SUV was 38% lower in the isoflurane group after 40 min of image
(2.085 ± 0.3563 vs. 3.369 ± 0.5577, p = 0.0008). In voxel-based analysis between groups, the
maps collaborate with SUV data, revealing a reduction in [18F]FDG uptake in the isoflu-
rane group, primarily in the cortical regions, with additional small increases observed in
the midbrain and cerebellum. Discussion and Conclusions: The observed differences in
[18F]FDG uptake in the brain may be attributed to variations in metabolic activity. These
results underscore the necessity for careful consideration of anesthetic choice and its impact
on neuroimaging outcomes in future research.
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1. Introduction
Positron emission tomography (PET) scanning of rats and other laboratory animals

is traditionally carried out under full anesthesia, primarily to ensure that the animals lie
still during the entire scan but also to ensure good animal welfare [1]. However, anesthesia
may have major effects on PET neuroimaging in animal experimentation, as reviewed by
Alstrup and Smith (2013) [2]. This is not surprising since it is obviously impossible to
anesthetize the brain without affecting its physiology. Furthermore, PET imaging often
takes up to several hours, and thus, there is plenty of time for major physiological effects to
happen that may affect the PET scans. The length of anesthesia covers not only the PET
scan time but also the time for preparation, including surgical placement of catheters, MR
pre-scan, and waiting time before the production and injection of radiotracers. Alternatives
for avoiding anesthesia have been tested, including building a special small PET scanner
(the RatCAP) that freely moving rats can wear on their heads [3]. Also, motion tracking of
awake rats has been tested [4–6], and others have tried to fix the rat’s head to the scanner
during imaging [7]. It has been shown that the fixation of rat heads leads to stress [8],
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which has a major impact on PET imaging studies [9]. Since the stress level is different
from one fixated rat to another, this could add to variation and require that the group
sizes be increased [9]. Fixation during PET imaging thus goes against both refinement and
reduction in the 3R concept for the ethical use of laboratory animals in research [10]. Even
for preclinical PET studies where the fixated animals have been trained in head-restraining
devices prior to scanning, it is rarely documented that they, in fact, are not stressed. These
findings suggest that while awake imaging introduces technical challenges, it is valuable
for studies requiring unaltered physiological conditions. Anesthesia remains practical for
studies where immobilization is critical, but researchers must carefully choose protocols to
minimize confounding effects.

An obvious approach to this problem is to accept that the animals must be anesthetized
and that the researchers, therefore, must be aware of the anesthetic side effects on the imag-
ing results. With such an approach, one must study and know these effects of anesthesia
and discuss them in the published papers as potential limitations. Today, most preclin-
ical PET studies are, in fact, performed on anesthetized experimental animals. Several
research groups have actively investigated anesthetic effects in experimental animals used
for PET neuroimaging ([11]; reviewed in [2]). Such studies have shown that anesthesia
may very often affect the uptake and distribution of the neuro-tracers in several different
ways. Anesthetics may affect certain specific molecular mechanisms in the brain that can
change the uptake of specific tracers [12]. However, it may be more common that the
anesthetics affect the cerebral blood flow (CBF) and brain metabolism of the animals, which
indirectly also affects tracer kinetics [2]. Anesthesia is well known to have major effects
on cerebral blood flow, as it can be twice as high under isoflurane than under propofol
anesthesia of rats [13]. Higher cerebral blood flow means a greater supply of the tracer to
the brain, and thus, an increased initial uptake must be expected. Especially in the case
of irreversible binding tracers, this can be crucial since the tracer remains bound in the
brain—as opposed to reversibly binding tracers, where part of the tracer will leave the
brain again. The cerebral blood flow is thus strongly influenced by the anesthetic, which
correspondingly also affects the brain’s metabolism. In the case of the [18F]-marked glucose
analog, fluorodeoxyglucose [18F]FDG, the neurons’ uptake of the tracer is directly related
to the metabolism in the brain [14]. Most anesthetics lower the brain metabolism, as shown
by 22–65 percent reduced cerebral [18F]FDG uptake [15–17], but also unchanged [18F]FDG
uptake has been observed in dogs during medetomidine–tiletamine–zolazepam anesthesia
compared to awake state [18]. Another study performed in Göttingen minipigs revealed
that the standard uptake value (SUV) of [18F]FDG was higher during propofol than during
ketamine–tiletamine–zolazepam mixture or propofol/isoflurane combined anesthesia [19].
The changed [18F]FDG uptake is not just due to the effects of depression from anesthesia
on brain metabolism but may also be due to the indirect effects of changed blood glucose
and blood lipids in the animals. A study that evaluated the morphine self-administered
effects in rat brains with [18F]FDG observed totally different results when the animals
were kept awake or under isoflurane after [18F]FDG administration. Isoflurane anesthesia,
as compared to the awake condition, reduced brain glucose metabolism in the olfactory,
cortex, thalamus, and basal ganglia while increasing brain glucose metabolism in the mid-
brain, hypothalamus, hippocampus, and cerebellum [20]. There are, therefore, a number of
different mechanisms by which anesthesia can affect the trace substances in the brain, and
it is therefore necessary in each case to investigate the combination of anesthesia and trace
substances in order to obtain certain knowledge.

In principle, anesthesia effects can be investigated in three different ways, all of
which have advantages and disadvantages [2]. The most common approach is to compare
radiotracer uptake and distribution in animals anesthetized with different anesthetics.
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The animals are scanned with the same radiotracer but anesthetized with different drugs
or drug combinations. As an example, we earlier compared the striatal uptake of the
dopamine receptor D2/D3 antagonist [11C]raclopride in rats anesthetized with isoflurane
or fentanyl–fluanisone–midazolam, known as Hypnorm–Dormicum [21]. The two forms of
anesthesia were chosen as they are particularly well used for anesthetizing mice and rats.
The striatal binding potential of [11C]raclopride was more than twice as high during isoflu-
rane compared to Hypnorm–Dormicum anesthesia, but without the possibility of clarifying
which anesthesia was closest to the awake stage, which is obviously the disadvantage of
this comparing anesthesia approach. However, our study documented that the anesthetic
effect can be greater than typical interventions in animal studies, such as treatment with d-
amphetamine [22,23]. The advantage of the comparing anesthesia approach is that studies
are relatively easy to perform and allow dynamic data. Furthermore, it can be performed
as a non-recovery study ensuring good animal welfare. The second approach compares
awake and anesthetized animals scanned with the same tracer, but it typically requires
that the awake animals are fixated during the imaging and are, therefore, more likely to
reflect stressed awake animals [15]. Although this approach appears to provide data for
the awake state, the results can be both ethically and scientifically objectionable. A third
approach involves scanning both anesthetized and freely moving awake animals with the
same tracer. Instead of fixating the animals, they are anesthetized at different time points
after tracer injection, and immediately afterward, they are PET scanned [24]. For example,
in this study, the effects of acute cocaine exposure on [18F]FDG uptake were observable only
when animals were maintained under isoflurane anesthesia. Cocaine increases locomotor
activity, so when animals were injected and allowed free movement in the cage, heightened
metabolism likely shifted toward muscle tissue [25]. This makes real dynamic data for each
animal impossible, but instead, data are obtained at different times performed on groups
of animals. A disadvantage is therefore obvious: the high number of animals needed in
such studies.

Numerous combinations of anesthetics and PET tracers warrant investigation. In this
study, we focused on two well-established anesthetic methods: isoflurane, administered via
inhalation, and the rodent anesthetic mixture Hypnorm–Dormicum, which is commonly
used in European laboratories for rat anesthesia [21]. However, we are not aware that any
comparisons between isoflurane and Hypnorm–Dormicum anesthesia should have been
made except in our own study [21]. This is consistent with a PubMed search (performed on
11 November 2024), which did not yield such results. We specifically examined the effects
of these anesthetics on [18F]FDG uptake, as it is likely the most widely utilized PET tracer
worldwide. [18F]FDG is extensively employed in preclinical studies assessing metabolism,
cancer, and infections [26,27], making it an important target for evaluating the impact of
anesthesia on neuroimaging outcomes. The rat was chosen as it is one of the two most used
experimental animals in the world and is very often used as an experimental animal in
PET studies. A Pubmed search on Pubmed (conducted online on 6 November 2024) on the
keywords [18F]FDG and rats thus yields 1290 search results, and of these, a total of 713 were
related to the keyword brain. The study seeks to clarify how different anesthetic protocols
affect brain metabolism in preclinical models using [18F]FDG.

2. Materials and Methods
2.1. License, Power and Design

The study was performed in accordance with 2010/63/EU and the Danish Animal
Experimental Act on a license granted by The Danish Experimental Animal Inspectorate
(license number 2022-15-0201-01182). To calculate the needed number of rats, we chose six
rats in each group based on the resource equation: E = [number of animals] − [number of
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groups] = 12 − 2 = 10, where E should be between 10 and 20 animals, to avoid overuse of
animals, but ensure statistical power [28]. This approach can be used as an approximation
when variation (like in our study) is not known. In addition, N = 6 is a typical group size
in many preclinical publications and therefore also relevant here. The rats were randomly
anesthetized with either isoflurane (N = 6) or Hypnorm–Dormicum (N = 6) and dynamic
PET scanned for one hour after intravenous [18F]FDG injections. The [18F]FDG uptake in
the brains was compared between the two groups.

2.2. Animals and Housing

Twelve barrier-raised female Sprague Dawley rats (Janvier-Labs, Le Genest-Saint-Isle,
France) weighing 250–306 g were acclimatized for at least one week prior to the study. The
rats had undergone health monitoring according to the Federation of European Laboratory
Animal Science guidelines (FELASA) [29]. The animals were housed in groups of 2–3 in
IVC-cages (Techniplast, Buguggiate, Italy) on aspen bedding (Finn Tapvei, Kaavi, Finland)
at 20–24 ◦C and at a relative humidity of 45–65% and a light–dark cycle of 12 h (light on
from 6 AM to 6 PM). The animals had free access to tap water and a standard laboratory
pellet diet (Altromin 1324, Aarhus, Denmark) until start of anesthesia. The rats were
weighed on the day of the experiment. No fasting was performed.

2.3. Anesthesia and Monitoring

The twelve rats were weighed individually and either anesthetized by inhalation
(N = 6) or injection (N = 6). The anesthesia was performed according to the procedures
commonly used at Aarhus University and several other similar research sites: Inhalation
anesthesia was induced in an induction chamber with 5% isoflurane (Forene, Abbott, Solna,
Sweden) in oxygen until deep sedation after 1–3 min, and then on nose masks (2% for
maintaining) in a gas mixture (0.4-L O2 and 1.5-L medical air) with spontaneous respiration.
Injection anesthesia was induced with subcutaneous injection (sc) of Hypnorm–Dormicum
mixture (Hypnorm, VetaPharma, Leeds, United Kingdom; Midazolam, Hamelm, Herlev,
Denmark). A mixture contained 0.02 mg fentanyl, 0.75 mg fluanisone, and 0.38 mg mida-
zolam SC, and the induction dose was 0.25 mL supplemented with 0.1 mL approximately
every 20–30 min when the tail reflex was positive. The same gas mixture (0.4-L O2 and
1.5-L medical air) was used for these rats, and they were also on spontaneous respira-
tion. A 24 G 0.7–19 mm BD Neoflon (BD, Eysins, Switzerland) was placed in the tail vein
for tracer injection. Pulse, respiration frequency, and body temperature were monitored
(Medico MultiCell, Imaging Chamber) during the PET imaging.

2.4. [18F]FDG PET/MR Imaging

The rat was placed in the Mediso nanoScan® PET/MRI 1 T scanner (Mediso Ltd.,
Budapest, Hungary), briefly MRI-scanned (for attenuation correction), and then PET
scanned for 60 min after administration of [18F]FDG (18.7–35.2 MBq in 0.2–0.3 mL) in-
travenously in the tail catheter (the catheter was flushed with 0.1–0.2 mL saline after tracer
injection). The rats were euthanized at the end of the study by an overdose (100 mg/kg) of
pentobarbitone in the vein catheter.

2.5. PET Data Analyses

Emission sinograms were iteratively reconstructed into a 23-frames (8 × 15, 4 × 30,
2 × 60, 2 × 120, 4 × 300, 3 × 600 s) and one frame of 20 min in the last part of the acquisition
(Tera Tomo 3D, 4 iteration and 6 subsets, as reconstruction method) after being submitted to
MRI attenuation correction, normalized, and corrected for scatter and radioactivity decay.
PET image analysis was performed with PMOD software (PMOD™ Technologies Ltd.,
Zurich, Switzerland, version 4.0). [18F]FDG PET images were registered to MRI template,
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and whole brain volume of interest (VOI), available on PMOD software, was applied for
brain analysis.

The brain radioactivity concentration was calculated in the whole brain and expressed
as standardized uptake value (SUV): [tissue activity concentration (kBq/mL) × body
weight (g)]/[injected dose (kBq)] for each region. A tissue density of 1 g/mL was assumed.

In addition, the SUV average images were normalized for whole brain uptake to gener-
ate SUVR images. We also generated SUV % of different images to highlight the regions with
most difference between the groups ((Hypnorm–Dormicum − Isoflurane)/Isoflurane × 100).

To assess the effects of anesthesia on other organs, which is not the focus of neuroimage,
we also evaluated the heart uptake, which was included in the same field of view (FOV)
as the brain. For this purpose, we performed the analysis using the PMODTM View tool,
employing the automated hot 3D VOI tool to delineate the VOI for each animal’s heart.
The data for the SUV curve and the average SUV for the 40–60 min interval, handled as
static images, were included in the analysis.

2.6. Voxel-Based Analysis

Voxel-based analyses were performed in Statistical Parametric Mapping, version 12
(SPM12; https://www.fil.ion.ucl.ac.uk/spm/, accessed/installed on 27 September 2023),
using SUV [18F]FDG images in combination with the Small Animal Molecular Imaging
Toolbox (SAMIT; http://mic-umcg.github.io/samit/, accessed/installed on 2 September
2024) package. All the images were spatially normalized using affine transformations
to T2 MRI template rat brain in Paxinos space and smoothed with a 0.8 mm isotropic
Gaussian kernel. To ensure that the analysis contained only voxels mapping the rat brain,
the differences between the global uptake of images were adjusted using the proportional
scaling option of SPM12. For the interpretation of group differences, T map thresholds were
set at ≤0.001, uncorrected for multiple comparisons, and the extent threshold ≥ 200 voxels
for the cluster size (kE). Only clusters with p ≤ 0.05, corrected for family-wise error (FWE),
were considered significant [30].

2.7. Statistics

The data were submitted to Shapiro–Wilk test normality test. The data that were
normally distributed were submitted to parametric tests. Student’s t-test was used to
compare two groups, and comparisons between the curve were submitted to two-way
analysis of variance (ANOVA), and anesthesia and time after injection were the variables.
ANOVA was followed by Šidák correction when appropriate. Each p value was adjusted to
account for multiple comparisons. A p-value of <0.05 was considered significant.

3. Results
3.1. General Study Information

There were no statistical differences in the rats’ weights and [18F]FDG doses in the
two groups, and there were also no statistical differences in the monitoring parameters
pulse, respiration rate, and body temperature (all p-values were between 0.113 and 0.937
(see Table 1) between the two groups.

https://www.fil.ion.ucl.ac.uk/spm/
http://mic-umcg.github.io/samit/
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Table 1. Body weight, [18F]FDG doses, and monitoring parameters (pulse, respiration rate, and body
temperature) for the twelve rats included in the study. Data are given as mean (SD).

Parameter Isoflurane N Hypnorm–Dormicum N p-Value

Weight [g] 274 (20) 6 273 (23) 6 0.937
[18F]FDG [MBq] 29 (6) 6 28 (4) 6 0.822

Pulse [min−1] 381 (22) 6 371 (17) 6 0.376
Respiration rate [min−1] 48 (10) 6 58 (12) 6 0.125

Temperature [◦C] 36.9 (0.2) 6 36.5 (0.6) 6 0.113

3.2. [18F]FDG PET Imaging—Standardized Uptake Value (SUV)
3.2.1. Brain Uptake

The dynamic PET data revealed that after 25 min, the SUV for isoflurane group was lower
than for Hypnorm–Dormicum data (frame 19: −21%, 2.03 ± 0.27 vs. 2.58 ± 0.23, p = 0.0009;
frame 20: −26%, 2.06 ± 0.32 vs. 2.77 ± 0.23; frame 21: −31%, 2.09 ± 0.35 vs. 3.02 ± 0.38;
frame 22: −36%, 2.10 ± 0.39 vs. 3.30 ± 0.51; frame 23: −40%, 2.07 ± 0.35 vs. 3.44 ± 0.61,
p < 0.0001) (Figure 1A). One frame PET data (20 min of image acquisition between 40 and
60 min after [18F]FDG injection) shows an SUV 38% lower in the animals anesthetized
with isoflurane after 40 min of acquisition (2.085 ± 0.3563 vs. 3.369 ± 0.5577, p = 0.0008)
(Figure 1B,C). Figure 2A shows SUVR images, representing the SUV average images
normalized to whole-brain uptake, while Figure 2B displays the percentage differences
between the Hypnorm–Dormicum and isoflurane groups. The isoflurane group exhibits
a marked decrease in [18F]FDG uptake in the cortical region compared to the Hypnorm–
Dormicum group.
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a function of time after tracer injection (A). One frame PET data (20 min of image acquisition between
40 and 60 min after tracer injection) is shown as a graph (B) and as a mean SUV PET imaging (C).
***: p < 0.001; ****: p < 0.0001.
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Figure 2. Average PET data normalized to whole brain standard uptake value (SUVR) from rats
scanned with [18F]FDG under either isoflurane (N = 6) or Hypnorm–Dormicum (N = 6). The whole
brain (SUVR) images for both groups are shown in (A), and the % of difference of SUV between
groups is shown in (Hypnorm-Isoflurane)/Isoflurane × 100) (B). Note that the [18F]FDG uptake is
higher in the cortex of Hypnorm–Dormicum and in midbrain and cerebellum of the isoflurane group.
The images were generated automatically in the PMODTM tool. For the whole brain normalized
image, the mean value of SUV from all six animals per group was used.

3.2.2. Heart Uptake

For the heart analysis, as an extra organ analyzed here, the dynamic PET data
revealed a higher uptake of [18F]FDG in isoflurane animals after 9 min of image
(Frame 16—4.60 ± 1.31 vs. 2.52 ± 0.30; Frame 17—5.05 ± 1.52 vs. 2.71 ± 0.48; Frame 18—
5.62 ± 1.76 vs. 2.99 ± 0.68; Frame 19—6.05 ± 1.87 vs. 3.37 ± 0.95; Frame 20—6.37 ± 1.89 vs.
3.77 ± 1.28; Frame 21—6.72 ± 1.87 vs. 4.20 ± 1.60; Frame 22—7.04 ± 1.82 vs. 4.76 ± 2.10;
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Frame 23—7.21 ± 1.73 vs. 5.00 ± 2.34) (Figure 3A). For the static image analysis of the last
minutes of the image, we observed a 45% high SUV in the isoflurane group when compared
to Hypnorm–Dormicum animals (7.09 ± 1.81 vs. 4.87 ± 2.22; p = 0.0869) (Figure 3B,D). The
correlation between the brain and heart SUVs was not significant, but we can observe in
the graph an inverse profile between the uptake in the heart and in the brain, where we
can observe a higher heart uptake and lower brain uptake in isoflurane animals and the
opposite effect in the Hypnorm–Dormicum animals (Figure 3C).
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Figure 3. Data representation for heart [18F]FDG analysis. The heart SUV curve for isoflurane (in red)
and Hypnorm–Dormicum (in blue) groups (A). SUV data for the static image from 40 to 60 min
after [18F]FDG administration (B). Data correlation for heart and brain SUV (C). Illustrative image of
PET/MRI [18F]FDG uptake in SUV, the white arrows indicate the heart uptake. Note that there is a
higher uptake in isoflurane animals when compared to Hypnorm–Dormicum animal (D). * p < 0.05;
** p < 0.01; *** p < 0.001.

3.3. [18F]FDG PET Imaging—Voxel-Based Analysis—Brain

The voxel-based analysis corroborates the whole brain analysis for SUV, SUVR, and
SUV % of difference, and the maps revealed that the high decrease in [18F]FDG uptake in
the isoflurane animals occurs in the cortex (somatosensorial cortex, primary motor cortex,
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and visual cortex), and there are some increases in regions of dorsomedial periaqueductal
gray and molecular layer of cerebellum when compared to Hypnorm–Dormicum animals
(Figure 4 and Table 2).
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Figure 4. Voxel-based analysis. Lower [18F]FDG uptake was observed in the animals anesthetized
with isoflurane in somatosensorial cortex, primary motor cortex, and visual cortex when com-
pared to Hypnorm–Dormicum (isoflurane < Hypnorm–Dormicum). On the other hand, there is
an increase in [18F]FDG uptake in the animals anesthetized with isoflurane in Dorsomedial pe-
riaqueductal gray and molecular layer of cerebellum when compared to Hypnorm–Dormicum
(isoflurane > Hypnorm–Dormicum. Significance is shown with a T statistic color scale, which corre-
sponds to the level of significance at the voxel level. The data were derived from 6 rats/group.

Table 2. Statistical parametric mapping outcome for the clusters.

Cluster Level Voxel Level Coordinates
Brain Area

PFWE-Corr kE T Puncorr x y z

Isoflurane <
Hypnorm–
Dormicum

<0.0001 20,055
12.15 <0.0001 5.4 0.8 −4.2 Right Primary

somatosensorial cortex
9.6 <0.0001 −3.4 2.4 −1.6 Left Primary motor cortex
5.49 <0.0001 3.4 −6.6 −1 Right Primary motor cortex

<0.0001 1207 8.25 <0.0001 −3 −6 −1 Left visual cortex

0.025 465 6.08 <0.0001 7 −3 −3.6 Right Primary
motosensorial cortex

Isoflurane >
Hypnorm–
Dormicum

<0.0001 6480 7.44 <0.0001 0.2 −5.6 −5.8 Dorsomedial
periaqueductal gray

0.088 313 5.86 <0.0001 −0.4 −11.8 −2 Left molecular
layer cerebellum

4. Discussion
4.1. Overview

Similar to previous studies involving other types of anesthetics and tracers [2], this
study demonstrates that anesthetic effects are of importance for preclinical trials involving
PET neuroimaging. We found that during the last 25 min of the 60 min scan, AUC was as
high as 23% higher for rats anesthetized with Hypnorm–Dormicum compared to isoflurane.
Furthermore, a single frame after 45 min showed a 61% higher SUV for this group. These
differences are so large that they are at least on par with typical differences in intervention
studies. This emphasizes the enormous importance of always anesthetizing experimental
animals in a consistent manner.
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4.2. Possible Causes of the Anesthetic Effects

The obtained differences in [18F]FDG uptake in the brain can be due to differences
in the brain’s metabolism and in the blood flow, which are influenced by the anesthesia.
Cerebral glucose uptake is a measure of the brain’s metabolism, and differences in the
uptake of [18F]FDG may, therefore, be due to differences in the depressive effect of the two
anesthetics on cerebral metabolism. It is well known that isoflurane has a depressant effect
on brain metabolism [31]. Hypnorm–Dormicum does not cause the same type of anesthesia
as isoflurane, instead, these drugs place the rat in a state of analgesic immobilization, also
known as neuroleptanalgesia [32]. This is mainly due to Hypnorm’s content of fluanisone,
which is a dissociative drug [32]. For other similar dissociative drugs, such as ketamine, it
is well known that brain metabolism is not reduced to the same extent as with traditional
anesthesia but can even be increased compared to awake state [33]. The higher cerebral
[18F]FDG uptake can, therefore, be explained as a higher cerebral metabolism during
Hypnorm–Dormicum than under isoflurane anesthesia.

Alternatively, the difference in [18F]FDG uptake may theoretically also be due to
cerebral blood flow. The question of whether the anesthetic effect is due to differences in
CBF between the two groups of rats can be split into two sub-questions. Firstly, whether
the two anesthetics cause different levels of CBF, and secondly, whether a difference in
CBF can explain differences in [18F]FDG uptake. Isoflurane is well-known to increase CBF,
which is well-documented in both humans and animals [34,35]. On the other hand, as
far as the authors are aware, there is a lack of knowledge about the effect of Hypnorm–
Dormicum mixture on CBF in animals. However, it is likely that CBF is considerably lower
under Hypnorm–Dormicum anesthesia, as we already suggested when we compared the
[11C]raclopride uptake in rats under isoflurane and Hypnorm–Dormicum anesthesia [21].
Midazolam (the active drug in Dormicum) lowers CBF in human volunteers [36]. Hyp-
norm’s effect on CBF is more uncertain, but Eftekhari and coworkers (2020) [37] mention
that Hypnorm, like midazolam, reduces CBF. However, the claim was neither documented
with data nor references. However, it is reasonable to assume that CBF is higher under
isoflurane than under Hypnorm–Dormicum anesthesia. On the other hand, the answer
to the second question is probably negative. If CBF has influenced [18F]FDG uptake, we
would expect that the higher CBF during isoflurane anesthesia would result in the highest
brain uptake of the tracer, while the opposite was the case in the cortical areas. It is, there-
fore, not obvious that the obtained differences in [18F]FDG uptake between isoflurane and
Hypnorm–Dormicum are mediated through differences in CBF. Also, possible differences
in plasma glucose due to isoflurane could have affected the [18F]FDG uptake, as reviewed
by Mannheim et al. (2017) [38]. In the same article, the authors argue the use of sevoflurane
instead of isoflurane, which does not have the same effect on plasma glucose. In addition,
a standardized fasting protocol is recommended to use. In the present study, however, the
rats were not fasted, but they all had at least a four-hour light period, and it is well known
that rats only consume limited food during light periods, as they are nocturnal animals [39].
Whether the rats had a uniform plasma glucose concentration was not investigated in the
present study, which required a measurement before and after scanning.

4.3. Brain Regions Uptake Difference

The markedly decreased uptake of [18F]FDG under isoflurane anesthesia was only
valid for the cortical areas (somatosensorial cortex, primary motor cortex, and visual cortex),
while the opposite was somewhat the case for regions of midbrain regions and cerebellum.
These findings align with previous studies comparing isoflurane with other anesthetics
or varying conditions for isoflurane administration [11,20]. In a recent study examining
morphine effects, isoflurane anesthesia was associated with reduced brain metabolism in
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regions such as the olfactory bulb, cortex, basal ganglia, corpus callosum, and thalamus,
while metabolism was elevated in the hypothalamus, hippocampus, white matter, mid-
brain, and cerebellum compared to awake animals following [18F]FDG administration [20].
In addition, some studies evaluated the neurons after isoflurane exposure, and after just
15 min of isoflurane, the synaptic and cytoskeletal phosphoproteomes are modulated in the
cortex [40]. Together with isoflurane, this induces a functional decrease in excitatory synap-
tic transmission in prefrontal cortex neurons [41], which can explain the decreased uptake
of [18F]FDG in cortex regions observed in this study. Additionally, electroencephalography
(EEG) studies have shown that isoflurane suppresses the cerebral metabolic rate of oxy-
gen, accompanied by a reduction in high-frequency EEG activity in the cortical area [42].
Magnetic resonance spectroscopy further indicates a 51% decrease in glucose levels in
cortical regions [43], which can explain the decreased uptake of [18F]FDG in our isoflurane
group. Here, we only did an image analysis for [18F]FDG, and more studies are necessary to
understand the difference between cortical cell activation in Hypnorm–Dormicum versus
isoflurane. The increase in isoflurane in the cerebellum of animals can be explained by the
olfactory pathways; it is likely that different parts of the cerebellum are active depending
on the states such as sensory stimulation or anesthesia, and can increase the [18F]FDG, as
demonstrated before [44].

4.4. Other Parameters

As shown in Table 1, no differences were observed in pulse, respiration rate, and
temperature between the two groups of rats. Furthermore, the rats were all kept negative
for an interdigital test, and they all made it through to the end of the scan. It can often be
difficult to ensure a uniform level of anesthesia, especially when comparing inhalation and
injection anesthesia—while the first is inhaled continuously, the second is given as single
injections, whereby differences in anesthetic depths can, in principle, arise. Immediately,
the identical monitoring parameters (pulse, respiration rate, and temperature) indicate
that the two groups of rats were anesthetized at the same level. However, there may still
be underlying differences in anesthesia levels. Figure 1A shows that the two SUV curves
are followed for the first approximately 10 min (with marginally lower SUV values for
Hypnorm–Dormicum), but that thereafter, there is a marked increase in SUV for Hypnorm–
Dormicum, but not for isoflurane. An explanation could be that although the Hypnorm–
Dormicum rats lay still in the scanner, had uniform monitoring values, were negative for the
tail reflex, and received supplementary injections as recommended for stable anesthesia [45],
the anesthesia gradually wore off due to liver metabolism of the drugs so that they were
finally lighter anesthetized than the isoflurane rats that continuously inhaled the anesthetic
gas. Figure 1 thus indicates that more uniform anesthesia is achieved using isoflurane than
Hypnorm–Dormicum anesthesia in the rats during the [18F]FDG scan. In addition to brain
data, when we evaluate the [18F]FDG uptake in the heart, we could see that the isoflurane
data corroborated previous studies with higher uptake than injected anesthesia [46]. Volatile
anesthetics, such as sevoflurane and isoflurane, have been shown to protect ischemic
myocardium through the activation of ATP-sensitive potassium channels (K(ATP)) and
vasodilatation [47]. Moreover, several clinical trials have demonstrated their ability to
prevent myocardial damage during surgical procedures, being described as responsible for
cardioprotective effects [48] that explain the increase in [18F]FDG uptake.

Based on this study, it is not possible to unequivocally point to either isoflurane or
Hypnorm–Dormicum as the best anesthetic for [18F]FDG PET scans of rat brains. However,
the study indicates that Hypnorm–Dormicum is suitable for cortical studies, as these are
not affected by the anesthesia to the same extent as with isoflurane. This is consistent with
Hypnorm–Dormicum providing neuroleptanalgesia, as opposed to the cortical depression
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of isoflurane. Conversely, other structures (dorsomedial periaqueductal gray and molecular
layer of cerebellum) in the brain, on the other hand, seem to be depressed to a greater extent
by the Hypnorm–Dormicum. The timing of the scan after administration of [18F]FDG is less
affected by isoflurane than by Hypnorm–Dormicum—because isoflurane has the advantage
of being administered continuously, while injection anesthesia is given at intervals. Injecting
tracers into awake animals, which are only later anesthetized and scanned, could alleviate
some of the anesthesia-related problems.

4.5. Limitations

A major limitation of this study is that it was only performed on one sex (females).
However, we are not aware of any sex-dependent anesthetic effects in similar studies inves-
tigating PET neuroimaging in experimental animals [2]. The only known study dealing
with sex differences in behavioral post-anesthesia in rats anesthetized with isoflurane and
propofol is thus not relevant to our study, which only deals with rats under anesthesia [49].
Another limitation is the low number of rats in each group, which, for 3R replacement
reasons, was set to the lowest recommended based on Festing (2018) [28]. However, the
results were so significant that a larger number of experimental animals would hardly have
changed the conclusions. Finally, it is a limitation that awake rats were not included in the
study—it is thus impossible to know whether either isoflurane or the Hypnorm–Dormicum
anesthesia comes closest to the [18F]FDG uptake in awake experimental rats. However,
it is likely that the uptake of [18F]FDG will be higher in the brains of awake rats than in
rats anesthetized with the two anesthetic methods. Furthermore, in future studies, plasma
glucose measurements could be included, as this could decide if the differences in [18F]FDG
uptake were partly influenced by anesthesia effects on plasma glucose concentration. Stan-
dardized fasting should also be considered, although, for animal welfare reasons, it should
be short. Future studies could advantageously include [15O]water scans to determine
cerebral blood flow. Furthermore, could it be considered to supplement the scans with
ex vivo autoradiography and immunohistochemistry, as this will provide more detailed
images of the [18F]FDG uptake in the brain.

5. Conclusions
This study showed that isoflurane versus Hypnorm–Dormicum anesthesia affects the

cerebral uptake of [18F]FDG in rats. This is in agreement with previous studies involving
other anesthetics and tracers. The study emphasizes the importance of the choice of anesthe-
sia, that it is performed uniformly, and that it is always reported in scientific publications.
The study shows that a lower cortical uptake of [18F]FDG is achieved during the 1 h of
scanning under isoflurane than under Hypnorm–Dormicum anesthesia—probably because
of the effects of isoflurane on cortical activity as described before. However, [18F]FDG
uptake may be stable at a lower level than in awake rats, and here, it is possible that
Hypnorm–Dormicum better reflects the awake [18F]FDG uptake.

In conclusion, based on both prior research and our findings, maintaining animals
awake after [18F]FDG administration appears preferable for preserving neuronal function,
especially in cortical regions, and for approximating biological conditions more closely.
However, if dynamic imaging is necessary, careful consideration of study design, including
the choice of anesthesia, is essential. Selecting the appropriate [18F]FDG uptake condition
(anesthesia vs. awake) is critical in small animal [18F]FDG-PET studies, as altered baseline
brain glucose metabolism levels could influence the biological effects researchers aim
to observe.
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For future studies, it should be considered to include standardized fasting, measure-
ments of plasma glucose before and after scanning, measurement of cerebral blood flow,
and supplement the PET scans with ex vivo analysis.

Author Contributions: Conceptualization, A.K.O.A.; methodology, A.K.O.A., M.S., K.V.H. and C.C.R.;
validation, M.S.; formal analysis, A.K.O.A., K.V.H. and C.C.R.; writing—original draft preparation,
A.K.O.A.; writing—review and editing, M.S., K.V.H. and C.C.R.; visualization, C.C.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study was conducted in accordance with the
2010/63/EU directive of the European Parliament and of the Council for the Protection of Animals
Used for Scientific Purposes and approved by The Danish Experimental Animal Inspectorate (protocol
code 2022-15-0201-01182 and approved 28 April 2022; valid for 5 years).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data can be accessed by contacting the authors.

Acknowledgments: The authors thank Michele Gammeltoft for the English proofreading of the
manuscript. C.C.R. thanks Fabrikant Vilhelm Pedersen og Hustrus Mindelegat for the postdoc fel-
lowship.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tremoleda, J.L.; Kerton, A.; Gsell, W. Anaesthesia and physiological monitoring during in vivo imaging of laboratory rodents:

Considerations on experimental outcomes and animal welfare. EJNMMI Res. 2012, 2, 44. [CrossRef] [PubMed]
2. Alstrup, A.K.O.; Smith, D.F. Anaesthesia for positron emission tomography scanning of animal brains. Lab. Anim. 2013, 47, 12–18.

[CrossRef]
3. Schulz, D.; Southekal, S.; Junnarkar, S.S.; Pratte, J.F.; Purschke, M.L.; Stoll, S.P.; Ravindranath, B.; Maramraju, S.H.; Krishnamoorthy,

S.; Henn, F.A.; et al. Simultaneous assessment of rodent behavior and neurochemistry using a miniature positron emission
tomograph. Nat. Meth. 2011, 8, 347–352. [CrossRef] [PubMed]

4. Miranda, A. PET brain imaging of awake small animals. Doctor Thesis, University of Antwerp, Antwerp, Belgium, 2018.
5. Miranda, A.; Kroll, T.; Schweda, V.; Staelens, S.; Verhaeghe, J. Correction of motion tracking errors for PET head rigid motion

correction. Phys. Med. Biol. 2023, 68, 175009. [CrossRef] [PubMed]
6. Miranda, A.; Bertoglio, D.; Stroobants, S.; Staelens, S.; Verhaeghe, J. Translation of preclinical PET imaging findings: Challenges

and motion correction to overcome the confounding effects of anesthesia. Front. Med. 2021, 8, 753977. [CrossRef]
7. Momosaki, S.; Hatano, K.; Kawasumi, Y.; Kato, T.; Hosoi, R.; Kobayashi, K.; Inoue, O.; Ito, K. Rat-PET study without anesthesia:

Anesthetics modify the dopamine D1 receptor binding in rat brain. Synapse 2004, 54, 207–213. [CrossRef]
8. Lasbennes, F.; Lestage, P.; Bobillier, P.; Seylaz, J. Stress and local cerebral blood flow: Studies on restrained and unrestrained rats.

Exp. Brain Res. 1986, 63, 163–168. [CrossRef] [PubMed]
9. Patel, V.D.; Lee, D.E.; Alexoff, D.L.; Dewey, S.L.; Schiffer, W.K. Imaging dopamine release with positron emission tomography

(PET) and 11C-raclopride in freely moving animals. Neuroimage 2008, 41, 1051–1066. [CrossRef]
10. Russell, W.M.S.; Burch, R.L. The Principles of Humane Experimental Technique; Methuen & Co Ltd.: London, UK, 1959.
11. Kepes, Z.; Arato, V.; Csikos, C.; Hegedus, E.; Esze, R.; Nagy, T.; Joszai, I.; Emri, M.; Kertesz, I.; Trencsenyi, G. Evaluation of brain

[18F]F-FDG uptake pattern under different anaesthesia protocols. In Vivo 2024, 38, 587–597. [CrossRef]
12. Severance, A.J.; Parsey, R.V.; Kumar, J.S.; Underwood, M.D.; Arango, V.; Majo, V.J.; Prabhakaran, J.; Simpson, N.R.; Van Heertum,

R.L.; Mann, J.J. In vitro and in vivo evaluation of [11C]MPEPy as a potential PET ligand for mGlu5 receptors. Nucl. Med. Biol.
2006, 33, 1021–1027. [CrossRef]

13. Todd, M.M.; Weeks, J. Comparative effects of propofol, pentobarbital, and isoflurane om cerebral blood flow and blood volume. J.
Neurosurg. Anesthesiol. 1996, 8, 296–303. [CrossRef] [PubMed]

14. Lagerkranser, M.; Stånge, K.; Sollevi, A. Effects of propofol on cerebral blood flow, metabolim, and cerebral autoregulation in the
anesthetized pig. J. Neurosurg. Anesthesiol. 1997, 9, 188–193. [CrossRef]

https://doi.org/10.1186/2191-219X-2-44
https://www.ncbi.nlm.nih.gov/pubmed/22877315
https://doi.org/10.1258/la.2012.011173
https://doi.org/10.1038/nmeth.1582
https://www.ncbi.nlm.nih.gov/pubmed/21399637
https://doi.org/10.1088/1361-6560/acec2c
https://www.ncbi.nlm.nih.gov/pubmed/37524092
https://doi.org/10.3389/fmed.2021.753977
https://doi.org/10.1002/syn.20083
https://doi.org/10.1007/BF00235659
https://www.ncbi.nlm.nih.gov/pubmed/3732439
https://doi.org/10.1016/j.neuroimage.2008.02.065
https://doi.org/10.21873/invivo.13477
https://doi.org/10.1016/j.nucmedbio.2006.09.007
https://doi.org/10.1097/00008506-199610000-00007
https://www.ncbi.nlm.nih.gov/pubmed/8884627
https://doi.org/10.1097/00008506-199704000-00015


Tomography 2025, 11, 4 14 of 15

15. Noda, A.; Takamatsu, H.; Minoshima, S.; Tsukada, H.; Nishimura, S. Determination of kinetic rate constants for 2-[18F]fluoro-2-
deoxy-D-glucose and partition coefficient of water in conscious macaques and alterations in aging or anesthesia examined on
parametric images with an anatomic standardization technique. J. Cereb. Blood Flow Metab. 2003, 23, 1441–1447. [CrossRef]

16. Toyama, H.; Ichise, M.; Liow, J.S.; Modell, K.J.; Vines, D.C.; Esaki, T.; Cook, M.; Seidel, J.; Sokoloff, L.; Green, M.V.; et al.
Absolute quantification of regional cerebral glucose utilization in mice by 18F-FDG small animal PET scanning and 2-14C-DG
autoradiography. J. Nucl. Med. 2004, 45, 1398–1405. [PubMed]

17. Mizuma, H.; Shukuri, M.; Hayashi, T.; Watanabe, Y.; Onoe, H. Establishment of in vivo brain imaging in conscious mice. J. Nucl.
Med. 2010, 51, 1068–1075. [CrossRef] [PubMed]

18. Lee, M.S.; Ko, J.; Lee, A.R.; Lee, I.H.; Jung, M.A.; Austin, B.; Chung, H.; Nahm, S.; Eom, K. Effects of anesthetic protocol on normal
canine brain uptake of 18F-FDG assessed by PET/CT. Vet. Radiol. Ultrasound 2010, 51, 130–135. [PubMed]

19. Lee, Y.A.; Kim, J.I.; Lee, J.W.; Cho, Y.J.; Lee, B.H.; Chung, H.W.; Park, K.K.; Han, J.S. Effects of various anesthetic protocols on
18F-fluorodeoxyglucose uptake into the brain and hearts of normal miniature pigs (Sus scrofa domestica). J. Am. Assoc. Lab. Anim.
Sci. 2012, 51, 246–252. [PubMed]

20. Park, T.Y.; Nishida, K.S.; Wilson, C.M.; Jaiswal, S.; Scott, J.; Hoy, A.R.; Selwyn, R.G.; Dardzinski, B.J.; Choi, K.H. Effects of
isoflurane anaesthesia and intravenous morphine selv-administration on regional glucose metabolism ([18F]FDG-PET) of male
Sprague-Dawley rats. Eur. J. Neurosci. 2017, 45, 922–931. [CrossRef] [PubMed]

21. Alstrup, A.K.O.; Simonsen, M.; Landau, A.M. Type of anesthesia influences positron emission tomography measurements of
dopamine D2/3 receptor binding in the rat brain. Scand. J. Lab. Anim. Sci. 2011, 38, 195–200.

22. Lind, N.M.; Olsen, A.K.; Moustgaard, A.; Jensen, S.B.; Jakobsen, S.; Hansen, A.K.; Arnfred, S.M.; Hemmingsen, R.P.; Gjedde, A.;
Cumming, P. Mapping the amphetamine-evoked dopamine release in the brain of the Göttingen minipig. Brain Res. Bull. 2005, 65,
1–9. [CrossRef] [PubMed]

23. Pedersen, K.; Simonsen, M.; Østergaard, S.D.; Munk, O.L.; Rosa-Neto, P.; Olsen, A.K.; Jensen, S.B.; Møller, A.; Cumming, P.
Mapping the amphetamine-evoked changes in [11C]raclopride binding in living rat using small animal PET: Modulation by
MAO-inhibition. Neuroimage 2007, 35, 38–46. [CrossRef]

24. Elfving, B.; Bjørnholm, B.; Knudsen, G.M. Interference of anaesthetics with radioligand binding in neuroreceptor studies. Eu. J.
Nucl. Med. Mol. Imag. 2003, 30, 912–915. [CrossRef] [PubMed]

25. Spelta, L.E.W.; Real, C.C.; Buchpiguel, C.A.; de Paula, F.D.; Marcourakis, T.J. [18F]FDG brain uptake of C57/Bl/6 male mice is
affected by locomotor activity after cocaine use: A small animal positron emission tomography study. Neurosci. Res. 2022, 100,
1876–1889. [CrossRef]

26. Busk, M.; Munk, O.L.; Jakobsen, S.; Frøkiær, J.; Overgaard, J.; Horsman, M.R. FDG-PET reproducibility in tumor-bearing mice:
Comparing a traditional SUV approach with a tumor-to-brain tissue ratio approach. Acta. Oncol. 2017, 56, 706–712. [CrossRef]
[PubMed]

27. Jødal, L.; Afzelius, P.; Alstrup, A.K.O.; Jensen, S.B. Radiotracers for bone marrow infection imaging. Molecules 2021, 26, 3159.
[CrossRef]

28. Festing, M.F. On determining sample size in experiments involving laboratory animals. Lab. Anim. 2018, 52, 341–350. [CrossRef]
[PubMed]

29. Guillen, J. FELASA Guidelines and Recommendations. J. Am. Assoc. Lab. Anim. Sci. 2012, 51, 311–321.
30. de Paula, F.D.; Estessi de Souza, L.; Duran, F.L.S.; Buchpiguel, C.A.; Britto, L.R.; Crippa, J.A.S.; Filho, G.B.; Real, C.C. Cannabidiol

treatment improves glucose metabolism and memory in Streptozotocin-induced Alzheimer’s disease rat model: A Proof-of-
concept study. Int. J. Mol. Sci. 2022, 23, 1076. [CrossRef]

31. Wei, Z.; Roh, S.-E.; Yang, X.; Wang, W.; Wang, J.; Chen, L.; Li, Y.; Bibic, A.; Lu, H. The impact of isoflurane anesthesia on brain
metabolism in mice: An MRI and electroencephalography study. NMR Biomed. 2024, 37, e5260. [CrossRef] [PubMed]

32. Flecknell, P.A.; Mitchell, M. Midazolam and fentanyl-fluanisone: Assessment of anaesthetic effects in laboratory rodents and
rabbits. Lab. Anim. 1984, 18, 143–146. [CrossRef]

33. Driesen, N.R.; Herman, P.; Rowland, M.A.; Thompson, G.; Qiu, M.; He, G.; Fineberg, S.; Barron, D.S.; Helgeson, L.; Lacadie, C.;
et al. Ketamine effects on energy metabolism, functional connectivity and working memory in healthy humans. bioRxiv 2023.
[CrossRef]

34. Thiel, A.; Zickmann, B.; Zimmermann, R.; Hempelmann, G. Transcranial doppler sonography; effects of halothale, enflurane and
isoflurane on blood flow velocity in the middle cerebral artery. Br. J. Anaesth. 1992, 68, 388–393. [CrossRef] [PubMed]

35. McPherson, R.W.; Kirsch, J.R.; Tobin, J.R.; Ghaly, R.F.; Traystman, R.J. Cerebral blood flow in primates is increased by isoflurane
over time and is descreased by nitric oxide synthase inhibition. Anesthesiology 1994, 80, 132–1327. [CrossRef] [PubMed]

36. Forster, A.; Juge, O.; Morel, D. Effects of midazolam on cerebral blood flow in human volunteers. Anesthesiology 1982, 56, 453–455.
[CrossRef]

37. Eftekhari, S.; Westgate, C.S.J.; Johansen, K.P.; Bruun, S.R.; Jensen, R.H. Long-term monitoring of intracranial pressure in
freely-moving rats: Impact of different physiological states. Fluids Barriers CNS 2020, 17, 39. [CrossRef]

https://doi.org/10.1097/01.WCB.0000090623.86921.47
https://www.ncbi.nlm.nih.gov/pubmed/15299067
https://doi.org/10.2967/jnumed.110.075184
https://www.ncbi.nlm.nih.gov/pubmed/20554730
https://www.ncbi.nlm.nih.gov/pubmed/20402395
https://www.ncbi.nlm.nih.gov/pubmed/22776126
https://doi.org/10.1111/ejn.13542
https://www.ncbi.nlm.nih.gov/pubmed/28196306
https://doi.org/10.1016/j.brainresbull.2004.08.007
https://www.ncbi.nlm.nih.gov/pubmed/15680539
https://doi.org/10.1016/j.neuroimage.2006.11.038
https://doi.org/10.1007/s00259-003-1171-8
https://www.ncbi.nlm.nih.gov/pubmed/12715241
https://doi.org/10.1002/jnr.25102
https://doi.org/10.1080/0284186X.2016.1276620
https://www.ncbi.nlm.nih.gov/pubmed/28094665
https://doi.org/10.3390/molecules26113159
https://doi.org/10.1177/0023677217738268
https://www.ncbi.nlm.nih.gov/pubmed/29310487
https://doi.org/10.3390/ijms23031076
https://doi.org/10.1002/nbm.5260
https://www.ncbi.nlm.nih.gov/pubmed/39254055
https://doi.org/10.1258/002367784780891406
https://doi.org/10.1101/2023.02.21.529425
https://doi.org/10.1093/bja/68.4.388
https://www.ncbi.nlm.nih.gov/pubmed/1642917
https://doi.org/10.1097/00000542-199406000-00020
https://www.ncbi.nlm.nih.gov/pubmed/7516627
https://doi.org/10.1097/00000542-198206000-00009
https://doi.org/10.1186/s12987-020-00199-z


Tomography 2025, 11, 4 15 of 15

38. Mannheim, J.G.; Kara, F.; Doorduin, J.; Fuchs, K.; Reischl, G.; Liang, S.; Verhoye, M.; Gremse, F.; Mezzanotte, L.; Huisman, M.C.
Standardization of small animal imaging–current status and future prospects. Mol. Imaging Biol. 2017, 20, 716–731. [CrossRef]
[PubMed]

39. Jha, P.K.; Challet, E.; Kalsbeek, A. Circadian rhythms in glucose and lipid metabolism in nocturnal and diurnal mammals. Mol.
Cell. Endocrinol. 2015, 418, 74–88.

40. Bárez-López, S.; Gadd, G.J.; Pauža, A.G.; Murphy, D.; Greenwood, M.P. Isofluran rapidly modifies synaptic and cytoskeletal
phoshoproteomes of supraoptic nucleus of the hypothalamus and the cortex. Neuroendocrinology 2023, 113, 1008–1023. [CrossRef]

41. Matsumoto, Y.; Fujino, Y.; Furue, H. Anesthesia and surgery induce a functional decrease in excitatory synaptic transmission
in prefrontal cortex neurons, and intraoperative administration of dexmedotomidine does not elicit the synaptic dysfunction.
Biochem. Biophys. Res. Commun. 2021, 572, 27–34. [CrossRef]

42. Makaryus, R.; Lee, H.; Yu, M.; Zhang, S.; Smith, S.D.; Rebecchi, M.; Glass, P.S.; Benveniste, H. The metabolomic profile during
isoflurane anesthesia differs from propofol anesthesia in the live rodent brain. J. Cereb. Blood Flow Metab. 2011, 31, 1432–1442.
[CrossRef]

43. Boritius, S.; Tammer, R.; Michaelis, T.; Brockmøller, J.; Frahm, J. Halogenated volatile anaesthetics alter brain metabolism as
revealed by proton magnetic resonance spectroscopy of mice in vivo. Neuroimage 2013, 69, 244–255. [CrossRef]

44. Litaudon, P.; Bouillot, C.; Zimmer, L.; Costes, N.; Ravel, N. Activity in the rat olfactory cortex is correlated with behavioral
response to odor: A microPET study. Brain Struct. Funct. 2017, 222, 577–586. [CrossRef] [PubMed]

45. Jong, W.M.C.; Zuurbier, C.J.; Winter, R.J.D.; Heuvel, D.A.F.V.D.; Reitsma, P.H.; Cate, H.T.; Ince, C. Fentanyl-fluanisone-midazolam
combination results in more stable hemodynamics than does urethane alpha-chloralose and 2,2,2-tribromoethanol in mice.
Contemp. Top. Lab. Anim. Sci. 2002, 41, 28–32.

46. Toyama, H.; Ichise, M.; Liow, J.S.; Vines, D.C.; Seneca, N.M.; Modell, K.J.; Seidel, J.; Green, M.V.; Innis, R.B. Evaluation of
anesthesia effects on [18F]FDG uptake in mouse brain and heart using small animal PET. Nucl. Med. Biol. 2004, 31, 251–256.
[CrossRef] [PubMed]

47. Pertiwi, K.R.; Hillman, R.M.; Scott, C.A.; Chilton, E.L. Ischemia Reperfusion Injury Produces, and Ischemic Preconditioning
Prevents, Rat Cardiac Fibroblast Differentiation: Role of K(ATP) Channels. J. Cardiovasc. Dev. Dis. 2019, 6, 22. [CrossRef]
[PubMed]

48. Lang, X.E.; Wang, X.; Jin, J.H. Mechanisms of cardioprotection by isoflurane against I/R injury. Front. Biosci. 2013, 18, 387–393.
[CrossRef]

49. Mansouri, M.T.; Fidler, J.A.; Meng, Q.C.; Eckenhoff, R.G.; Garcia, P.S. Sex effects on behavioral markers of emergence from
propofol and isoflurane anesthesia in rats. Behav. Brain Res. 2019, 367, 59–67. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11307-017-1126-2
https://www.ncbi.nlm.nih.gov/pubmed/28971332
https://doi.org/10.1159/000531352
https://doi.org/10.1016/j.bbrc.2021.07.065
https://doi.org/10.1038/jcbfm.2011.1
https://doi.org/10.1016/j.neuroimage.2012.12.020
https://doi.org/10.1007/s00429-016-1235-8
https://www.ncbi.nlm.nih.gov/pubmed/27194619
https://doi.org/10.1016/S0969-8051(03)00124-0
https://www.ncbi.nlm.nih.gov/pubmed/15013491
https://doi.org/10.3390/jcdd6020022
https://www.ncbi.nlm.nih.gov/pubmed/31167469
https://doi.org/10.2741/4109
https://doi.org/10.1016/j.bbr.2019.03.029
https://www.ncbi.nlm.nih.gov/pubmed/30898682

	Introduction 
	Materials and Methods 
	License, Power and Design 
	Animals and Housing 
	Anesthesia and Monitoring 
	[18F]FDG PET/MR Imaging 
	PET Data Analyses 
	Voxel-Based Analysis 
	Statistics 

	Results 
	General Study Information 
	[18F]FDG PET Imaging—Standardized Uptake Value (SUV) 
	Brain Uptake 
	Heart Uptake 

	[18F]FDG PET Imaging—Voxel-Based Analysis—Brain 

	Discussion 
	Overview 
	Possible Causes of the Anesthetic Effects 
	Brain Regions Uptake Difference 
	Other Parameters 
	Limitations 

	Conclusions 
	References

