University of Groningen

PET Imaging of Mild Traumatic Brain Injury and Whiplash Associated Disorder
Vállez García, David

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Vállez García, D. (2015). PET Imaging of Mild Traumatic Brain Injury and Whiplash Associated Disorder.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 09-01-2023

5
Three months follow-up of rat mild
traumatic brain injury: a combined
[18F]FDG and [11C]PK11195 PET study

David Vállez García, Andreas Otte, Rudi AJO Dierckx,
Janine Doorduin

Submitted

Chapter 5

Abstract
Mild traumatic brain injury (mTBI) is the most common cause of head trauma.
However, the time course of functional pathology is not well defined. The
purpose of this study was to evaluate the consequences of mTBI in rats over a
period of 3 months, by determining the presence of neuroinflammation ([11C]
PK11195) and changes in brain metabolism ([18F]FDG) with PET imaging.
Male Sprague-Dawley rats were divided in mTBI (n=8) and sham (n=8) groups.
In vivo PET imaging and behavioral tests (open field, object recognition
and Y-maze) were performed at different time points after induction of the
trauma. Differences between groups in PET images were explored using
volume-of-interest and voxel-based analysis.
mTBI did not result in death, skull fracture or suppression of reflexes. Weight
gain was reduced (p=0.003) in the mTBI group as compared to the shamtreated group. No statistical differences were found in the behavioral tests
at any time point. Volume-of-interest analysis showed neuroinflammation
limited to the sub-acute phase (day 12) involving amygdala, globus pallidus,
hypothalamus, pons, septum, striatum and thalamus (p<0.03, d>1.2).
Alterations in glucose metabolism were detected over the 3 months period,
with increased uptake in the medulla (p<0.04, d≥1.2), and decreased uptake in
the globus pallidus, striatum and thalamus (p<0.04, d≤-1.2). Similar findings
were observed in the voxel-based analysis (p<0.05 at cluster level).
As a consequence of the mTBI, and in the apparent absence of behavioral
alterations, relative brain glucose metabolism was found altered in
several brain regions, which mostly correspond with those presenting
neuroinflammation in the sub-acute stage.

108

3 months follow-up of rat mild traumatic brain injury: a combined [18F]FDG and [11C]PK11195 PET study

Introduction
Traumatic brain injury (TBI) is a leading cause of brain injury in our society,
with an estimated cost in the United States of over $17 billion per year.1 The
overall incidence of TBI is estimated to be 235 per 100,000 individuals in the
European Union,2 and about 500 per 100,000 individuals in the United States.
Falls and motor related vehicle accidents are the most common causes of
TBI. About 70-80% of the cases of TBI are accounted for as mild TBI (mTBI),3
which is defined as loss of consciousness lasting <30 min, an initial Glasgow
Coma Score of 13-15, and post-traumatic amnesia lasting <24 h.4 Mild TBI is
especially relevant in adolescents and young adults, as the annual rate over
the past 10 years in high school sports has increased by 16.5% annually.5
In the last decade the rate of emergency department visits for sport- and
recreation-related TBIs rose by 57% among persons aged ≤19 years.6 Mild
TBI is also an emerging area of research in relation to modern warfare: about
20% of the veterans from the Iraq or Afghanistan wars have experienced
mTBI.7,8
Longitudinal studies have shown that about 85% of the mTBI patients report
one or more symptoms the day after the accident,9 which generally recovers
within 3 months to a level comparable to healthy population.10 However,
about 15% of mTBI patients showed persistent long-term symptoms that
include headache, memory and attention problems, fatigue and anxiety,
interfering with returning to work or resumption of social activities,11–14 even
in the absence of relevant pathology.15
Computed tomography (CT) and conventional magnetic resonance
imaging (MRI) are the first techniques of choice for initial evaluation after
TBI. However, these techniques cannot be used to predict neurocognitive
functional deficits at any stage of TBI, and do not predict the outcome at
one year after the injury.16 Even if any structural abnormality was shown
with these tools, they do not image the functional pathology important for
the neurocognitive outcome.17,18 Functional neuroimaging using nuclear
medicine techniques, such as single-photon emission computed tomography
(SPECT) or positron emission tomography (PET), have great potential in
providing insight into the underlying functional changes that arise from TBI
and to reveal secondary damage that contributes to short- and long-term
impairment. They are also useful in the evaluation of different therapeutic
approaches and for explaining the evolution of the disease (a detailed review
can be found in Sánchez-Catasús et al.).19
The neuropathology of mTBI is the result of a complex neurometabolic cascade
that follows the head trauma,20 leading to diffuse axonal injury.21,22 Among
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the different pathophysiological mechanisms involved, two have received
major attention in the recent years: metabolic alterations and the presence of
a neuroinflammatory process. For the first mechanism, the use of 2-deoxy2-[18F]fluoro-D-glucose ([18F]FDG) PET imaging allows the evaluation of
glucose metabolism after mTBI. In a similar manner to what is known from
more severe injuries, [18F]FDG PET has proven valid for the detection of broad
and sustained hypometabolism that may last for days to months after the
initial mTBI.23 Additionally, the presence of a neuroinflammatory process,
mainly characterized by activated microglia, has been shown to exist not
only in the acute phase, but also in chronic phases of moderate to severe
TBI,24,25 while only limited information exist of the mild cases. More studies
under controlled conditions are required to better understand the neuronal
mechanisms underlying mTBI, especially including longitudinal designs.26
Therefore, the purpose of this study was to evaluate the consequences
of mTBI in rats over a period of 3 months, by determining the presence
of neuroinflammation and changes in brain metabolism with small
animal PET. A closed head injury model in rats was used to replicate the
pathological features seen in human mTBI, where most of the patients do
not experience skull fracture and no visible alterations in conventional CT
are observed. Neuroinflammation was measured with ([N-methyl-11C](R)1-(2-chlorophenyl)-N-(1-methylpropyl)-3-isoquinoline carboxamide ([11C]
PK11195), a ligand of the translocator protein (TSPO) that is over-expressed
in activated microglia, which play a pivotal role in neuroinflammatory
processes, and brain metabolism was measured with the glucose analog
[18F]FDG. We hypothesized that mTBI results in neuroinflammation,
accompanied by regionals alterations in metabolism and cognitive deficits.

Materials and Methods
Rats
Male outbred Sprague-Dawley rats (11 weeks, weight=322±27g, n=16) were
purchased from Harlan (United States), and housed in pairs in Makrolon
cages on a layer of wood shavings in a room with controlled temperature
(21±2 °C) and humidity, and a 12 hours light/dark cycle. Standard laboratory
chow and water were available ad libitum. After arrival, the rats were allowed
to acclimatize for at least 7 days.
All experimental procedures were conducted according to the Dutch Law
for Animal Welfare, and were approved by the Institutional Animal Care
and Use Committee of the University of Groningen (DEC 6331A and 6331B).
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Study design
The rats were divided in two groups: mTBI (n=8) and sham (n=8), and were
followed for a period of 3 months after induction of the head trauma. PET
scans were performed in all the rats at three time points: sub-acute phase
(12 days post-injury, DPI), one month (33 DPI), and three months (104 DPI).
At each time point, each rat was scanned once in the morning with [11C]
PK11195, for the presence of neuroinflammation, and once in the afternoon
with [18F]FDG, to determine changes in brain metabolism. The behavioral
experiments were performed in the same rats at four time points to assess
cognition and motor deficits: sub-acute phase (9 DPI for Y-maze and open
field test, 10 DPI for object recognition test), one month (30 DPI for Y-maze
and open filed, and 31 DPI for object recognition test), two months (60 DPI
for Y-maze and open filed, and 61 DPI for object recognition test), and three
months (99 for Y-maze and open field, and 100 DPI for object recognition
test).

Mild traumatic brain injury model
The weight-drop mild TBI model of Marmarou et al.27 was used in this study,
since its known to produce diffuse axonal damage in the absence of focal
lesions.28 The rats were anesthetized by inhalation of 5% isoflurane mixed
with oxygen, and maintained at 1.5-2% during the whole procedure. The
rats were intubated and mechanically ventilated, during and shortly after
the impact, to prevent respiratory distress. Saturation of oxygen in blood
was controlled during the experiment. The scalp of the rat was saved,
and the dorsal surface of the skull was exposed via a midline incision and
retraction of the periosteum. The helmet, a metal disc of 10 mm diameter
and 3 mm thickness, was fixed centrally between bregma and lambda using
multipurpose cement (GC Fuji PLUS, GC Europe N.V., Belgium). Then, the
rat was placed in prone position on a foam bed, and the trauma was induced
with a freely falling brass weight (400 g) onto the helmet from a height of 1
m. The brass was attached to a rope, controlled by the researcher, to prevent
repeated impacts. The sham rats underwent a similar procedure, which
involves the same steps described earlier but without the weight drop. After
the intervention, the helmet was removed from the head, and the skin was
sutured. After recovery from anesthesia, the suppression of corneal, paw
flexion, and righting reflexes were evaluated to explore acute neurological
function. To avoid complications with the suture, the rats were housed for
three days individually and then housed again in pairs.

Tracer synthesis
The synthesis of [18F]FDG was performed by the Hamacher method
111
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(nucleophilic fluorination reaction followed by de-protection), with specific
radioactivity of >10 GBq/μmol. The synthesis of [11C]PK11195 was reported
in detail elsewhere,29 with specific radioactivity of >30 GBq/μmol. No
statistical difference was found between groups in the specific radioactivity
of the tracers.

PET acquisition and reconstruction
PET scans were performed using a microPET Focus 220 camera (Siemens
Medical Solutions, USA). For the [11C]PK11195 PET scan, the rats were
anesthetized with 5% isoflurane mixed with medical air at a flow of 2 ml/min.
After induction, the anesthesia was maintained with 1.5-2% of isoflurane and
the [11C]PK11195 was injected via the penile vein (47±39 MBq, 2.9±0.8 nmol).
Immediately after injection the rats were allowed to wake up and to recover
in their home cage. For the [18F]FDG PET scan, the rats were deprived from
food 4–6 h in advance, injected intraperitoneally30–33 with [18F]FDG (28±6
MBq), and returned to their home cage afterwards. For both PET scans, the
rats were anesthetized 45 min after tracer injection and positioned in prone
position into the camera for a 30-min static scan, with the head in the field of
view. The body temperature was maintained with heating pads, salve was
applied to the eyes to prevent dehydration, and the oxygen saturation was
monitored. For all rats, a transmission scan was obtained using a 57Co point
source, for attenuation and scatter correction. All the rats were terminated
after the last scan (104 DPI).
The reconstruction of the scans was performed iteratively (OSEM2D, 4
iterations, and 16 subsets) into a single frame of 30 min after being normalized
and corrected for attenuation and decay of radioactivity, obtaining images
with 128×128×95 matrix, pixel width of 0.475 mm, and slice thickness of 0.796
mm. PET images were automatically registered using VINCI 4.33 software
(Max Planck Institute for Metabolism Research, Germany) to a functional
[11C]PK11195 and [18F]FDG rat brain template,34 which is spatially aligned
with a stereotaxic T2-weighted MRI template in Paxinos space.35 Aligned
images were resliced with cubic voxels (0.2 mm), and standardized uptake
value (SUV) images were obtained for further analysis.
Based on previously constructed structures,34 several volume-of-interest
(VOI) regions were defined, including the amygdala, cerebellum, cortex,
globus pallidus, hippocampus, hypothalamus, medulla, midbrain, pons,
septum, striatum, and thalamus.

Behavioral experiments
Cognition and motor deficits were studied with the open field, object
recognition and Y-maze tests. All behavioral experiments were performed
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during the light phase in a separate test room, and recorded on video for
later analysis using EthoVision XT9 (Noldus Information Technology, The
Netherlands). All the objects and experimental arenas were cleaned to
remove smell cues with 70 % ethanol before being used for each rat.
For the open field test, aimed to assess locomotor activity, the rat was placed
in the middle of an oval arena (126×88 cm) and allowed to explore for 10 min.
The total distance moved was used as the outcome parameter.
In the novel object recognition, for the assessment of recognition memory, the
rat was allowed to recognize for 5 min two identical objects (two light bulbs
or two glass jars) in a familiar experimental field (50×50×40 cm, the floor was
covered with bedding material). After this exploratory period the rat was
returned to its home cage. One hour later, one of the objects was replaced by
a novel object (i.e. a bulb was replaced by a jar, and vice-versa), and the rat
was placed again in the experimental field for 8 min.36 The total time spent
on each object was determined as indicative of memory and recognition, and
the exploration behavior was considering as such when the rat was more
than 5 sec sniffing the object. The novel object recognition score was used as
the final outcome, calculated as: novel object recognition = time exploring the
novel object / total time exploring the novel and the familiar objects.
The Y-maze test was used to assess working memory, based on spontaneous
exploration and alternation between arms. The rat was placed in the center
of the Y-maze (90 cm each arm) and tested for 8 min. Due to the tendency
of rats to explore novel environments, the alternations between arms was
used as the outcome of the test. The outcome for this test was calculated as %
alternations = number of alternations / (number of entries ₋ 2), considering as
alternation when the rat moved to an arm that was not explored before, and
a valid entry when the four limbs were located inside the arm.

Statistical analysis
Data obtained from the VOIs, body weight and behavioral scores were
analyzed using IBM SPSS Statistics 22 (SPSS Inc., United States). The gain
in body weight was calculated for each rat as the difference between the
body weights at each time point minus the body weight prior to the trauma
induction. The Generalized Estimating Equations (GEE) model37 was used to
evaluate the gain in body weight and the behavioral scores. The best working
correlation matrix based on the quasi-likelihood under the independence
model information criterion37 value was the independent structure, as
compared with the unstructured, auto-regressive and exchangeable. In the
GEE models the Wald test was used to report p-values, and p<0.05 were
considered significant.
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The VOI-based analysis was performed using the independent sample t-test,
comparing at each time point the brain region uptake of the sham group and
the mTBI group. No correction for multiple comparisons was applied, and
p<0.05 was considered significant. Moreover, the magnitude of difference
between groups was assessed using the Cohen’s d effect size index calculated
as:
d=

mean mTBI - mean control
SD mTBI2 - mean control2

[18F]FDG SUV values obtained from the VOI-based analysis were normalized
by the uptake in the whole brain. This semi-quantitative ratio is highly
reproducible, minimize variation, and it is preferable for longitudinal and/
or mild forms of TBI studies.23 Moreover, preliminary analysis of the whole
brain [18F]FDG SUV uptake showed no statistical difference between sham
and mTBI rats at any time point.

Voxel-based analysis
Voxel-based analysis was performed using SPM8 (Wellcome Department of
Cognitive Neurology, University College London, UK) and SAMIT toolbox.34
PET images were masked to remove extra-cerebral signal and afterwards
smoothed with a 0.8 mm isotropic Gaussian kernel. For the analysis of [18F]
FDG images, global uptake differences between rats were normalized by
including a “proportional scaling” relative to the mean whole brain uptake.
This procedure have shown good agreement with autoradiography,38 and it
is recommended to reduce the differences between subjects due to gain and
sensitivity.39 The analysis of [11C]PK11195 images was performed without
normalization. For each tracer, a flexible factorial analysis was performed
first to explore the mean effect of the group and time points. Secondly, if
statistically significant differences were observed, a two-sample t–test
analysis was used for group comparison. For interpretation of the statistical
differences, T-map data were interrogated at p=0.005 (uncorrected) and an
extent threshold of k=200 voxels. Only clusters with p<0.05 corrected for
family wise error (FWE) were considered significant. Results were explored
with the help of WFU PickAtlas40 to extract the label of the regions where
the clusters were observed, and the mean T-value at that region (± standard
deviation). Only regions with <100 voxels were reported as significant. The
magnitude of difference between groups was assessed using the Cohen’s d
effect size index calculated as:
d=
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Results
Trauma induction
The trauma induction (0 DPI) did not result in death, observable skull
fracture, apnea or significant drop in oxygen saturation in any of the rats.
Moreover, all the rats had normal reflexes 20-30 min after the trauma and
no difference was found between groups. The recovery from the suture was
normal in all the rats, and there were no observable changes in the behavior
of the rats in the days following the trauma.

Gained weight
No statistical difference was found in the body weight between groups
before trauma induction (sham: 325±23 g, and mTBI: 318±33 g; p=0.66) or the
day after trauma (sham: 322±23 g, and mTBI: 311±32 g; p=0.45). At the end of
the experiments, the gained weight in sham rats was 118±10 g, while mTBI
rats gain weight was of 107±9 g (Figure 1). In the GEE model (Table 1), the
effect of the group was found to be statistically significant (p=0.030), as well
as the days post injury (p<0.001).
140
120

Gained Weight (g)

100
80
60
40
Groups:

20

sham
mTBI

0
-20

0

10

20

30
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70

Days After Trauma

80

90

100

110

Figure 1. Gained weight (mean ± 95% confident interval) over time (n=8, per group). Vertical
dotted lines indicate the experimental interventions
Table 1. Weight change over time
B
(Intercept)
mTBI group
Days Post Injury (DPI)

95% CI

p-value

8.97

4.10; 13.84

0.002

-7.09

-13.49; -0.68

0.030

1.18

1.13; 1.23

<0.001

Parameter estimates were obtained using the control group as reference category
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Behavioral experiments
The rats were tested for alterations in their behavior at the sub-acute period,
and one, two and three months after the trauma (Table 2 and Figure 2). In
the open field, the rats moved an average of 56±16 m during the sub-acute
phase, 36±11 m after one month, 42±13 m at two months, and 43±14 m at
three months. No statistically significant differences were found between
groups or the interaction term (p=0.523 and p=0.198, respectively). However,
the effect of the test was found to be statistically significant higher (p=0.003)
when comparing the test performed in the sub-acute phase with the first
(p=0.001), second (p=0.027) and third month (p=0.007).
In the novel object recognition test, the mean score obtained for the rats was
49±26 in the sub-acute phase, 53±23 at the first month, 48±24 in the second
month, and 44±27 in the last test 3 months after. No statistical differences
were found between groups (p=0.844), tests (p=0.727), or interaction term
(p=0.161).
The calculated percent of alternations in the Y-maze test was 54±14%
in the sub-acute phase, 61±24% one month after trauma, 61±28% at two
months, and 62±21% at three months. No statistical difference was found
between groups (p=0.421) or interaction term (p=0.345). However, statistical
significant difference was found between tests (p=0.005), caused by the
smaller percentage of alternations in the test performed at the sub-acute
phase when compared with the values obtained at one month after trauma
induction (p=0.025, uncorrected pairwise comparison).
Table 2. Behavioral scores in sham rats and rats exposed to mild traumatic brain injury (mTBI)
(n=8 per group). No statistical differences for the behavioral tests were found between sham
and mTBI groups at any time point.
Sub-acute
(mean ± SD)

1 month
(mean ± SD)

2 months
(mean ± SD)

3 months
(mean ± SD)

Open Field: Distance (m)
Sham

71 ± 18

49 ± 17

50 ± 16

50 ± 14

mTBI

59 ± 19

44 ± 12

51 ± 15

55 ± 15

Sham

39 ± 16

91 ± 16

50 ± 28

41 ± 23

mTBI

59 ± 27

44 ± 20

46 ± 20

47 ± 22

Sham

51 ± 10

71 ± 24

69 ± 19

64 ± 24

mTBI

56 ± 18

61 ± 12

64 ± 26

61 ± 19

Novel Object Recognition (%)

Y-maze: alternations (%)

Open filed test was performed for 10 min to assess locomotor activity (distance traveled in meters), the Novel Object
Recognition score was defined as the percentage of the time spent exploring the novel object / the time spent exploring
the novel and familiar objects; and the Y-maze test was performed over 8 min and the percentage of alternations
between arms was used as outcome.
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Figure 2. Behavioral tests in control rats and rats exposed to mild traumatic brain injury
(mTBI) (mean ± SE; n=8 per group). Open Field test (left panel) was performed for 10 min
to assess locomotor activity (distance traveled). Novel Object Recognition test (central panel)
was defined as the percentage of the time spent exploring the novel object / the time spent
exploring the novel and the familiar objects. Y-maze test (right panel) was performed over 8
min and the percentage of alternations between arms was used as measurement

PET imaging
Due to an incorrect procedure during the intraperitoneal injections of [18F]
FDG, the scans of two mTBI rats were excluded from the VOI- and voxelbased analysis, one in the sub-acute phase and the other one in the acquisition
at 3 months.
Volumes of interest analysis
When comparing the mTBI group with the sham rats, increased uptake of
[11C]PK11195 was observed in the VOI-based analysis only at the first scan
time point (12 DPI) (Table 3). Several regions presented this increased uptake
including the amygdala (+18%, p=0.007, d=1.56), globus pallidus (+18%,
p=0.025, d=1.25), hypothalamus (+21%, p=0.008, d=1.56), pons (+20%, p<0.001,
d=2.37), septum (+19%, p=0.026, d=1.24), striatum (+14%, p=0.012, d=1.45) and
thalamus (+17%, p=0.016, d=1.37).
Statistically significant differences were found in all the time points in the
relative [18F]FDG uptake of mTBI rats as compared with the sham group (Table
4). At the sub-acute phase a decreased uptake was found in the thalamus
(-3%, p=0.012, d=-1.52) and an increased relative uptake in the medulla (+8%,
p=0.037, d=1.17). In the scan performed 1 month after the trauma a decreased
relative uptake was observed in the globus pallidus (-7%, p<0.001, d=-2.26)
and thalamus (-3%, p=0.036, d=-1.16), while an increased relative uptake
was observed in the medulla (+10%, p=0.005, d=1.65). Finally in the last scan
performed 3 months after the trauma a decreased relative uptake was found
in the globus pallidus (-8%, p=0.002, d=-2.01) and striatum (-5%, p=0.037, d=1.20), with an increased relative uptake in the medulla (+6%, p=0.025, d=1.27).
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0.57 ± 0.06

0.51 ± 0.05

0.34 ± 0.04

0.41 ± 0.05

0.61 ± 0.07

0.66 ± 0.07

0.41 ± 0.03

0.56 ± 0.04

0.42 ± 0.06

0.36 ± 0.03

0.35 ± 0.04

0.51 ± 0.04

Cerebellum

Cortex

Globus pallidus

Hippocampus

Hypothalamus

Medulla

Midbrain

Pons

Septum

Striatum

Thalamus

Whole brain

0.54 ± 0.04

0.41 ± 0.05

0.41 ± 0.05

0.50 ± 0.07

0.67 ± 0.05

0.43 ± 0.04

0.65 ± 0.03

0.74 ± 0.09

0.44 ± 0.05

0.40 ± 0.05

0.53 ± 0.05

0.57 ± 0.04

0.59 ± 0.06

n.s.

0.016

0.012

0.026

<0.001

n.s.

n.s.

0.008

n.s.

0.025

n.s.

n.s.

0.007

p

1.37

1.45

1.24

2.37

1.56

1.25

1.56

d

0.42 ± 0.14

0.45 ± 0.13

0.36 ± 0.10

0.36 ± 0.11

0.32 ± 0.11
0.30 ± 0.10

0.44 ± 0.15

0.52 ± 0.14

0.37 ± 0.10

0.50 ± 0.13

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

0.39 ± 0.11
0.60 ± 0.16

n.s.

n.s.

n.s.

n.s.

p

0.37 ± 0.12

0.44 ± 0.14

0.48 ± 0.14

0.48 ± 0.14

Mean ± SD

mTBI

0.38 ± 0.16

0.46 ± 0.16

0.37 ± 0.12

0.51 ± 0.17

0.53 ± 0.18

0.34 ± 0.10

0.32 ± 0.10

0.40 ± 0.13

0.47 ± 0.16

0.45 ± 0.17

Mean ± SD

Control

1 month (33 DPI)

Differences between mTBI and sham group were explored independently for each brain region at each time point.
Cohen’s d effect size reported only for those regions with p<0.05

0.50 ± 0.05

Mean ± SD

Mean ± SD

Amygdala

mTBI

Control

Sub-acute (12 DPI)

d

0.41 ± 0.16

0.30 ± 0.11

0.33 ± 0.12

0.39 ± 0.15

0.41 ± 0.15

0.37 ± 0.13

0.44 ± 0.16

0.50 ± 0.21

0.34 ± 0.14

0.31 ± 0.10

0.41 ± 0.17

0.47 ± 0.19

0.39 ± 0.15

Mean ± SD

Control

0.39 ± 0.11

0.33 ± 0.09

0.31 ± 0.09

0.38 ± 0.13

0.43 ± 0.14

0.34 ± 0.09

0.45 ± 0.13

0.50 ± 0.15

0.33 ± 0.09

0.31 ± 0.08

0.38 ± 0.12

0.43 ± 0.12

0.41 ± 0.11

Mean ± SD

mTBI

3 months (104 DPI)

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

p

d

Table 3. Results of the volume of interest analysis of neuroinflammation by means of [11C]PK11195 PET standardized uptake values (n=8 per
group)
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0.95 ± 0.03

1.01 ± 0.04

1.15 ± 0.08

1.09 ± 0.03

0.90 ± 0.03

1.00 ± 0.03

1.09 ± 0.04

0.94 ± 0.03

1.04 ± 0.04

1.22 ± 0.05

1.14 ± 0.03

Cerebellum

Cortex

Globus pallidus

Hippocampus

Hypothalamus

Medulla

Midbrain

Pons

Septum

Striatum

Thalamus

1.10 ± 0.02

1.21 ± 0.03

1.04 ± 0.03

0.93 ± 0.05

1.08 ± 0.02

1.08 ± 0.09

0.87 ± 0.03

1.07 ± 0.03

1.08 ± 0.05

1.01 ± 0.03

0.95 ± 0.04

0.88 ± 0.03

0.012

n.s.

n.s.

n.s.

n.s.

0.037

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

p

-1.52

1.17

d

1.18 ± 0.03

1.24 ± 0.03

1.06 ± 0.05

0.92 ± 0.05

1.10 ± 0.02

0.98 ± 0.04

0.87 ± 0.04

1.10 ± 0.02

1.16 ± 0.04

1.00 ± 0.03

0.97 ± 0.03

0.88 ± 0.03

Mean ± SD

Control
(n=8)

1.14 ± 0.03

1.21 ± 0.05

1.05 ± 0.05

0.92 ± 0.04

1.09 ± 0.04

1.08 ± 0.08

0.87 ± 0.07

1.08 ± 0.04

1.08 ± 0.03

1.00 ± 0.04

0.98 ± 0.03

0.87 ± 0.05

Mean ± SD

mTBI
(n=8)

1 month (33 DPI)

0.92± 0.04
1.06± 0.04
1.25± 0.05
1.22± 0.03

n.s.
n.s.
n.s.
0.036

-1.16

1.12± 0.01

0.96± 0.02

0.005
n.s.

0.90± 0.03

n.s.
1.65

1.10± 0.01

n.s.

1.05 ± 0.04

1.14± 0.05

<0.001

-2.26

1.01 ± 0.04

1.00± 0.01

n.s.

1.19 ± 0.02

1.19 ± 0.05

1.00 ± 0.06

0.89 ± 0.03

1.12 ± 0.03

1.02 ± 0.06

0.88 ± 0.05

1.09 ± 0.03

0.99 ± 0.04

0.84 ± 0.04

Mean ± SD

0.95± 0.03

Mean ± SD

n.s.

d

mTBI
(n=7)

0.86± 0.02

p

Control
(n=8)

3 months (104 DPI)

n.s.

Differences between mTBI and sham group were explored independently for each brain region at each time point.
Cohen’s d effect size reported only for those regions with p<0.05

0.91 ± 0.02

Mean ± SD

Mean ± SD

Amygdala

mTBI
(n=7)

Control
(n=8)

Sub-cute (12 DPI)

Table 4. Results of the volume of interest analysis of metabolism, by means of [18F]FDG PET standardized uptake values

n.s.

0.037

n.s.

n.s.

n.s.

0.025

n.s.

n.s.

0.002

n.s.

n.s.

n.s.

p

-1.20

1.27

-2.01

d
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Voxel-based analysis
Detailed results of the voxel-based analysis are shown in Figure 3 and
Figure 4, and in Table 5 and Table 6. For [11C]PK11195, an increased uptake
was found only during the first scan performed in the sub-acute phase and
involved several brain regions such as the pons (T=3.94±0.75), hypothalamus
(T=3.71±0.66), amygdala (T=3.85±0.61), striatum (T=3.40±0.42), medulla
(T=3.42±0.38), thalamus (T=3.76±0.57), cortex (T=3.54±0.52), globus pallidus
(T=3.94±0.77), and cerebellum (T=3.53±0.50).
Several statistically significant alterations were found in the regional [18F]
FDG uptake of mTBI rats as compared with the sham group. An increased
regional uptake was found in the medulla in all the scans (sub-acute phase:
T=3.56±0.40; 1 month: T=4.03±0.77; and 3 months: T=3.68±0.59), and in the
cerebellum (T=3.48±0.34) and cortex (T=3.77±0.71) on the scan performed 3
months after the trauma induction. In addition, a decreased regional [18F]FDG
uptake was observed in all the scans in the amygdala (T=3.38±0.28, T=3.90±0.56,
and T=4.14±0.95), and thalamus (T=3.47±0.45, T=3.57±0.48, T=3.66±0.61
for sub-acute phase, 1 and 3 months scans, respectively). Moreover, other
regions showed statistically significant decreased regional [18F]FDG uptake
only in some of the scans, including cortex (1 month: T=3.32±0.26; and 3
months: T=3.57±0.39), globus pallidus (1 month: T=4.63±0.81; and 3 months:
T=4.16±0.74), hippocampus (sub-acute phase: T=3.31±0.18; and 1 month:
T=3.54±0.48), hypothalamus (3 months: T=4.22±1.12), and striatum (1 month:
T=3.65±0.58; and 3 months: T=3.81±0.63).
[18F]FDG (mTBI vs. sham)
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Figure 3. Statistically significant increase (upper panel) and decrease (lower panel) in [18F]FDG
uptake over time, comparing rats exposed to mild traumatic brain injury (mTBI) to control
rats (p<0.05 corrected for family wise error at the cluster level; except for the decrease in the
sub-acute phase with *p=0.12)
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Table 5. Results of the voxel-based analysis of neuroinflammation, by means of [11C]PK11195
PET. Only regions with <100 voxels are reported
Sub-acute (12 DPI)
T-value
Mean ± SD

N. voxels

d

Amygdala

473

3.85

±

0.61

2.06

Cerebellum

121

3.53

±

0.50

1.89

Cortex

195

3.54

±

0.52

1.89

Globus pallidus

167

3.94

±

0.77

2.11

Hypothalamus

849

3.71

±

0.66

1.98

Medulla

282

3.42

±

0.38

1.83

1330

3.94

±

0.75

2.11

Striatum

423

3.40

±

0.42

1.82

Thalamus

226

3.76

±

0.57

2.01

T-value: [18F]FDG decrease T-value: [18F]FDG increase

T-value: [11C]PK11195

Pons

8

Sub-acute (12 DPI)

z = -8.2 mm
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Figure 4. Overlay of the increased uptake of [11C]PK11195 found in the sub-acute phase at 12
DPI (green), and its relations with the alterations in the metabolism reflected as increase (red)
and decrease (blue) of [18F]FDG relative uptake during the different time points
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Table 6. Results of the voxel-based analysis of metabolism, by means of [18F]FDG PET tracer.
Only regions with <100 voxels are reported
Sub-acute (12 DPI)
N.
T-value
voxels (mean ± SD)

1 month (33 DPI)
d

N.
voxels

T-value
(mean ± SD)

3 months (104 DPI)
d

N.
voxels

T-value
(mean ± SD)

d

Increased regional uptake:
Cerebellum
Cortex
Medulla

1578

3.56 ± 0.40

1.97

225

3.38 ± 0.28

1.87

216

3.48 ± 0.34

1.93

3886

3.77 ± 0.71

2.09

3586

4.03 ± 0.77

2.15

1782

3.68 ± 0.59

2.04

Decreased regional uptake:
Amygdala
Cortex
Globus pallidus
Hippocampus

120

3.31 ± 0.18

1.84

442

3.90 ± 0.56

2.08

305

4.14 ± 0.95

2.30

2339

3.32 ± 0.26

1.77

229

3.57 ± 0.39

1.98

450

4.63 ± 0.81

2.47

508

4.16 ± 0.74

2.31

330

3.54 ± 0.48

1.89
202

4.22 ± 1.12

2.34

682

3.65 ± 0.58

1.95

1988

3.81 ± 0.63

2.11

452

3.57 ± 0.48

1.91

123

3.66 ± 0.61

2.03

Hypothalamus
Striatum
Thalamus

456

3.47 ± 0.45

1.92

Differences between mTBI and sham group were explored independently for each brain region at each time point.

Discussion
In this study we have shown that mTBI in rats resulted in sub-acute
neuroinflammation and long-term alterations in brain glucose metabolism
in the absence of observable focal damage and behavioral deficiencies. More
specifically, a statistically significant increased uptake of [11C]PK11195,
indicative of microglia activation, was found on day 12 after trauma,
and statistically significant changes in the regional [18F]FDG uptake were
observed on day 12, and at 1 and 3 months after trauma.
Our finding of increased uptake of [11C]PK11195 in several brain regions is
consistent with previous published studies. In vitro autoradiography studies
of severe TBI with the TSPO ligands [3H]PK1119541 and [3H]DAA110642 have
shown the presence of activated microglia at the site of the cortical tissue
that received the injury, as well as at surrounding brain regions, peaking
at one week after the trauma and lasting a maximum of two weeks. Similar
results were found by small animal PET imaging in severe TBI, using
different TSPO radioligands such as [11C]PK1119543, [18F]DPA-71444, and [18F]
FEDAA110645, which were confirmed by immuno-histochemical staining
of activated microglia. A limitation of these [11C]PK11195 and [18F]DPA-714
PET studies43,44 is however that the data was analyzed using VOIs located
only in the region where the trauma was induced, and therefore there is
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no information concerning those processes taking place in other regions of
the brain. In the [18F]FEDAA1106 study45 the VOIs were located in multiple
brain areas and, in addition to the finding of microglia activation in the
region that sustained the impact, activated microglia were found in the
ipsilateral striatum 1 and 4 weeks after the injury, and in the thalamus at
one week. Moreover, increased [18F]FEDAA1106 in the brainstem at 1 week
also suggested the presence of activated microglia, but the increase of 25% in
comparison to control rats was not statistically significant.
Several of those brain regions that we found with increased [11C]PK11195
uptake are known to reflect pathological changes in the mild to severe
variants of the weight-drop model of TBI,28,46,47 including perivascular edema,
microglia activation, caspase expression and axonal swelling. In our study,
the most affected regions were found to be the amygdala, globus pallidus,
hypothalamus, pons, septum, striatum and thalamus. These regions where
found with statistically significant difference in both the VOI- and the voxelbased analysis. While most of these regions have been reported in previous
studies, the increased uptake observed in the hypothalamus was not reported
previously as part of the pathophysiology that accompanied mTBI caused by
the weight-drop model. Nonetheless, the possible damage to this brain region
should be considered carefully due to its implication in the neuroendocrine
dysfunction, which refers to a variety of conditions caused by alterations
in the hormone production at the pituitary and hypothalamic axes. Until
recently, the incidence of this dysfunction was considered uncommon in
TBI, mostly related with the more severe cases. However, recent studies have
pointed out that its incidence is more frequent than what was once expected,
even in the mTBI cases.48–50 The absence of a focal lesion or contusion in
the regions where the trauma was induced is consistent with previous
studies using this model.28,46,51 Finally, in accordance to previous reports, the
microglia activation was only detected in the first scan performed in the subacute period that follows the trauma, which relates with the reported peak
of microglia activation consequence of the injury.
However, [18F]FDG PET revealed regional changes in brain glucose
metabolism at all-time points, i.e. sub-acute phase, 1 month and 3 months
after the trauma. These changes are present in the medulla during the whole
period of the study with a significant increased regional uptake detected
with VOI- and voxel-based analysis. In addition, a decreased regional [18F]
FDG uptake was found in the thalamus, globus pallidus, and striatum.
Other regions showed alterations in the regional [18F]FDG uptake only in
the voxel-based analysis, but not in the VOI-based analysis. The voxel-based
analysis approach may, in theory, be able to better identify subtle changes
that VOI-based approach, as it is limited mainly by the spatial resolution of
123

5

Chapter 5

the scanner rather by the size of the VOIs. One of this regions is the cortex,
which presented regional [18F]FDG uptake alterations at 1 and 3 months after
trauma.
It seems that the changes in regional brain glucose metabolism followed a
clear pattern over time. First, the increased regional [18F]FDG uptake found
in the medulla was maintained during the three months of the study. Then
at three months, an increased regional [18F]FDG uptake was also found in the
left motor and somatosensory cortex. Secondly, decreased regional [18F]FDG
uptake was found mainly in the amygdala, globus pallidus, hippocampus,
striatum, and thalamus. While most of these regions showed predominance
for the left side, when the results were explored from the voxel-based
analysis, the response becomes more symmetrical at 3 months.
Similar to the results obtained with [11C]PK11195 in the present study, no
differences in brain glucose metabolism were observed with [18F]FDG in
the location of the trauma between mTBI and sham rats. In accordance with
previous animal studies, a reduced metabolism was found in regions such as
hippocampus, striatum and thalamus.45,52–54 Moreover, in moderate to severe
TBI human studies, the thalamus shows a consistent reduction in [18F]FDG
uptake.23
In addition, an increased regional glucose metabolism was found in the
medulla at all the time points. Alterations in the brainstem were expected,
as this region was found to sustain diffuse axonal injury with this animal
model.28 However, the increased regional [18F]FDG uptake detected in our
study was inconsistent with a previous report showing decreased glucose
metabolism in the medulla at 1, 3 and 7 DPI, which returned to baseline
levels by 30 days after injury.53 This discrepancy could be explained by the
use of different TBI models, which may result in different degrees of diffuse
axonal injury and/or alterations of metabolic patterns.
An interesting result was the apparent absence of behavioral differences
between mTBI and sham rats. There were no differences in the distance
traveled in the open field, the percentage of alternations in the Y-maze, or
the time spent exploring the novel object. Therefore it can be assumed that
no differences in behavior, memory or locomotor activity were observed as a
consequence of mTBI induction. In clinical studies hypometabolism measured
by [18F]FDG PET after mTBI has been correlated with attention deficits,
increased irritability, social withdrawal, sleep and memory problems, and
depression.23 However, little correlation has been established in preclinical
studies. For example, no correlation was found between [18F]FDG uptake at
1 week, or 1, 3 or 6 months after injury and performance on an open field
test, and elevated plus maze, and learning and memory in a Morris Water
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Maze test after severe injury.52 This supports the idea that sub-concussive
brain injuries may induce acute neuroinflammation in the absence of
behavioral impairment in rats after TBI.55,56 Although it was possible that the
behavioral tests performed in the current study lacked the sensitivity and/
or specificity required for the detection of subtle behavioral disturbances in
the current mTBI model, such those originated from functional changes in
brain stem. Therefore, further research to explore the long-term behavioral
manifestations of mTBI will be of great interest.
There is an increasing variety of experimental animal models to investigate
the pathophysiology of TBI and the effectiveness of therapeutic approaches.57
These animal models can be broadly divided in two categories: closed
head injury, and open head injury models. Consequence of their excellent
reproducibility the fluid percussion models and the controlled cortical impact
injury models are the most widely used. In these models the mechanical force
is applied directly to the brain that is exposed by a craniotomy, producing a
combination of focal cortical lesion and diffuse subcortical neuronal injury.
While these models are able to show some of the pathological features seen
in human mTBI, they do not fully mimic the biomechanics of the injury,
where most of the patients do not experience skull fracture and the brain
appears quite normal on conventional computed tomography and magnetic
resonance imaging.18,58–60 Therefore, for the present study the weight-drop
injury model developed by Marmarou et al. was selected to induce a single
mild TBI.27 The biomechanics of injury mechanism in this model are more
similar to those seen in human, and it is a well characterized model causing
mainly a diffuse injury. In the present study, none of the disadvantages
associated with the moderate or severe variant of this model were observed,
such as skull fracture, respiratory depression or mortality.28 One possible
limitation of the present study was the absence of histological data to
correlate with the PET imaging findings, or to evaluate the successfulness
of the trauma induction. However, the weight-drop is a well established TBI
model with sufficient published histological data proving its validity.28,46,47
Moreover, the trauma induction can be consider successful in the present
study due to the presence of statistically significant differences between
sham and mTBI groups in the sub-acute period using [11C]PK11195 (a wellknown marker of neuroinflammation),61,62 and the gained weight.
Overall, the extended and marked decreased regional [18F]FDG uptake
found in several brain regions, corresponding with those areas with
microglia activation in the sub-acute phase after the trauma, may reflect
the progression of the secondary injury that leads to diffuse axonal injury.20
Additionally, the sustained increased regional [18F]FDG uptake found in the
medulla could reflect a compensatory process consequence of the sub-acute
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damage sustained by regions to which the medulla maintain a reciprocal
connection such as the pons, amygdala, striatum, globus pallidus, thalamus,
and other affected regions. The absence of behavioral differences between
groups, even when functional alterations were observed, demonstrate
the potential importance of nuclear medicine neuroimaging to assess and
monitor brain function after mTBI. Further imaging protocols including other
PET tracers to study more specific cellular process in mTBI pathophysiology
will be of great interest, especially if they can be accompanied by robust
image processing and analysis techniques, and a quantification parameter
obtained through pharmacokinetic modeling, which was not possible in our
longitudinal setup.

Conclusions
In the absence of behavioral alterations, a neuroinflammatory process was
detected by [11C]PK11195 PET in several brain regions only in the sub-acute
period after the induction of a mild traumatic brain injury to the rats, while
alterations in glucose metabolism, determined by [18F]FDG PET, were found
over the time-course of 3 months after the induction of the trauma. These
results seem to reflect the progression of secondary injury, which may lead
to diffuse axonal injury.
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