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General Introduction

Chapter 1

“[...] the null hypothesis is never proved or established, but it is possibly
disproved, in the course of experimentation. Every experiment may be
said to exist only in order to give the facts a chance of disproving the
null hypothesis.”
Fisher, RA. The Design of Experiments, Edinburgh: Oliver and Boyd, 1935, p.18

The severity of apparently simple head injuries is frequently underestimated,
not only by society but also at the clinical and scientific level. This
underestimation is especially frequent for two highly common injuries,
namely mild traumatic brain injury and whiplash injury. Traumatic brain
injury (TBI) is the leading cause of brain trauma in our society, with an overall
estimated incidence per year of 235 per 100,000 inhabitants in the European
Union1 and about 500 per 100,000 inhabitants in the United States,2 of which
approximately 80% are accounted for as mild TBI (mTBI).2 Whiplash injury
is one of the most frequent consequences of motor vehicle related accidents,
affecting about 300 per 100,000 inhabitants per year in United States and
Western European countries.3 In both cases, patients suffering these injuries
frequently report short-term symptoms as a consequence of the trauma, such
as headache, dizziness and cognitive problems. While many recover within a
few weeks, the trauma leads to persistent physical, cognitive and behavioral
impairment in up to 50% of the patients.4,5 These long-term conditions
are frequently referred to as Post-Concussive Syndrome6 and WhiplashAssociated Disorder (WAD).7
The main causes of TBI in general are falls and motor vehicle related accidents.2
There are however an increasing awareness of the impact of mTBI in relation
to sports and modern warfare. Over the past 10 years, the annual rate in the
diagnosis of mTBI in adolescents and young adults in high school increased
by 16%.8 Moreover, in the last decade the rate of emergency department
visits for sport- and recreation-related TBI rose by 57% for people aged
below 19 year.9 While previous data reported an incidence of 300,000 of such
sport-related TBI occurring each year in the United States,10 recent studies
suggested that a more accurate number will be between 1.6–3.8 million per
year.11 It is important to remark that even these figures may still be low due
to the tendency of people to underestimate mild injuries. People engaging in
contact sports, e.g. American football, ice hockey, rugby, soccer or boxing,
are especially prone to suffer from mTBI. This is sometimes influenced by
the over-reliance on protective equipment, which leads athletes to downplay
the consequences of physical contact on the field.12
As the highest rates of sport-related brain injuries occur during adolescence
and young adulthood, it is important to make an effort to fully understand
the consequences of these injuries. In addition, there is growing evidence
10
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that repetitive head traumas lead to an increased risk of depression,13
Alzheimer’s disease,14 chronic traumatic encephalopathy,15–17 and other
neurodegenerative diseases.18 Moreover, there is an emerging area of
research related to the persistent symptoms experienced by many military
personnel following exposure to blast mTBI, and whether these symptoms
reflect structural or functional brain damage.19–21
Whiplash injury is one of the most frequent motor vehicle injuries, and it has
deep economic implications in developed countries. The yearly costs of this
injury, including medical care, loss of work productivity, and litigation, have
been estimated to be at least €10 billion in Europe,22 and $29 billion in the
United States.23 The apparent lack of pathophysiological substrate had driven
the focus of attention towards expectations, beliefs and other psychological
aspects surrounding the trauma, including the possibility that some people
may exaggerate their symptoms for monetary benefits. Even when there is
no evidence indicating any difference in the outcome of patients that applied
for compensation and those who have not,24,25 the seed of distrust has been
sown in society and healthcare.

Difficulties for a better understanding of mTBI and WAD
There are several issues that impede a better understanding of mTBI and
whiplash injury and their prognosis.26,27 Among the most important ones
are the lack of uniformity in their definitions, the absence of detectable
pathophysiological mechanisms to explain the symptoms using conventional
clinical neuroimaging modalities (with the consequent impossibility
to perform prognostic assessments), and the apparent prevalence of
psychological factors.
The World Health Organization (WHO) Collaborating Centre for
Neurotrauma Prevention, Management and Rehabilitation Task Force on
Mild Traumatic Brain Injury (WHO Task Force) found the current literature
on mTBI to be variable in quality, presenting more than 38 definitions.28
Although most of the studies used similar criteria, including the Glasgow
Coma Scale score (GCS), loss of consciousness (LOC), post-traumatic
amnesia (PTA), disorientation/confusion, and neurological signs, it is still
strongly recommended to unify the definition of mTBI.27 Based on this, the
WHO Task Force proposed an operational definition that reads as follows:
“MTBI is an acute brain injury resulting from mechanical energy to
the head from external physical forces. Operational criteria for clinical
identification include: (1) 1 or more of the following: confusion or
disorientation, LOC for 30 minutes or less, PTA for less than 24 hours,
and/or other transient neurological abnormalities such as focal signs,
seizure, and intracranial lesion not requiring surgery; (2) GCS score
11
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of 13-15 after 30 minutes post-injury or later upon presentation for
health care. (3) These manifestations of MTBI must not be due to drugs,
alcohol, medications, caused by other injuries or treatment for other
injuries (e.g., systemic injuries, facial injuries, or intubation), caused
by other problems (e.g., psychological trauma, language barrier, or
coexisting medical conditions), or caused by penetrating craniocerebral
injury.”28
In the other hand, the Quebec Task Force on Whiplash-Associated Disorder
defined WAD as:
“An acceleration-deceleration mechanism of energy transfer to the neck.
It may result from rear end or side-impact motor vehicle collisions, but
also occur during diving or other mishaps. The impact may result in
bony or soft-tissue injuries, which may lead to a variety of clinical
manifestations.”7
Though the definition of WAD has been clearly stated since its origins, there
is still an ongoing debate about its validity.29,30
The tissue damage consequence of the trauma can be generally divided in
primary and secondary injury. Primary injuries occur at the moment of the
impact and are best visualized by structural imaging techniques (i.e. magnetic
resonance imaging (MRI) and computed tomography (CT)). However, the
presence, or absence, of tissue damage detected by these techniques seems
to be inconclusive for the prognosis of WAD and mTBI. In mild to moderate
TBI about 20% of the patients without abnormalities on the admission CT
have residual complains that interfere with resumption of work,31 and even
though MRI imaging is able to detect more subtle alterations than CT, these
techniques cannot be used to predict neurocognitive functions at any stage of
the mTBI nor its functional outcome.32,33 Likewise, tissue damage detected by
conventional imaging showed inconclusive evidence for an association with
the development of WAD.34,35 Secondary injuries are caused by a delayed
non-mechanical damage and it is influenced by changes in blood flow and
metabolic dysfunctions. While the neuropathology of WAD is uncertain,
the complex process that follows the head trauma in mTBI patients is well
known.36 Again, conventional structural CT and MRI imaging fail to detect
these metabolic alterations, as they are naturally focused on morphological
features.
The lack of proof for a defined mechanism of injury should not encourage
researchers and clinicians to neglect its existence. The apparent lack of
physiological measures that could provide an explanation for the outcomes
found in the patients with mTBI and WAD drove many researchers towards
the investigation of psychological factors, such passive coping style,
12
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depression, catastrophizing or expectations; and for many seems to be the
only plausible explanation at the moment.4,5,37–39 While the role of these
psychological factors within mTBI and WAD conditions is undeniable, their
existence does not exclude the pathophysiological substrate. As in the field
of classical statistics, the absence of significant results in an experiment (i.e.
the absence of detectable pathophysiological mechanisms) can never confirm
the null hypothesis (i.e. the physiological mechanisms does not exist).
It is within this frame of uncertainty, with the absence of detectable
pathophysiological mechanisms with conventional imaging studies, that
“state-of-the-art” neuroimaging techniques, such as single-photon emission
computed tomography (SPECT) or positron emission tomography (PET),
have a great potential to provide insight into the underlying functional
changes (i.e. secondary injuries) that arise from mTBI and WAD, especially
in the chronic stages.

SPECT and PET imaging
PET and SPECT nuclear imaging techniques are useful tools for monitoring
in vivo processes. The use of a wide range of radiopharmaceuticals (‘tracers’)
enables us to image different functional processes, e.g. perfusion, glucose
metabolism, and specific cellular receptor expression or enzymatic activity.
Such visualizations greatly facilitate the investigation of multiple health
conditions at different stages, and the evaluation of new pharmacological
interventions, in single or longitudinal study designs. The tracers used for
these purposes are administered to the subject under investigation. It is
the distribution of this tracer in the body and its change over time that is
recorded by PET and SPECT cameras. Both systems rely on detection of the
γ-rays directly or indirectly emitted from the tracers for the creation of a
recorded image.
SPECT cameras are equipped with a collimator that directs the γ-rays
towards the detectors. In contrast to conventional planar imaging obtained
with gamma cameras, the SPECT technique provides 3D images based on
the acquisition of multiple projections at different angles. The radionuclides
used in the labeling of SPECT tracers typically emit γ-rays between 60 and
300 keV, and present long half-lives (i.e. time in which half of the radioactivity
decays) in the range of hours to days (e.g. 99mTc, 123I or 67Ga), which facilitates
their transportation over long distances from the production site to the
hospitals and/or research centers.
In contrast with SPECT, the PET cameras do not detect γ-rays directly emitted
by the radionuclide. The isotopes used in PET imaging have a highly unstable
nucleus, which emits positrons. These positrons are the antiparticle of the
electrons and have the same mass but opposite electric charge. When the
13
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positron is emitted by the isotope, it travels a short distance until it collides
with an electron from the nearby tissue. The resulting annihilation creates
two γ-rays with energy of 511 keV each that travel at almost 180° degrees of
each other. These γ-rays are then detected by the PET camera, which localize
their spatial source along a straight line of coincidence, in a process known
as line of response. The obtained data will be used for the construction of
the final 3D image. The radionuclides used in PET imaging are typically
isotopes with short half-lives, from minutes to few hours (e.g. 15O, 11C, or
18
F), and generally require an on-site cyclotron for production as well as
specialized personnel, which increase the cost of such PET scans. However,
this technique presents some unique properties which drive the use of PET
imaging as the preferred tool (e.g. highest sensitivity, lower radiation dose,
and the existence of broader biologically interesting compounds).

Aim of this thesis
As mentioned before, conventional structural imaging studies with CT
and MRI do not correctly assess the outcome or provide a clear evidence
of a lesion-based model in mTBI and WAD. However, neuroimaging using
nuclear medicine techniques has greater potential in the identification of
altered functional mechanisms and may serve as a guide to evaluate different
therapeutic approaches.
The aim of this thesis was to contribute to a better understanding of the
long-term functional changes underlying the pathophysiology of mTBI and
WAD, by means of nuclear medicine techniques. In this context, the thesis is
divided in three parts: the first part of the thesis focuses on methodological
aspects related to the acquisition and processing of the images, the second
part addresses TBI with a special focus on mild TBI cases, and the third part
was organized around WAD.
Methodology:
Chapter 2: Nuclear medicine imaging techniques are increasingly used for the
study of rodent models of a variety of human brain diseases. However, high
resolution anatomical image data in preclinical brain PET and SPECT studies
is often unavailable, complicating the intra- and inter-subject comparisons
and the application of predefined reference masks or atlas structures. Intramodality registration of the images to a tracer-specific template, aligned to
a standard coordinate space, has been proposed as a good approach for the
registration of these images. The aim of this chapter was to standardized
the methodology used for the construction of rat PET and SPECT tracerspecific templates, and the evaluation of different factors that may affect the
registration process (such as animal strain, tracer characteristics, or image
size).
14
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Chapter 3: One of the strengths of PET techniques is the variety of existent
tracers that can be used to explore different biological functions. In this
context, the evaluation of the translocator protein (TSPO) overexpression
is considered an attractive research tool for monitoring neuroinflammation
in several neurological and psychiatric disorders. [11C]PK11195 PET tracer
has been widely used for this purpose. However, it suffers from several
limitations, including a poor signal-to-noise ratio (mainly due to its low
binding potential to TSPO and high level of non-specific binding), highly
variable kinetic behavior, and apparent lack of sensitivity to detect low levels
of neuroinflammation. For that reason, the recently developed [11C]CB184
tracer was evaluated as a potential more sensitive PET tracer for the TSPO.
Traumatic Brain Injury (TBI):
Chapter 4: This chapter provides a review of neuroimaging in TBI using
nuclear medicine techniques, with a special focus on the mild injuries. With
about 80% of the TBI diagnosed as mild, and a high incidence in adolescence
and young adulthood, the consequences at short and long term of these
injuries must be better understood. With little contribution of conventional
structural imaging (i.e. CT and MRI) to the evaluation of mild TBI, nuclear
imaging techniques such as PET and SPECT are in a favorable position to
provide reliable tools for a better understanding of the pathophysiology.
Chapter 5: The neuropathology of mTBI seems to be the results of a complex
neurometabolic cascade that follows the head trauma, involving different
mechanisms. Two of these mechanisms have received particular attention
in the recent years: metabolic alterations and neuroinflammation. However,
more experiments are required to better understand the neuronal mechanisms
underlying mTBI, especially including longitudinal studies under controlled
conditions. This chapter aims to evaluate the consequences of a mild TBI
over a period of 3 months, by exploring changes in the neuroinflammatory
state ([11C]PK11195 PET scans), metabolic function ([18F]FDG PET scans) and
animal behavior. For this purpose, a closed head injury model in rats was
used to reproduce the pathological features seen in human mTBI, where
most of the patients do no experience skull fracture or visible alterations in
conventional CT.
Whiplash Associated Disorder (WAD):
Chapter 6: WAD describes a heterogeneous group of symptoms that develop
frequently after unexpected rear-end car collision at low velocities. In some
of the patients suffering from the so called whiplash injury, the symptoms
may persist for years. However, there is an ongoing scientific debate about
the existence of tissue injury to support this disorder. This chapter aims
to (i) give an overview of the scientific data regarding the presence of an
15
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injury mechanism as a consequence of the whiplash trauma, (ii) remark the
unexpectedness of an accident as essential, and (iii) present a new concept
according to which WAD symptoms are the result of a mismatch between
aberrant information from the cervical spinal cord and the information
from the vestibular and visual systems, all of which are integrated in the
mesencephalic periaqueductal gray and adjoining regions.
Chapter 7: While radiography, CT and MRI seem to be inconclusive for
the prognosis of WAD, several PET and SPECT studies in chronic WAD
patients have shown the existence of hypoperfusion and hypometabolism
in the posterior parietal occipital cortex, and hyperperfusion in the posterior
parahippocampal, posterior cingulate gyri, medial prefrontal gyrus and
thalamus. This chapter addresses three main objectives: First, replication
of previous results that reported alterations of the cerebral blood flow;
secondly, exploration of the hypothesis presented in chapter 6; third, testing
if non-painful stimuli in the neck region of WAD patients were altered due
to an ongoing process of central hyperexcitability.
Chapter 8 presents a correspondence letter, where we defended that in
WAD “any treatment concept must be a trial-and-error process as long as
the mechanism of action is not understood”.
Finally, in chapter 9 a summary of the results is given as well as an integrated
discussion about the major finding of this thesis and future perspectives.

16
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Abstract
High-resolution anatomical image data in preclinical brain PET and SPECT
studies is often not available, and inter-modality spatial normalization to an
MRI brain template is frequently performed. However, this procedure can
be challenging for tracers where substantial anatomical structures present
limited tracer uptake. Therefore, we constructed and validated strain- and
tracer-specific rat brain templates in Paxinos space to allow intra-modal
registration.
PET [18F]FDG, [11C]flumazenil, [11C]MeDAS, [11C]PK11195 and [11C]
raclopride, and SPECT [99mTc]HMPAO brain scans were acquired from
healthy male rats. Tracer-specific templates were constructed by averaging
the scans, and by spatial normalization to a widely used MRI-based template.
The added value of tracer-specific templates was evaluated by quantification
of the residual error between original and realigned voxels after random
misalignments of the data set. Additionally, the impact of strain differences,
disease uptake patterns (focal and diffuse lesion), and the effect of image and
template size on the registration errors were explored.
Mean registration errors were 0.70±0.32 mm for [18F]FDG (n=25), 0.23±0.10
mm for [11C]flumazenil (n=13), 0.88±0.20 mm for [11C]MeDAS (n=15), 0.64±0.28
mm for [11C]PK11195 (n=19), 0.34±0.15 mm for [11C]raclopride (n=6), and
0.40±0.13 mm for [99mTc]HMPAO (n=15). These values were smallest with
tracer-specific templates, when compared to the use of [18F]FDG as reference
template (p<0.001). Additionally, registration errors were smallest with
strain-specific templates (p<0.05), and when images and templates had the
same size (p≤0.001). Moreover, highest registration errors were found for
the focal lesion group (p<0.005) and the diffuse lesion group (p=n.s.). In the
voxel-based analysis, the reported coordinates of the focal lesion model are
consistent with the stereotaxic injection procedure.
The use of PET/SPECT strain- and tracer-specific templates allows accurate
registration of functional rat brain data, independent of disease specific
uptake patterns and with registration error below spatial resolution of the
cameras. The templates and the SAMIT package will be freely available for
the research community.
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Introduction
Nuclear medicine imaging techniques are increasingly used for the study
of rodent models of a variety of human brain diseases. The use of these
functional images allows the researcher to measure physiological processes,
biochemical pathways and neurotransmitters in vivo. The ability to perform
longitudinal, within-animal scans greatly facilitates the investigation of
chronic diseases and the evaluation of neuropharmacological interventions.
However, the resolution that can be obtained in current small animal
positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) scanners is a limiting factor during the analysis.
Therefore, the optimal use of the imaging data becomes crucial.
A powerful and widely-used approach for the analysis of neuroimaging
data is based on the adoption of a common reference space to which images
from individual subjects and time points are spatially normalized.1 This
allows direct within- or between-subject comparisons and the application of
standard, pre-defined reference maps and masks, including atlas structures.
However, the normalization of functional images without its accompanying,
simultaneous acquired, structural image is challenging due to the tracer
specific spatial profiles and tracer dependent amount of anatomical
reference points. The availability of tracer specific templates aligned in a
standard reference space would enable the use of automatic normalization
of functional images to a template, therefore minimizing the user dependent
variability and providing direct access to corresponding anatomical atlases
and reference coordinates. Moreover group comparisons could be performed
using a voxel-based and/or VOI-based (volume of interest) analysis.
The aim of the current study was to standardize the methodology for the
construction of rat brain PET and SPECT tracer specific templates, and to
provide and share tools necessary for this procedure and for the subsequent
voxel-based and/or VOI-based analysis. The steps for the construction of the
templates were based on previous work of Casteels et al.2,3 but revised to
obtain symmetrical templates and extended to other PET and SPECT specific
tracers, including [18F]FDG for the assessment of functional metabolism,
[11C]flumazenil for GABAA receptors, [11C]MeDAS for myelin integrity,
[11C]PK11195 for microglia activation, [11C]raclopride for D2/3 dopamine
receptors, and [99mTc]HMPAO for the measurement of cerebral blood flow.
In addition, a more recent T2-weighted MRI template in Paxinos space4 was
used as reference dataset. For the spatial normalization of brain data of
healthy animals, the added value of tracer and strain specific templates was
evaluated and compared to the more standard and commonly available [18F]
FDG template of the rat brain, an aspect that has not been addressed so far
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in a preclinical setting. Moreover, the relevance of strain specific templates
was determined by comparing the registration errors of [18F]FDG and [11C]
PK11195 brain PET scans of both healthy Sprague-Dawley and Wistar rats
using either a strain specific or a general template. And finally, the effect in
the registration errors of focal and diffuse alterations of uptake was explored
with [11C]PK11195 images.
In addition, we present a software package that works as an extension of
SPM (Wellcome Department of Cognitive Neurology, University College
London, UK): SAMIT (Small Animal Molecular Imaging Toolbox). The aim
of this toolbox is to facilitate the construction of new tracer specific templates
and the subsequent voxel-based analysis of small animal PET and SPECT
brain images. In human studies, the analysis of functional neuroimaging
data is frequently performed with the SPM software developed by Friston
et al. Although some studies have used this software in a preclinical setting,
there was not an easy to use approach widely available. Some efforts have
been made to allow the use of SPM in the study of the rat brain images.
One of the first extensions came with the distribution of a MRI rat brain
template from the Karolinska Institute,5 developed for the SPM99 version,
released in January 2000. This toolbox is not functional anymore with the
newest versions of SPM (SPM8 and SPM12), but its MRI rat template was
widely spread into the scientific community. More recently, Nie et al.6
published another rat brain MRI template accompanied with a SPM toolbox,
compatible with SPM8 (released in April 2009). In that toolbox, the MRI
template used for spatial normalization of the data was not oriented into the
standard Paxinos space7 and the anterior commissure was adopted as the
center of coordinates, while the bregma is the standard reference in the rat
brain coordinates system. Moreover, several transformations are performed
to the image during the process of analysis, what makes the exchange of the
scans with other software packages or the interpretation of the results outside
the framework of the toolbox difficult. Therefore, we decided to develop a
toolbox producing minimal changes to the original SPM code, compatible
with the most recent versions of SPM. To the best of our knowledge, this is
the first time that a toolbox of these characteristics is developed, focused on
the analysis of small animal PET and SPECT functional brain images.

Materials and methods
Animals
Functional brain data of male Sprague-Dawley rats (n=30, weight of 329±48
[261–424] grams) and male Wistar rats (n=107, weight of 291±47 [222–437]
grams) were acquired from Harlan (Lelystad, The Netherlands). After
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arrival, the animals were allowed to acclimatize for at least seven days.
The rats were housed in Makrolon cages on a layer of wood shavings in a
room with constant temperature (21±2 °C) and 12 hour light-dark regime
(light phase from 7:00–19:00 hours). Standard laboratory chow and water
were available ad libitum. The distribution of the rats across the groups is
summarized in Table 1. The Institutional Animal Care and Use Committee
of the University of Groningen (The Netherlands) approved all experiments,
and all applicable institutional and/or national guidelines for the care and
use of animals were followed.

Table 1. Distribution of the rats across experimental groups
Weight
Strain

Group

N

Mean

±

Range
SD

Min

-

Max

PET
[18F]FDG

Sprague-Dawley

Healthy

9

376 ± 31

323 - 424

Wistar

Healthy

25

318 ± 57

247 - 437

[ C]Flumazenil

Wistar

Healthy

13

250 ± 20

222 - 288

[11C]MeDAS

Wistar

Healthy

15

260 ± 15

233 - 284

[ C]PK11195

Sprague-Dawley

Healthy

11

317 ± 51

261 - 395

Injection of saline

10

298 ± 18

272 - 328

Healthy

19

319 ± 49

225 - 399

Herpes encephalitis

14

301 ± 35

250 - 350

11

11

Wistar

[ C]Raclopride

Wistar

Healthy

6

291 ± 37

235 - 350

[99mTc]HMPAO

Wistar

Healthy

15

266 ± 13

244 - 290

Total

Sprague-Dawley

30

329 ± 48

261 - 424

107

291 ± 47

222 - 437

11

SPECT

Wistar

Study design
The study was divided into three sections. In the first section, brain data of
healthy rats were used for the construction of strain- and tracer- specific PET
templates of [18F]FDG, [11C]flumazenil, [11C]MeDAS, [11C]PK11195, and [11C]
raclopride, and for the construction of a SPECT [99mTc]HMPAO template.
The image data used for the construction of the templates was characterized
in terms of intersubject variability and right-to-left asymmetry of the tracer
distribution in the rat brain.
In the second section of the study, the feasibility of the templates was
explored by quantitative evaluation of the registration errors, performing
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random misalignments of the brain data. Different aspects of the template
characteristics were tested:
1. The effect of tracer specific templates was evaluated by comparing the
registration errors obtained using a tracer specific template versus the
results obtained using the commonly available [18F]FDG template of
the rat brain.
2. The added value of strain specific templates was explored with [18F]
FDG and [11C]PK11195 scans of Sprague-Dawley and Wistar rats.
A comparison of the registration errors was performed using strain
specific templates, template of the opposite strain, or a template that
combines both strains.
3. The effect of the image and template size in the registration errors
was explored using [18F]FDG and [11C]PK11195 images from Wistar
rats. The ‘small images’ (96×120×96 slides) were adjusted to the skull
size, by using the same size as the MRI template. The ‘large images’
had a broader field of view, which included extra cranial structures
(150×150×150 slides). The templates were also constructed in these
two sizes, and the registration errors were obtained from pairwise
comparison.
4. The impact of disease uptake patterns on the normalization accuracy
was also explored, using two different disease models:
a. Focal lesion model: The rats used for the focal lesion model
were obtained from a previous study.8 For the purpose of this
manuscript, only the animals with saline injection were selected.
A stereotaxic injection of saline was performed in the right
corpus callosum and striatum, corresponding to the bregma
coordinates -0.3 mm anteroposterior, 3 mm lateral, and -3, -4.2,
-5 mm dorsoventral. [11C]PK11195 PET scans (Sprague-Dawley,
n=10) were performed at day 3 and day 7 days after injection.
b. Herpes encephalitis model (HSE): This model was described in
detail previously.9 In short, rats were inoculated with the herpes
simplex virus type 1 under slight isoflurane anesthesia (5% in
medical air) by applying 100 µl of phosphate-buffered saline
with 1×107 plaque-forming units of virus into the nostrils. The
rats (Wistar, n=14) underwent a dynamic scan of 60 min with
[11C]PK11195 at day 6 or day 7 after inoculation.
In the third and last section of the study, voxel-based analysis of the two
previous disease models was performed to evaluate the use of the templates in
combination with the SAMIT package. The focal lesion model was chosen to
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evaluate the accuracy in reporting the coordinates of a known inflammatory
process induced by stereotaxic injection of saline in the rat brain, while the
effect of a broader inflammatory process was explored with the HSE model.

Tracer Synthesis
The synthesis of the PET tracers [11C]PK11195 ([N-methyl-11C](R)-1-(2chlorophenyl)-N-(1-methylpropyl)-3-isoquinoline carboxamide) and [11C]MeDAS
([N-methyl-11C]-4,4′-diaminostilbene) was performed as described previously,9,10
with a specific activity >30 Gbq/µmol and >50 GBq/µmol respectively. [18F]
FDG (2-deoxy-2-[18F]fluoro-d-glucose) was produced by the Hamacher method
(nucleophilic fluorination reaction followed by deprotection), with a specific
activity >10 GBq/µmol.
[11C]Flumazenil

(ethyl
8-fluoro-5-methyl-6-oxo-5,6-dihydro-4H-benzo[f]
imidazo[1,5-a][1,4]diazepine-3-carboxylate) was performed as described

previously.11 Briefly, [11C]methyltriflate was trapped at room temperature in
the reaction vial containing 0.5 mg of desmethyl-flumazenil (ABX 1700.0001)
dissolved in 300 uL of dry aceton with 10uL of NaOH 1M. After the trapping
of [11C]methyltriflate was completed, the reaction mixture was heated at 60
°C for 1 min. Then, 0.7 ml of HPLC eluent was added (23% of acetonitrile,
and 77% of 25 mM NaH2PO4 at pH 3.5 in sterile water). The mixture was
purified by HPLC (Waters μBondpak C18 125 column 10μm, 7.8 mm × 300
mm). The purified product was diluted in 85 ml water and passed over an
Oasis HLB 1cc (30 mg Waters) cartridge. The cartridge was washed twice
with 8 ml saline, and eluted with 0.75 ml of ethanol and 4.5 ml of saline. The
product was sterilized over 0.22 μm LG filter and collected in a sterile vial.
Specific activity was >20 GBq/µmol.
[11C]Raclopride

(3,5-dichloro-N-((1-ethyl-2-pyrrolidinyl)-methyl)-2-hydroxy6-methoxy-benzamide) was labeled by trapping [11C]methyl iodide12 in a

solution of 1 mg desmethylraclopride and 1.4 mg sodium hydroxide in
300 µl dimethylsulfoxide. The reaction mixture was allowed to react for 4
minute at 80 °C. After the reaction, the product was purified by HPLC using
a µBondapak C18 column (7.8 mm × 300 mm) with acetonitrile/10 mM H3PO4
(30/70) as the eluent (flow 5 ml/min). To remove the organic solvents from
the product, the collected HPLC fraction (retention time 8 min) was diluted
with 100 ml of water and passed through an Oasis HLB 200 mg cartridge. The
cartridge was washed twice with 8 ml of water and subsequently eluted with
0.8 ml of 1% H3PO4 in ethanol and 8 ml of phosphate buffer (pH 7.2). The
product was sterilized by filtration over a 0.20 µm Millex LG filter. Quality
control was performed by HPLC, using a µBondapak C18 column (300 mm
× 3.9 mm) with acetonitrile/10 mM H3PO4 (30/70) as the eluent at a flow of 1
ml/min, and radiochemical purity was always >95% and the specific activity
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>50 GBq/µmol.
The SPECT tracer [99mTc]HMPAO ([[(3RS,3’RS)-3,3’-[(2,2-dimethyltrimethylene)
diimino][di-2-butanone]dioximato](3-)-N,N’,N’’,N’’’]oxotechnetium, 99mTc) was
synthesized using Ceretec Kit (GE Healthcare B.V., The Netherlands), and
cobalt chloride as a stabilizer, following a procedure previously described.13

Data Acquisition
All PET imaging acquisitions were performed with a microPET Focus
220 camera (Siemens Medical Solutions USA, Inc.), with rats in transaxial
position and the heads in the field of view. All the rats were anesthetized with
isoflurane at 5% in medical air for induction, and 1.5–2% for maintenance.
For all the acquisitions, a transmission scan of 515 seconds was performed
with a 57Co point source, for attenuation and scatter correction.
The data used in the present study was collected from previous experiments
performed in the department. Differences in the acquisition protocol are
described below:
[18F]FDG scans: the rats were slightly anesthetized and the tracer was injected
intraperitoneally. Then, rats were returned to their home cage and allowed to
recover from anesthesia. At 40 min after injection the rats were anesthetized
and positioned in the camera, where an acquisition of a 30 min static scan
was performed 45 min after tracer injection.
[11C]Flumazenil scans: the rats were anesthetized and the tail vein was
cannulated for tracer injection. Rats were placed in the camera, and a 60 min
dynamic PET scan was started simultaneously with the injection of the tracer
over 1 min, using an automatic pump at speed of 1 ml/min.
[11C]MeDAS: the rats were anesthetized and directly positioned in the camera.
Simultaneously with the injection of the tracer via the penile vein a dynamic
scan of 60 min was started.
[11C]PK11195: the rats were scanned using three different protocols. In the
first protocol, the rats were slightly anesthetized and intravenously injected
via the penile vein. Then, the rats were returned to their home cage and
allowed to recover from anesthesia. At 40 min after injection, the rats were
anesthetized and positioned in the camera for a 30 min static acquisition,
performed at 45 min after tracer injection. In the second protocol, the rats
were anesthetized and positioned in the camera, where the tracer was
intravenously injected via the penile vein, and a 60 min dynamic scan was
started simultaneous with tracer injection. In the third protocol, the rats
were first cannulated into the femoral vein after induction of anesthesia,
and then positioned in the camera. The tracer was injected over 1 min, using
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an automatic pump at speed of 1 ml/min, and a 60 min dynamic scan was
started.
[11C]Raclopride: rats were anesthetized and directly positioned in the camera.
Tracer was injected via the penile vein, and a 60 min dynamic PET scan was
started simultaneously.
The [99Tc]HMPAO acquisitions were performed with a high-resolution
focusing multi-pinhole SPECT system (U-SPECT-II, MILabs, The
Netherlands). Rats were anesthetized with isoflurane and intravenously
injected with [99Tc]HMPAO via the penile vein. Hereafter the rats were
positioned in the small animal SPECT camera in transaxial position with the
head in the field of view. An acquisition scan of 45 min was started at 15 min
after tracer injection.

Image Reconstruction
For both the 60 min dynamic PET scans and 30 min static PET scans, the listmode data were reconstructed into a single frame representing the last 30
min of the scan. The emission data were iteratively reconstructed (OSEM2D,
4 iterations, 16 subsets) after being normalized and corrected for attenuation,
scatter and decay. Final images had a 128×128×95 matrix with a pixel width
of 0.475 mm and a slice thickness of 0.796 mm.[99Tc]HMPAO images were
reconstructed using U-SPECT-Rec v1.34i3 (MILabs, The Netherlands) with a
pixel-based ordered-subsets expectation maximum (POSEM) algorithm with
16 subsets and 6 iterations, resulting in a single frame of 45 min corrected for
attenuation and scatter. Final images had a 123×123×195 matrix with a pixel
width and slice thickness of 0.375 mm.
Voxel-wise parametric standardized uptake value (SUV) images were
constructed for all the scans. For [18F]FDG and [99Tc]HMPAO the values were
corrected for the mean uptake of the whole brain.

Data Preparation
Each image scan was first manually aligned with the stereotaxic T2-weighted
MRI template using VINCI 4.36 software (Max Planck Institute for Metabolism
Research, Cologne, Germany). New images were cropped and resliced into
a 180×180×180 matrix dimension. According to the Nyquist frequency, the
dimensions of the voxel size was decided to be 0.2 mm; about half the size of
the smallest pixel, i.e. 0.375 mm from the SPECT reconstructed images.

Template Construction
The procedure used for the construction of the templates was based on
work by Casteels et al.2,3 but revised to obtain symmetrical templates (Figure
1). This process was automatized and implemented in SAMIT, using the
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functions included in SPM8 (Wellcome Department of Cognitive Neurology,
University College London, UK), without the use of masked images during
the procedure. The construction of the T2-weighted MRI template and its
co-registration with the Paxinos anatomical atlas has been previously
described.4 The procedure for the construction of functional templates can
be divided in three steps. First, one representative image of each set of
tracer was selected as ‘standard’ for that specific tracer. Then, each of the
individual scans was normalized into the space of the representative one.
This within modality affine registration was done by minimizing the sum
of squares differences between the image which is to be normalized, and
the reference image. Secondly, a symmetrical voxel-wise averaged template
was obtained from the previously aligned images. For that, a flipped leftright duplicate of the previously obtained average image was created, and
normalized into the original average template. And third, a cross-modality
registration was performed between the symmetric averaged image and the
reference MRI. This procedure was done using a rigid-body transformation
based on the normalized mutual information maximization algorithm. Then,
the transformation matrix obtained in the co-registration was applied to all
the images used in the construction of the template, for further use in the
study.
All rat brain image data which were spatially normalized to these functional
templates were therefore positioned in the Paxinos stereotaxic coordinate
system, facilitating the reporting of results and enabling the use of predefined
standard-space atlas structures and other masks associated with the MRI
template.
Original images Normalise to
the 1st image

Mean image

Coregistration
to MRI

1st

2nd

3rd

L

R

R

L

nth

Figure 1. Flowchart. Construction of new tracer specific templates

28

Final Template

A standardized method for the construction of tracer specific PET and SPECT rat brain templates:
validation and implementation of a toolbox

Volumes of interest
A 3D volumetric atlas was constructed from the electronic version of the 78
coronal figures published in the 4th edition of the Paxinos and Watson atlas,
following the proposed framework of Majka et al.14 Composite structures
were defined, as many of the individual structures are small relative to
typical spatial resolution of PET and SPECT.
For the purpose of this study, the volumes of interest (VOI) were defined
to represent the major cortical and subcortical structures of the rat brain,
including nucleus accumbens, amygdala, caudate-putamen, cerebellum,
cortex, globus pallidus, hippocampus, hypothalamus, medulla, midbrain,
pons, septum and thalamus. Independent VOIs were obtained for left and
right sides of the brain.

Registration Error
The feasibility to register each individual scan to the selected template was
quantified following a previously described procedure,2,3,15,16 which gives a
realistic idea of the registration error, and was implemented in SAMIT for
the evaluation of future templates. For the purpose of this study, all the
images used in the construction of the templates, or used for the evaluation
of the focal lesion and the HSE, were included in the analysis. Each of these
images underwent 40 random misalignments: 10 translations, 10 rotations,
10 linear stretchings, and 10 combinations of the 3 previous parameters. The
misalignments were generated with the uniformly distributed pseudorandom
integer function, within -0.5 mm to +0.5 mm of translation, -20° to +20° of
rotation, and -10% to +10% of linear stretching along the 3 orthogonal axes/
planes. For the combined misalignment, rotation was defined within -10°
to +10°. These values were based on typical magnitudes that can be found
in realistic situations. Each resultant image volume was smoothed with a
Gaussian kernel of 0.8 mm and then registered again to the selected template
with affine registration using least squares function. For each voxel (x,y,z) in
the original image, the position after misalignment and posterior registration
was computed. Then, the distance was averaged over all the brain voxels
and used as measure of error, in millimeters.

Statistical analysis
Regional mean uptake values and right-to-left asymmetry indices were
calculated at VOI level for each of the images used in the construction of
the tracer specific templates. The procedure to extract these values was also
implemented in SAMIT for further use.
All data obtained from the VOIs and the registration error tests were analyzed
using IBM SPSS Statistics 22 (SPSS Inc. Chicago, The United States). The
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Generalized Estimating Equations (GEE) model17 was used to account for the
repeated measurements during the analysis of the registration errors, with
Gamma as distribution and Log as link function. The Quasi-likelihood under
the independence model information criterion17 was applied to find the best
working correlation matrix structure applicable for the analysis, which was
determined to be the independent structure (compared with auto-regressive,
exchangeable, and unstructured). Wald test was used to report the p-values,
which were considered significant for p<0.05.

Voxel-based Analysis
Two voxel-based analyses were performed in SPM8, using [11C]PK11195
data, to evaluate the use of tracer specific templates in combination with the
SAMIT package. In the first experiment Sprague-Dawley rats were studied,
by comparing a control group (n=11) with the focal lesion group (n=10),
obtained by stereotaxic injection of saline in the right corpus callosum
and striatum. In the second study, Wistar rats were divided into a control
group (n=19) and HSE group (n=14), and were scanned at day 6 or 7 after
inoculation of the virus. The analysis was performed using a two-sample
t-test design (control vs. intervention). All the images were smoothed with
a 1.2 mm isotropic Gaussian kernel. The analysis was performed without
global normalization, since non-specific binding of the tracer to non-activated
microglia is considered to be close to zero.
For the interpretation of group differences, T-maps data were interrogated
at p=0.001 (uncorrected) and an extent threshold of 200 voxels. Only cluster
with p<0.05 family-wise error (FWE) corrected were considered significant.
The use of the SAMIT package within SPM allows the visualization of the
results over a rat ‘glass brain’ (maximum intensity projection map), and to
report the coordinates in Paxinos space.

Results
Tracer specific PET and SPECT Templates
Figure 2 shows the different PET and SPECT tracer templates constructed,
aligned in space with the rat stereotaxic MRI. The mean VOI uptake and
right-to-left ratios, are displayed in Table 2 for [18F]FDG, [11C]flumazenil,
[11C]MeDAS, [11C]PK11195, [11C]raclopride and [99mTc]HMPAO, which were
calculated from the images used in the construction of the corresponding
template.
The [18F]FDG uptake, expressed as SUV corrected for the mean uptake of
the whole brain, was found to be fairly homogeneous across the brain. The
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lowest relative uptake was found in the hypothalamus (0.77±0.06), amygdala
(0.78±0.04), and pons (0.85±0.10), whereas the highest uptake was found in
the caudate-putamen (1.28±0.06), thalamus (1.17±0.06) and globus pallidus
(1.10±0.08). The right-to-left ratio was close to one for all regions, ranging
from 0.98±0.03 in the pons to 1.02±0.04 in the amygdala.
In [11C]flumazenil images the lowest uptake (SUV) was found in medulla
(0.29±0.08) and pons (0.34±0.09), and the highest uptake in cortex (0.87±0.16)
and hippocampus (0.86±0.16). The right-to-left ratio ranged from 0.97±0.07 in
the amygdala to 1.02±0.01 in the cortex.
For [11C]MeDAS uptake, the lowest uptake (SUV) was measured in the
cerebellum (0.69±0.20), followed by the medulla (0.80±0.26), while the
highest uptake was detected in the cortex (1.02±0.32) and nucleus accumbens
(1.00±0.04). The right-to-left ratio was more spread than in previous tracers,
with the lowest value found in the hypothalamus (0.97±0.14) and nucleus
accumbens (0.99±0.05), and the highest ratios found in cortex (1.06±0.06) and
amygdala (1.06±0.07).
[11C]PK11195 uptake (SUV) was found to be the lowest in globus pallidus
(0.32±0.05), caudate-putamen (0.33±0.06), and thalamus (0.36±0.07); while

A MRI

100%

B

0%
100%

[18F]FDG
0%
100%

[11C]Flumazenil
0%
100%

[11C]MeDAS
0%
100%

[11C]PK11195
0%
100%

[11C]Raclopride
0%
100%

[99mTc]HMPAO
0%

Figure 2. Tracer-specific PET and SPECT templates. (A) Different horizontal brain sections,
and (B) sagittal and coronal sections
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Table 2. Mean SUV uptake, and right/left ratio obtained using VOI analysis
SUV
Mean±SD

R/L ratio
Mean±SD

Accumbens

1.06±0.05

1.00±0.06

Accumbens

0.96±0.08

1.00±0.12

Amygdala

0.78±0.04

1.02±0.04

Amygdala

0.86±0.07

1.01±0.08

[18F]FDG

SUV
Mean±SD

R/L ratio
Mean±SD

[99mTc]HMPAO

Caudate-Putamen

1.28±0.06

1.00±0.02

Caudate-Putamen

0.94±0.05

1.03±0.04

Cerebellum

0.94±0.07

1.01±0.03

Cerebellum

1.05±0.07

0.98±0.05

Cortex

1.09±0.04

1.00±0.01

Cortex

1.04±0.03

0.99±0.03

Globus Pallidus

1.10±0.08

1.00±0.04

Globus Pallidus

0.87±0.09

1.02±0.17

Hippocampus

1.05±0.03

1.00±0.02

Hippocampus

1.13±0.03

1.02±0.06

Hypothalamus

0.77±0.06

1.01±0.03

Hypothalamus

1.01±0.04

1.00±0.08

Medulla

0.90±0.07

0.99±0.04

Medulla

0.89±0.07

1.01±0.07

Midbrain

1.08±0.03

1.00±0.02

Midbrain

1.10±0.04

0.99±0.05

Pons

0.85±0.10

0.98±0.03

Pons

0.91±0.05

0.99±0.07

Septum

1.05±0.04

1.00±0.03

Septum

1.01±0.09

0.96±0.08

Thalamus

1.17±0.06

1.00±0.02

Thalamus

1.07±0.03

0.99±0.06

[ C]Flumazenil

[ C]MeDAS

11

11

Accumbens

0.63±0.15

1.01±0.18

Accumbens

1.00±0.04

0.99±0.05

Amygdala

0.66±0.13

0.97±0.07

Amygdala

0.82±0.05

1.06±0.07

Caudate-Putamen

0.71±0.14

0.99±0.04

Caudate-Putamen

1.20±0.03

1.00±0.03

Cerebellum

0.50±0.11

1.01±0.02

Cerebellum

0.85±0.05

1.04±0.02

Cortex

0.87±0.16

1.02±0.01

Cortex

0.87±0.02

1.02±0.02

Globus Pallidus

0.63±0.14

0.98±0.09

Globus Pallidus

1.28±0.05

0.99±0.04

Hippocampus

0.86±0.16

1.00±0.03

Hippocampus

0.96±0.01

1.01±0.03

Hypothalamus

0.55±0.12

1.01±0.07

Hypothalamus

1.06±0.06

0.99±0.03

Medulla

0.29±0.08

1.00±0.07

Medulla

1.20±0.04

1.00±0.06

Midbrain

0.72±0.17

1.00±0.05

Midbrain

1.31±0.05

1.01±0.02

Pons

0.34±0.09

1.01±0.05

Pons

1.40±0.05

1.01±0.02

Septum

0.68±0.14

0.98±0.07

Septum

1.07±0.05

1.01±0.06

Thalamus

0.62±0.16

1.00±0.04

Thalamus

1.21±0.04

0.99±0.03

[ C]PK11195

[ C]Raclopride

11

11

Accumbens

0.38±0.07

0.97±0.11

Accumbens

1.50±0.53

1.01±0.11

Amygdala

0.40±0.07

1.06±0.10

Amygdala

0.94±0.35

1.03±0.14

Caudate-Putamen

0.33±0.06

0.99±0.07

Caudate-Putamen

2.37±0.83

1.01±0.03

Cerebellum

0.58±0.14

0.96±0.07

Cerebellum

0.69±0.20

1.01±0.05

Cortex

0.51±0.09

1.01±0.05

Cortex

1.02±0.32

1.06±0.06

Globus Pallidus

0.32±0.07

1.00±0.15

Globus Pallidus

2.10±0.84

0.97±0.21

Hippocampus

0.36±0.06

1.03±0.06

Hippocampus

0.86±0.26

1.00±0.08

Hypothalamus

0.39±0.07

1.00±0.11

Hypothalamus

0.86±0.29

0.97±0.14

Medulla

0.51±0.09

1.01±0.07

Medulla

0.80±0.26

1.01±0.08

Midbrain

0.38±0.08

1.01±0.10

Midbrain

0.92±0.28

1.00±0.13

Pons

0.42±0.08

1.00±0.08

Pons

0.82±0.26

1.04±0.04

Septum

0.38±0.07

1.04±0.10

Septum

1.26±0.46

0.86±0.08

Thalamus

0.36±0.07

1.01±0.05

Thalamus

1.10±0.37

0.94±0.06

The SUV values for [18F]FDG and [99mTc]HMPAO are corrected for the mean uptake value of the whole brain
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the highest uptake was found in cerebellum (0.58±0.14), cortex (0.51±0.09)
and medulla (0.51±0.09). The right-to-left ratio ranged from 0.96±0.07 in the
cerebellum to 1.06±0.10 in the amygdala.
For [11C]raclopride, the lowest uptake (SUV) was measured in the cerebellum
(0.69±0.20) and medulla (0.80±0.26), and the highest uptake in the caudateputamen (2.37±0.83) and globus pallidus (2.10±0.84). The calculated rightto-left ratios were the most spread, with the lowest ratio detected in septum
(0.86±0.08) and thalamus (0.94±0.06), ranging up to the cortex (1.06±0.06) and
pons (1.04±0.04).
The [99mTc]HMPAO uptake (SUV) was corrected by the mean uptake of the
whole brain, and was found to be lowest in the amygdala (0.86±0.07) and
the globus pallidus (0.87±0.09), whereas the highest uptake was found in the
hippocampus (1.13±0.03) and midbrain (1.10±0.04). The right-to-left ratios
were close to one and ranged from 0.96±0.08 in the septum to 1.03±0.04 in the
caudate-putamen.

Registration errors
Table 3 summarizes the mean registration errors obtained after random
misalignments of the images in relation with its original spatially normalized
position. The results are expressed in millimeters and represent misregistered
distances in the rat brain.
To evaluate the added value of tracer specific templates, the images from
healthy Wistar rats used in the construction of the templates were evaluated
by comparing the registration errors obtained using a tracer specific
template versus the results obtained using a ‘standard template’ ([18F]FDG
template). Detailed results of the GEE models can be found in Table 4. In
all the misalignments tests (translation, rotation, scale, and combined) the
registration errors obtained for all the tracers when registered to its own
tracer specific template were statistical significant smaller than those
obtained when using the ‘standard template’ (p<0.001 for all the tracers). As
an example, the registration errors obtained in the combined misalignment,
when comparing the tracer specific template versus the ‘standard template’,
were 0.23±0.10 vs. 1.84±1.90 for [11C]flumazenil, 0.86±0.22 vs. 1.68±0.90 for
[11C]MeDAS, 0.63±0.29 vs. 8.77±5.13 for [11C]PK11195, 0.33±0.17 vs. 2.96±1.09
for [11C]raclopride, and 0.39±0.13 vs. 1.39±0.84 for [99mTc]HMPAO.
The added value of strain specific templates was also explored using
Sprague-Dawley and Wistar rats. Strain specific templates, plus a template
combining the images of both strains, were tested for [18F]FDG and [11C]
PK11195 (Table 5). In the GEE model, the tracer type, the strain, the template
type, and the interaction of strain and template were introduced as factors.
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Test

Strain

Wistar (n=19)

[11C]PK11195

[11C]PK11195

[18F]FDG

Strain test:

Wistar (n=19)

SD (n=11)

Wistar (n=25)

SD (n=9)

[99mTc]HMPAO Wistar (n=15)

[11C]Raclopride Wistar (n=6)

Wistar (n=15)

[11C]MeDAS

[11C]Flumazenil Wistar (n=13)

Standard
template test:

0.31 - 1.23
0.16 - 1.16
0.47 - 1.47
0.18 - 1.05

0.96 ± 0.21
0.65 ± 0.23

Other

Both

Both
0.63 ± 0.26

0.40 - 1.19

0.91 ± 0.21

Other
0.80 ± 0.22

0.19 - 1.61

Specific

0.26 - 1.69

0.57 ± 0.33

Both

0.79 ± 0.39

0.64 - 2.59

1.14 ± 0.39

Other

Specific

0.32 - 1.11
0.23 - 1.36

0.60 ± 0.17
0.71 ± 0.30

Both

Specific

0.17 - 0.97
0.48 - 1.25

0.22 - 0.91
0.40 - 2.25

0.40 ± 0.12
1.10 ± 0.26

Tracer specific

FDG template

0.40 ± 0.17

0.16 - 0.56
1.26 - 3.73

0.33 ± 0.13
2.13 ± 0.56

Tracer specific

FDG template

0.79 ± 0.16

0.16 - 1.16
0.92 - 20.2

0.65 ± 0.27
6.77 ± 4.17

Tracer specific

FDG template

Specific

0.29 - 1.21
0.60 - 2.12

0.89 ± 0.19
1.31 ± 0.33

Tracer specific

FDG template

Other

0.08 - 0.48
0.35 - 1.25

0.22 ± 0.09
0.94 ± 0.22

Min-Max

Tracer specific

Mean±SD

FDG template

Condition

Translate

0.59 ± 0.20

0.92 ± 0.23

0.58 ± 0.24

0.71 ± 0.21

0.80 ± 0.19

0.50 ± 0.33

0.74 ± 0.36

1.17 ± 0.43

0.63 ± 0.25

0.53 ± 0.18

0.70 ± 0.20

0.38 ± 0.26

0.98 ± 0.30

0.38 ± 0.13

2.77 ± 0.95

0.33 ± 0.16

8.47 ± 3.38

0.57 ± 0.24

1.06 ± 0.32

0.84 ± 0.20

1.07 ± 0.30

0.21 ± 0.10

Mean±SD

0.12 - 0.97

0.50 - 1.53

0.16 - 1.00

0.26 - 1.21

0.34 - 1.14

0.25 - 1.62

0.24 - 1.80

0.67 - 3.13

0.22 - 1.28

0.27 - 0.98

0.26 - 1.29

0.17 - 1.74

0.37 - 1.93

0.24 - 0.94

1.60 - 6.60

0.14 - 0.65

1.10 - 40.9

0.16 - 1.01

0.46 - 2.16

0.23 - 1.19

0.48 - 2.03

0.08 - 0.54

Min-Max

Rotate

0.72 ± 0.27

1.08 ± 0.36

0.71 ± 0.32

0.91 ± 0.29

1.01 ± 0.28

0.66 ± 0.36

0.87 ± 0.47

1.20 ± 0.45

0.77 ± 0.36

0.73 ± 0.24

0.86 ± 0.26

0.47 ± 0.21

1.32 ± 0.41

0.42 ± 0.16

2.53 ± 0.66

0.34 ± 0.14

7.61 ± 5.80

0.72 ± 0.32

1.66 ± 0.48

0.92 ± 0.22

1.07 ± 0.28

0.25 ± 0.10

Mean±SD

0.20 - 1.68

0.47 - 2.75

0.18 - 1.92

0.28 - 1.53

0.30 - 1.74

0.27 - 1.74

0.22 - 2.39

0.61 - 3.03

0.23 - 2.36

0.33 - 1.40

0.44 - 1.96

0.19 - 1.25

0.47 - 2.53

0.23 - 1.26

0.97 - 4.56

0.16 - 0.67

0.79 - 22.7

0.18 - 1.68

0.69 - 3.41

0.28 - 1.29

0.53 - 1.63

0.08 - 0.52

Min-Max

Scale

0.65 ± 0.30

0.94 ± 0.25

0.63 ± 0.29

0.78 ± 0.29

0.85 ± 0.25

0.56 ± 0.36

0.94 ± 0.58

1.36 ± 0.56

0.69 ± 0.38

0.77 ± 0.63

0.81 ± 0.35

0.67 ± 0.69

1.39 ± 0.84

0.39 ± 0.13

2.96 ± 1.09

0.33 ± 0.17

8.77 ± 5.13

0.63 ± 0.29

1.68 ± 0.90

0.86 ± 0.22

1.84 ± 1.90

0.23 ± 0.10

Mean±SD

(Continued)

0.18 - 3.03

0.46 - 1.66

0.16 - 2.07

0.22 - 1.81

0.33 - 1.39

0.22 - 1.84

0.23 - 3.09

0.65 - 3.25

0.22 - 3.43

0.25 - 3.61

0.39 - 2.56

0.18 - 3.53

0.34 - 5.49

0.22 - 0.92

1.68 - 6.68

0.14 - 0.68

1.37 - 37.1

0.17 - 2.15

0.61 - 6.08

0.23 - 1.29

0.66 - 9.42

0.09 - 0.58

Min-Max

All

Table 3. Registration errors obtained after random misalignments of the images in relation with its original spatially normalized position.
Units are expressed in millimeters
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[11C]PK11195

Saline

HSE model

SD

Wistar

0.19 - 1.61
0.55 - 1.38
0.16 - 1.16
0.19 - 1.38

0.57 ± 0.33
1.08 ± 0.21
0.63 ± 0.26
0.75 ± 0.29

Healthy (n=11)
Healthy (n=19)
Intervention (n=14)

0.18 - 1.16
0.20 - 1.28

0.62 ± 0.19
0.80 ± 0.30

Same size
Different size

Large image

Small image

Intervention (n=10)

0.16 - 1.16
1.06 - 4.64

0.65 ± 0.27
3.66 ± 0.68

Same size
Different size

Wistar (n=19)

[11C]PK11195

Intervention
tests:

0.39 - 1.53
0.35 - 1.53

0.87 ± 0.26
0.96 ± 0.34

Same size
Different size

Large image

0.21 - 1.36
1.08 - 3.51

0.71 ± 0.30
1.99 ± 0.51

Same size
Different size

Min-Max

Template:

Small image

Mean±SD

Wistar (n=25)

Condition

[18F]FDG

Strain

Translate

Size test:

Test

Table 3. (Continued)

0.69 ± 0.29

0.58 ± 0.24

1.04 ± 0.21

0.50 ± 0.33

0.81 ± 0.30

0.72 ± 0.27

4.05 ± 0.12

0.57 ± 0.24

0.97 ± 0.35

0.87 ± 0.30

2.70 ± 0.28

0.63 ± 0.25

Mean±SD

0.20 - 1.40

0.16 - 1.00

0.53 - 1.37

0.25 - 1.62

0.20 - 1.31

0.21 - 1.46

3.78 - 4.36

0.16 - 1.01

0.29 - 1.65

0.27 - 1.70

1.30 - 3.64

0.22 - 1.19

Min-Max

Rotate

0.82 ± 0.31

0.71 ± 0.32

1.21 ± 0.30

0.66 ± 0.36

0.83 ± 0.31

0.78 ± 0.30

3.64 ± 0.67

0.72 ± 0.32

0.95 ± 0.36

0.98 ± 0.33

2.23 ± 0.74

0.78 ± 0.37

Mean±SD

0.18 - 1.60

0.18 - 1.92

0.63 - 2.39

0.27 - 1.74

0.20 - 1.52

0.21 - 1.90

0.96 - 4.44

0.18 - 1.68

0.32 - 2.04

0.29 - 1.74

0.83 - 8.51

0.22 - 2.15

Min-Max

Scale

0.22 - 1.84
0.50 - 2.22
0.16 - 2.07
0.18 - 1.57

0.56 ± 0.36
1.09 ± 0.29
0.63 ± 0.29
0.74 ± 0.30

0.31 - 1.64
0.18 - 1.45

0.76 ± 0.27
0.84 ± 0.30

0.17 - 2.15
1.95 - 5.41

0.63 ± 0.29
3.95 ± 0.44

0.28 - 1.97
0.32 - 1.82

0.99 ± 0.33
0.97 ± 0.37

0.21 - 3.43
2.08 - 13.2

0.71 ± 0.42
2.89 ± 0.94

Min-Max

Mean±SD

All
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Table 4. Registration accuracy error: tracer specific template vs. “standard template”
Translate
B

95% CI

Rotate
p

B

95% CI

Scale
p

B

95% CI

Combined
p

B

95% CI

p

[11C]Flumazenil
(n=13)
(Intercept)

-0.58 -0.9; -0.03 <0.001

Tracer specific

-1.46 -1.66; -1.25 <0.001 -1.64 -1.90; -1.39 <0.001 -1.46 -1.66; -1.26 <0.001 -2.09 -2.42; -1.76 <0.001

0.07 0.01; 0.15 0.099

0.07 0.01; 0.13 0.021

0.61 0.41; 0.80 <0.001

[11C]MeDAS
(n=15)
(Intercept)
Tracer specific

0.27 0.19; 0.35 <0.001

0.05 -0.01; 0.12 0.094

0.51 0.44; 0.57 <0.001

0.52 0.41; 0.62 <0.001

-0.38 -0.48; -0.28 <0.001 -0.23 -0.33; -0.13 <0.001 -0.59 -0.68; -0.50 <0.001 -0.67 -0.81; -0.54 <0.001

[11C]PK11195
(n=19)
(Intercept)
Tracer specific

1.91 -1.78; 2.04 <0.001

2.14 2.07; 2.20 <0.001

2.03 1.91; 2.15 <0.001

2.17 2.08; 2.26 <0.001

-2.35 -2.55; -2.15 <0.001 -2.69 -2.86; -2.53 <0.001 -2.35 -2.55; -2.16 <0.001 -2.64 -2.85; -2.42 <0.001

[11C]Raclopride
(n=6)
(Intercept)
Tracer specific

0.76 0.61; 0.90 <0.001

1.02 0.78; 1.26 <0.001

0.93 0.78; 1.08 <0.001

1.09 0.86; 1.31 <0.001

-1.85 -2.13; -1.58 <0.001 -2.14 -2.57; -1.70 <0.001 -1.99 -2.31; -1.68 <0.001 -2.18 -2.62; -1.75 <0.001

[99mTc]HMPAO
(n=15)
(Intercept)
Tracer specific

0.10 0.04; 0.15 0.001 -0.02 -0.13; 0.08 0.667

0.28 0.20; 0.36 <0.001

0.33 0.20; 0.46 <0.001

-1.02 -1.15; -0.90 <0.001 -0.94 -1.05; -0.83 <0.001 -1.14 -1.30; -0.97 <0.001 -1.26 -1.40; -1.12 <0.001

Parameter estimates were obtained using the “standard template” ([18F]FDG template) as reference category

The effect of the template and the interaction of strain and template were
found to be significant in all the misalignment tests (p<0.001), while tracer
effect was found to be statistically significant only for the combined
misalignment (p=0.006), and the effect of the strain only for the rotation
misalignment (p=0.007). Using the combined misalignment as reference,
the [18F]FDG images from Sprague-Dawley showed a registration errors of
0.67±0.69, 0.81±0.35 (p=0.004), and 0.77±0.63 (p=0.011) when registered to a
specific strain template, opposite strain template, or a combined template
respectively. With the Wistar rats the registration errors were of 0.69±0.38
for the specific template, 1.36±0.56 (p<0.001) for the opposite strain template,
and 0.94±0.58 (p<0.001) for the combined template. Similarly, the [11C]
PK11195 images from Sprague-Dawley showed a registration error of
0.56±0.36 for the strain specific template, 0.85±0.25 (p=0.003) for the opposite
strain template, and 0.78±0.29 (p=0.01) for the combined template. For the
Wistar rats the calculated registration errors were 0.63±0.29 for the specific
template, 0.94±0.25 (p<0.001) for the opposite strain template, and 0.65±0.30
(p<0.001) for the combined template. In all the cases, the smallest registration
errors were found when the registration was performed to the strain specific
template, followed by the combined template, being the opposite strain
template the one giving the largest registration errors.
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Table 5. Registration errors: effect of strain specific template
Translate
B
(Intercept)
Tracer

95% CI

Rotate
p

B

95% CI

Scale
p

B

95% CI

Combined
p

B

95% CI

p

-0.33 -0.46; -0.21 <0.001 -0.43 -0.56; -0.30 <0.001 -0.22 -0.34; -0.11 <0.001 -0.33 -0.45; -0.22 <0.001
0.06 -0.10; 0.21 0.471

0.01 -0.14; 0.16 0.916

0.20 0.06; 0.35 <0.001

Strain

-0.02 -0.19; 0.15 0.828 -0.06 -0.24; 0.13 0.551

0.03 -0.13; 0.20 0.693

0.00 -0.16; 0.16 0.982

Template
same strain

-0.08 -0.13; -0.02 0.012 -0.10 -0.17; -0.04 0.003 -0.08 -0.15; -0.02 0.010 -0.18 -0.26; -0.11 <0.001

Template
different strain

0.03 -0.12; 0.18 0.718

0.37 0.28; 0.46 <0.001

0.45 0.35; 0.55 <0.001

0.36 0.27; 0.44 <0.001

0.37 0.29; 0.46 <0.001

Strain × Template
same strain
-0.28 -0.50; -0.07 0.009 -0.24 -0.48; 0.01 0.059 -0.29 -0.48; -0.09 0.004 -0.06 -0.29; 0.16 0.581
Strain × Template
different strain
-0.19 -0.29; -0.08 0.001 -0.27 -0.39; -0.15 <0.001 -0.23 -0.33; -0.13 <0.001 -0.31 -0.41; -0.20 <0.001
The test was performed with Sprague-Dawley, [18F]FDG (n=9) and [11C]PK11195 (n=11); and Wistar rats, [18F]FDG (n=25)
and [11C]PK11195(n=19). Parameters estimates were obtained using [11C]PK11195, Wistar, and combined template as
reference categories

In addition, the relevance of the image and template size in the registration
errors was explored using [18F]FDG and [11C]PK11195 images from Wistar
rats (Table 6). In the GEE model, the tracer type, the image size, and template
size were included as factors. In addition, the interaction between tracer and
image size, tracer and template size, and image and template sizes, were
included in the model. For all the misalignments, all factors and interactions
were found to be statistically significant (p<0.01) with the exception of the
factor ‘tracer’ that was not significant in any of the models. For the combined
misalignment, the registration errors obtained with [18F]FDG using the
‘small images’ were 0.71±0.42 when registered to the template of the same
size, and 2.89±0.94 when registered to a larger size (p<0.001). For the ‘large
images’ the obtained error was 0.99±0.33 for the registration to a template
of the same size, and 0.97±0.37 for the registration to the small template
(p=0.056). For [11C]PK11195 tracer, the registration errors of the small images
were of 0.63±0.29 when the registration was done to the template of the same
size, and 3.95±0.44 when registered to the larger template (p<0.001). The
Table 6. Registration errors: effect of the template size
Translate
B

95% CI

Rotate
p

B

95% CI

Scale
p

B

95% CI

Combined
p

B

95% CI

p

(Intercept)

-0.14 -0.30; -0.01 0.075

-0.13 -0.29; 0.02 0.092

-0.12 -0.27; 0.03 0.126

-0.13 -0.28; 0.02 0.085

Tracer

0.04 -0.17; 0.25 0.696

0.05 -0.16; 0.26 0.649

0.02 -0.18; 0.22 0.844

0.07 -0.13; 0.27 0.517

Image size

1.36 1.20; 1.53 <0.001 1.47 1.30; 1.64 <0.001 1.34 1.19; 1.50 <0.001 1.46 1.30; 1.63 <0.001

Template size

-0.41 -0.53; -0.29 <0.001 -0.26 -0.38; -0.13 <0.001 -0.20 -0.33; -0.07 0.002

Tracer × Image

-0.52 -0.74; -0.30 <0.001 -0.33 -0.56; -0.11 0.004

-0.39 -0.60; -0.18 <0.001 -0.30 -0.52; -0.08 <0.001

Tracer × Template 0.44 0.28; 0.59 <0.001 0.26 0.11; 0.41 0.001

0.33 0.18; 0.48 <0.001 0.28 0.13; 0.42 <0.001

-0.19 -0.30; -0.07 0.001

Image × Template -1.17 -1.33; -1.01 <0.001 -1.56 -1.71; -1.41 <0.001 -1.28 -1.43; -1.13 <0.001 -1.56 -1.71; -1.42 <0.001
The test was performed with Wistar rats, using [18F]FDG (n=25) and [11C]PK11195 (n=19). Parameters estimates were
obtained using [11C]PK11195, with large image size and large template size as reference categories
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registration error of the large image to the template of the same size was
0.76±0.27, while the registration error to the small template gave an error of
0.84±0.30 (p=0.002).
The registration error was also explored in two different disease models,
using [11C]PK11195 as the tracer; the first one with a focal lesion caused by
stereotaxic saline injection in the brain, and the other one based on the HSE
model, which is known to cause a broader alteration in brainstem uptake.
In both cases the GEE model was estimated using ‘group’ (intervention vs.
healthy) as factor (Table 7). In the focal lesion model, for all the misalignment
tests the registration error was found to be higher in the lesion group than in
the healthy group (p<0.005). For the combined misalignment the registration
error in healthy rats was 0.56±0.36, while for the images of the rats with
the focal lesion the error was 1.09±0.29 (p=0.001). Contrary, in the images
obtained from the HSE model, the registration error was not found to be
statistically significant different in any of the misalignment tests between
healthy and HSE rats (e.g. 0.63±0.29 vs. 0.74±0.30, p=0.372, for the combined
misalignment).
Table 7. Registration errors: effect of an intervention
Translate
B

95% CI

Rotate
p

B

95% CI

Scale
p

B

95% CI

Combined
p

B

95% CI

p

Focal lesion:
(Intercept)
Group

-0.56 -0.89; -0.22 0.001 -0.69 -1.08; -0.30 <0.001 -0.42 -0.71; -0.12 0.005 -0.57 -0.93; -0.22 0.002
0.63 0.20; 1.06 0.004

0.73 0.25; 1.21 0.003

0.61 0.24; 0.97 0.001

0.66 0.21; 1.11 0.004

HSE:
(Intercept)
Group

-0.46 -0.64; -0.28 <0.001 -0.55 -0.73; -0.37 <0.001 -0.35 -0.52; -0.18 <0.001 -0.46 -0.64; -0.28 <0.001
0.17 -0.16; 0.49 0.321

0.19 -0.16; 0.53 0.295

0.15 -0.14; 0.43 0.312

0.15 -0.18; 0.48 0.368

The test were performed with [11C]PK11195 images. For the focal lesion test, Sprague-Dawley rats were divided in
healthy control group (n=11) and intervention group (n=10). For the herpes encephalitis (HSE) model, Wistar rats were
divided in a healthy group (n=19) and intervention group (n=14). Parameter estimates were obtained using the healthy
groups as reference category

Voxel-based analysis of disease models
The results of the voxel-based analysis are shown in Figure 3, and summarized
in Table 8. In the focal lesion a statistically significant increase of [11C]
PK11195 (p=0.048 FWE corrected at cluster level) was found in the lesioned
rats involving the right caudate-putamen, and corpus callosum, with the
maximum peak located at the right caudate-putamen (x,y,z=3.3,0,-3.4).
For the HSE model, a statistically significant increase in uptake of [11C]
PK11195 (p<0.001 FWE corrected at cluster level) was found in medulla
and pons bilaterally, with maximum uptakes located in the left medulla
(x,y,z=-3.8,-11.8,-9.6) and left pons (x,y,z=-2.0,-9.2,-8.8).
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Table 8. Voxel-based analysis
Cluster-level
FWE corr.
Focal lesion
Herpes encephalitis

Peak-level

uncorr.

voxels

0.048

0.072

883

<0.001

<0.001

15747

FWE corr.

Coordinates

uncorr.

x

0.006

<0.001

3.3

y
0

-3.4

z

0.017

<0.001

-3.8

-11.8

-9.6

0.068

<0.001

-2.0

-9.2

-8.8

0.072

<0.001

1.5

-10.4

-7.2

Increased uptake of [11C]PK11195 in the intervention group as compared to the healthy rats. For the focal lesion test,
Sprague-Dawley rats were divided in a healthy control group (n=11) and rats stereotaxic injected with saline (n=10).
For the herpes encephalitis model, Wistar rats were divided in a healthy group (n=19) and infected rats (n=14). For the
interpretation of group differences, T-maps data were interrogated at p=0.001 (uncorrected) and an extent threshold of
200 voxels. Only cluster with p<0.05 family-wise error (FWE) corrected were considered significant

6
5
4
3
2
1
0

T-value

Saline injection

Herpes encephalitis model

4
3
2
1

T-value

5

0

Figure 3. Voxel-based analysis. Statistically significant (p<0.05 family-wise error corrected at
cluster level) increased uptake of [11C]PK11195 was found in lesion groups as compared with
control animals. In the top section, the location of the stereotaxic injection of saline is clearly
defined in the right corpus callosum and caudate-putamen. In the lower section of the figure,
the results from the herpes encephalitis model showed a clear inflammatory process in the
brainstem
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Discussion
The registration of individual images to a corresponding reference template
is a crucial step prior to voxel-wise data comparison and greatly facilitates
analyses with predefined regions of interest. While for radionuclide data the
optimal procedure would be to utilize individual MRI scans for each animal,
dedicated (ultra-high field) animal MRI systems or clinical scanners together
with specific coils18 are not easily accessible for many research groups.
Two other alternatives remain: inter-modality spatial normalization of the
functional images to an MRI template or intra-modality spatial normalization
to a functional template. Intra-modality spatial normalization was found to
provide significant lower misregistration errors than normalization to a MRI
template. This strengthens the use of customized PET templates for spatial
normalization.19 Therefore, we constructed and validated tracer specific
templates for rat brain studies with a variety of ligands targeting different
aspects of the brain physiology in animal models.
The construction of these tracer specific PET and SPECT templates was
performed using healthy adult male Wistar rats. These templates were
aligned with a widely used stereotaxic T2-weighted MRI template for the
rat brain,4 which is co-registered with the Paxinos and Watson anatomical
atlas.20 The use of this reference MRI permits the report of results directly
in coordinates corresponding to the Paxinos space, as well as the definition
of VOI structures based on the same atlas. Moreover, the MRI template is
accompanied by tissue class distribution maps (brain, cerebrospinal fluid,
muscle and other tissue) that can be used for segmentation analysis or partial
volume correction.
In our setup, the validity of the templates was assessed by evaluating the
individual images used for the construction of the templates, the residual
registration error obtained from the images after the application of a random
misalignment, and the feasibility to use the templates in a voxel-based
analysis.
Although the SUV quantification in each of the defined regions using VOI
measurements, and the right-to-left ratio cannot be used by itself to determine
the feasibility of the templates, it can give us an insight into the characteristics
of the images that were used for the construction of the specific templates.
In our work, the relative standard deviation between images in each of the
defined region was relatively low with a mean variation of 18% (1–40%),
while the right-to-left ratios presented an even smaller mean variation of
7% (1–21%). This variability is expected as consequence of the individual
differences in tracer uptake, as well as different physiological conditions and
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measurement errors.
Based on the residual registration errors the use of the templates for the spatial
normalization of small animal PET and SPECT brain data was evaluated.
These errors were obtained from the measurement of the distance between
the original voxel position of the image and its recovered position after a
random misalignment, averaged over all voxels. This procedure, integrated
in the SAMIT package, was used under several conditions or tests to explore
the added value of tracer specific and strain specific templates. In the first of
these tests, the [18F]FDG template was chosen as the ‘standard template’, since
it is the most frequently used tracer and its template is generally distributed
in neuroimaging software packages. For all the tracers, performance of the
registration was significantly better when the tracer specific template was
used while higher registration errors were obtained with the ‘standard
template’ (p<0.001). One clear case of this added value was found with [11C]
PK11195 images where, for example, the mean residual registration error
for combined misalignments was 0.63±0.29 mm (with a maximum error
of 2.15 mm) using the tracer specific template, and the registration to the
‘standard template’ was 8.77±5.13 mm (with a maximum error of 37.14
mm). In addition, the possibility to have differences in the tracer uptake
between rat strains, and consequently in the performance of the template,
was also evaluated with [18F]FDG and [11C]PK11195 images. The smallest
registration errors were obtained when the images were registered to its own
strain specific template (0.59±0.33 mm), followed by the use of a template
that combines both rat strains (0.75±0.38 mm). The largest errors were found
when the images were registered to the template of opposite strain image
data (1.00±0.35 mm).
The differences in the registration errors between healthy rats and lesioned
rats were also evaluated. The mean registration error obtained from the
misalignments of images of healthy rats was 0.53±0.20 mm (range: 0.08–3.43
mm), while in the lesion models this error tended to be higher. However,
only for the focal lesion model differences were found to be statistically
significant (1.10±0.25, p<0.005).
Finally, the effect of the image size and template size was explored for [18F]
FDG and [11C]PK11195 images. The smallest registration errors were found
when image data and template had the same size (p≤0.001), and especially
when both image and template had a small size (p<0.001).
Overall, the results obtained in the present study, indicate that the use of
strain and tracer specific templates is the most appropriate approach when
performing the spatial normalization of PET and SPECT functional rat
brain images. Additionally, it is advisable to have images with the same
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dimensions as those of the reference template. When considering the use of
tracer specific templates, it is important to realize that the microPET Focus
220 used in the current study has a resolution of ≤1.4 mm at the center of the
field of view, and that the spatial resolution that can be achieved by using
the U-SPECT-II SPECT camera with the 75 focused pinholes collimator is
around 0.8 mm. Thus, the mean registration errors overall found in this
study were smaller than the spatial resolution of the cameras, and these
results are in agreement with human literature data (e.g., when considering
relative values based on image resolution: 1.1–2.4 mm accuracy for PET and
1.6–2 mm SPECT devices).21
Furthermore, we presented and evaluated the integration of the constructed
templates with the SAMIT package for performing a voxel-based analysis
in SPM. [11C]PK11195 images of two different models were explored for this
purpose. In the first test, a focal lesion model was chosen to evaluate the
accuracy of the coordinates of a known inflammatory process induced by
stereotaxic injection of saline in the rat brain. The obtained results showed
a significant increased uptake of the tracer in the intervention group as
compared with a healthy group, in the region of the corpus callosum and
caudate-putamen; and the reported coordinates are consistent with the
location where the lesion was induced.8 Also, a broader inflammatory
process was explored by using the herpes encephalitis model, which is know
to produce a microglial activation in the brainstem at 6–7 days after virus
inoculation.9 A statistical significant increase in the [11C]PK11195 uptake
was detected bilaterally in the brainstem of the intervention group, with the
highest increase located in the left side of pons and medulla.
Although in the present study the methodology for the construction of tracer
specific templates2,3 was validated and additional tests were performed under
different conditions (such as the use of a ‘standard template’, use of two
different rat strains, and the comparison of two templates and images sizes),
it would be of interest to further evaluate the performance of the templates
for functional imaging of other disease models, with different tracers, and
even comparing alternative algorithms for spatial normalization. Also, while
this same methodology was proved to be valid also in mice,3 it would be
of interest to perform similar tests with other animal strains. However, it
seems that the presented approaches are the most appropriate for those
studies where there are no CT or MRI data of a hybrid microPET/CT or
microPET/MRI system available (which most probably will allow a more
robust normalization procedure, less dependent on the tracer uptake pattern
or disease state of the animals).
There are other commercial packages such as PMOD which offers [18F]FDG
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templates for rat.22 However, as has been demonstrated, the construction of
tracer specific templates is extremely relevant and the normalization of the
broad variety of tracer data cannot be performed only by means of MRI or
[18F]FDG templates. This is especially relevant for those tracers where the
binding does not reflect any substantial anatomical information that can be
used for inter-modality techniques.
Moreover, we have presented the integration of the tracer specific templates
and the SAMIT package within the widely used SPM environment. We have
also tested the templates with other popular functional imaging packages,
i.e. FSL and AFNI, obtaining very consistent results (not presented). As
with other functional and structural imaging templates, the tracer specific
templates presented here can be easily integrated within any other similar
packages.

Conclusion
In conclusion, the present work shows that the construction of PET and SPECT
strain and tracer specific templates is a promising and sensitive tool in the
evaluation of human brain diseases through the use of specific rat models.
Moreover, the current methodology for the construction and validation of the
templates is a reliable approach for the design of further specific templates.
This procedure can be easily replicated for the construction of other tracer
specific templates, according to the needs of each individual research group.
The templates and the SAMIT toolbox, together with all the code used in this
work, will be available for the research community.
The use of PET and SPECT rat brain templates, aligned in space with
the stereotaxic Paxinos coordinate space, allows accurate registration of
functional rat brain data, using automatic registration algorithms available
in standard packages (e.g., SPM, FSL), and subsequent analysis based on
predefined volumes of interest and/or voxel-based approaches. The low
intersubject variability and the low registration errors obtained, comparable
to those observed in analogous processing of human data, suggest that the
constructed tracer specific templates can be used for the precise study of
interventional or longitudinal studies in the rat brain.
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Chapter 3

Abstract
Evaluation of the translocator protein (TSPO) overexpression is considered
an attractive research tool for monitoring neuroinflammation in several
neurological and psychiatric disorders. [11C]PK11195 PET imaging has
been widely used for this purpose. However, it has a low sensitivity and a
poor signal-to-noise ratio. For these reasons, [11C]CB184 was evaluated as a
potentially more sensitive PET tracer.
A model of herpes simplex encephalitis (HSE) was induced in male Wistar
rats. On day 6 or 7 after virus inoculation, [11C]CB184 PET scans were acquired
followed by ex vivo evaluation of biodistribution. In addition, [11C]CB184
and [11C]PK11195 PET scans with arterial blood sampling were acquired
to generate input for pharmacokinetic modeling. Differences between the
saline-treated control group and the virus-treated HSE group were explored
using volumes of interest and voxel-based analysis.
The biodistribution study showed significantly higher [11C]CB184 uptake
in the amygdala, olfactory bulb, medulla, pons, and striatum (p<0.05) in
HSE rats than in controls rats, and the voxel-based analysis showed higher
bilateral uptake in the pons and medulla (p<0.05, corrected at cluster level).
A high correlation was found between tracer uptake in the biodistribution
study and on the PET scans (p<0.001, r2=0.71). Pretreatment with 5 mg/kg
of unlabeled PK11195 effectively reduced (p<0.001) [11C]CB184 uptake in
the whole brain. Both tracers, [11C]CB184 and [11C]PK11195, showed similar
amounts of metabolites in plasma, and the binding potential (BPND) was not
significantly different between the HSE rats and the control rats. In HSE
rats BPND for [11C]CB184 was significantly higher (p<0.05) in the amygdala,
hypothalamus, medulla, pons, and septum than in control rats, whereas
higher uptake of [11C]PK11195 was only detected in the medulla.
[11C]CB184 showed nonspecific binding to healthy tissue comparable to
that observed for [11C]PK11195, but it displayed significantly higher specific
binding in those brain regions affected by the HSE. Our results suggest that
[11C]CB184 PET is a good alternative for imaging of neuroinflammatory
processes.
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Introduction
Microglia, part of the innate immune system of the central nervous system
(CNS), constantly scan the brain for intruding pathogens and contact synapses
for neuronal damage. Activation of microglia in response to alterations
in the brain microenvironment is a dynamic process,1 characterized by a
change in the microglial shape and phagocytic behavior. All pathological
events in the CNS are accompanied by activation of microglia, which acquire
distinct functional and phenotypic states during the progression of a specific
pathology. This responsiveness to brain insults suggests that the microglia
have the potential to be used as diagnostic markers of the disease state and
progression in pathologies such as Alzheimer’s and Parkinson’s diseases,
multiple sclerosis and herpes simplex encephalitis (HSE), as well as in stroke,
traumatic brain injury and other neuropsychiatric diseases.2–5
The translocator protein (18 kDa; TSPO), formerly known as the peripheral
benzodiazepine receptor, is a transmembrane multimeric protein complex
primarily located in the outer mitochondrial membrane of cells.6 TSPO
has been shown to be involved in a variety of cellular functions, including
cholesterol transport, steroid hormone synthesis, mitochondrial respiration,
mitochondrial permeability transition pore opening, apoptosis, and cell
proliferation.6–9 Under normal physiological conditions, overall TSPO
expression in the CNS is low and is mainly located in glial cells (astrocytes
and microglia), with very low levels in neurons. In pathological processes,
TSPO expression is upregulated in glial cells and infiltrating macrophages.10
Therefore, TSPO has been considered a sensitive marker for the detection of
neuroinflammation.
Changes in TSPO expression can be visualized and quantified in vivo using
PET. (R)-[11C]PK11195 has been widely used as the PET probe for imaging
TSPO expression in animal models and humans with various CNS diseases,
including glioma, stroke, HSE and neurodegenerative disorders such as
Alzheimer’s disease, multiple sclerosis, amyotrophic lateral sclerosis and
Parkinson’s disease.5,8,11,12 However, (R)-[11C]PK11195 suffers from several
limitations, including poor signal-to-noise ratio (mainly due to its low
binding potential to TSPO and high levels of nonspecific binding), highly
variable kinetic behavior and apparent lack of sensitivity in detecting low
levels of microglial activation.12,13
Because of these limitations of (R)-[11C]PK11195, there has been an effort
to develop more sensitive and selective PET ligands for imaging activated
microglia. Several chemically diverse ligands with high affinity for TSPO
have been found (detailed information is available elsewhere).5,14,15 These
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ligands include imidazopyridine acetamide derivatives (e.g. [11C]CLINME),16
indole acetamides (e.g. [11C]SSR180575),17 pyrazolopyrimidines (e.g. [11C]
DPA-713 and [18F]DPA-714)18 and phenoxy arylamides (e.g. [11C]PBR28,19
[11C]DAA1106).20 However, most of these new TSPO ligands are still in the
early stages of investigation, and in contrast to (R)-[11C]PK11195, suffer from
mixed-affinity binding due to a TSPO polymorphism in humans,21,22 which
seriously complicates their use in clinical studies.
In the search for a better alternative to (R)-[11C]PK11195, the novel
imidazopyridine compound [11C]CB184 was developed.23 [ 11C]CB184 shows
7.9 times higher TSPO affinity than (R)-[11C]PK11195 (Ki=0.54 nM and 4.27
nM, respectively). Furthermore, [11C]CB184 shows lower lipophilicity
than (R)-[11C]PK11195 (logP=2.06 and 2.54, respectively). As a result,
[11C]CB184 shows higher uptake in TSPO-rich regions in normal mice
(cerebellum and olfactory bulb), and comparable inflammation-induced
binding in the 6-hydroxydopamine-injured striatum in rats, as compared
to (R)-[11C]PK11195. In the present study, [11C]CB184 was further evaluated
in a rat model of HSE.18 The study was divided into two parts. First, the
characteristics of [11C]CB184 were investigated in ex vivo biodistribution and
in vivo PET imaging studies in healthy and HSE rats. In the second part,
a pharmacokinetic analysis was performed comparing [11C]CB184 and (R)[11C]PK11195.

Materials and methods
Rats
Male outbred Wistar-Unilever rats (n=45) of 6–8 weeks of age (weight 282±
25 g) were obtained from Harlan (Horst, The Netherlands). After arrival, the
rats were allowed to acclimatize for at least 7 days. Rats were individually
housed in Makrolon cages on a layer of wood shavings in a room at constant
temperature (21±2 °C) and 12-h light/night regime. Commercial chow and
water were available ad libitum. The distribution of the rats across the groups
is detailed in Table 1. In summary, rats were divided in eight groups, used
in the PET SUV and ex vivo biodistribution studies (control, seven rats; HSE,
seven rats; control pretreated with PK11195, five rats; and HSE pretreated
with PK11195, five rats), and the pharmacokinetic analysis of [11C]CB184
(control, five rats; and HSE, six rats) and (R)-[11C]PK11195 (control, five rats;
and HSE, five rats).
All animal experiments were performed 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 6264A).
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Table 1. Experimental groups of rats, injected activities and injected masses (mean±SD)
Control HSE Injected activity
groups groups
(MBq)

Injected mass
(nmol)

PET SUV and ex vivo biodistribution:
[11C]CB184

Scan 30 min

4

4

17.2 ± 14.6

2.35 ± 0.81

Scan 60 min

3

3

48.9 ± 8.2

1.12 ± 0.29

Scan 30 min + pretreated with PK11195

3

3

11.3 ± 7.6

3.08 ± 1.09

Scan 60 min + pretreated with PK11195

2

2

41.2 ± 3.8

1.77 ± 0.73

Pharmacokinetic analysis:
[11C]CB184

Scan 60 min + blood sampling

5

6

68.7 ± 22.7

2.74 ± 1.44

(R)-[11C]PK11195

Scan 60 min + blood sampling

5

5

85.3 ± 20.8

2.27 ± 0.89

3

Tracer synthesis
[11C]CB184 was labeled by bubbling [11C]methyl triflate with a helium
gas at 30 ml/min into a solution of 0.25 mg N-propyl-2-{6,8-dichloro-2-(4methoxyphenyl)imidazo[1,2-a]pyridin-3-yl}acetamide (precursor, CB185)
and 5 µl 1 M NaOH in 0.25 ml acetone (Figure 1). When the trapping of [11C]
methyl triflate was complete, the reaction mixture was diluted with 0.3 ml
of water and 1.4 ml of HPLC eluent (55% aqueous acetonitrile). The reaction
mixture was purified by HPLC using a SymmetryShield C18 column (5 µm,
7.8 mm inner diameter, 300 mm length) and acetonitrile/water (55/45) as the
eluent (flow 4 ml/min). The radioactive product with a retention time of 12
–13 min was collected. The product was diluted with 15 ml water and passed
through an Oasis HLB 30 mg (1 ml) cartridge. The cartridge was washed
with 5 ml water and subsequently eluted with 0.7 ml ethanol and 4.5 ml 0.9
% NaCl. The product was obtained in 42±7 % radiochemical yield (n=14).
Quality control was performed by UPLC, using Waters Acquity H-class
UPLC system with a Berthold FlowStar LB 513 radioactivity detector, and
a Waters Aquity UPLC C18 BEH phenyl column (1.7 µm, 3.0×50 mm). The
product was eluted with 40 % acetonitrile in water at a flow rate of 0.8 ml/
min. The UV signal was measured at a wavelength of 254 nm. The retention
time of the precursor was 2.4 min, and the retention time of [11C]CB184
was 5.3 min. The radiochemical purity of [11C]CB184 was 99.2±0.9 % and
the specific activity 60±25 GBq/μmol. For in vivo imaging, the required dose
of the formulated product was dispensed and diluted with saline to a final
volume of 6.2±0.6 ml. The concentration of ethanol in the administered
product was always <10 %.
The synthesis of (R)-[11C]PK11195 was as reported in detail elsewhere.18
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Figure 1. Radiosynthesis of [11C]CB184

HSV-1 inoculation
HSE rats were prepared as described previously.18 Briefly, a herpes simplex
virus type 1 (HSV-1) strain was obtained from a clinical isolate, cultured in
Vero cells, and assayed for plaque-forming units (PFU) per milliliter. The rats
were slightly anesthetized with 5 % isoflurane and inoculated with HSV-1
by administration of 100 µl of phosphate-buffered saline (PBS) with 1 × 107
PFU of virus into the nostrils using a micropipette (50 µl per nostril). Healthy
control rats were treated similarly by administering 100 µl of PBS without
the virus. After inoculation, clinical symptoms were scored daily in all rats
by the same observer.

PET imaging and ex vivo biodistribution
PET scans were performed using a microPET Focus 220 camera (Siemens
Medical Solutions Inc., Malvern, PA) at either day 6 or 7 after inoculation
with HSV-1,18 depending on the severity of clinical symptoms. The rats were
anesthetized with 5 % isoflurane mixed with medical air at a flow rate of 2 ml/
min. After induction, anesthesia was maintained with 1.5–2 % of isoflurane.
The anesthetized rats were positioned into the camera in supine position
with the head in the field of view. The PET tracer [11C]CB184 was manually
injected via the penile vein, and at the same time a dynamic 60-min scan
was started. Injected tracer doses and injected mass are summarized in Table
1. Visual assessment of the tracer uptake in the 60-min scans showed no
substantial differences in the uptake over time after the first 30 min (Figure
2). Therefore, it was decided to scan the remaining animals with a 30-min
scan. For 30 min the animals were kept under anesthesia on the operation
table after injection of the PET tracer in the penile vein, and were then placed
in the scanner for a 30-min dynamic scan. A transmission scan was obtained
in all rats using a 57Co point source for attenuation and scatter correction.
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Figure 2. [ C]CB184 time–activity curve of two representative regions: medulla (A) and
frontal cortex (B)
11

In the pretreated group, 5 mg/kg unlabeled PK11195 (Sigma-Aldrich, St.
Louis, MO) in dimethylsulfoxide (DMSO) at a concentration of 10 mg/ml
was administered via a tail vein 5 min before injection of the PET tracer.
After the scans (approximately 75 min after tracer injection), the rats were
killed by extirpation of the heart while under deep anesthesia. The brain and
peripheral organs were excised and dissected, and blood was centrifuged
to collect a plasma sample. Tissues were weighed and radioactivity was
measured in the gamma counter (LKB Wallac, Turku, Finland). Tracer uptake
in each region was corrected for the injected tracer dose and body weight
and expressed as standardized uptake value (SUV), which was defined as:
radioactivity (MBq/cm3)/ [injected dose (MBq)/body weight (g)].

PET imaging with arterial blood sampling and blood processing
PET scans with arterial blood sampling were performed in a different set of
rats to generate input for pharmacokinetic modeling. For the arterial blood
sampling a cannula was inserted into the femoral artery after the induction
of anesthesia. The femoral vein was additionally cannulated for PET tracer
injection. After cannulation, the rats were positioned into the camera and a
transmission scan was acquired using a 57Co point source. The PET tracer
([11C]CB184 or (R)-[11C]PK11195) was injected over 1 min using an automatic
pump at a speed of 1 ml/min, and a 60-min dynamic PET scan was started.
A 0.1 ml blood sample was taken at 0, 5, 10, 15, 20, 30, 45, 60, 75, 90, 120, 180,
300, 450, 600, 900, 1,800 and 3,600 s after injection. A larger blood sample of
0.5 ml was taken at three time points (5, 15, 30 and/or 60 min) for metabolite
analysis. After collection of each blood sample, heparinized saline was
injected to prevent large changes in blood pressure. A 25 µl aliquot of whole
blood was extracted from each sample for radioactivity measurement. The
remainder of each sample was centrifuged at 13,000 rpm (15,996 g) for 8 min,
and 25 µl plasma was taken for radioactivity measurement. The radioactivity
in blood and plasma was measured with a gamma counter.
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PET image reconstruction and analysis
The list-mode data from the emission scan were reconstructed into three
frames of 10 min for the dynamic 30-min scans, and into 21 frames (6×10 s, 4×30
s, 2×60 s, 1×120 s, 1×180 s, 4×300 s, and 3×600 s) for the 60-min dynamic scans.
Emission sinograms were iteratively reconstructed (OSEM2D, four iterations,
and 16 subsets) after being normalized and corrected for attenuation and
decay of radioactivity. PET images were analyzed by VINCI 4.22 software
(Max Planck Institute for Neurological Research, Cologne, Germany). Scans
were automatically registered to a functional (R)-[11C]PK11195 template,24
which was spatially aligned with a stereotaxic T2-weigthed MRI template
in Paxinos space,25 facilitating the accurate report of results and enabling
the use of predefined standard-space atlas structures. Volumes of interest
(VOI) for the different brain regions were defined by addition of previously
constructed regions.24 Brain radioactivity concentration was calculated from
these regions of interest to generate time–activity curves (TACs). The TACs
were corrected for injected dose and animal body weight, and expressed as
SUV. Based on visual analysis of the TACs, it was decided to use the last 10min frame of the scans obtained without arterial blood sampling for further
SUV analysis of the differences between groups, because at this point the
tracer uptake reached a plateau (see Figure 2). No significant differences
were observed between the 30-min and the 60-min scans, and their data were
combined.

Metabolite analysis
Radioactive metabolites in plasma were measured using the extra blood
samples taken at three time points during each scan (5, 15, 30 and/or 60 min).
After centrifugation and collection of the plasma sample for radioactive
measurement, as described above, the remaining plasma was diluted
with acetonitrile (1.5 times the amount of plasma) and vortex-mixed. The
plasma suspension was centrifuged at 5,300 rpm (3,030 g) for 3 min, and
divided into supernatant and pellet. The supernatant was filtered through a
Millipore filter (Millex-HV 4 mm syringe filter, pore size 0.45 µm) and was
then analyzed by HPLC using an Alltima RP-C18 column (5 µm, 10×250 mm)
and 60/40 acetonitrile/water at a flow of 4 ml/min for [11C]CB184 or 70/30/0.5
acetronitrile/water/triethylamine at a flow of 5 ml/min for (R)-[11C]PK11195
as the eluent. Fractions of 30 s were collected and measured in the gamma
counter.
The percentage of metabolites in plasma was calculated by fitting an
exponential function to the values obtained from the HPLC analysis. The
plasma values obtained from the blood samples during the PET scan were
then corrected for the presence of these metabolites, and used together with
54

Evaluation of [11C]CB184 for imaging and quantification of TSPO overexpression
in rat model of herpes encephalitis

the whole-blood curve for further analysis. Metabolite corrected plasma TACs
were fitted for each individual rat using iterative nonlinear least-squares
fitting to the biexponential equation: SUVt = Ae-αt + Be-βt, where SUVt is the
plasma SUV at time t, α and β are the apparent distribution and elimination
rate constants (s−1), respectively, and A and B are the corresponding zerotime intercepts. The weighting factors were reciprocals of the plasma SUV
squared. Distribution and elimination half-lives (seconds) were calculated as
the natural logarithm of 2 divided by α and β, respectively.
To determine if radioactive metabolites of [11C]CB184 entered the brain, the
brain of one control and one HSE rat were isolated at 30 min after injection and
homogenized with a solution of ice-cold acetonitrile (3 ml). The homogenate
was centrifuged at 6,000 rpm (3,461 g) for 10 min. The supernatant was then
collected and process by HPLC, as described above.

Pharmacokinetic analysis
The TACs of those rats in which blood sampling was performed, together
with their corresponding whole-blood and metabolite-corrected plasma
curves, were used for pharmacokinetic modeling using PMOD v3.3 (PMOD
Technologies, Zürich, Switzerland). A preliminary Logan graphical analysis26
and Patlak graphical analysis27 of tracer kinetics were performed to determine
if the [11C]CB184 showed reversible or irreversible behavior. Visual inspection
showed a better fit for Logan graphical analysis. Therefore, quantification of
[11C]CB184 and [11C]PK11195 binding was performed with Logan graphical
analysis, using a delay time of 15 min to calculate the distribution volume
(VT). The reversible two-tissue compartment model (2TCMR) with K1/k2 fixed
to the whole cortex value,28 and a fixed blood volume of 3% were used to
calculate the VT and nondisplaceable binding potential (BPND, calculated as
k3/k4).29

Statistical analysis
The results are presented as mean ± standard deviation (SD). Statistical
analysis was performed using IBM SPSS Statistics 20. Differences between
groups were analyzed using the independent samples t-test, and considered
to be significant at p<0.05.
Voxel-based analysis
Voxel-based analysis was performed using SPM8 (Wellcome Department
of Cognitive Neurology, University College London, UK) and the SAMIT
toolbox.24 A two-sample t-test (control rats vs. HSE rats) was performed
on [11C]CB184 SUV images, obtained from the last 10-min frame of the 30min and 60-min PET scans without blood sampling. The analysis was done
without global normalization or a threshold. Images were smoothed with a
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1.2 mm isotropic Gaussian kernel. For interpretation of the group differences,
T-map data were interrogated at p<0.005 (uncorrected) and extent threshold
of 200 voxels. Only clusters with p<0.05 corrected for family-wise error were
considered significant.

Results
[11C]CB184 characteristics
Ex vivo biodistribution
The ex vivo biodistribution study was performed to determine the uptake of
[11C]CB184 in four experimental groups: control rats, HSE rats, and control
or HSE rats pretreated with unlabeled PK11195. The results of the ex vivo
biodistribution study are expressed as mean SUV±SD. Table 2 shows the
ex vivo biodistribution in the brain and peripheral organs of the different
groups, approximately 75 min after tracer injection. Whole-brain uptake of
[11C]CB184 was significantly higher in HSE rats than in control rats (0.99±0.21
vs. 0.66±0.16, p=0.006). Uptake of [11C]CB184 in HSE rats, as compared with
control rats, was significantly higher in the amygdala (0.52±0.21 vs. 0.30±0.08,
p=0.04), olfactory bulb (1.52±0.22 vs. 1.06±0.15, p<0.001), medulla (1.51±0.57
vs. 0.59±0.14, p=0.001), pons (1.26±0.52 vs. 0.63±0.08, p=0.008) and striatum
(0.45±0.15 vs. 0.28±0.07, p=0.03). [11C]CB184 binding to TSPO was blocked by
administration of unlabeled PK11195 5 min before tracer injection, resulting
in a significantly lower uptake of [11C]CB184 in all brain regions of HSE and
control rats, except in cingulate/frontopolar, and frontal cortices of control
rats. When the whole brain was considered, a highly significant difference
between blocked and non-blocked groups was found in both control and
HSE rats (p<0.001).
The ex vivo biodistribution study in peripheral organs showed a high uptake
of [11C]CB184 in TSPO-expressing organs, including the adrenal glands,
heart, kidney, lungs and spleen. [11C]CB184 uptake was significantly higher
in the lungs of HSE rats than in control rats (22.53±2.41 vs. 18.39±2.20,
p=0.006). [11C]CB184 uptake was effectively blocked by unlabeled PK11195,
resulting in a significant reduction of uptake in almost all the tissues except
for adrenals in the control group, and in fat, plasma and red blood cells in
both HSE and control rats. The mean [11C]CB184 uptake in the liver was
higher after administration of unlabeled PK11195, but this increase did not
reach statistical significance.
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Table 2. Ex vivo biodistribution of [11C]CB184, expressed as SUV (mean± SD), performed
approximately 75 min after injection in control rats (PBS), rats infected with HSV-1 (HSE), and
rats pre-treated with 5 mg/kg of PK11195 5 min before [11C]CB184 injection.
Control (PBS)
(n=7)

HSE
(n=7)

PBS + PK11195
(n=5)

HSE + PK11195
(n=5)

Brain:
Amygdala / Piriform cortex

0.30 ± 0.08

0.52 ± 0.21*

0.10 ± 0.05***

0.08 ± 0.06**

Bulbus olfactorius

1.06 ± 0.15

1.52 ± 0.22***

0.20 ± 0.08***

0.17 ± 0.11***

Cerebellum

0.52 ± 0.06

0.84 ± 0.41

0.13 ± 0.08***

0.11 ± 0.06**

Cingulate / Frontopolar cortices

0.36 ± 0.13

0.46 ± 0.21

0.24 ± 0.17

0.10 ± 0.05**

Entorhinal cortex

0.36 ± 0.13

0.57 ± 0.39

0.09 ± 0.07**

0.10 ± 0.05*

Frontal cortex

0.44 ± 0.44

0.39 ± 0.09

0.10 ± 0.07

0.08 ± 0.05***

Hippocampus

0.39 ± 0.18

0.55 ± 0.21

0.12 ± 0.08*

0.09 ± 0.05***

Medulla

0.59 ± 0.14

1.51 ± 0.57**

0.12 ± 0.07***

0.13 ± 0.06***

Par. / Temp. / Occ. cortices

0.32 ± 0.06

0.41 ± 0.14

0.10 ± 0.06***

0.10 ± 0.05***

Pons

0.63 ± 0.08

1.26 ± 0.52**

0.12 ± 0.08***

0.12 ± 0.10***

Striatum

0.28 ± 0.07

0.45 ± 0.15*

0.11 ± 0.07**

0.09 ± 0.06***

Whole brain

0.66 ± 0.16

0.99 ± 0.21**

0.15 ± 0.08***

0.08 ± 0.08***

Peripheral organs:
Adrenals
Bone

14.84 ± 5.45

13.86 ± 4.42

1.00 ± 0.26

0.98 ± 0.14

7.72 ± 5.20*

8.14 ± 7.09

0.31 ± 0.19***

0.39 ± 0.24***

Colon

3.38 ± 0.97

3.29 ± 0.81

0.42 ± 0.24***

0.49 ± 0.36***

Fat

0.43 ± 0.21

0.57 ± 0.39

0.48 ± 0.18

0.72 ± 0.49

Heart

22.81 ± 2.80

23.69 ± 2.71

Ileum

6.41 ± 3.07

6.20 ± 2.67

12.52 ± 2.22

13.17 ± 2.25

Liver

Kidney

7.57 ± 1.64

7.97 ± 1.73

Lung

0.68 ± 0.40***

0.77 ± 0.53***

2.31 ± 1.15*

2.74 ± 1.77*

0.72 ± 0.44***
11.28 ± 5.43

1.12 ± 0.75***
10.71 ± 9.25

18.39 ± 2.20

22.53 ± 2.41**

0.95 ± 0.57***

1.62 ± 0.98***

Pancreas

3.55 ± 0.52

4.23 ± 0.76

0.57 ± 0.34***

0.62 ± 0.37***

Plasma

0.18 ± 0.08

0.28 ± 0.24

0.27 ± 0.15

0.19 ± 0.04

Red blood cells
Spleen

0.19 ± 0.18

0.13 ± 0.01

13.23 ± 2.64

11.76 ± 1.42

0.11 ± 0.05

0.11 ± 0.07

0.70 ± 0.47***

0.71 ± 0.55***

Stomach

5.04 ± 0.82

5.88 ± 1.87

0.70 ± 0.46***

0.82 ± 0.60***

Submandibularis

4.28 ± 1.02

4.89 ± 0.75

0.70 ± 0.46***

0.79 ± 0.56***

Testis

0.98 ± 0.11

0.88 ± 0.12

0.30 ± 0.24***

0.29 ± 0.21***

Thymus

3.36 ± 0.58

3.23 ± 0.33

0.72 ± 0.44***

0.74 ± 0.46***

Trachea

5.56 ± 1.50

6.38 ± 3.30

0.81 ± 0.35***

1.02 ± 0.70**

*p<0.05, **p<0.01, and ***p<0.001 for comparison between HSE and PBS; and pre-treatment with PK11195 compared
with the same group without pre-treatment
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PET imaging: VOI-based analysis
In order to assess the ability of [11C]CB184 to visualize the TSPO overexpression,
healthy control and HSE rats were imaged using PET. The SUVs obtained
from the last 10 min of the 30-min and 60-min PET scans (without blood
sampling) are shown in Table 3. Uptake of [11C]CB184 in the whole brain was
significantly higher in HSE rats than in control rats (0.52±0.08 vs. 0.41±0.08,
p=0.02). For the predefined brain regions (VOI), uptake was significantly
higher in the medulla (0.86±0.27 vs. 0.47±0.08, p=0.003), pons (0.73±0.17 vs.
0.44±0.11, p=0.002) and striatum (0.38±0.06 vs. 0.29±0.09, p=0.04). [11C]CB184
uptake in the rats pretreated with unlabeled PK11195 was significantly lower
in all brain regions (p<0.01).
TACs of two representative brain regions are shown in Figure 2. Pretreatment
with unlabeled PK11195 reduced the uptake of [11C]CB184 in the same
manner in control rats and in HSE rats. There was a good correlation between
the biodistribution values and the SUVs from PET scans acquired 50–60 min
after [11C]CB184 injection (p<0.001, r2=0.71; Figure 3).

Table 3. [11C]CB184 uptake, expressed as SUV (mean±SD), obtained from the PET scan
acquired for 50-60 min after [11C]CB184 injection in control rats (PBS), rats infected with HSV1 (HSE), and rats pre-treated with 5 mg/kg of PK11195 5 min before [11C]CB184 injection
Control (PBS)
(n = 7)

HSE
(n = 7)

PBS + PK11195 HSE + PK11195
(n = 5)
(n = 5)

Amygdala

0.43 ± 0.11

0.49 ± 0.14

0.16 ± 0.02***

0.16 ± 0.05***

Bulbus olfactorius

0.84 ± 0.13

0.96 ± 0.18

0.21 ± 0.03***

0.26 ± 0.03***

Cerebellum

0.48 ± 0.08

0.62 ± 0.17

0.14 ± 0.02***

0.14 ± 0.03***

Frontal cortex

0.44 ± 0.12

0.42 ± 0.13

0.14 ± 0.02***

0.18 ± 0.03**

Rest of cortices

0.40 ± 0.07

0.45 ± 0.06

0.14 ± 0.01***

0.15 ± 0.02***

Hippocampus

0.31 ± 0.09

0.40 ± 0.11

0.13 ± 0.03**

0.12 ± 0.03***

Hypothalamus

0.47 ± 0.15

0.56 ± 0.10

0.16 ± 0.03***

0.18 ± 0.05***

Medulla

0.47 ± 0.08

0.86 ± 0.27**

0.19 ± 0.04***

0.19 ± 0.06***

Midbrain

0.33 ± 0.09

0.42 ± 0.12

0.11 ± 0.02***

0.13 ± 0.03***

Pons

0.44 ± 0.11

0.73 ± 0.17**

0.18 ± 0.03***

0.19 ± 0.05***

Septum

0.29 ± 0.12

0.40 ± 0.16

0.10 ± 0.01**

0.12 ± 0.03**

Striatum

0.29 ± 0.09

0.38 ± 0.06*

0.11 ± 0.03**

0.17 ± 0.05***

Thalamus

0.26 ± 0.07

0.33 ± 0.07

0.12 ± 0.02**

0.11 ± 0.03***

Whole brain

0.41 ± 0.08

0.52 ± 0.08*

0.14 ± 0.01***

0.15 ± 0.02***

*p<0.05, **p<0.01, and ***p<0.001 for comparison between HSE and PBS; and pre-treatment with PK11195 compared with
the same group without pre-treatment
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Figure 3. Correlation between [11C]CB184 SUV values determined ex vivo and those obtained
from the PET scan, from control and HSE rats

PET imaging: voxel-based analysis
The results of the voxel-based analysis are shown in and Table 4 and Figure
4. Uptake of [11C]CB184 in several brain regions was significantly higher in
HSE rats than in control rats (cluster-level p<0.05, corrected for family-wise
error). This higher uptake was bilateral for the pons and medulla (Figure 5),
with the maximum difference in uptake located at the left ventral cochlear
nucleus (Paxinos coordinates x,y,z = −4.5,−9.4,−9, and x,y,z = −4,−10.6,−9.2) and
the left reticular formation (x,y,z = −2.5,−11.6,−9.2). Also, an asymmetrically
higher uptake was found in the right hemisphere only in the thalamus,
hypothalamus, internal capsule, substantia innominata, globus pallidus and
diagonal band, with maximum difference in uptake located in the right bed
nucleus of the stria terminalis (x,y,z = 1.3,−0.8,-7.2, and x,y,z = 0.9,−1.2, −9.2)
and right lateral hypothalamic area (x,y,z = 2.1,−1.2,−8.2).
Table 4. [11C]CB184 voxel-based analysis statistically significant results
Peak probability level

Cluster-level

p-value

Threshold

FWE

Uncorrected

0.005

200 voxels

<0.001

<0.001

0.005

0.001

Paxinos coordinates (mm)
Voxels
26598

4357

x

y

-4.5

-9.4

z
-9

-2.5

-11.6

-9.2

-4

-10.6

-9.2

1.3

-0.8

-7.2

2.1

-1.2

-8.2

0.9

-1.2

-9.2

FWE = Family wise error correction
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Figure 4. Voxel-based analysis. Uptake of [11C]CB184 is significantly higher in HSE rats than
in control rats (cluster-level p<0.05, corrected for family-wise error). These regions correspond
to the pons and medulla bilaterally, and the thalamus, hypothalamus, internal capsule,
substantia innominata, globus pallidus, bed nucleus of the stria terminalis, and diagonal band
of the right side. Left: Standard ‘glass brain’ output in SPM. Right: Overlay of the results on
the MRI template
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Figure 5. Transaxial [11C]CB184 PET images of the head of a healthy control rat and a rat with
herpes simplex encephalitis (HSE) (arrow increased uptake of [11C]CB184 in the region of the
pons and medulla)
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Comparison of [11C]CB184 with (R)-[11C]PK11195
Plasma clearance
Figure 6 shows the mean TACs of plasma corrected for the percentage of
metabolites for [11C]CB184 and (R)-[11C]PK11195 following intravenous
injection. A significant difference was found at the peak tracer concentration
in plasma during the distribution phase (p<0.003 at 45 s). No significant
difference was found in the elimination phase. The distribution half-lives
were 17±7 s and 22±7 s, and the elimination half-lives were 44±26 min and
65±46 min for [11C]CB184 and (R)-[11C]PK11195, respectively.
The metabolite concentrations in plasma indicated a similar metabolic rate
for both tracers, with 50 % of parent tracer still present in plasma at about
21 min after tracer injection. The amount of [11C]CB184 metabolites found in
the brain (including the blood component of the brain) at 30 min after tracer
injection was 1.2 % in the control rat and 1.3 % in the HSE rat, suggesting that
metabolites do not cross the blood–brain barrier (BBB).
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Figure 6. Left Plasma clearance corrected for metabolites (SUV ± standard error) of [11C]CB184
and (R)-[11C]PK11195 during the 60 min dynamic PET scan (inset expanded view of the first
120 s). Right Curves showing the percentages of metabolites present in plasma from the time
of injection until the end of the PET scan (dashed lines 95 % confidence intervals)

Kinetic Modeling
For both [11C]CB184 and (R)-[11C]PK11195, the VT determined using 2TCMR
and the VT assessed by Logan graphical analysis (Figure 7) showed an
excellent correlation (p<0.001, r2=0.99). Comparison of VT values between
groups was not possible due to the high inter-individual variance (Figure
8). For example, VT values for [11C]CB184 in the control group ranged from
4.42 to 10.47 in the medulla. Therefore, it was decided to use the BPND for the
analysis, calculated as the k3/k4 obtained from the 2TCMR. In the control rats,
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Figure 7. Correlation between distribution volume (VT) determined by the reversible twotissue compartment model (2TCMR) and VT for [11C]CB184 and (R)-[11C]PK11195 determined
by Logan graphical analysis
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rats (PBS) and rats infected with HSV-1 (HSE) determined using the reversible two-tissue
compartment model (2TCMR)
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no significant difference was found between the BPND of [11C]CB184 and the
BPND of (R)-[11C]PK11195. There were statistically significant differences in
[11C]CB184 BPND between control and HSE rats for the amygdala (2.4±1.2 vs.
3.6±0.3, p=0.05), hypothalamus (2.7±1.6 vs. 4.6±0.4, p=0.02), medulla (2.6±1.2
vs. 5.1±1.4, p=0.01), pons (2.6±1.3 vs. 4.5±0.9, p=0.02) and septum (1.5±0.9 vs.
2.7±0.5, p=0.02). There was a statistically significant difference in (R)-[11C]
PK11195 BPND between control and HSE rats only for medulla (1.7±0.6 vs.
2.6±0.4, p=0.02). [11C]CB184 BPND and (R)-[11C]PK11195 BPND for the various
brain regions in control and HSE rats are shown in Table 5.
Table 5. [11C]CB184 and (R)-[11C]PK11195 binding potential (mean±SD), calculated using a
reversible two-tissue compartment model, in control rats (PBS) and rats infected with HSV-1
(HSE)

Amygdala
Bulbus olfactorius
Cerebellum
Frontal cortex
Rest cortices
Hippocampus
Hypothalamus
Medulla
Midbrain
Pons
Septum
Striatum
Thalamus
Whole brain

[11C]CB184
PBS
HSE
2.39 ± 1.23
3.56 ± 0.33*
5.56 ± 2.67
8.82 ± 2.97
2.88 ± 1.39
3.83 ± 0.63
2.14 ± 1.23
3.08 ± 1.20
2.27 ± 1.37
2.69 ± 0.47
1.55 ± 0.90
2.44 ± 0.34
2.74 ± 1.62
4.65 ± 0.44*
2.64 ± 1.16
5.10 ± 1.42*
1.73 ± 0.98
2.50 ± 0.51
2.63 ± 1.31
4.47 ± 0.94*
1.53 ± 0.90
2.71 ± 0.46*
1.28 ± 0.74
1.91 ± 0.41
1.17 ± 0.78
1.85 ± 0.41
2.25 ± 1.17
3.25 ± 0.41

(R)-[11C]PK11195
PBS
HSE
1.65 ± 0.62
1.92 ± 0.73
3.76 ± 1.16
4.03 ± 1.20
1.51 ± 0.60
1.89 ± 0.39
1.35 ± 0.51
1.54 ± 0.54
1.33 ± 0.46
1.62 ± 0.60
0.98 ± 0.44
1.39 ± 0.58
1.92 ± 0.82
2.28 ± 0.84
1.65 ± 0.60
2.56 ± 0.42*
0.96 ± 0.49
1.34 ± 0.42
1.74 ± 0.69
2.44 ± 0.41
1.20 ± 0.38
1.34 ± 0.57
0.88 ± 0.33
1.03 ± 0.43
0.75 ± 0.35
1.03 ± 0.51
1.38 ± 0.49
1.72 ± 0.49

*p<0.05 for comparison between HSE and PBS in [11C]CB184. No statistically significant difference was found between
control (PBS) groups of [11C]CB184 and [11C]PK11195

Discussion
In order to test the suitability of [11C]CB184 as a PET tracer for TSPO imaging,
we compared [11C]CB184 with the most widely used tracer (R)-[11C]PK11195
in a rat model of HSE. This animal model does not rely on invasive injection of
a toxin into the brain, but has known microglial activation in response to viral
infection, as confirmed previously by immuno-histochemical staining.18,30
It can be considered a limitation of the model that the infection cannot be
controlled precisely between rats and that the mortality may be relatively
high, especially when the rats are followed for longer periods. However, in
our study there were no observable difference in clinical symptoms between
rats, being limited to slight ruffled fur and/or irritated mouth and nose with
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the absence of more severe symptoms and premature dead. While the levels
of neuroinflammation may vary between HSE rats reflecting different levels
of HSE severity, [11C]CB184 consistently detected a higher TSPO expression
in those regions know to be affected in this model, such as the medulla and
pons.18
In the ex vivo biodistribution study of control rats, the highest uptake of [11C]
CB184 was found in the adrenal glands, heart, kidney, lungs and spleen,
when compared with other peripheral regions, while for the brain the
olfactory bulb showed the highest uptake. These results are in accordance
with those previously reported in mice,23 and with known TSPO expression
in these organs.31 Pretreatment with unlabeled PK11195 resulted in a
significant reduction in [11C]CB184 uptake in all brain regions in the control
group, except in the cingulate and frontal cortices. In the peripheral organs,
pretreatment with unlabeled PK11195 resulted in a statistical significant
decrease in all the tissues except fat, plasma and red blood cells. There was
a less significant blocking effect in the adrenal glands in the control rats and
there was no significant effect in the HSE rats. This apparent low blocking
effect of the unlabeled PK11195 in a known TSPO expressing organ may
have been a result of the high variance in the present study (SUV 7.93±5.87,
range 4.65–19.81, for the control and HSE groups together). Another
possible explanation, which is suggested by similar results found with [11C]
DPA-713 and [18F]DPA-714,18,32 is the presence of alternative binding sites
predominantly expressed in the adrenal glands that do not bind PK11195.18
In addition, in the liver there seemed to be a trend towards a higher [11C]
CB184 uptake in PK11195-pretreated animals, although this difference was
not statistically significant. Probably, this observation was result of decreased
liver metabolism due to competition of the tracer with unlabeled PK11195.
The amount of DMSO used as solvent for the administration of the unlabeled
PK11195 may be considered as possible confounder in the blocking study.
However, DMSO has been shown to have neuroprotective effects, probably
mediated via a separate signaling pathway not involving TSPO, and to
increase neuronal survival independently of alteration to microglia or
astrocytes.33 Therefore, we consider that the possible interference of DMSO in
the blocking effect in the TSPO receptors by the administration of unlabeled
PK11195 can be considered minimal or negligible.
The study of the response of microglia to the HSV-1 infection, in particular
the ability of [11C]CB184 to detect the changes in TSPO expression, was
performed using four different methods: ex vivo biodistribution, analysis
of PET images using predefined VOIs, voxel-based analysis of PET images,
and comparison of the BPND calculated from the dynamic PET data using a
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2TCMR with a plasma input function. In the ex vivo biodistribution study,
HSE rats showed significantly higher SUVs in the amygdala, olfactory bulb,
medulla, pons and striatum than control rats. The VOI-based analysis also
demonstrated significant differences in HSE rats compared with control rats
in most of these regions, including the medulla, pons and striatum, while
differences in olfactory bulb and amygdala were not detected probably
due to partial volume effects and/or spill over in these regions. In vivo PET
imaging and ex vivo biodistribution data were highly correlated.
In the ex vivo biodistribution and VOI analysis, possible alterations in TSPO
expression were explored bilaterally, making no distinction between brain
hemispheres. To explore the existence of asymmetry in [11C]CB184 uptake
as a consequence of the infection and to explore alterations not limited to
predefined anatomical regions, a voxel-based analysis was performed with
the same SUV images employed in the VOI analysis. In this voxel-based
analysis, a statistically significant difference was found bilaterally in the
pons and medulla, but also in the right thalamus and hypothalamus, as well
as in regions of the internal capsule, substantia innominata, globus pallidus,
diagonal band and bed nucleus of the stria terminalis.
All analysis methods clearly showed an increased expression of TSPO
bilaterally in the brainstem (medulla and pons) caused by HSV-1 invasion
via the neural pathway from the olfactory bulb to the locus coeruleus, or
by direct invasion via the trigeminal nerve.30,34 However, the results in
other brain regions varied depending on the methodology used. Several
factors may be involved in these differences. One factor is that the SUV is
a semiquantitative measurement that can be affected by several biological
factors (e.g. body size, weight composition, tracer metabolism and blood
flow), or technological factors related with the acquisition and reconstruction
of the image (e.g. field of view and matrix size).35 Moreover, the voxel-based
approach may, in theory, identify subtle changes better than VOI-based
analysis, as the latter analysis is limited mainly by the spatial resolution of the
scanner rather than by the size of the VOIs. In our study, this was reflected
in those regions where the microglial activation seems to have a lateralized
pattern, as observed by the voxel-based analysis but not by the VOI-based
analysis. Moreover, the use of a voxel-based analysis allows investigation of
the whole brain and is not limited to hypothesis-based predefined regions. In
this study, this advantage led to the higher uptake of [11C]CB184 in HSE rats
than in controls rats in the right globus pallidus, internal capsule and the bed
nucleus of the stria terminalis, areas that were not included in the VOI-based
analysis. Therefore, whenever the study design allows this, it is advisable
to perform a voxel-based analysis of parametric images (i.e. voxel-by-voxel
representation of the binding, for example using VT or BPND, or otherwise
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SUVs) instead of – or in addition to – a VOI-based analysis.
Both tracers showed similar metabolic rates in plasma, with approximately
50 % of the parent tracer still present in plasma at about 21 min after tracer
injection. Interestingly, a significant difference was found at the peak
concentration of tracer during the distribution phase at 45 s after tracer
injection. While this may have been a consequence of differences in firstpass extraction, binding affinities to plasma proteins,36 differences in
lipophilicity, or other intrinsic characteristics of the tracers, this could not
be confirmed in the present study. Furthermore, the presence of metabolites
of a radioligand in plasma that can cross the BBB may confound results of
PET studies. (R)-[11C]PK11195 has two major radioactive metabolites, both
more polar than the parent (R)-[11C]PK11195: [11C]formaldehyde and N-[11C]
methyl-sec-butylamine.37 The percentage of unchanged (R)-[11C]PK11195 in
rat brain homogenate was 93±4 % and 90±7 % at 20 and 40 min, respectively,
after injection.38 For [11C]CB184, on the other hand, the percentage of intact
tracer present in the brain at 30 min after injection was approximately 99 %,
as confirmed previously in mouse brain.23 Since the small fraction of [11C]
CB184 metabolites in brain homogenates probably originates from the blood
compartment in the brain, these results suggest that the metabolites of [11C]
CB184 do not cross the BBB.
The pharmacokinetic analysis of tracer uptake in the brain was performed
with a 2TCMR, with plasma corrected for metabolites as the input function.
The values of K1/k2 were fixed to values of the whole cortex, as it was found
to be optimal for the analysis of (R)-[11C]PK11195.28 In this experiment,
BPND seems to be more appropriate for estimating [11C]CB184 and (R)-[11C]
PK11195 binding than VT, due to inter-individual variations of the K1/k2.
Interestingly, no significant difference in BPND between the two tracers was
found in the control rats, which seems to indicate that nonspecific binding of
the tracers under physiological conditions is similar. In the healthy brain, this
diffuse low-level signal is probably attributable to the expression of TSPO
in the muscle cells of arteries, perivascular macrophages, lymphocytes and
neutrophils, choroid plexus, ependyma and meninges.39,40 HSV-1 encephalitis
is known to involve the activation of microglia41 and astrocytes,42 both of
which over-express TSPO when activated.43 [11C]CB184 was able to detect
the TSPO overexpression better than (R)-[11C]PK11195, as reflected by higher
BPND in the amygdala, hypothalamus, medulla, pons and septum, whereas
increased (R)-[11C]PK11195 uptake was only found in the medulla.
In recent years new radiotracers have been developed for imaging TSPO
with PET. The preferred characteristics of these radioligands include:13,44
1. Metabolic stability.
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2. High affinity to the target and low nonspecific binding (i.e. good
signal-to-noise ratio).
3. Adequate dissociation from the target.
4. Suitable lipophilicity to cross the BBB.
5. Radiolabeled metabolites should not cross the BBB.
6. The synthesis of the radioligand must be simple, quick, and with high
production yield.
In the present study, the [11C]CB184 radioligand was shown to fulfill all these
criteria. Its metabolism was similar to that observed for (R)-[11C]PK11195.
Most importantly, the presence of radiolabeled metabolites in brain tissue
can be considered negligible. In addition, [11C]CB184 showed better specific
binding to TSPO than (R)-[11C]PK11195, e.g. in the medulla, the most affected
region in the HSE rat used in this study, the BPND of [11C]CB184 was 93 %
higher than in control rats, while the increase in the BPND of (R)-[11C]PK11195
was only of 55 %. This was probably the result of the higher affinity of [11C]
CB184 (7.9 times) for TSPO than (R)-[11C]PK11195. The pharmacokinetic
profile of [11C]CB184 also seems to be better than that of (R)-[11C]PK11195,
with a high peak availability of the tracer in the blood pool in the first
minute after injection. And finally, the time required for synthesis of [11C]
CB184 is of about 35 min from the end of irradiation, with a decay-corrected
radiochemical yield of 42±7 % (versus 33±15 % for (R)-[11C]PK11195).18
A significant number of TSPO radioligands have been developed with
higher affinity and/or lower nonspecific binding than (R)-[11C]PK11195,
including [11C]DAA1106, [11C]PBR28 and [18F]DPA-714. Our group has
previously used the HSE model for the evaluation of some of these new
TSPO radioligands. [11C]DAA1106 did not show significantly higher uptake
in vivo in HSE rats than in control rats.45 Additionally, [11C]DPA-713 and [18F]
DPA-714 were tested in a similar study18 in which [11C]DPA-713 was found
to perform better than (R)-[11C]PK11195, with a similar uptake in infected
regions, but with lower nonspecific binding, while [18F]DPA-714 uptake was
lower than that of (R)-[11C]PK11195 in the infected regions. This last result
differs from those obtained in another model of neuroinflammation caused
by cerebral ischemia in which [18F]DPA-714 showed a higher signal-to-noise
ratio than [11C]PK11195.46 The differences in methodology in the studies of
the new compounds makes direct comparison of the results difficult, and
further effort must be focused on the performance of this new generation of
TSPO radioligands.47 Moreover, recent studies have shown mixed affinity
of several new PET tracers to the TSPO in humans, due to presence of a
TSPO polymorphism.21,22 Therefore, despite the promising results obtained
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in this experiment, further clinical imaging studies with [11C]CB184 need to
be performed to assess the added value of this new TSPO radioligand, and to
determine whether [11C]CB184 could replace (R)-[11C]PK11195.

Conclusion
Ex vivo and in vivo experiments demonstrated that [11C]CB184 shows a high
and specific uptake in the encephalitic rat brain. The nonspecific binding of
the tracer to healthy brain tissue was comparable to that of (R)-[11C]PK11195,
but [11C]CB184 showed a significantly higher uptake in those brain regions
affected by the HSE. Our results suggest that [11C]CB184 could be a good
alternative for the imaging of TSPO overexpression in neuroinflammatory
processes, and further evaluation in humans is warranted.

68

Evaluation of [11C]CB184 for imaging and quantification of TSPO overexpression
in rat model of herpes encephalitis

References
1.

Hanisch U-K, Kettenmann H. Microglia: active sensor and versatile effector cells in the normal and pathologic
brain. Nat Neurosci. 2007;10(11):1387-1394. doi:10.1038/nn1997

2.

Graeber MB, Li W, Rodriguez ML. Role of microglia in CNS inflammation. FEBS Lett. 2011;585(23):37983805. doi:10.1016/j.febslet.2011.08.033

3.

Perry VH, Nicoll JAR, Holmes C. Microglia in neurodegenerative disease. Nat Rev Neurol. 2010;6(4):193201. doi:10.1038/nrneurol.2010.17

4.

Kettenmann H, Kirchhoff F, Verkhratsky A. Microglia: new roles for the synaptic stripper. Neuron.
2013;77(1):10-18. doi:10.1016/j.neuron.2012.12.023

5.

Doorduin J, de Vries EFJ, Dierckx RA, Klein HC. PET imaging of the peripheral benzodiazepine receptor:
monitoring disease progression and therapy response in neurodegenerative disorders. Curr Pharm Des.
2008;14(31):3297-3315

6.

Papadopoulos V, Lecanu L, Brown RC, Han Z, Yao Z-X. Peripheral-type benzodiazepine receptor in
neurosteroid biosynthesis, neuropathology and neurological disorders. Neuroscience. 2006;138(3):749-756.
doi:10.1016/j.neuroscience.2005.05.063

7.

Veenman L, Papadopoulos V, Gavish M. Channel-like functions of the 18-kDa translocator protein
(TSPO): regulation of apoptosis and steroidogenesis as part of the host-defense response. Curr Pharm Des.
2007;13(23):2385-2405

8.

Papadopoulos V, Lecanu L. Translocator protein (18 kDa) TSPO: an emerging therapeutic target in
neurotrauma. Exp Neurol. 2009;219(1):53-57. doi:10.1016/j.expneurol.2009.04.016

9.

Batarseh A, Papadopoulos V. Regulation of translocator protein 18 kDa (TSPO) expression in health and
disease states. Mol Cell Endocrinol. 2010;327(1-2):1-12. doi:10.1016/j.mce.2010.06.013

10. Chen M-K, Guilarte TR. Translocator protein 18 kDa (TSPO): molecular sensor of brain injury and repair.
Pharmacol Ther. 2008;118(1):1-17. doi:10.1016/j.pharmthera.2007.12.004
11. Venneti S, Lopresti BJ, Wiley CA. The peripheral benzodiazepine receptor (Translocator protein
18kDa) in microglia: from pathology to imaging. Prog Neurobiol. 2006;80(6):308-322. doi:10.1016/j.
pneurobio.2006.10.002
12. Schweitzer PJ, Fallon BA, Mann JJ, Kumar JSD. PET tracers for the peripheral benzodiazepine receptor and
uses thereof. Drug Discov Today. 2010;15(21-22):933-942. doi:10.1016/j.drudis.2010.08.012
13. Trapani A, Palazzo C, de Candia M, Lasorsa FM, Trapani G. Targeting of the translocator protein 18
kDa (TSPO): a valuable approach for nuclear and optical imaging of activated microglia. Bioconjug Chem.
2013;24(9):1415-1428. doi:10.1021/bc300666f
14. Owen DRJ, Matthews PM. Imaging Brain Microglial Activation Using Positron Emission Tomography
and Translocator Protein-Specific Radioligands. Int Rev Neurobiol. 2011;101:19-39. doi:10.1016/B978-0-12387718-5.00002-X
15. Venneti S, Lopresti BJ, Wiley CA. Molecular imaging of microglia/macrophages in the brain. Glia.
2013;61(1):10-23. doi:10.1002/glia.22357
16. Boutin H, Chauveau F, Thominiaux C, et al. In vivo imaging of brain lesions with [(11)C]CLINME, a new
PET radioligand of peripheral benzodiazepine receptors. Glia. 2007;55(14):1459-1468. doi:10.1002/glia.20562
17. Chauveau F, Boutin H, Van Camp N, et al. In vivo imaging of neuroinflammation in the rodent brain with
[11C]SSR180575, a novel indoleacetamide radioligand of the translocator protein (18 kDa). Eur J Nucl Med
Mol Imaging. 2011;38(3):509-514. doi:10.1007/s00259-010-1628-5
18. Doorduin J, Klein HC, Dierckx RA, James M, Kassiou M, de Vries EFJ. [11C]-DPA-713 and [18F]DPA-714 as new PET tracers for TSPO: a comparison with [11C]-(R)-PK11195 in a rat model of herpes
encephalitis. Mol Imaging Biol. 2009;11(6):386-398. doi:10.1007/s11307-009-0211-6
19. Imaizumi M, Briard E, Zoghbi SS, et al. Brain and whole-body imaging in nonhuman primates of [11C]
PBR28, a promising PET radioligand for peripheral benzodiazepine receptors. Neuroimage. 2008;39(3):12891298. doi:10.1016/j.neuroimage.2007.09.063
20. Maeda J, Suhara T, Zhang M-R, et al. Novel peripheral benzodiazepine receptor ligand [11C]DAA1106 for
PET: an imaging tool for glial cells in the brain. Synapse. 2004;52(4):283-291. doi:10.1002/syn.20027

69

3

Chapter 3

21. Owen DR, Howell OW, Tang S-P, et al. Two binding sites for [3H]PBR28 in human brain: implications for
TSPO PET imaging of neuroinflammation. J Cereb Blood Flow Metab. 2010;30(9):1608-1618. doi:10.1038/
jcbfm.2010.63
22. Owen DRJ, Gunn RN, Rabiner EA, et al. Mixed-affinity binding in humans with 18-kDa translocator
protein ligands. J Nucl Med. 2011;52(1):24-32. doi:10.2967/jnumed.110.079459
23. Hatano K, Sekimata K, Yamada T, et al. Radiosynthesis and in vivo evaluation of two
imidazopyridineacetamides,[11C]CB184 and [11C]CB190, as a PET tracer for 18 kDa translocator protein
-direct comparison with [11C](R)-PK11195. Ann Nucl Med. 2015. doi:10.1007/s12149-015-0948-8
24. Vállez García D, Casteels C, Schwarz AJ, Dierckx RAJO, Koole M, Doorduin J. A Standardized Method
for the Construction of Tracer Specific PET and SPECT Rat Brain Templates: Validation and Implementation
of a Toolbox. PLoS ONE. 2015;10(3):e0122363. doi:10.1371/journal.pone.0122363
25. Schwarz AJ, Danckaert A, Reese T, et al. A stereotaxic MRI template set for the rat brain with tissue class
distribution maps and co-registered anatomical atlas: application to pharmacological MRI. Neuroimage.
2006;32(2):538-550. doi:10.1016/j.neuroimage.2006.04.214
26. Logan J, Fowler JS, Volkow ND, et al. Graphical analysis of reversible radioligand binding from timeactivity measurements applied to [N-11C-methyl]-(-)-cocaine PET studies in human subjects. J Cereb Blood
Flow Metab. 1990;10(5):740-747. doi:10.1038/jcbfm.1990.127
27. Patlak CS, Blasberg RG, Fenstermacher JD. Graphical evaluation of blood-to-brain transfer constants from
multiple-time uptake data. J Cereb Blood Flow Metab. 1983;3(1):1-7. doi:10.1038/jcbfm.1983.1
28. Kropholler MA, Boellaard R, Schuitemaker A, et al. Development of a tracer kinetic plasma input
model for (R)-[11C]PK11195 brain studies. J Cereb Blood Flow Metab. 2005;25(7):842-851. doi:10.1038/
sj.jcbfm.9600092
29. Innis RB, Cunningham VJ, Delforge J, et al. Consensus nomenclature for in vivo imaging of reversibly
binding radioligands. J Cereb Blood Flow Metab. 2007;27(9):1533-1539. doi:10.1038/sj.jcbfm.9600493
30. Barnett EM, Cassell MD, Perlman S. Two neurotropic viruses, herpes simplex virus type 1 and mouse hepatitis
virus, spread along different neural pathways from the main olfactory bulb. Neuroscience. 1993;57(4):10071025
31. Chauveau F, Boutin H, Van Camp N, Dollé F, Tavitian B. Nuclear imaging of neuroinflammation: a
comprehensive review of [11C]PK11195 challengers. Eur J Nucl Med Mol Imaging. 2008;35(12):2304-2319.
doi:10.1007/s00259-008-0908-9
32. James ML, Fulton RR, Vercoullie J, et al. DPA-714, a new translocator protein-specific ligand: synthesis,
radiofluorination, and pharmacologic characterization. J Nucl Med. 2008;49(5):814-822. doi:10.2967/
jnumed.107.046151
33. Leaver KR, Reynolds A, Bodard S, Guilloteau D, Chalon S, Kassiou M. Effects of translocator protein
(18 kDa) ligands on microglial activation and neuronal death in the quinolinic-acid-injected rat striatum. ACS
Chem Neurosci. 2012;3(2):114-119. doi:10.1021/cn200099e
34. Mori I, Goshima F, Ito H, et al. The vomeronasal chemosensory system as a route of neuroinvasion by herpes
simplex virus. Virology. 2005;334(1):51-58. doi:10.1016/j.virol.2005.01.023
35. Adams MC, Turkington TG, Wilson JM, Wong TZ. A systematic review of the factors affecting accuracy of
SUV measurements. AJR Am J Roentgenol. 2010;195(2):310-320. doi:10.2214/AJR.10.4923
36. Lockhart A, Davis B, Matthews JC, et al. The peripheral benzodiazepine receptor ligand PK11195 binds with
high affinity to the acute phase reactant alpha1-acid glycoprotein: implications for the use of the ligand as a CNS
inflammatory marker. Nucl Med Biol. 2003;30(2):199-206
37. De Vos F, Dumont F, Santens P, Slegers G, Dierckx R, De Reuck J. High-performance liquid chromatographic
determination of [11C]1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline carboxamide in mouse
plasma and tissue and in human plasma. J Chromatogr B Biomed Sci Appl. 1999;736(1-2):61-66
38. Roivainen A, Någren K, Hirvonen J, et al. Whole-body distribution and metabolism of [N-methyl-11C](R)1-(2-chlorophenyl)-N-(1-methylpropyl)-3-isoquinolinecarboxamide in humans; an imaging agent for in vivo
assessment of peripheral benzodiazepine receptor activity with positron emission tomography. Eur J Nucl Med
Mol Imaging. 2009;36(4):671-682. doi:10.1007/s00259-008-1000-1
39. Turkheimer FE, Edison P, Pavese N, et al. Reference and target region modeling of [11C]-(R)-PK11195
brain studies. J Nucl Med. 2007;48(1):158-167

70

Evaluation of [11C]CB184 for imaging and quantification of TSPO overexpression
in rat model of herpes encephalitis

40. Banati RB. Visualising microglial activation in vivo. Glia. 2002;40(2):206-217. doi:10.1002/glia.10144
41. Cagnin A, Myers R, Gunn RN, et al. In vivo visualization of activated glia by [11C] (R)-PK11195-PET
following herpes encephalitis reveals projected neuronal damage beyond the primary focal lesion. Brain.
2001;124(Pt 10):2014-2027
42. Reinert LS, Harder L, Holm CK, et al. TLR3 deficiency renders astrocytes permissive to herpes simplex
virus infection and facilitates establishment of CNS infection in mice. J Clin Invest. 2012;122(4):1368-1376.
doi:10.1172/JCI60893
43. Lavisse S, Guillermier M, Hérard A-S, et al. Reactive astrocytes overexpress TSPO and are detected
by TSPO positron emission tomography imaging. J Neurosci. 2012;32(32):10809-10818. doi:10.1523/
JNEUROSCI.1487-12.2012
44. Ching ASC, Kuhnast B, Damont A, Roeda D, Tavitian B, Dollé F. Current paradigm of the 18-kDa
translocator protein (TSPO) as a molecular target for PET imaging in neuroinflammation and neurodegenerative
diseases. Insights Imaging. 2012;3(1):111-119. doi:10.1007/s13244-011-0128-x
45. Doorduin J, Klein HC, de Jong JR, Dierckx RA, de Vries EFJ. Evaluation of [11C]-DAA1106 for imaging
and quantification of neuroinflammation in a rat model of herpes encephalitis. Nucl Med Biol. 2010;37(1):9-15.
doi:10.1016/j.nucmedbio.2009.09.002
46. Boutin H, Prenant C, Maroy R, et al. [18F]DPA-714: direct comparison with [11C]PK11195 in a model of
cerebral ischemia in rats. PLoS One. 2013;8(2):e56441. doi:10.1371/journal.pone.0056441
47. Guo Q, Owen DR, Rabiner EA, Turkheimer FE, Gunn RN. Identifying improved TSPO PET imaging probes
through biomathematics: the impact of multiple TSPO binding sites in vivo. Neuroimage. 2012;60(2):902-910.
doi:10.1016/j.neuroimage.2011.12.078

71

3

4
Nuclear Medicine Imaging
in Traumatic Brain Injury

Adapted from:
1. Sánchez-Catasús CA, Vállez García D, Le Riverend Morales E,
Galvizu Sánchez R, Dierckx RAJO. Traumatic Brain Injury: Nuclear
Medicine Neuroimaging. In: PET and SPECT in Neurology. Springer
Berlin Heidelberg; 2014:923-946.
2. Vállez García D, Otte A. Nuclear Medicine Imaging in Concussive
Head Injuries in Sports. In: Nuclear Medicine and Radiologic Imaging
in Sports Injuries. Springer Berlin Heidelberg; 2015:1085-1105.

Chapter 4

Abstract
This chapter provides an up-to-date review of nuclear medicine neuroimaging
in traumatic brain injury (TBI). Although evidence-based imaging studies are
needed, [18F]FDG PET is a valuable tool in researching complex mechanisms
associated with early metabolic dysfunction in TBI, and in the acute phase
appeared to be useful in those patients in whom structural neuroimage fail to
show abnormalities explaining their neurological state. While in the chronic
TBI phase, most [18F]FDG PET studies converge to identify a diffuse cortical–
subcortical hypometabolism involving key regions for cognitive function,
such as thalamus. In addition, recent studies suggested the usefulness of
[18F]FDG PET for the evaluation of therapeutic interventions in chronic TBI
patients with cognitive deficits. Moreover, the use of other PET and SPECT
radioligands as markers of specific cellular process, are an attractive tool for
detecting the secondary neuronal damage involved in the pathophysiology
of TBI, and for the evaluation of different therapeutic approaches.
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Introduction
The worldwide prevalence of traumatic brain injury (TBI) demands global
attention and effective actions involving all levels of society. Recent studies
have estimated annual TBI incidence to be 230 per 100,000 inhabitants in the
European Union,1 and of about 500 per 100,000 inhabitants in the United
States; with about 70-80% of these cases accounted for as mild TBI (mTBI),2
which is defined as loss of consciousness lasting <30 min, and initial Glasgow
Coma Score (GCS) of 13-15, and post-traumatic amnesia lasting <24 h.3 The
estimated cost of TBI in the United States is of US$17 billion per year.4 Falls
and motor related vehicle accidents are the most common causes of TBI,2
and its worldwide incidence is growing mainly due to traffic accidents,
with a higher increase in developing countries.5 TBI as a consequence of
sports practice and recreational activities should not be underestimated
either, especially in children and adolescents where the rate of emergency
department visits for sport- and recreation-related TBIs rose 57% in the last
decade among persons aged ≤19 years,6 and with and increased annual rate
of 16.5% in mTBI related with high school sports over the past 10 years.7 Not
less important is the rise of the social and economic TBI burden consequence
of military conflicts and civilian exposure in war zones: about 20% of the
veterans from the Iraq or Afghanistan wars have experienced mTBI.8,9 These
trends have substantially modified epidemiological and clinical patterns of
TBI.10
TBI includes a wide and heterogeneous spectrum of pathologies ranging from
focal damage caused by contusion (with or without cranial fracture) to diffuse
axonal injury (DAI),11 including complex secondary pathophysiological
processes that could be aggravated by systemic events, patient age or
preexisting chronic diseases.12 In many cases, TBI may secondarily lead to
epilepsy13 and, after aging, it is the most important non-genetic factor that
increases the risk of dementia.14
Immediate clinical TBI consequences are directly related to the severity,
mechanism, location and duration of the impact.15 But even in the mild cases
about 85% of the patients report one or more symptoms the day after the
accident,16 which generally recovers within 3 months to a level comparable
to healthy population.17
Conventional computed tomography (CT) is the technique of choice for
initial evaluation of TBI patients, because it enables to decide whether the
patient requires an immediate surgical intervention, when focal injuries
with hematomas are suspected.18 However, and despite the advances of
conventional CT and magnetic resonance imaging (MRI) in the last years,18,19
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these techniques cannot be used to predict neurocognitive functional deficits
at any stage of TBI, as even if any structural abnormality is shown with
these tools, they do not image the functional pathology important for the
neurocognitive outcome.20–22
It is in these cases that functional neuroimaging using nuclear medicine
techniques, such as single-photon emission tomography (SPECT) or positron
emission tomography (PET), have a great potential to provide insight into
the underlying metabolic changes that arise from TBI and to reveal the
secondary damage that contributes to short- and long-term impairment.
In this chapter a review of several relevant contributions of nuclear medicine
neuroimaging towards improved understanding of TBI is presented, using
both positron emission tomography (PET) and single photon emission
computed tomography (SPECT), with an special focus on the mild traumatic
brain injuries common in sports.

Concussive head injuries in sports
Contact sports are especially prone to mild TBI, commonly termed as
concussion. From these sports, ice hockey shows the highest incidence of
concussion amongst team sports (e.g. American football, ice hockey, rugby
and soccer). It seems that the over-reliance on protective equipment in some
of these sports, such as in ice hockey and American football, may induce
the athletes to be even more aggressive, and then indeed have a higher
incidence of concussion. On the other hand, in individual sports it is boxing
which shows the highest frequency of concussion at the recreational and
competitive level.23
Boxing and other forms of unarmed combats are probably as old as human
species. Not surprisingly, the link between repetitive concussions and
cognitive or behavioral impairments later in life was originally noted in
boxers. These clinical characteristics were first described in 1928 by Martland
as the “punch drunk syndrome”,24 who hypothesized that the clinical
spectrum of abnormalities observed in boxers were the result of repeated
blows to the head. Later in 1937, Millspaugh introduced to the condition the
more formal term of “dementia pugilistica”, a term that has survived until
today.25
Concussed athletes can experience a variety of symptoms including headache,
fatigue, dizziness, anxiety, abnormal balance and postural instability,
impaired memory or cognitive deficits among others. These symptoms, when
prolonged in time, are frequently referred as post-concussive syndrome
(PCS),26 which is manifested in 15% of those suffering a concussion,27–30 even
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in the absence of relevant pathology.31
The common experience is that recovery following a single sport-related
concussion is rapid and complete, i.e. without residual deficits or long lasting
structural changes. However, there is growing evidence of the clinical and
neuropathological consequences of repetitive concussions. Several brain
changes are potentially associated with repetitive head impacts32 including
hippocampal atrophy, cavum septum pellucidum, dilated perivascular
spaces, diffuse axonal injury, cerebral atrophy, increase in lateral ventricular
size, pituitary gland atrophy, contusions, arachnoid cyst, hemosiderin
deposition from prior hemorrhage, and vascular injury.
Moreover, repetitive concussions have been linked with an increased risk
of depression,33 Alzheimer’s disease,34 chronic traumatic encephalopathy
(CTE),14 and neurodegenerative diseases.35,36 CTE is a distinct form of the
acute symptoms of concussion, and it is not merely a prolonged PCS.37
Symptoms of CTE typically do not present until years after the trauma, and
include dementia, impaired mental function and coordination, tremors,
impulsive behavior and cognitive impairment.38,39
With the highest rates of sport-related brain injuries during the adolescence
and young adulthood it is important to make an effort to fully understand
the short- and long-term consequences of repetitive concussions. Thereby,
appropriate guidelines can be created for clinical evaluation and to address
the return to exercise and athletic participation.

Neuropathology of concussion
To understand the relevance of nuclear imaging in the context of concussion
in sport, it is necessary to start with an overview on the metabolic cascade
of reactions that take place after an mTBI.40 It is generally accepted that a
concussion results from rotational or angular accelerations in the brain. The
maximal rotational forces, which are a consequence of the head impact, are
exerted in the midbrain and diencephalic region, creating a disruption of
the electrophysiological and subcellular activities of neurons and glial cells.
Contrary to common belief, the initial transmitted tension does not result
in shearing of the axons, which can be stretched and twisted without being
sheared or torn.28 In fact, the neuropathology of concussion is the result of
a complex process and not an instant, consequence of the “neurometabolic
cascade” that follows the head trauma.41 This process is shown with more
detail in Figure 1 and Figure 2.
Immediately after the mechanical injury of the brain, there is a cellular
response with a widespread release of excitatory neurotransmitters (i.e.
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Figure 1. Neuromembrane events in TBI. The complex cellular and vascular pathological
interactions that occur following TBI, and the central role of mitochondrial failure40
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glutamate) and an uncontrolled ion flux. The binding of glutamate to its
receptors leads to further neuronal depolarization, with efflux of potassium
(K+) and influx of calcium (Ca2+), sodium (Na+), and chloride (Cl-). This ionic
shift causes a failure to generate and propagate action potentials, leading
to acute and subacute changes at cellular level. This process will end in a
secondary axotomy 4 hours to 12 weeks after the mTBI (with a minimum of
2 hours in animals and 12 hours in human beings).
In the acute stage, the sodium-potassium (Na+-K+) pumps increase their
function in an effort to restore the neuronal membrane potential, with the
corresponding increment in production of adenosine triphosphate (ATP).
The trigger of the glucose metabolism into a diminished cerebral flow state
creates a mismatch between glucose supply and the demand of energy that
ends in a cellular energy crisis and failure of the ATP dependent membrane
pumps.
In the subacute phase, after the initial period of increased glucose
consumption, the brain undergoes a period of depressed metabolism. The
reduction in ATP production creates a failure in ATP dependent membrane
pumps, with a reverse pumping of Na+/Ca2+ exchangers. This leads to a marked
increase of Ca2+ concentration in the cytoplasm, which is sequestrated by the
mitochondria, causing damage to it and worsening the energy crisis. This
process starts a cascade of reactions that include oxygen radical production,
disruption of protein phosphorylation, formation of proteases and free fatty
acids (e.g. arachidonic acid), depolymerization of microtubules, collapse and
loss of neurofilaments, and the separation of myelin lamellae in later stages.
It is important to understand that this complex pathophysiologic sequence
of events and metabolic changes occurs prior to what can be visualized
using conventional CT and MRI, while it can be the target of the more
specific nuclear imaging techniques aiming to visualize particular metabolic
processes.

Positron emission tomography (PET)
One of the main advantages of PET over SPECT is its higher sensitivity
that allows generating images of greater resolution, and the usefulness of
this technique in the study of traumatic brain injuries was shown in several
clinical settings. However, no meta-analyses have clarified its importance
due to the heterogeneity of the published studies (differences in the time
elapsed between trauma and image acquisition, in the TBI classification,
in radiotracers, or in methodological designs). Despite the large number of
these studies including moderate and severe injuries, not much research has
been done to address expressly the mild injuries or the concussions in sports.
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Aside from PET cameras availability and the need for a near-by cyclotron,
the absence of studies can also be explained by the high cost of each PET
exams, usually ranging between US $1000 and $3000.42

Metabolism and perfusion in the acute phase of brain trauma
[18F]FDG PET
The most common radiotracer used in clinical PET imaging is [18F]FDG
(2-deoxy-2[18F]-fluoro-D-glucose), with its first studies applied to TBI
patients dating back to the 1980s and 1990s.43–49 In these studies, it was
pointed out that abnormalities detected by [18F]FDG were more extensive
than those observed by CT, and that it was possible to detect them very early
when structural modalities could still be negative. The brain metabolism in
its acute phase after the trauma has been since then one of the main topics
of research in TBI. Findings of Bergsneider and co-workers50–52 suggested
the existence of a triphasic pattern in the cerebral metabolic rate of glucose
(CMRglc). These phases, observed also in animal models, can be divided in:
1. Hyper-acute increase of metabolic activity;
2. Prolonged period of reduced metabolism, of about a month; and
3. Recovery of stable levels within normal limits.
In the paper published by this group in 2001,52 fifty four TBI patients in
acute phase (2-39 days post onset) were studied with [18F]FDG, and in 13 of
those patients the scan was repeated after 6-15 months. The presence of this
triphasic pattern was found to be independent of the TBI severity and the
level of consciousness, measured by the GCS. No relationship was found
between the CMRglc changes and the neurological alterations measured by
the disability rating scale. The authors concluded that [18F]FDG PET should
not be used as a surrogate marker to estimate the degree of functional
recovery following TBI.
On the other hand, Hattori and coworkers53 using a new generation of
PET scanners with better spatial resolution, capable of identifying smaller
brain regions, demonstrated in 23 acute phase patients (5 days post onset)
that, unlike global CMRglc, there was a direct association between level
of consciousness measured by GCS and CMRglc values for the thalamus,
brain stem, and cerebellum. This study significantly contributed to a
better understanding of how the level of consciousness and brain glucose
metabolism, measured by [18F]FDG, are related.
Three other studies made the role of [18F]FDG in the acute phase of TBI even
more clear.54–56 The first of these papers was a thorough characterization of
brain tissue [18F]FDG kinetics during the acute phase.54 In this study, the
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authors characterized [18F]FDG uptake, transport, and hexokinase activity
using kinetic modeling. The study group comprised 21 TBI patients with
cerebral contusions. Cerebral blood flow (CBF) was also evaluated by
dynamic [15O]H2O PET scan. Results demonstrated that hexokinase activity
was reduced in the entire brain, including apparently undamaged brain
cortex, while glucose transport and CBF were reduced only in pericontusional
areas. Seven patients showed regionally increased [18F]FDG uptake in
pericontusional areas, probably associated with residual regional increase of
hexokinase activity during the hyper acute phase (first phase of the triphasic
pattern). Hypotheses taken into account to explain focal pericontusional
hyperglycolysis were anaerobic glycolysis, ionic disturbance, release of
excitatory amino acids and glycolysis due to increased glutamate activity.
Bearing in mind that glycolysis takes place mainly in glial cells; authors
suggested that an increase in glial metabolic activity was a possible cause of
hyperglycolysis.
The following study was inspired by an important observation concerning
the fact that gray matter (GM) to white matter (WM) contrast in [18F]FDG PET
images was reduced in patients with acute TBI, with or without focal damage,
compared to normal healthy controls.55 Interestingly, this reduction was not
observed in [15O]H2O PET images of CBF in the same patients. For this reason,
the authors hypothesized that changes of glucose metabolism in the acute
phase were different in GM and WM. They studied 14 patients with severe
to moderate TBI (0-4 days post onset), all with structural focal abnormalities
by CT. In all subjects, [18F]FDG PET, triple dynamic [15O] PET ([15O]CO, [15O]
O, [15O]H2O) and MRI were carried out. Initial GCS at onset and the Glasgow
outcome scale (GOS) 12 months post onset were also evaluated, and perihemorrhagic regions were excluded from the analysis. For comparison, a
control group of 18 healthy subjects was studied. The results showed that
the GM-to-WM ratio in [18F]FDG PET images was significantly reduced in
the TBI group. Although a global reduction of CMRglc was observed in the
patients, as expected from the previous study,54 CMRglc and hexokinase
activity were selectively reduced in the GM and not in the WM. Significant
changes of global CBF were not found in GM or in WM, corroborating that
glucose supply to the brain was not limited. Even more interesting was the
finding that the GM-to-WM ratio was positively correlated with the initial
GCS and patients with higher GM-to-WM ratio showed better recovery
(GOS) after 12 months. Before this study, physiological changes occurring in
WM after TBI had received less attention compared to changes in GM. Based
on prior observations in animal models, the authors considered several
hypotheses to explain the unexpected finding that there were no significant
changes in CMRglc in WM (or that it was increased with respect to the global
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CMRglc). One of these hypotheses is that in WM there was a combination of
infiltration of inflammatory cells and reactive gliosis after TBI, which was
probably associated to DAI.
The following article was a direct consequence of the aforementioned
study.56 The authors examined the relationship between glucose and oxygen
metabolism in WM in the acute phase, to determine the nature, extension,
and degree of abnormalities in regions remote from hemorrhagic lesions.
The study sample was essentially the previous one, but triple dynamic [15O]
PET and MRI studies were carried out as well. Five types of quantitative
images were generated: CMRglc, CBF, cerebral metabolic rate of oxygen
(CMRO2), oxygen extraction fraction (OEF) and oxygen-to-glucose metabolic
ratio (OGR). The results corroborated that CMRglc was reduced only in GM.
CBF and OEF were preserved, while CMRO2 was reduced both in GM and
WM. The main result was that OGR was selectively reduced in WM. Thus,
this study showed that acute metabolic changes in WM had a particular
feature, characterized by CMRO2 depression, without parallel depression of
CMRglc, suggesting a non-oxidative use of glucose in this region during the
acute phase. These findings were present throughout WM, even in regions
without evidence of DAI based on conventional MRI images, thus suggesting
that DAI detected by multi-modal PET was much more extensive and subtle
than that detected by conventional MRI. As possible explanations for these
findings, authors indicated an increase in inflammatory cells during the acute
phase, especially in the WM, which are more prone to anaerobic glycolytic
metabolism. Combining the results obtained from these studies,53–56 it can be
concluded that the state of coma involves a thalamus-cortical disconnection
with a clearly defined metabolic substrate, and that [18F]FDG PET has a
prognostic value.55
However, the metabolic dysfunction in the acute phase continues to be
object of research and debate. Findings from the Cambridge University
group, combining microdyalisis and [18F]FDG PET studies did not support
the hypothesis of non-oxidative metabolism associated with an increase
in glucose cerebral metabolism in the acute phase.57,58 On the other hand,
a recent study indicated that early dysfunction of non-ischemic oxidative
metabolism in the acute phase leads to chronic brain atrophy in TBI patients.59
This study showed that both cortical CMRglc and CMRO2 were reduced in the
acute phase, even in apparently normal areas by MRI. However, the extent of
regional brain atrophy 6 months after TBI correlated better with CMRO2 and
CBF, particularly in the frontal and temporal lobes (n=32). CMRglc correlated
with atrophy only in the frontal lobe. They also found that OEF was not in
the ischemic range and did not correlate with chronic brain atrophy. These
results emphasized the fact that chronic brain atrophy is related with early
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metabolic changes, especially in brain areas not directly damaged during
TBI.
In our view, from a clinical point of view, although appropriate clinical
trials are still needed to provide more evidence, [18F]FDG PET in the TBI
acute phase appeared to be more useful and to show incremental validity
(prognostic information) in those patients in whom CT or MRI fails to show
damage explaining their neurological state. With the growing number
of hybrid PET-CT systems and [18F]FDG availability, combined studies of
both structural and functional damage are now more feasible. This could
facilitate acquisition of multi-center databases to carry out evidence-based
imaging studies to evaluate the incremental validity of [18F]FDG PET. Costeffectiveness analysis is also necessary to compare [18F]FDG PET scans with
other emerging MRI-based techniques, such as diffusion tensor imaging,
magnetization transfer imaging, magnetic resonance spectroscopy and
functional magnetic resonance.60
[15O] PET
TBI consequences are not only determined by primary injury, but also by
subsequent neuronal damage due to secondary processes, which already
starts during the acute phase. For this reason, the main strategy in TBI patient
management, especially for those in critical neurological state, is to prevent
or limit secondary damage as much as possible.61 Secondary damage can be
initiated or aggravated by hypoperfusion, arterial hypotension, hypoxemia,
auto-regulation failure, as well as metabolic, immunologic and biochemical
changes. Although delayed ischemia is one of the routes of secondary
damage, re-perfusion can also take place, elevating intracranial pressure,
reducing perfusion pressure and finally reducing CBF again.
Triple dynamic [15O] PET is the best technique for determining true ischemia
because it is the only one that can simultaneously measure CBF, CMRO2
and OEF globally and regionally. To demonstrate true ischemia, it is not
enough to demonstrate that CBF is reduced, since this could be a response
to CMRO2 decrease (flow-metabolism coupling). Therefore, it is essential
to demonstrate that CBF is also inadequate for the oxygen demand, which
means confirming a significant OEF increase in the ischemic range.
Since the beginning of this century several triple [15O] PET studies have
allowed a better understanding of regional ischemia mechanisms in acute
TBI. Some studies have demonstrated significant regional ischemia in
the first hours after TBI,62–65 while in other studies ischemia has been less
evident.56,59,66,67 This apparent contradiction could be due to the heterogeneity
and complexity of TBI. Another explanation for these contradictory results
has been provided by triple [15O] PET studies,68 were was found that
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unlike classical acute ischemia (i.e. stroke), the quantitative CBF threshold
that defines irreversible ischemia did not discriminate correctly between
surviving and irreversibly damaged tissue acutely post TBI (n=14). Although
the quantitative CMRO2 threshold was comparable to the threshold reported
for brain infarction, extensive overlapping was found for both tissues. From
this study, the hypothesis emerged that selective neuronal death could be
present in apparently surviving regions, which are not visible in conventional
MRI images that better identify regions with pan-necrosis. Later studies
using [11C]flumazenil seem to corroborate this idea.
Other [15O] PET studies have allowed examination of new hypotheses about
additional mechanisms of hypoxia and energetic failure, such as metabolic
suppression, mitochondrial dysfunction and microvascular disease in the
acute phase of TBI.66,69,70 Some studies have been proven useful to evaluate
the impact of therapeutic interventions in critical state patients64,71–75 and
in animal models of TBI.76,77 [15O] PET studies also validated and refined
bedside monitoring technologies, which facilitate continuous monitoring of
cerebrovascular physiology.71,78,79 Bedside monitoring has the advantage of
continuous temporal monitoring of CBF, auto-regulation and metabolic state
of the patient.80 The main difficulty is that it can only monitor a small area of
the brain, unlike [15O] PET which allows studying the whole brain in a more
quantitative way. The main disadvantages of [15O] PET are that continuous
monitoring is not possible, the patient must be moved from the intensive
care unit to the scanner and the high cost of the cyclotron. In our opinion,
[15O] PET is a solid technique for research into the complex pathophysiology
of acute TBI, but in contrast to [18F]FDG PET it is not widely available due
to its high cost. Therefore, it is used mainly in research and less in clinical
practice.

Metabolism in the chronic phase of brain trauma
In the last years there have been important advances in the care of neurocritical patients after TBI, resulting in a significant decrease of mortality.81
However, TBI survivors frequently suffer of a wide variety of chronic
cognitive, emotional and behavioral disorders that hinder return to normal
social and work life, being persistent vegetative state the worst final outcome.
Neural networks connecting brain cortical and subcortical regions are
crucial to maintain normal cognitive function.82 TBI damages, both primary
and secondary, can impair not only particular nodes of these networks
(focal damage) but also the wiring (DAI). Focal damage is easily identifiable
both in structural and functional neuroimages, unlike DAI which can be
underestimated by routine structural imaging in many patients. Findings
in acute TBI using [18F]FDG PET already suggested a thalamus-cortical
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disconnection as the cause of coma.54–56
However, cortical – subcortical disconnection may persist to a larger or lesser
extent in many patients in the chronic phase after TBI. [18F]FDG PET studies
in chronic TBI patients have allowed characterization and unveiling of many
aspects of this cortical – subcortical disconnection. Several of these studies
have in common the use of voxel-based image analysis methods, especially
SPM.83 Unlike the methods based on volumes of interest (VOI), SPM enables
the analysis of the whole-brain volume voxel by voxel, without prior spatial
hypothesis. In this regard, the exploration range is considerably broadened,
giving in many cases unexpected results that reveal subtle information
contained in the images, which are very difficult to extract using the visual
qualitative method or VOI-based analysis.
Nakayama and coworkers,84 using [18F]FDG PET and SPM analysis studied
the differences between control individuals (n=30) and chronic TBI patients
divided into three groups: a group with higher brain dysfunction (n=22), a
second group with minimally conscious state (n=13) and a third group in
persistent vegetative state (n=17). The patients selected did not have focal
lesions evidenced by CT or MRI at onset. Results showed that the three
groups had a bilateral hypometabolism pattern involving prefrontal medial
region, medial frontobasal region, anterior and posterior regions of the
cingulate gyrus and thalamus. These brain regions are an essential part of
the cognitive networks. This pattern was more extensive and prominent in
the group in persistent vegetative state and less in the group with higher
brain dysfunction, with an intermediate level in the group with minimally
conscious state. Thus, this study identified a common cortical – subcortical
regional pattern of hypometabolism in patients with chronic TBI, where
the extent and severity was associated to the level of consciousness. The
results obtained fitted the concept of thalamo-cortical disconnection due
to DAI. Two subsequent studies corroborated and extended these findings
in patients with clinical diagnosis of DAI and chronic neuropsychological
deficit.85,86 Kato and coworkers performed group comparison analysis by
SPM between controls (n=30) and patients with DAI (n=32), and carried out
correlation analysis between regional metabolism and neuropsychological
variables in the patient group. Group comparison showed similar findings
to those reported by Nakayama and coworkers. In addition, a metabolic
deficit was also found in both temporal lobes and the right cerebellum.
Full-scale Intelligence Quotient (FIQ) was found to correlate positively
with metabolism in the right cingulate gyrus and the bilateral medial
frontal region. Nakashima and coworkers86 carried out a group comparison
between controls (n=32) and DAI patients with neuropsychological deficit
(n=12), and case by case analysis. They used another voxel-based method
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known as 3D stereotactic surface projection (3D-SSP).87 Group comparison
revealed hypometabolism in the cingulate, lingual and cuneus gyrus. Case
by case analysis showed differences regarding the site and extension of
hypometabolism in the cingulate gyrus, although hypometabolism was
more frequent in the medial region of the cingulate gyrus (6 patients).
Another interesting study looked into the incidence of increased [18F]FDG
uptake in the cerebellar vermis in TBI patients.88 This study comprised a TBI
group (n=44) and a control group (n=57). The time elapsed between the acute
phase and the [18F]FDG PET was highly variable in the patient sample (15
days – 4 years). Image evaluation was done visually and using VOI analysis
to calculate the vermis to cerebellum ratio (V/C) in patients and controls.
Results showed that in most patients there was visually increased [18F]FDG
uptake in the cerebellar vermis. V/C also showed a significant increase in the
patients compared to controls. One of the limitations of this study is the high
variability of the time elapsed between the acute phase and the [18F]FDG PET
study. Curiously, previous and later studies using SPM analysis have not
detected increased [18F]FDG uptake in the cerebellar vermis in TBI patients.
Recently, Lupi and coworkers89 have reported a strong correlation between
V/C ratio and the severity of TBI as determined by cognitive and performance
tests, suggesting that the V/C ratio may be considered an index of brain
suffering. They also found a good correlation between V/C ratio determined
shortly after TBI and the clinical outcome.
A more recent study using [18F]FDG PET and SPM evaluated differences at
group and individual case level in chronic TBI patients (n=81) and controls
(n=68).90 Group comparison analysis considered the entire patient group
and also a division into two subgroups depending on whether (n=35) or not
(n=40) they showed structural abnormalities by CT or MRI at onset. Structural
images were not available in 6 cases. The authors also evaluated [18F]FDG PET
in each individual by cluster counting analysis to identify abnormal clusters,
which deviate 2 or more standard deviations from the mean of the controls.
Group comparison showed extensive bilateral hypometabolism in the
cerebral cortex (including the frontal and temporal lobes) and the thalamus.
The findings were also similar in the two subgroups examined. Cluster
counting analysis showed that patients with TBI (with or without structural
lesion) had a higher proportion of large clusters of hypometabolism, and
they were closer to the brain edge when compared with controls. One of the
most interesting findings was that the cortical–subcortical hypometabolism
was similar in patients with or without structural lesion, suggesting that
abnormal patterns of metabolism are similar in patients with focal or diffuse
TBI.
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Two other recent studies have confirmed and extended the previously
described findings.91,92 Lull and coworkers using [18F]FDG PET studied the
differences between controls (n=10) and chronic TBI patients divided into
three groups: one with minimally conscious or persistent vegetative state
(n=17), a second with post traumatic amnesia (n=12), and a third with
patients emerging from post-traumatic amnesia (n=20). In the three groups
there were patients with and without structural lesions by CT or MRI (the
percentage of cases with lesions was similar for all three groups). Results
demonstrated that hypometabolism in the thalamus was directly related to
the neurological outcome and that this region was the most sensitive structure
when patients in different neurological states were compared, despite the
small percentage of patients with structural thalamic lesions in the three
groups. A subsequent study by these authors aimed at investigating whether
the integrity of connections between cortical regions and the thalamus was
related to neurological outcome.92 The study groups were the same as used
in the previous study. The authors found a significant correlation between
neurological outcome and glucose metabolism in all brain regions analyzed
(precuneus, frontal and temporal lobes and thalamus); there was also a direct
relationship between hypometabolism and disease severity. Furthermore,
they found a functional correlation between the four regions examined.
Consequently, the authors suggested that damage to the thalamus-cortical
connectivity, as a result of TBI, is directly related to the neurological outcome.
In summary, despite the fact that several of the studies described above were
done in relatively small and heterogeneous patient samples and have used
different methodological designs, most of them converge to identify a diffuse
cortical-sub cortical hypometabolism pattern in the chronic TBI phase, with
or without structural lesion, involving key regions for cognitive function.
A recent study reviewed mechanisms that could explain this chronic
hypometabolism.93 In addition to neuronal loss, altered ionic states, protein
synthesis inhibition, CBF reduction and alteration of the neurotransmitter
systems could be involved.
On the other hand, [18F]FDG PET seems to have also great potential for in vivo
evaluation of therapeutic drugs, acting on the neurotransmitter systems in
chronic TBI patients with cognitive deficit. Kraus and coworkers94 evaluated
the effects of amantadine, a dopaminergic agent and N-methyl-D-aspartate
(NMDA) receptor antagonist. The results showed significant improvement
of the executive function in a group of patients after amantadine therapy
(n=22). Analysis of [18F]FDG PET images also showed a significant increase in
the metabolism of the left prefrontal cortex. This region correlated positively
with the executive function in the patient group.
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Two more recent studies evaluated the effects of donepezil, an
acetylcholinesterase inhibitor, and memantine, a non-competitive NMDA
receptor antagonist.95,96 The study using donepezil95 included two groups of
patients with cognitive impairment after TBI (mean interval after injury of
5.2 months). The control group was treated only with rehabilitation (n=13),
while the other group received rehabilitation plus donepezil medication
(n=13). In the donepezil treated group [18F]FDG PET and neuropsychological
tests studies were carried out at treatment onset and completion. In the
control group only neuropsychological tests were performed. [18F]FDG PET
images were analyzed by SPM. At the beginning of the study, no significant
differences in cognitive function of both groups were observed. At the end,
the group given donepezil showed a significant improvement in cognitive
functions compared with controls and a significant bilateral increase of
cortical metabolism in the frontal, parietal, occipital and temporal regions.
In the memantine study,96 TBI patients (n=17) were evaluated (mean post
onset duration = 6.8 month). [18F]FDG PET was done at the beginning and
after completion of the treatment. Furthermore, a covariance analysis was
performed to assess if metabolic enhancement correlated with increases
in Mini-Mental Status Examination (MMSE) scores. [18F]FDG PET image
analysis was performed by SPM. Results showed that MMSE scores were
significantly improved after memantine treatment. When [18F]FDG PET data
acquired before and after treatment were compared, a significant increase
of metabolism in the prefrontal region and the parietal association cortex
was observed. A significant correlation was also found between MMSE and
metabolism in the prefrontal regions and the association parietal cortex of
the left hemisphere.
These studies suggest usefulness of [18F]FDG PET for evaluation of different
therapeutic interventions in chronic TBI patients with cognitive deficits.
However, these are preliminary findings and studies in larger patient
samples using more refined methodological designs are required.

Metabolism in mild traumatic brain injuries
Only few studies have focused on mTBI, and most of them report similar
diffuse cortical-to-subcortical abnormal patterns as those presented
previously in moderate and severe trauma. This includes alterations in
glucose metabolism in frontal, temporal and parietal lobes, prefrontal cortex
and cingulate gyrus.
A recent study had examined the effects of repetitive head injuries on brain
metabolism, in a group of boxers (n=19) compared with controls (n=7)
subjects.97 Images were analyzed by SPM and VOI analyses, and both methods
showed that boxers have bilateral hypometabolism in posterior cingulate
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cortex, parieto-occipital cortex, frontal lobes, and cerebellum (Figure 3).
While these results present a unique pattern of decreased metabolism,
the authors suggest that this could be the result of a singular signature of
brain injury in boxing. These results partially overlap with the findings of
hypometabolism in cerebellum, vermis, pons, and medial temporal lobe
after repeated blast exposure in Iraq war veterans (n=12), when compared
with control volunteers (n=12).98 Besides, the reported hypometabolism in
the parieto-occipital region interestingly matches with the finding often seen
in whiplash injury.99,100

PET imaging of specific cellular process in TBI
Neuronal integrity
In the last years, several papers of great interest using other PET radiotracers
to study specific cellular processes in TBI pathophysiology have been
published. An example of these is [11C]flumazenil, a marker of central-type
benzodiazepine receptor (BZR). [11C]flumazenil binding, i.e. coupling of BZRs

Figure 3. [18F]FDG PET imaging of chronic traumatic brain injury in boxers. Statistical
parametric mapping analysis showing the group differences between boxers and controls.
Regions of decreased [18F]FDG uptake displayed on a glass brain are seen in the posterior
cingulate cortex and the cerebellum, parieto-occipito, and frontal lobes bilaterally (shaded
areas)97
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with GABAA receptors, can be used as a marker of neuronal viability.101 The
first study using [15O] PET and [11C]flumazenil PET investigated the relation
between CMRO2 abnormalities and loss of neuronal integrity in symptomatic
patients with chronic TBI (n=10), without structural abnormalities detected
by MRI, compared with a control group (n=10).102 Image evaluation was
done using VOI analysis. While CMRO2 abnormalities were observed in all
patients, a reduced uptake in [11C]flumazenil binding potential was only
found in 6 patients and was accompanied by abnormalities in CMRO2 images.
In 15 lesions observed in CMRO2 images no abnormalities were found in
[11C]flumazenil binding potential images, suggesting that [11C]flumazenil
PET can be useful for differentiating hypometabolism caused by selective
neuronal loss from hypometabolism caused by other factors.
A more recent study using [11C]flumazenil aimed at identify regional neuronal
damage occurring in chronic diffuse TBI patients with neuropsychological
impairment (n=8), compared with control subjects (n=20).103 A significant
bilateral reductions of [11C]flumazenil uptake was shown in frontal medial
gyrus, anterior cingulate gyrus, and thalamus. Case by case analysis also
found reduced [11C]flumazenil uptake in these regions, although the
distribution and extent was different in each case. Furthermore, FIQ and
performance IQ (PIQ) were negatively correlated with the degree of [11C]
flumazenil binding potential reduction in the right thalamus. Likewise, FIQ
and verbal IQ and PIQ were negatively correlated with the degree of [11C]
flumazenil binding potential reduction in the left frontal medial gyrus.
We consider that even though these results are promising for detection of
selective neuronal loss in patients with chronic diffuse TBI, they still require
validation in larger patient samples and improvement of quantification
methods. A recent tissue kinetic modeling study demonstrated the validity
of the pons as a reference region for calculation of [11C]flumazenil binding
potential in apparently normal and perilesional regions in patients with
chronic TBI.104
Cholinergic system
Another specific cell process recently examined in chronic TBI was the
activity of the cholinergic system.105 This preliminary study was carried
out in a group of patients with chronic diffuse TBI with cognitive deficit
(n=17) and a control group (n=12). The PET studies were performed with
[11C]MP4A ([methyl-11C] N-methylpiperidyl-4-acetate), which reflects
acetylcholinesterase (AChE) activity. Group comparisons by SPM showed a
significant bilateral reduction of AChE in several areas of the neocortex in the
TBI group, more pronounced in the parietal-occipital regions. ROI analysis
also showed a significant reduction of AChE in all ROIs examined, except
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in the medial temporal region, probably associated with the relatively small
sample size. Since the study sample only represents a certain type of TBI, it
would be interesting to study larger and more varied samples. Moreover, it
would be interesting to study what percentage of TBI cases shows cholinergic
dysfunction and whether this dysfunction correlates with clinical symptoms
and outcome. This methodology could also be useful to clarify differences
between patients with chronic TBI who respond to treatment with AChE
inhibitors and those that do not respond.
Neuroinflammation
Microglial and astrocyte cells resident in the central nervous system begin
to react in the acute TBI phase and may become chronically activated
subsequently. One main role of activated microglia is to serve as the antigen
presenting cells and to synthesize inflammatory mediators, which are crucial
in the neuroinflammatory cascade after TBI. Microglia functions are very
complex, since they have both neurotoxic and neuroprotective roles. Several
researchers have suggested that the neuroinflammatory response may
explain the great variability in long-term clinical course after TBI. Previous
studies in TBI animal models have demonstrated that the inflammatory
process may persist for at least a year, especially in the thalamus,106,107 and
human post mortem studies have also found microglia activation many
years after TBI.108–110
The neuroinflammatory response is frequently studied in vivo with PET
using the radioligand [11C]PK11195 (1-[2-chlorophenyl]-N-methyl-N-[1methylpropyl]-3-isoquinoline carboxamide), which is a selective marker for
activated microglia. [11C]PK11195 binds to the 18 kDa translocator protein
(TSPO), expressed in mitochondria of activated microglia, and has been used
previously to study neuroinflammation in several other neurodegenerative
diseases.111
In a recent study on chronic TBI, patients with moderate or severe TBI (n=8)
were compared with a control group (n=7).109 [11C]PK11195 PET and MRI
images were acquired 6 months after the trauma, and [11C]PK11195 BPND (nondisplaceable binding potential) parametric images were generated, using a
supervised cluster analysis to generate a reference tissue input.112 Group
comparisons showed a significant increase of whole-brain [11C]PK11195
BPND in the TBI group, which was not related with structurally affected
brain regions (MRI), present in apparently normal regions. On the other
hand, there was no correlation between TBI severity (GCS) or neurological
outcome (GOS) and whole-brain [11C]PK11195 BPND. Brain regions showing
significant increases of [11C]PK11195 BPND were the left and right frontal lobe,
left and right thalamus, left parietal lobe, right temporal lobe, hippocampus
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and putamen, midbrain, and pons. An interesting finding was that [11C]
PK11195 BPND was maximal in the thalamus in 6 out of 8 patients.
A different study investigated whether the inflammatory response persists
in patients with chronic TBI, and if this response was related to structural
abnormalities and cognitive dysfunction.110 This paper included a group of
patients with moderate to severe chronic TBI (n=10). Five patients presented
a focal damage visible in MRI images, while the other five did not show
abnormalities. [11C]PK11195 PET was performed on all patients at least 11
months after TBI, and like before, [11C]PK11195 BPND parametric images
were generated using the supervised cluster analysis approach. Volumetric
MRI and diffusion tensor imaging (DTI) were done to evaluate focal damage
and disruption of WM; and cognitive function was also evaluated. Group
comparisons showed that [11C]PK11195 BPND was increased in the thalamus,
putamen, occipital cortices, and posterior limb of the internal capsules in
the patient group compared with controls. Unlike the previous study, no
increase in [11C]PK11195 BPND was found at the original site of focal brain
injury, which is probably due to the different intervals which had elapsed
after TBI in both studies. In the patient sample, a positive correlation was
observed between [11C]PK11195 BPND in the thalamus and the degree of
cognitive impairment. [11C]PK11195 BPND increase was not associated to
structural damage found by volumetric MRI and DTI, or the time elapsed
after TBI. Taking into account the long intervals after injury in the patient
sample, this paper also suggests that therapeutic interventions can be
beneficial even long time after TBI.
Although longitudinal studies are required in larger patient samples, the
results of both studies indicate that [11C]PK11195 PET could become an
attractive method for detecting secondary damage after TBI, and could serve
as guide for the evaluation of interventions directed towards manipulating
the inflammatory cascade.
It is important to notice that, in recent years, there have been great efforts to
develop other selective radioligands for neuroinflammation,113,114 in order to
overcome the limitations of [11C]PK11195.113,115 Among these limitations are
the poor signal-to-noise ratio (mainly due to its low binding potential to TSPO
and high level of non-specific binding), highly variable kinetic behavior, and
the apparent lack of sensitivity to detect low levels of microglial activation.
Dopaminergic system
A couple of studies have examined the effect of multiple head injuries in
the dopaminergic system. In the first study six patients (five boxers and one
jockey), who were presumed to have post-traumatic parkinsonism, were
investigated with [18F]DOPA.116 Results were compared with a healthy group
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(n=32), and a group of patients with idiopathic Parkinson’s disease without
history of head trauma (n=18). In the post-traumatic group a 40% reduction of
mean [18F]DOPA uptake was found in caudate and putamen compared with
controls. Their mean putamen uptake was significantly higher than in the
Parkinson’s disease group; while mean caudate uptake was lower (Figure 4).
The authors concluded that – although post-traumatic parkinsonism shares
clinical features with idiopathic Parkinson’s disease – the uniform loss of
nigrostriatal dopaminergic function in the post-traumatic subject suggests a
different underlying pathology.
In a more recent publication, the dopaminergic function of three retired Thai
boxers with parkinsonism was compared with another three patients with
idiopathic Parkinson’s disease, having no history of significant head injury.117
In the post-traumatic parkinsonism patients a higher uptake in putamen
was found compared with the Parkinson’s disease group. Furthermore,
boxers had a significantly lower uptake in the ipsilateral anterior putamen
and the contralateral posterior putamen than the Parkinson’s disease group
(considering the side of predominant symptoms). However, no differences

Figure 4. Dopaminergic function in post-traumatic parkinsonism. Transaxial images of striatal
[18F]DOPA activity accumulated over the last 60 minutes of the study in a control subject, a
patient with Parkinson’s disease , and a patient with post-traumatic parkinsonism. Note that
putamen uptake is impaired in both patients while the post-traumatic parkinsonism patient
also shows reduced uptake in caudate116
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were observed in the caudate nucleus of the two groups. These different
findings compared with the previous study, where lower uptake was found in
the boxers group compared to the Parkinson’s disease group, was explained
by the shorter disease duration of the post-traumatic parkinsonism in the
Thai boxers (range 1-3 years compared to 6 years in the previous study).
While both studies support the idea that cumulative chronic head trauma
in boxers is an additional insult to the dopaminergic system, more research
needs to be done in this context.

Single photon emission tomography (SPECT)
SPECT in TBI
Perfusion SPECT using [99mTc]HMPAO (hexamethyl-propyleneamine
oxime) or [99mTc]ECD (ethylene cysteine dimer) has been extensively used
in TBI. From the aforementioned SPECT perfusion tracers, [99mTc]ECD has
been proven to distinguish more and especially smaller functional deficits
in mTBI than [99mTc]HMPAO.118 Reviews of this neuroimaging modality
have appeared regularly in the last years.3,119–121 These reviews coincide in
pointing out that perfusion SPECT has high negative predictive value during
the acute phase in mTBI. They also agree that perfusion SPECT, like [18F]FDG
PET, is more sensitive than CT for identifying abnormalities in TBI during
the first hours, detecting them in very early stages, when CT or MRI scans
may still be negative.
Furthermore, the use SPECT can be extended to other cell-specific
processes related to TBI pathophysiology. Studies combining [123I]β-CIT
(([123I]2-β-carbomethoxy-3-β-(4-iodophenyl) tropane) and [123I]IBZM ([123I]
iodobenzamide) found nigrostriatal dysfunction in TBI patients, although the
striatum was structurally relatively preserved, suggesting that these studies
may be useful in the evaluation of therapies directed towards reducing
parkinsonian symptoms in TBI patients.122 Another recent perfusion SPECT
study investigated cognitive fatigue mechanisms in patients with mTBI,123
showing that there is frontocerebellar dissociation in patients with mTBI
that may explain cognitive impairment and cognitive fatigue in the chronic
phase.
Other radiopharmaceuticals have also been used in the study of concussion.
CBF measures with [123I]IMP ([123I]N-isopropyl-p-iodoamphetamine), in
conjunction with [123I]IMZ ([123I]iomazenil) to measure neuronal integrity by
binding to BZRs, was used to study nine chronic mTBI patients. In all of these
a significant increase in BZR uptake of the prefrontal cortex could be shown
as compared with matched control subjects.124 In another study, [57C]Cl2
([57C]chloride) SPECT, which is suggested to target calcium in the brain, was
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performed in 8 mTBI patients two days after the injury.125 In this study, [57C]
Cl2 accumulation in frontal and temporal lobes, with additional accumulation
in the posterior parietal occipital region, was shown in accordance with
hypoperfusion measured by [99mTc]HMPAO. By contrast, CT and EEG did
not detect lesions in any of these cases. Moreover, a recent animal study
used [123I]CLINDE (N′,N′-diethyl-6-chloro-(4′-[123I]iodophenyl)imidazo [1,2a]pyridine-3-acetamide) for the in vivo monitoring of neuroinflammation by
SPECT.126 This tracer was presented as alternative of [11C]PK11195 PET tracer
for the imaging of neuroinflammatory processes, and may be consider for
future studies by SPECT.
Technological advances in SPECT detector systems, hybrid SPECT-CT,
continuous development of new gamma-emitting radioligands and the
application of modern methods of image analysis make the SPECT technique
an alternative for the study of TBI, both for clinical practice and for research.
Nevertheless, evidence-based imaging studies are required to demonstrate
its incremental validity in TBI. The main advantage of SPECT is that it is
much less costly (about US $800)127 and is widely available on a worldwide
scale in comparison to PET.

SPECT in sport-related head injuries
Although SPECT on concussion in the acute stages of sport-related head
injuries are not available to date, some studies have explored the chronic
stages of repetitive concussions in boxing and American football. In a [99mTc]
HMPAO SPECT study, Kemp and colleagues128 have compared the CBF
between active amateur boxers (n=34) and a control group of healthy athletes
(n=34). They reported that 14 (41%) of the boxers had abnormal cerebral
perfusion when compared with an “atlas of normality” (database of images
obtained from healthy controls),129 while abnormalities were observed only
in 5 (14%) of the controls. They also reported significant correlations between
behavior deficits and abnormalities seen by SPECT. The same group of
amateur boxers was reanalyzed,130 including other groups (undersea divers,
schizophrenic patients and Alzheimer’s disease patients) for comparison.
Boxers exhibited large regional CBF abnormalities (1.05% of cortical voxels)
and presented at least one large lesion (>10 voxels, each with a side length
of 0.64 cm) in eight of the nine regions of interest, including left and right
frontal, parietal, and inferior temporal lobe, right inferior frontal lobe, and
occipital region.
More recently, three studies by Amen and colleagues have investigated the
chronic stages of repetitive concussion in retired American football players. In
their first experiment 100 subjects were recruited from the National Football
League (NFL), representing different teams and all positions, and compared
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with healthy matched controls.131 The study, using [99mTc]HMPAO, revealed
a global decrease in CBF, especially in prefrontal, temporal, and occipital
lobes, anterior and posterior cingulate gyrus, hippocampus, and cerebellar
region (Figure 5). The use of Z scores to analyze the results, instead of the
generally used number of hypoperfusion regions, makes it difficult to
compare the data with other SPECT studies.121 However, their findings seem
to correspond with CBF changes found in other general studies about mTBI.
In a second study, 30 retired NFL players were examined before and after
an intervention based on weight loss and multiple supplements, such as fish
oil, vitamins, ginkgo biloba, acetylcholine and antioxidants.132 Initial SPECT
scans were compared with the follow-up scans using a paired t-test. They
found increased brain perfusion in the prefrontal cortex, parietal and occipital
lobes, anterior cingulate gyrus, and cerebellum. Unfortunately, there was no
control group and no randomization in the study, so it is rather difficult to
answer the question of whether or not the results are due to the intervention.

Figure 5. Global brain [99mTc]HMPAO SPECT decrease in NFL players versus healthy subjects.
Light areas indicate decreased perfusion in the NFL players versus healthy-brain comparison
subjects at p<0.0001, family-wise error. No increases were seen131
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In the last study that uses the same data pool, the CBF of 38 overweight
(waist-to-height ratio = 58.7±4.7) retired NFL players was compared with the
same number of normal-weight players (49.34±2.8).133 The study revealed that
overweight athletes present a decreased CBF in the dorsolateral prefrontal
cortex, the anterior prefrontal cortex, and the left temporal pole. These brain
regions are involved in attention, reasoning and executive function.

Conclusions
It is more than two decades since the first SPECT and PET studies on traumatic
brain injury. However, not much is known about its pathophysiology.
Research focused in mTBI, the most frequent diagnosis of TBI, and its
long term consequences has been almost neglected during this time. For
example, most of the guidelines for the assessment of concussion in sports
are constructed based on the neuropsychological assessments without the
support of any neuroimaging techniques, e.g. the 4th International Conference
on Concussion in Sport 2012.134 Conventional structural imaging (CT or MRI)
contributes little to the diffuse axonal injury frequently associated with TBI,
and PET or SPECT techniques are still in the early stages to be recommended
in a different setting than research. Nevertheless, nuclear imaging techniques
with access to specialized ligands having the potential to bind to specific
receptors involved in the pathophysiology of TBI lies ahead us for an exciting
future.
Some conclusions can be drawn from the research conducted so far in TBI,
and extrapolated to some extent to the most frequent mTBI. First, in the acute
phase of the concussion there is a global decrease of brain perfusion, which
is not related to the level of consciousness; while CMRglc in thalamus, brain
steam and cerebellum do relate with consciousness measured with GCS.
Therefore, the severity of a concussion and the related clinical decisions
cannot be solely decided by the loss of consciousness, as this does not
represent the severity of the injury. This is especially relevant in sports for
the evaluation athletes, and if they must be removed or not from playing
after head trauma. In the same context, the absence of structural abnormal
findings in CT or MRI does not reflect the long term characteristics of the TBI,
while [18F]FDG PET seems to be more useful to explain neurological states.
However, still remains to be demonstrated the cost-effectiveness validity of
[18F]FDG PET over other neuroimaging techniques or neuropsychological
assessments. Moreover, the alterations found with functional imaging, which
involve hypometabolism ([18F]FDG), decrease of neuronal viability ([11C]
flumazenil), and increase of neuroinflammatory response ([11C]PK11195) are
mostly located in midbrain and thalamus. These structures are known to be
especially susceptible of damage due to the biomechanical characteristics of
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the concussion. Additionally, other brain areas like prefrontal and cingulate
cortices were shown to be damaged or have an abnormal function in different
studies. All of these areas are part of a common emotional network, and its
dysfunction can be related to some of the cognitive impairments shown by
these patients.
As mentioned previously, a great advantage of nuclear imaging techniques
is the possibility to develop specific radioligands capable to address specific
characteristics of a metabolic process. Therefore, there is a bright future of
PET and SPECT in TBI, helping to better understand the cascade of reactions
taking place after the injury.
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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.
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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

5

Chapter 5

(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).
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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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x = -1.6 mm

6

5

5
4
3
8

L

R

L

R
1 month after trauma (33 DPI)

z = -8.2 mm

y = -2.4 mm

7

x = -1.6 mm

6
5
4
3
8

L

R

L

R
3 months after trauma (104 DPI)
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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
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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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Chapter 6

Abstract
Whiplash Associated Disorder (WAD) describes a heterogeneous group
of symptoms, which develops frequently after an unexpected rear-end car
collision. In some of these patients the symptoms persist for years. There is
an ongoing scientific debate about the existence of tissue injury to support
this disorder, due to the lack of findings with current diagnostic techniques
and the prevalence of emotional traits as risk factors. The purpose of this
chapter is to (1) overview the scientific data regarding the presence of an
injury mechanism as a consequence of the whiplash trauma, (2) remark the
unexpectedness of the accident as essential; and (3) to present a new concept
according to which WAD symptoms are the result of a mismatch between
aberrant information from the cervical spinal cord and the information
from the vestibular and visual systems, all of which are integrated in the
mesencephalic periaqueductal gray and adjoining regions.
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Introduction
Whiplash trauma is one of the most frequent motor vehicle injuries, often
involving rear-end vehicle collisions. The estimated yearly cost in Europe
is at least €10 billion1 and $29 billion in the United States.2 About 300 per
100.000 inhabitants per year in North America and Western European
countries suffer from symptoms after a whiplash accident.3 While some of
the individuals recover from initial symptoms within a few weeks after the
accident, up to 50% develop persistent symptoms.4 In this context, more
women than men suffer from whiplash trauma (1.5:1),5 and women more
frequently develop long term symptoms (odd ratio: 1.54).6
Whiplash Associated Disorder (WAD)7 is the most used term to describe the
heterogeneous group of symptoms related to this injury. “Late Whiplash
Syndrome” is also used when symptoms persist more than 6 months. WAD
includes pain in the neck and headache as the most frequent symptoms,
followed by interscapular pain, paresthesia in arms and hands, dizziness,
temporomandibular pain, visual and vestibular symptoms, cognitive
problems, and emotional/psychological disturbances.8
An unsolved question is whether or not tissue injury is the cause of these
symptoms. Current diagnostic techniques cannot detect tissue damage in
WAD patients leading to the idea that the whiplash problems are emotional:
passive coping style, depressed mood, catastrophizing (inability to foresee
anything other than the worst possible outcome), fear of movement, and
litigation factors.4,6
The aim of this book chapter is to present scientific data that support the idea
that whiplash is based on an injury mechanism. A new concept is presented
according to which the symptoms after a whiplash injury are the result of
disturbed proprioceptive information from the neck. This information is
relayed via the upper spinal cord to the mesencephalon, where it is integrated
with visual and vestibular information in order to properly control the visual
field.

Biomechanical context of the whiplash trauma
In order to understand the kinematics of neck structures during a whiplash
trauma several models have been used, including mathematical, physical
(anthropomorphic dummies), and animals (monkeys and pigs). Research
has also been done on human cadavers and healthy volunteers. Despite
the intrinsic limits of each model, there is good agreement between them.9
During rear-end collisions the cervical spine sustains a retraction as a
consequence of the inertial force (resistance to any change in the state of
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motion or rest), followed by a cervical extension, and ending with a forward
flexion of the neck after the interaction with the head restraint (Figure 1).10,11
The movement of head and neck remains within the physiological range,9
but the initial cervical retraction creates a non-physiological curvature, an
“S-shape”. At this moment the injury takes place. This S-shape concept,10,12
replaces the former hypothesis of cervical hyperextension as the mechanism
of whiplash injury.13 The initial cervical retraction involves two simultaneous
movements: an extension of the lower cervical and flexion of the upper
cervical column, both taking place with the whole cervical column under
compression, consequence of an upward movement of the trunk.9,14 This
pattern of motion takes place between 50 ms to 100 ms after the impact,
during which various soft-tissue injuries often occur.

A

0 - 50 ms

B

50 - 100 ms
“S-shape”

C

100 - 200 ms

D

200 - 400 ms

Figure 1. Sequence of phases in whiplash injury after collision.
A. 0 - 50 ms: After the impact there is no motion or body response.
B. 50 - 100 ms: The torso, pushed by the seat, is pushed forward and upward; meanwhile
the head remains stationary due to the inertial force. The ascending movement of the trunk
compresses the cervical spine; which, around 60 ms after the impact, undergoes a “S-shape”
deformation, with the lower cervical segments exceeding physiological extension, and the
upper cervical segments flexion.
C. 100 - 200 ms: The head reaches a peak movement in extension of 45°.
D. 200 - 400 ms: Head, neck and trunk start to descend, and about 400ms after the initial
impact the head achieves its maximum forward displacement.

Whether or not the driver in rear-end crashed car is aware of the impeding
collision is extremely important (Figure 2). According to Mertz and Patrick15
and Stemper et al.,16,17 aware subjects obtain maximum neck muscle
contraction before the impact leading to elimination of the S-shape curvature
and decrease in the extension magnitude and soft tissue distortion. In
unaware subjects the muscular reflex contraction has minimal effect because
the maximum contraction levels are achieved after injury time (S-shape).18
The awareness or expectancy of the incoming collision is crucial in the
whiplash process; despite it was rejected as predictive factor.6 It is known that
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Figure 2. Timing of neck muscle contraction in aware and unaware occupants. Reflex delay:
time between the stimulus and initiation of electrical muscle activity. Electromechanical
delay (EMD): the time between initiation of electrical muscle activity and mechanical force
generation. Adapted from Stemper et al.17

70-80% of the patients suffering from WAD were unaware of the incoming
collision.19–22 Moreover, when pain is not the only outcome, it is found that
a correlation exists between being unaware of the incoming collision and a
poor recovery 12 weeks after injury (odd ratio: 3.803; 95% CI: 1.197; 12.083).21

Pathological considerations
Although current diagnostic techniques cannot identify injuries in WAD
patients, tissue damage was observed during surgery of joint capsules23 and
at autopsy in the cervical intervertebral discs, articular surfaces, and capsules
of the facet joints.24 The existence of tissue damage is also supported by
increased concentration of neurofilament protein in the cerebrospinal fluid.25
The following structures have been shown to be damaged during whiplash
injury:26,27

Facet joint and capsular ligament
Two non-exclusive mechanisms of injury have been proposed. First, damage
of the cartilage and pinching of the synovia, with special relevance to the
lower cervical vertebral column, where the peak of extension takes place
during the S-shape phase. The second mechanism can be an excessive strain
of the capsule.
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Ligaments and intervertebral disc
Among the multiple ligaments surrounding the cervical vertebras, the
anterior longitudinal ligaments and the anterior annulus fibrosus are at
higher risk in rear-end collisions, while strains of supraspinous ligaments,
interspinous ligaments, and ligamenta flava are more frequently damaged
in frontal impacts. The intervertebral disc injuries occur more frequently
in rear-end collisions, with the C5/C6 disk at the highest risk.28–30 However,
these injuries to ligaments obtained in theoretical and cadaveric models, are
not consistently demonstrated in whiplash patients31 despite initial positive
reports using magnetic resonance imaging (MRI).32

Dorsal root ganglion
Cadaver and animal models suggest that rapid neck motion causes a trauma
of the nerve roots and ganglions in the neck, because of foraminal narrowing
or transient pressure gradients in blood flow. However, such a relationship
has not yet been demonstrated in whiplash patients.

Neck muscles
Clinical evidence supports the role of neck muscles in WAD. Microdialysis
of the trapezius muscle demonstrated increased serotonin, IL-6, and kallidin
levels, all involved in inflammatory processes and hyperalgesia.33,34 Serum
levels of C-reactive protein were also found elevated in WAD patients, and
these values remained elevated after 3 months in those patients classified
as moderate or severe disability using the Neck Disability Index, while no
differences were found in serum IL-1β.35 In the same study, a moderate
negative correlation was found between TNF-α serum values and the
amount of fatty muscle infiltrate and pain intensity at 3 months in WAD
patients. This fatty infiltration in the muscle, considered indicative of
pseudo-hypertrophy, has been extensively demonstrated in chronic stages
of WAD by MRI studies.36–38

Imaging studies
With current diagnostic tools most of the above mentioned possible sites
of injuries are difficult to demonstrate. Standard imaging techniques such
as radiography, computed tomography (CT) and MRI are inconclusive
for the prognosis of the symptoms after a whiplash trauma.39 Besides the
use of imaging techniques for clinical diagnosis, they also have been used
to perform basic research to clarify the mechanisms underlying whiplash
injury.
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Neck imaging
Linnman et al.40 visualized the neck region using positron emission
tomography (PET), with the inflammatory marker [11C]D-deprenyl. Whiplash
patients with persistent pain were compared to healthy volunteers and to
another control group suffering from pain caused by ankle sprain. Elevated
tracer uptake was found in WAD patients, especially around the spinous
process of the second cervical vertebra, indicative of a persistent peripheral
tissue inflammation (Figure 3).

6
Figure 3. [11C]D-deprenyl (DDE) uptake in a representative healthy control (left) and a patient
with Whiplash Associated Disorder (right). DDE uptake is expressed as standardized uptake
value (SUV, see color bar in figure). A high DDE uptake can be seen in the patient’s adipose
tissue on the right side of the spinous process of the second cervical vertebra, indicated by
arrows. Adapted from Linnman et al.40

Brain imaging: perfusion and metabolism
Otte et al.41,42 performed a series of functional neuroimaging studies, PET
and single-photon emission computed tomography (SPECT), in over 500
whiplash patients at rest using different tracers (99mTc-labelled hexamethyl
propylene amine oxime [HMPAO], 99mTc-labelled ethylene biyldicysteinate
dimer [ECD], and 18F-labelled fluorodeoxyglucose [FDG]). In many of these
patients, compared to healthy controls, hypoperfusion and hypometabolism
in the posterior parietal occipital cortex was observed, unilaterally or
bilaterally (Figure 4). Similar findings where recently obtained by Linnman
et al.43 with PET scanning using [15O]H2O. Compared to healthy volunteers
they also found during rest an elevated regional cerebral blood flow (rCBF)
bilaterally in the posterior parahippocampal, posterior cingulate gyri, right
medial prefrontal gyrus, and right thalamus.
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Figure 4. Statistical parametric map projections; brain areas with significant decreased relative
perfusion (p<0.01) of 15 whiplash patients compared to 15 healthy controls. Statistically
significant differences are displayed on sagittal, coronal, and transaxial projection of the
brain: 99mTc-ECD SPECT. Note the hypoperfusion in the posterior parietal occipital region
at both sides and in the frontal region on the left side. All patients remember that they looked
to the right during the impact. The hypoperfusion frontal left and posterior parietal occipital
right may be explained by a traumatic coup-contra coup mechanism, whereas the additional
hypoperfusion in the posterior parietal occipital region on the left side can only be explained
by the additional whiplash injury. Adapted from Otte et al.44

Other studies support these results. Lorberboym et al.45 investigated
whether there was a correlation between cerebral perfusion and P300
(an electrophysiological marker of cognitive ability). In WAD patients, a
diminished perfusion of the temporal lobes was found, which correlates
with abnormal P300 results. They concluded that the combination of these
techniques may be useful in identifying subgroups of whiplash patients.
Sundström et al.,46 in a HMPAO SPECT study, did not find changes in the
rCBF of whiplash patients compared with healthy controls, although they
found two non-significant small regions with lower rCBF, one in the right
temporal region and the other in the left temporo-parietal region, detected
at an uncorrected voxel level of p=0.001. These findings are consistent with
those reported by Otte et al., who are of the opinion that the different results
between experiments may be due to the lower sensitivity of the HMPAO
tracer compared with ECD in terms of retrieving small functional lesions.47
Other studies that did not obtain similar results48,49 present important biases,
implying that their results and conclusions must be considered carefully, e.g.
control group composed mainly of melanoma patients.
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Other brain imaging studies
An fMRI study of Freitag et al.50 found decreased activation during a coherent
motion task of cortical areas V5 and V5a (middle temporal and middle
superior temporal), in patients with WAD compared with asymptomatic
patients after whiplash trauma and with healthy volunteers. These results
are in accordance with previously mentioned results of hypoperfusion in the
posterior parietal occipital region.
In a different research line, the availability of neurokinin 1 (NK1) receptors
in WAD patients was studied, using the NK1 specific antagonist radioligand
[11C]GR205171.51 This receptor is widely distributed throughout the brain and
is the principal receptor for the neuropeptide substance P, which plays a role
in level-setting systems and modulates pain perception, both peripherally
and centrally. In their study, attenuated NK1 availability was found in WAD
patients in frontal, insular, and cingulate cortex, hippocampus, amygdala,
periaqueductal gray, and especially pronounced in the ventromedial
prefrontal cortex, where NK1 attenuation correlates with behavioral
measurements of fear and avoidance of movement. These results were
recently revised showing an additional significant NK1 reduction in WAD
patients in the left middle temporal gyrus and the right superior temporal
gyrus,52 and reaffirm the importance of the posterior parietal occipital regions
in the late whiplash syndrome.53
Two other MRI studies focused on brain’s morphology. No significant
differences were found in ventricle-brain ratios between WAD patients and
healthy volunteers,54 while adaptive gray matter changes in pain processing
structures were shown during the first year after the accident in WAD
patients with headache.55 In this last study, a decrease in gray matter of the
anterior cingulate and dorsolateral prefrontal cortex was found three months
after the trauma. These alterations resolved in parallel to the cessation
of headache, one year after the injury. On the other hand, WAD patients
who developed chronic headache showed an increase of gray matter in the
midbrain (attributed to the periaqueductal gray), thalamus and cerebellum
one year after the accident.

Close interaction between neck and midbrain
There is a close interaction between the neck and several midbrain structures,
which involves the visual, vestibular, and somatosensory systems. This close
interaction has been already proposed to be responsible for the sensorimotor
disturbances in WAD patients.56 However, the impact of the strong neuronal
connection between neck afferents and the periaqueductal gray (PAG) and
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the disturbance of this system in WAD patients has never been considered
thus far.
Interneurons in the intermediate zone of the upper cervical segments receive
proprioceptive information from mechanoreceptors in facet joints, ligaments,
and neck muscle spindles. This information is crucial for postural stability of
body and head, as well as for determining the visual field (e.g. cervico-ocular,
optokinetic or vestibulospinal reflexes). The importance of this information is
reflected in the high density of spindles in neck muscles.57 The axons of these
interneurons not only terminate on motoneurons of the ventral horn, but
also send ascending projections to different midbrain structures. Projections
to the PAG originate from all parts of the spinal cord, but remarkably,
more than 30% of all the spino-PAG fibers originate from the C1-C3 spinal
segments.58,59 However, the function of these spino-PAG projecting neurons
has not been studied. These neurons are distributed throughout lamina VIVIII, with a specific cluster of neurons located laterally in the ventrolateral
horn.60 This cluster does not respond to natural stimuli, i.e. touch, pressure,
pinch, cooling, noxious stimuli, joint movements or deep muscle stimuli.61–63
And there is no information about the function of the other neurons in the
rest of C1-C3 gray matter.
Also, the trigeminocervical complex maintains projections to the ventrolateral
PAG.64 This complex, constituted by the trigeminal nucleus caudalis and C1C2 dorsal horn, is known to be involved in the development of migraine
and headaches, such as those present in WAD. All these ascending pathways
converge in a group of neurons located between the deep layers of the
superior colliculus and the ventrolateral PAG (Figure 5).
The PAG and its adjoining regions are involved in several basic functions,
directly related to survival of the individual and survival of the species.
Examples are pain modulation,65 micturition,66 blood pressure,67 fight-flight
response,68 vocalization,69 respiration,70 and mating behavior.71 In whiplash
patients, the PAG and adjoining regions are shown to be involved in this
disorder: lower NK1 receptor availability compared to healthy controls51
and gray matter changes in patients who develop chronic headache after
a whiplash injury.55 The involvement of the PAG and adjoining areas in the
pathophysiology of WAD can explain the alterations in pain perception,
but also depressive-like symptoms.72 The relation of the trigeminocervical
complex and the PAG can explain the headaches and temporo-mandibular
pain symptoms in many WAD patients. Also, many other WAD symptoms,
like dizziness, visual disturbances, and alterations in postural control can be
explained by processing aberrant information from the neck muscles and
other damaged neck parts in the PAG and adjoining regions.
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Figure 5. Ascending afferents from upper cervical segments (C1-C3) to the periaqueductal
gray and its adjoining regions. TCC: trigeminocervical complex; VN: vestibular nuclei; PAG:
periaqueductal gray; SC: superior colliculus
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Discussion and Conclusions
The lack of tools for clinicians to reach a diagnosis and to predict the
outcome is a major problem in the acute phase of whiplash. Female gender,
strong initial symptoms, history of previous neck pain, passive coping style,
depressive mood, fear of movement, catastrophizing, and/or being involved
in law suits, are just a few predictive factors for chronicity.4,6 From these
factors special interest falls on litigation. There is a discussion in scientific
community about the relevance of malingering, compensation, and adoption
of a sick role, especially after a study reflecting that the number of claims
decreased by about 25 % in Saskatchewan (Canada) when they changed
to a no-fault insurance system without payment for pain and suffering.73
The discussion was supported also with the results of some experiments in
Lithuania, where little awareness exists among the population that chronic
symptoms may be the result of low velocity car collisions and where few
car drivers and passengers are covered by insurance.74 However, there is no
clear evidence to support that compensation and its related processes are
involved in the health of WAD patients.75,76
There are two basic questions to be addressed: Which injury in the neck explains
the initial symptoms? and Which factors are related to the chronicity of symptoms?
In the present chapter, scientific data have been presented that support
an injury mechanism, but further research is needed to define the factors
involved in chronicity. In rear-end collisions the inertia of the body generates
a movement of the neck leading to the so called S-shape. Around 60 ms after
the impact, the neck is not protected by muscles and is exposed to a movement
of extension in lower cervical vertebras, above physiological range, with a
simultaneous movement of flexion in upper cervical vertebras. This produces
different kinds of injury, implicating joints, capsule, ligaments, nerves, and
muscles. The involvement of the cervical joints in the whiplash symptoms
and the evidence of a process of central hypersensitivity77,78 highlight the
importance of an underlying biological mechanism in this disorder.79
A crucial factor in this process is the “expectancy of the incoming collision”,
as described in previous sections. The lack of better structured experiments
regarding the influence of the unexpected impact on the development of
late symptoms and the fact that the S-shape is reduced in aware subjects17
encourage further studies on this aspect. Moreover, pre-contraction of
neck muscles could explain the results of the “placebo” rear-end collision
study by Castro el al.80 In their experiments all subjects were aware of the
incoming impact because they knew the purpose of the experiment and,
more importantly, the fake collision was preceded by a brake sound, giving
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hearing cues to the volunteers that allow them to contract their neck muscles.
This erased the condition of placebo of this experimental setup, not allowing
any clear conclusion of the experiment.
How can an injury caused by a low velocity accident trigger such a broad
variety of symptoms? Some functional imaging studies of the brain and of
the cervical soft-tissue are inconclusive in terms of the mechanism of action,
as they only show the reaction to the trauma (musculoskeletal inflammation
or hypoperfusion of the posterior parietal occipital region) rather than
the origin.40,41 We postulate an injury-induced mismatch in the midbrain
between aberrant information from the damaged cervical muscles and other
structures, via the upper cervical cord to the mesencephalon81 on the one
hand, and the intact information from the vestibular and visual systems
to the mesencephalon on the other hand (Figure 5). This imbalance causes
the sensorimotor disturbances (postural stability, head and eye movement
control) and other symptoms observed in whiplash patients. It seems that
the brain always seeks to reestablish its physiological homeostasis after
the initial whiplash injury. However, if this conflict remains, for example
due to persistent damage of cervical components, the mesencephalic brain
structures processing this information cannot appropriately associate it with
vestibular and visual information, causing the diversity of symptoms related
to whiplash injury, such as nausea, dizziness, headache, neck pain, and
many other unpleasant feelings. Although a multitude of factors, including
psychological traits, influences the outcome, whiplash always starts with
the injury caused during the S-shape phase, the time period in which soft
tissue of the neck is exposed to injury. It usually involves a subject who was
unprepared for the incoming collision and for that reason did not switch on
the protective function of the involved muscles. The subsequent continuous
imbalance may create a permanent hyper-arousal of the brain, depending on
the strength of the cervical damage.
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Abstract
Whiplash Associated Disorder (WAD) in one of the most frequent
consequences of motor vehicle accidents. While initial symptoms resolve
within a few weeks in many cases, some patients develop persistent
symptoms that include pain, headache, visual, and/or psychological
disturbances. Although there is evidence supporting tissue lesion and
central hyperexcitability, the pathophysiology is not well understood. In
the current study, possible alterations in the regional cerebral blood flow
(rCBF) were explored with PET imaging. Twelve female patients diagnosed
with WAD grade I/II were included 5±2 years after the accident, in addition
to eight healthy matched volunteers. PET scans (Ecat HR+, Siemens) were
acquired after injection of 500 MBq [15O]H2O for rCBF measurement. During
acquisitions the volunteers received a non-painful electrical stimulation
of the neck. Sensitivity thresholds were individually determined. Four
conditions were used: rest state, placebo-like state (current was expected
but not generated), stimulation above perception threshold, and stimulation
below pain or muscular contraction. These conditions were repeated three
times, resulting in twelve scans. All participants completed a neurological
interview, the Hospital Anxiety and Depression Scale, the Neck Disability
Index (NDI), the Whiplash Disability Questionnaire, and rated pain on
the visual analogue scale. Voxel-based analysis was performed on the
scans with SPM8 in combination with SwE toolbox to account for repeated
measurements. Level of significance was set to p<0.005 uncorrected, with
an extent threshold of 100 voxels. Correlations between the rCBF of WAD
patients in the significant clusters and the scores from questionnaires were
analyzed using the Generalized Estimating Equations model in SPSS, with
p<0.05 considered significant. In all the questionnaires WAD patients scored
higher (p<0.001) than healthy volunteers. No significant differences in rCBF
were found between conditions. In WAD patients, compared with healthy
controls, a significant increase in the rCBF was found in the right superior
parietal gyrus (Z=2.96±0.30). In addition, a decreased rCBF was found in
the left insula (Z=3.03±0.39), right insula (Z=3.06±0.40), and right thalamus
(Z=2.94±0.27). Within the WAD group, a negative association (p<0.009)
was found between the NDI scores and the rCBF. WAD symptoms might
be the result of a mismatch between the proprioceptive information from
the cervical spinal cord and the information integrated in regions such as
mesencephalon, thalamus and insula. However, further investigation of the
functional brain alterations present in WAD patients must be performed for
a better understanding of the pathophysiology.
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Introduction
Whiplash trauma is one of the most frequent consequences of motor vehicle
related accidents. It is estimated to have a yearly cost in Europe of at least €10
billion1 and $29 billion in the United States,2 affecting about 300 per 100,000
persons per year in North America and Western European countries.3 While in
many cases the initial symptoms resolve within few weeks after the accident,
approximately half of whiplash injured individuals will develop persistent
symptoms.4 This heterogeneous group of symptoms is generally defined
as Whiplash-associated disorder (WAD),5 and include pain in the neck and
headache as the most frequent symptoms, followed by interscapular and
temporomandibular pain, paresthesia in arms and hands, dizziness, visual
and psychological disturbances.6
While there is evidence supporting lesion of various tissues in WAD, mainly
concerning the zygapophysial (facet) joints, most of these injuries are
undetected by conventional imaging techniques.7 Radiography, computed
tomography (CT), and magnetic resonance imaging (MRI) are inconclusive
for the prognosis of WAD.8 Aside from the use of standard imaging techniques
for clinical diagnosis, the use of functional neuroimaging techniques such
positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) can help to understand the underlying mechanism of
WAD. Otte et al.9,10 performed a series of PET and SPECT studies in over 500
whiplash patients at rest using different tracers [99mTc]-hexamethyl propylene
amine oxime (HMPAO), [99mTc]-ethylene biyldicysteinate dimer (ECD), and
[18F]-fluorodeoxyglucose (FDG). Hypoperfusion and hypometabolism in the
posterior parietal occipital cortex was observed in many of the patients as
compared with healthy control. Similar findings were obtained recently in a
PET study that measured the regional cerebral blood flow (rCBF) by means
of [15O]H2O. Moreover, elevated rCBF was found bilaterally in the posterior
parahippocampal, posterior cingulate gyri, right medial prefrontal gyrus,
and right thalamus.11 Other imaging studies support also these results,
showing statistical significant reduced perfusion of the temporal lobe in
WAD patients,12 and non-significant (uncorrected voxel level of p=0.001)
small regions with lower rCBF at the left temporoparietal, and right temporal
region.13 However, other studies did not obtain similar results,14,15 maybe as
consequence of the presence of important biases in the study design, e.g.
control group composed mainly of melanoma patients.
The current study was design to address three main objectives. First, it intends
to replicate the results of previous experiment that shown alterations in the
rCBF in the posterior parietal, temporal and occipital lobe, hypothesized to
be related with nociceptive afferents causing increased levels of vasopeptide
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induced vasoconstriction.16,17 Secondly, to explore our hypothesis according
to which WAD symptoms may be induced by a mismatch in the midbrain,
periaqueductal gray (PAG) and adjoining regions, between the ascending
information from cervical structures via the upper cervical cord to the
mesencephalon, and the information from the vestibular and visual systems.18
And finally, to test if non-painful stimuli in the neck region of WAD patients
was altered due to an ongoing process of central hyperexcitability.19

Methods
Participants
Twelve WAD patients (grade one or two,5,20 between 2 and 10 years after
the accident) and eight healthy volunteers, all females, were recruited via
advertisement in public buildings, local newspapers and radio, national
association of whiplash patients (Whiplash Stichting Nederland), and the
Royal Dutch Society for Physical Therapy. Screening procedures included
telephone questioning and brief interview. If the volunteer was considered
electable, a neurological interview was scheduled for a final screening. Specific
exclusion criteria for patients were loss of consciousness at the accident,
neurological symptoms, and pain not related to WAD. Exclusion criteria for
both WAD patients and healthy volunteers were current depression, anxiety,
or other psychiatric disorder, organic brain disorder, somatic disease, lefthandedness, substance abuse, pregnancy, and body mass index (BMI) ≥ 30
kg/m2.
All participants were asked to refrain from analgesics and anti-inflammatory
drugs one to three days prior to scanning; from tobacco, alcohol and
caffeine 12 h before, and from food 3 h before the PET scan. According to
the Declaration of Helsinki, all participants gave written informed consent.
The internal ethics committee of the University Medical Center of Groningen
approved the experimental.

PET procedures
During the whole procedure, the room lights were maintained at low
intensity. The skin of the back part of the neck was rinse with alcohol, and
disposable auto-adhesive skin electrodes (Model ST5090 5×9 cm, Axelgaard
Manufacturing Co., USA) were placed at both sides of the neck, approximately
at the level of the second and sixth cervical spinous process.
Four different conditions were used during the experiment, which were
repeated three times resulting in a total of twelve scans per subject:
1. Rest state: no stimulation.
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2. Low stimulation: 15% above the perception threshold.
3. High stimulation: 15% below observable muscular contraction or pain
threshold.
4. Placebo-like stimulation: the participant was informed that will receive
an electrical stimulation, below her perception level; but the device did
not delivered any current.
The order of the sequences was modified between participants, keeping
constant the rest scan as the 1st, 5th, and 9th scan. The stimulation consisted on
a non-painful electrical constant current, delivered with the Digitimer DS7A
device in combination with the stimulator DG2A (Digitimer Limited, UK),
using a biphasic pulse, train repetition of 50 Hz, and 100 µs pulse duration.
These parameters were selected based on a pilot test performed in a small
group of healthy volunteers independent from this study (n=5). These
values were found to allow an acceptable current range (mA) to define the
thresholds, without apparent discomfort in the participant. Before the first
PET scan, with the participant lying in the scanner, individual thresholds
were determined by slow increase of the mA. First, the participant was
asked to notify the researcher when the current was clearly perceived (lower
threshold, considered as 0%). Then, the highest threshold (100%) was set
when the participant notifies that the current was painful or unpleasant, or
the researcher detected a clear muscular contraction. This procedure was
repeated three times, with an interval of 1–2 min between trials. The average
value of these thresholds was calculated, and used during the scan to define
the low (15%) and high (85%) stimulation conditions. Before injection of
the radiotracer the participant was informed about the condition that was
going to be delivered as ‘rest’, ‘low’ for the placebo, ‘medium’ for the low
stimulation (15%), and ‘high’ for the higher stimulation (85%). The device
was turned on for all the conditions, except for rest condition. Immediately
after each scan, the device was turned off, and the subject was allowed to
open the eyes.
Each of the twelve PET scans was made in 3D mode (63 planes; axial field
of view of 15.5 cm) using an Ecat Exact HR+ camera (CTI/Siemens, USA)
with a spatial resolution of 4–5 mm full width at half maximum in all three
directions. For the scan, the radiotracer [15O]H2O was used as a measure of
regional cerebral blood flow (rCBF). Per scan, 500 MBq of activity dissolved
in 32 mL of 0.9% saline were administered intravenously into the right
forearm at 8 mL/sec. After injection of the radiotracer, data were collected
for 120 sec. Consecutive scans were made with intervals of 10–15 min. The
participants were asked to keep their eyes closed during the scanning period,
and their head was maintained in position using a head-restraining adhesive
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band. A scan specific calculated attenuation correction was performed to
minimize inter-scan displacement induced variance.21 Data acquisition
was reconstructed using a filtered back projection procedure, corrected for
background radiation, and summed to obtain a final 120 sec rCBF image.

Subjective ratings
During the neurological interview performed previous to the scan,
all participants completed the Hospital Anxiety and Depression Scale
(HADS),22,23 rated levels of pain between 0 and 10 (none to worst imaginable)
on visual analogue scale (VAS), and the Neck Disability Index (NDI).24–26 An
in-house translation of the Whiplash disability questionnaire (WDQ)27 was
also provided.

Neuroimaging analysis
PET images were processed using the statistical parametric mapping
(SPM8) software (Wellcome Department of Cognitive Neurology, London,
United Kingdom) in combination with the Sandwich Estimator v1.2.1 (SwE)
toolbox to account for the repeated measures.28 Images were first aligned
between acquisitions for each subject, and then normalized to the Montreal
Neurological Institute’s (MNI) stereotactic template. Images were masked
for the whole brain image and then smoothed using a 12 mm Gaussian
kernel. PET data was statistically evaluated with a small sample adjustment
‘type C2’ and ‘approximate III’ estimation for the degrees of freedom. A
factorial design was used with group, conditions, and their interactions as
factors. Differences in global blood flow were corrected using the ANCOVA
between-subject and within-subject method.29 Level of significance was set
to p<0.005 uncorrected, with an extent threshold of 100 voxels. Anatomical
localization of the results was aided by the Hammers atlas.30,31
In the WAD group, to explore the association between the altered rCBF
and the symptoms, the statistical significant clusters obtained from the
voxel-based analysis in SPM were divided according to the Hammers atlas,
creating independent anatomical regions. The mean rCBF value for each of
these regions was extracted from the original images and corrected for the
mean whole brain uptake. These values were analyzed together with the
scores obtained from the self-questionnaires (VAS, WDQ, NDI and HADS)
using IBM SPSS Statistics 22 (SPSS Inc. Chicago, The United States). The
Generalized Estimating Equations (GEE) model32 was used to account for
multiple measures per subject and brain regions (clusters), with an autoregressive correlation matrix. The age and BMI were also included in the
model as covariates. No correction for multiple comparisons was applied,
and p<0.05 were considered statistically significant.
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Results
General statistics
All the participants were females, with a mean (± SD) age of 28±8 years for
the control group (n=8), and 33±7 years for the patient group (n=12). No
statistical differences were found between groups in age (p=0.15) or BMI
(p=0.40). WAD patients suffered the accident 5±2 years before the study, and
scored statistically higher for all the subjective ratings compared with the
healthy volunteers (p<0.001). When comparing the sensitivity threshold, the
highest threshold of the WAD patients was 83% of the one in healthy subjects
(p=0.033), but not differences was observed in the lowest threshold between
groups. More details can be found in Table 1.

Table 1. Differences between patients and control volunteers
Controls
(n=8)

Patients
(n=12)

p-values

Age

28 ± 8

33 ± 7

0.150

BMI

25 ± 3

24 ± 3

0.401

VAS

0

6±2

<0.001*

WDQ

0

63 ± 19

<0.001*

NDI

0

24 ± 6

<0.001*

HADS

0

10 ± 6

<0.001*

Lowest Threshold

39 ± 8

33 ± 8

0.147

Highest Threshold

72 ± 10

60 ± 13

0.033*

Mean values (±SD). BMI: body mass index, VAS: pain measured with visual analog scale, HADS: Hospital Anxiety and
Depression Scale, NDI: Neck Disability Index, WDQ: Whiplash Disability Questionnaire. * p<0.05

Regional cerebral blood flow
No statistically significant differences were found between any of the
experimental conditions in the voxel-based analysis (i.e.: rest, placebo
or electrical stimulation of the neck), when the groups were compared
independently or combined. However, statistically significant differences in
the rCBF were found in several brain regions of WAD patients when this
group was compared with the healthy volunteers (Table 2, Figure 1 and
Figure 2). The peak voxels with increased rCBF on WAD patients was found
in the right superior parietal gyrus (Z-score=3.76, x,y,z=13, -58, 17); while
the peaks of decreased rCBF were detected in the right insula (Z-score=4.28,
x,y,z=35, 0, -19), left insula (Z-score=4.23, x,y,z=-35, 22, -7), and right thalamus
(Z-score=3.64, x,y,z=5, -12, 3).
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Table 2. Alterations of the regional cerebral blood flow of in Whiplash-Associated disorder
patients compared with healthy volunteers (p<0.005 uncorrected, extent threshold k=100
voxels)
Voxels in cluster Cluster Z-value Peak Z-value

Peak x,y,z

Peak location

Healthy<WAD
116

2.96±0.30

3.76

13

-58

17

Superior parietal gyrus right

Healthy > WAD
152

3.06±0.40

4.28

35

0

-19

107

3.03±0.39

4.23

-33

22

-7

147

2.94±0.27

3.64

5

-12

3

Insula right
Insula left
Thalamus right

Peak voxel coordinates are in MNI space. Anatomical location according to Hammer’s brain atlas.

Increased rCBF

Decreased rCBF

Figure 1. SPM results of the voxel-based analysis of [15O]H2O scans. The results shown regions
with increased (left) and decreased (right) regional cerebral blood flood (rCBF) in Whiplash
Associated Disorder patients as compared with healthy volunteers (p<0.005 uncorrected,
extent threshold k=100 voxels)
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Decreased rCBF

Insula

Insula

Insula

Insula

Increased rCBF

Thalamus

Thalamus

Superior parietal gyrus

Superior parietal gyrus

Figure 2. Voxel-based analysis of [15O]H2O scans. The results shown some of the most
significant regions with decreased or increased regional cerebral blood flood (rCBF) in
Whiplash Associated Disorder patients as compared with healthy volunteers (p<0.005
uncorrected, extent threshold k=100 voxels)

7
Association between subjective ratings and altered rCBF
Within the WAD group, there were significant positive correlations (Table
3) between age and BMI (r=0.71, p=0.01), NDI scores and VAS pain ratings
(r=0.70, p<0.010), NDI and WDQ (r=0.71, p=0.01), HADS and WDQ (r=0.83,
p=0.001), and HADS and NDI (r=0.65, p=0.022). The rCBF values obtained
from the four statistically significant clusters found previously in the voxelbased analysis were included in the GEE model as the outcome variable. The
subjective ratings were included in the model as predictors, with the age
and the BMI as covariates (Table 4). Only a positive association between the
NDI score and the rCBF values extracted from the clusters was found in the
analysis (B=0.004±0.001, 95% CI [0.001; 0.006], p<0.009).
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Table 3. Pearson correlations within the WAD patient group
Age

Time

BMI

VAS

WDQ

NDI

1

0.056

0.707

-0.520

-0.406

-0.341

-0.148

p=0.863

p=0.010

p=0.083

p=0.190

p=0.278

p=0.646

Age
Time

1

BMI

HADS

-0.448

-0.362

-0.241

-0.207

-0.369

p=0.144

p=0.248

p=0.450

p=0.518

p=0.238

1

-0.205

-0.321

-0.195

-0.099

p=0.523

p=0.308

p=0.543

p=0.759

VAS

1

WDQ

0.521

0.705

0.355

p=0.082

p=0.010

p=0.257

1

0.710

0.835

p=0.010

p=0.001

1

0.650

NDI

0.022
BMI: body mass index, VAS: visual analogue scale, WDQ: Whiplash disability questionnaire, NDI: neck disability index,
HADS: hospital anxiety and depression scale

Table 4. Association between subjective ratings and alterations in the regional cerebral blood
flow (rCBF) of WAD patients
CI
B ± SE

Lower Upper

p-value

(Intercept)

1.056 ±

0.024

1.009; 1.102

<0.001

Visual Analogue Scale (VAS)

0.004 ±

0.005

-0.007; 0.014

0.477

-0.001 ±

0.001

-0.003; 0.001

0.282

Neck Disability Index (NDI)

0.004 ±

0.001

0.001; 0.006

0.009

Hospital Anxiety and Depression Scale (HADS)

0.003 ±

0.003

-0.003; 0.008

0.365

Whiplash Disability Questionnaire (WDQ)

SE: Standard Error; CI: 95% confidence interval

Discussion
The present study was designed with the purpose to address three main
research questions. First, the validation of the results showing hypoperfusion
in the posterior parietal, temporal and occipital cortex, reported previously
by Otte et al.,9,10 and Linnman et al.11 Secondly, to evaluate our hypothesis
according to which a dysfunction in midbrain structures is behind most of
the symptoms found in chronic WAD patients, with the PAG acting as a key
player. And finally to explore the ongoing process of central hyperexcitability
in WAD patients, comparing rest state brain perfusion with the expected
changes in rCBF consequence of a non-painful stimulation. In this context,
the increased rCBF found in the right superior parietal gyrus of the WAD
group as compared with the healthy volunteers, seems to support that the
parietal cortex is some how involved in the symptoms related with the
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chronic WAD patients. In addition, we consider that the decreased rCBF
detected bilaterally in the insula and in the right thalamus of the WAD
group support the hypothesis of a misbalance in the interoceptive sensory
system, even when no alterations of the perfusion were detected in the PAG
with the current study design. And finally, no differences were found in the
regional brain perfusion as consequence of the different levels of electrical
non-painful stimulation
There is an increasing evidence for a process of central hyperexcitability in
chronic WAD patients, resulting in widespread lowered pain thresholds.19
In our study, volunteers were exposed to four different experimental
conditions: absence of stimulation, placebo stimuli, and low/high nonpainful stimulation of the neck. The first condition, without any stimulation,
was intended to replicate the experimental setup presented by Linnman et
al.11 While the placebo condition was introduced to assess the presence of
altered brain perfusion patterns in relation with “beliefs and expectations” of
WAD patient.33,34 And finally, the use of two different intensities levels of the
electrical current stimuli pursued the exploration of rCBF changes in a nonpainful condition. Contrary to our prior expectations, no alterations were
observed in the rCBF as consequence of the different stimulation conditions,
in either healthy or WAD patients. The absence of changes in the rCBF in
regions such as the primary and secondary somatosensory cortex may be
a consequence of the discrepancies generated by the lack of individual
MRI scans to perform a more accurate process of spatial normalization of
the scans; or may just reflect that the non-painful stimulations used in the
present study design were not sufficient to induce substantial alterations in
the rCBF that could be detected by the PET camera. However, a statistically
significant lower tolerance to the electrical stimulation of the neck was found
in the WAD patients when compared with the healthy volunteers, achieving
unpleasant or painful feelings at lowest intensities of electrical current. These
results support the idea that chronic WAD patients had alterations of their
sensitivity thresholds, which is in agreement with the results presented in a
recent meta-analysis of central hyperexcitability in chronic WAD patients.19
Furthermore, when the rCBF of WAD patients was compared with healthy
volunteers, brain regions commonly involved in the process of acute painful
stimuli such as the insular cortex and the thalamus35,36 were found to exhibit
alteration in its perfusion. In this sense, it is of special interest the decrease
in rCBF that was observed bilaterally in the insula. Although no changes in
perfusion of WAD patients were reported previously in this region,9–11,13,14 the
insula it is been recognized as the primary reception area for the interoceptive
sensory information, and its critical for the process of emotional feelings.37
Moreover, in a recent study performed with the radioligand [11C]GR205171,38
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a significant lower neurokinin 1 (NK1) receptor availability was found in the
left insula of chronic WAD patients, as well as in the frontal and cingulate
cortex, hippocampus, amygdala, and the PAG. The NK1 receptors are
widely distributed throughout the brain, and are the primary receptor of the
neuropeptide “substance P” that modulates pain.39
The increased rCBF found in the right superior parietal gyrus of the females
chronic WAD groups seems to support the relevance of this region in the
pathophysiology of WAD, as this changes are similar to those previously
reported by Otte et al.,9–10 and Linnman et al.,11 involving parietal, temporal
and occipital cortex. However, their results showed a hypoperfusion in those
regions, while in the present study an increased rCBF was observed. This
discrepancy in the direction of the results may be consequence of an error in
the calculation of the global mean uptake within SPM software (unpublished
work). Moreover, alterations in the rCBF shown by Linnmann et al. in the
parahippocampal region or the cingulate gyrus, were not replicated in this
study. These difference can be explained also by the discrepancies that
arise when the data is analyzed in the MNI space, as is the case of SPM,
but the results are reported using the Tailarach space.40 When the MNI peak
coordinates, originally reported as parahippocampal region (18 -44 8), are
explored using the Hammer atlas, the closest regions identified was the
superior parietal gyrus. Independently of the final label used to classify the
anatomical location of this region, in the present study these coordinates
were found to be closer to the increased rCBF in found in WAD patients (i.e.
right superior parietal gyrus).
Standard imaging techniques such as radiography, CT and MRI seem to be
inconclusive for the prognosis of the symptoms after a whiplash trauma,8 and
most of the current efforts are directed to understand the role of the tissue
damage,7 and the processes involved in the transition from acute to chronic
WAD.41 However, not much is known about how it is that reasonable simple
accidents, often at rear-end low speed collisions, can induce brain processes
such as the central hyperexcitability found in chronic WAD patients. We had
hypothesized18 that the missing key for the understanding of the underlying
pathophysiology in WAD is the close interaction between neck and midbrain
thorough the spino-PAG and spino-thalamic fibers originated from the C1C3 spinal segments.42,43 These neurons are distributed throughout lamina
VI-VIII, with a specific cluster of them located in the ventrolateral horn.44
In addition, the trigeminocervical complex, constituted by the trigeminal
nucleus caudalis and C1-C2 dorsal horn, maintains projections to the PAG
and is known to be involved in the development of migraine and headaches.45
All these ascending pathways converge in the neurons located at the PAG
and adjoining regions, basic for the normal function of multiple processes. In
160

Altered Regional Cerebral Blood Flow in Chronic Whiplash Associated Disorder

WAD patients, the PAG and adjoining regions have been shown to express
lower NK1 receptors,38 and undergo gray matter changes associated with the
development of headache.46 In the present study no alteration in the rCBF of
the PAG were detected. Adequate registration of the brainstem structures
in our study using the automated method implemented in SPM8 was most
probably suboptimal, especially in the absence of individual MRI images to
be used in a more accurate process.47 However, the alterations detected in
other brain regions related with interoceptive and pain processing pathways
are appealing (i.e. bilaterally in the insula, and right thalamus).
Moreover, it seems to be an association between the rCBF values and the
severity of the condition assessed by the NDI scores. Although these results
must be taken with caution due to the small number of subjects included in
the study these findings are of interest in the design of future experiments.
As mentioned before, the present study posses some limitations in its design.
The most important one is that current results are drawn from a relative
small sample size, compose only by females. While this is an important
factor when interpreting the results related with the association of subjective
scorings and the rCBF at different brain locations, we must consider that it
has a relative lower relevance in the results obtained in the group comparison
of rCBF. Since no differences were found between the presented stimuli, the
comparison between chronic WAD patients and healthy volunteers was
performed with 12 repetitions of the [15O]H2O scan per subject. These repeated
measurements are important to control for within-subject variability, and
strength the results of the analysis thanks to the use of advanced statistical
methods such as those implemented in the “sandwich estimator” toolbox.
Finally, the absence of individual MRI acquisitions may have influence in
the accuracy of the registration procedure, making more difficult the precise
exploration of rCBF changes in some regions such as the brainstem.

Conclusion
WAD symptoms might be the result of a mismatch between the proprioceptive
information from the cervical spinal cord and the information integrated in
regions such as thalamus and insula. Further investigation of the functional
brain alterations present in WAD patients must be performed for a better
understanding of its pathophysiology.
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Chronic whiplash-associated disorder
We read the Article from Zoe Michaleff and colleagues (July 12, p.133)1
on different physiotherapeutic regimens in chronic whiplash-associated
disorders (cWAD) with great interest. Any treatment concept must be a trialand-error process as long as the mechanism of action is not understood. How
can an injury caused by a low velocity accident trigger such a broad variety
of symptoms? The many positron and single-photon emission tomography
studies of the brain and cervical soft tissue in patients with cWAD are
inconclusive in terms of the mechanism of action of this disease. They
only show indirect effects—i.e. the reaction to the trauma (musculoskeletal
inflammation or hypoperfusion of the posterior parietal occipital region),
but not the origin.2,3
There are three main hypotheses regarding the origin: first, is the hypothesis
that whiplash does not exist. The second is the nociceptive-vascular
hypothesis. According to Moskowitz and Buzzi,4 there is a widespread
effect on local vasoactive peptides and the cranial vascular system, caused
by stimulation of pain-sensitive afferents in the trigeminal system. The
third hypothesis is the mid-brain hypothesis. Vállez García and colleagues5
reported that there is a mismatch between aberrant information from the
neck muscles and the vestibular and visual systems, which is integrated in
the mesencephalic periaqueductal gray and adjacent regions.
The fact that there is no accepted concept or proof for what causes the
symptoms leads to endless discussion about this condition. Moreover, as
long as we treat only some aspects of the various symptoms of this syndrome
there will be no substantial treatment effect either.
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Chapter 9

Functional imaging using SPECT and PET techniques provide researchers
and clinicians the possibility to perform target-specific studies, facilitating
the investigation of multiple health conditions at different stages and
the evaluation of therapeutic interventions. Nuclear medicine imaging
techniques are especially relevant in those situations where conventional
structural imaging (i.e. CT and MRI) fail to detect alterations, as they are
naturally focused on morphological features and therefore cannot easily
predict changes in neurocognitive functions or functional outcomes. This
seems to be the case in mild traumatic brain injury (mTBI) and whiplash
associated disorder (WAD). Even when there is a theoretical framework and
indirect evidence of the lesion-based models, tissue damage is frequently
undetected by conventional imaging, which cannot be used to predict the
neurocognitive outcome of the patient.
Herein, this thesis presents the feasibility of PET imaging to detect
neurocognitive functional changes in the specific conditions of interest:
mTBI and WAD.

Methodological aspects
Currently, scientific studies utilize rodent models for various human brain
diseases. PET and SPECT have the ability to provide functional insight into
physiological processes and biochemical pathways in vivo. This ability allows
for longitudinal follow-up within a single animal and greatly facilitates the
investigation of chronic diseases and the evaluation of new pharmacological
interventions. However, the spatial resolution that can be obtained in current
animal scanners is a limiting factor in analysis. Therefore, optimal use of
imaging data becomes crucial.
After reconstruction of the images, a relevant process is the ‘normalization’ of
the data. Differences in animal weight, injected dose of the tracer or changes
in brain size of the animals, due to aging or therapeutic interventions, must
be considered prior to the analysis. There are two main normalization areas
to consider. First, a powerful and widely-used approach is the adoption of a
common reference space to which images from individual subjects and time
points are spatially normalized. This procedure is frequently used in human
studies, where individual MRI or CT images are also acquired. However,
high-resolution anatomical image data in preclinical brain PET and SPECT
studies is often not available. As such, the normalization of these functional
images without its accompanying structural images becomes challenging.
In chapter 2 of this thesis it was automatized and tested a procedure for the
construction of tracer-specific PET and SPECT templates. These templates
allow accurate registration of the functional brain data, with registration
errors below the spatial resolution of the camera. Although in this study the
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methodology was validated under several conditions, it would be of interest
to further evaluate the performance of the templates with different animal
species, disease models and radiolabeled tracers in future studies. Also, it
would be of great interest to compare the results obtained from the use of
these functional templates with those obtained from the use of combined
small animal PET/CT or small animal PET/MRI. This procedure is expected
to provide a more robust normalization, since structural data makes the
registration less dependent on the tracer-specific uptake pattern or disease
state.
Additionally, chapter 2 presents the software package called SAMIT (‘Small
Animal Molecular Imaging Toolbox’). The aim of this toolbox is to facilitate the
construction of the templates and the subsequent voxel-based analysis of the
small animal PET and SPECT brain images. Functional neuroimaging data is
frequently analyzed in humans using a voxel-based approach, instead of the
more ‘classical’ volume-of-interest approach (VOI). The voxel-based analysis
could, in theory, identify subtle changes better than VOI-based analysis, as
the voxel-based analysis is limited mainly by the spatial resolution of the
scanner rather than by the size of the VOIs. Moreover, it is not restricted to
hypothesis-based regions and rather allows the investigation of the whole
brain. Further improvement of the toolbox will be needed, since its testing
was limited to the conditions of ongoing experiments in our department.
Hence, unexpected errors and improvements will arise with an extensive use
of the toolbox by other researcher groups and institutions.
After acquisition of the PET and SPECT images, a second important aspect is
the normalization of the uptake values. The most frequent approach is the use
of standardized uptake values (SUV), where data are corrected for the injected
dose and the body weight of the subject. However, SUV is a semi-quantitative
measurement that can be affected by several biological and technological
factors. Therefore, whenever possible, the use of quantitative measurements
by pharmacokinetic modeling is advisable. This approach was used in the
methodology of chapter 3 where the novel imidazopyridine compound
[11C]CB184 was evaluated in a rat model of herpes encephalitis (HSE).
Overexpression of the translocator protein (TSPO) is used for monitoring
neuroinflammation in several neurological and psychiatric disorders.
However, the widely used [11C]PK11195 PET tracer suffers from several
limitation, and therefore there has been an effort in recent years to develop
more sensitive and selective PET ligands. Nevertheless, most of these new
TSPO ligands are still in the early stages of investigation, and the differences
in methodology of the studies make direct comparison of the results difficult.
Our group has previously used the HSE model for the evaluation of some
of these new TSPO ligands ([11C]DAA1106, [11C]DPA-713 or [18F]DPA-714),
171

9

Chapter 9

and it would be interesting to further evaluate other promising tracers such
as [11C]PBR28 in the same model. Despite the promising results obtained
and presented in chapter 3, further clinical imaging studies with [11C]CB184
must be performed to assess the added value of this new TSPO radioligand
to determine its suitability as an alternative for [11C]PK11195.
The optimal use of the data is especially crucial in neuroimaging studies,
and even more important in preclinical studies. Future experiments must
implement the most recent techniques in image data analysis. Specifically,
the scientific community must change from the classical VOI-based analysis
to the voxel-based analysis. This change must be accompanied with the use of
more sophisticated statistical methods, such those including corrections for
multiple measurements, the use of non-parametric analysis of the images, or
the construction of parametric images based on pharmacokinetic modeling,
among other possibilities.

Traumatic Brain Injury
Mild TBI is the most frequent cause of brain trauma in our society. It
has long been underestimated due to the frequent absence of detectable
pathophysiological alterations in conventional imaging. However, there
is an increased awareness of mTBI due to the high rates of sport-related
brain injuries during adolescence and young adulthood, and the growing
evidence of a relationship between mTBI and an increased risk of depression,
Alzheimer’s disease, chronic encephalopathy, and other neurodegenerative
diseases. Moreover, it is an emerging area of research in relation with the
persistent symptoms experience by military personnel after blast mTBI.
As discussed in chapter 4, the use of PET and SPECT radioligands as markers
of specific cellular processes could help in the detection of secondary neuronal
injury mechanisms that are involved in the pathophysiology of mTBI, and in
a better evaluation of the tissue damage and therapeutic approaches. Most
of the studies have been focused on [18F]FDG PET, which appears useful for
explaining neurological states in acute and chronic phases of TBI. However,
the cost-effectiveness of this technique over other neuroimaging techniques
or the neuropsychological assessment remains to be demonstrated. A better
understanding of the pathophysiology associated with TBI is needed,
exploring not only blood perfusion and glucose metabolism, but other aspects
as neuronal integrity, neuroinflammation, or cholinergic and dopaminergic
systems.
More emphasis should be given to the mTBI patients in clinical research. Few
studies address these patients, though they represent 80% of the total TBI
population. In this respect two clinical studies were initiated in recent years
in our department focusing in the existence of a neuroinflammatory process
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as an underlying mechanism of mTBI symptoms. The first experiment
includes patients presenting long-lasting symptoms within few months to
one year after the accident. While the second study investigates athletes that
suffer repetitive head traumas due to their activity. In both experiments, [11C]
PK11195 PET imaging will be combined with the acquisition of structural and
functional MRI data. Unfortunately, these experiments were not completed
in time to be included in the present thesis, and are now included project of
another PhD student. We can only wait with interest to see the results that
will come from these experiments, and hope that further research focused in
the mTBI patients will come out in the near future.
There are a variety of experimental animal models to investigate the
pathophysiology of TBI and, similar to human studies, most of these models
are focused on moderate and severe TBI. Open head injuries are most widely
used in rodents, and are mostly used for the research of a focal cortical lesion.
However, these models do not reflect completely the pathological features
seen in human mTBI where most of the patients do not show skull fracture,
and an observable focal lesion in conventional structural imaging is minimal
or non-existent. In chapter 5 the weight-drop injury model was selected
to induce a single mTBI, without observing skull fracture, respiratory
depression, acute neurological symptoms or mortality in any of the animals.
The presence of an acute neuroinflammatory process and a long lasting
alteration of the glucose metabolism in several brain regions were observed
in the absence of detected behavioral alterations. It can be consider that these
results support the potential importance of nuclear medicine neuroimaging
into assess and monitor brain function after mTBI. While a single trauma
may not be sufficient to elicit behavioral alterations in a healthy brain, it is
highly relevant to extend the research into the possible adverse effects of
a second head injury to a brain that is undergoing the process of recovery
and adaptation, as depicted by the long lasting alterations detected in the
animals of our study. In addition, it would be of great interest to explore
the pathophysiology of mTBI including other PET tracers. [11C]flumazenil
could be an useful tracer for differentiating the hypometabolism caused by
selective neuronal loss from hypometabolism caused by other factors, and it
is therefore an interesting tracer to be included in future experiments.

Whiplash Associated Disorder
There is increasing evidence of pathophysiological alterations in WAD
patients, mostly reflected in fatty infiltration on neck muscles detected by
MRI studies, and an ongoing process of central hyperexcitability. In addition,
the PET and SPECT studies performed in these patients have shown
hypoperfusion and hypometabolism mostly located in the posterior parietal
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occipital cortex, hyperperfusion in regions such as thalamus or prefrontal
gyrus, and attenuated NK1 availability in ventromedial prefrontal cortex,
insular and periaqueductal gray, among other regions. However, there was
not a clear hypothesis about the injury mechanism producing brain functional
alterations in a process that appears to be purely a mechanical neck injury. In
chapter 6 a new hypothesis was presented in which WAD symptoms may be
induced by a mismatch in the midbrain, periaqueductal gray and adjoining
regions, between the ascending information from cervical structures via
the upper cervical cord to the mesencephalon, and the information from
the vestibular and visual systems. It would be of great interest to develop
further studies to confirm or refute this hypothesis. There is a variety of
animal models beginning to define the mechanism involved in whiplash, but
similar to what happens in most of the clinical studies, most of the attention
is focused on the pain associated with the injury. While this is clearly an
important factor of the pathology, WAD is a more complex disorder and
attention should be broader, covering other psychological aspects.
The chapter 7 presents a clinical study comparing WAD female patients with
healthy volunteers. Females were selected as they seem to be more prone to
develop the condition, and to reduce the variability in our study. There are
two important limitations in our study. The first is that the presented results
are drawn from a relative small sample size. The experiment was finished
without the expected number of participants due to difficulties encountered
during the recruitment period, and as consequence of the replacement of the
Siemens Ecat HR+ PET camera for a PET/CT system. However, the [15O]H2O
PET scans were performed three times per condition, which strengthens the
control of the intra-subject variance in the statistical analysis. Secondly, the
absence of individual MRI acquisition may have influenced the accuracy of
the registration procedure. This effect is especially relevant in the brainstem
structures, where alterations were expected. Nevertheless, differences in
brain perfusion were observed in different brain regions in WAD patients,
and correlated with regions previously reported. Strengthening these results
will necessitate performing further evaluation of these patients for a better
understanding of the pathophysiology and their symptoms. Without a
better understanding of these mechanisms, it will be impossible to develop
an appropriate therapy for afflicted patients, as it was stated in the letter
published in The Lancet (chapter 8).
In conclusion, functional imaging using PET and SPECT techniques may
greatly contribute to a better understanding of multiple brain conditions
and disorders given their capacity to visualize neuro-metabolic alterations
obscured in conventional imaging, as seems to be the case in mTBI and WAD.
Future studies should aim to combine image acquisition strategies using
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PET/MRI or PET/CT cameras, and including the combination of radiotracers
that target different cellular processes. Finally, the analysis of these data
must be performed with the newest statistical methods, always searching for
an optimal handling of the image.
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Traumatic brain injury (TBI) is the leading cause of brain trauma in our
society, with an estimated incidence of 235 per 100,000 inhabitants per year
in the European Union and about 500 per 100,000 inhabitants per year in the
United States. About 80% of all these cases are accounted for as mild (mTBI).
At the same time, whiplash-associated disorder is one of the most frequent
consequences of motor vehicle related accidents, affecting about 300 per
100,000 inhabitants per year in the United States and Western European
countries. Both brain injuries are frequently underestimated due to their
apparent low severity, and because in many cases the symptoms disappear
within a few weeks. Nevertheless, several patients develop persistent
symptoms without a definitive evidence of damaged tissue resulting from
the injury. This apparent lack of pathophysiological evidence had driven
the interest of clinicians and researchers towards the patient expectations,
beliefs and other psychological aspects surrounding the trauma.
While the role of psychological factors within these conditions is undeniable, in
the absence of detectable pathophysiological mechanisms with conventional
imaging studies (i.e. magnetic resonance imaging (MRI) and computed
tomography (CT)) the mechanisms behind the long-term symptoms remain
unknown. Therefore, it is within this frame of uncertainty that functional
imaging techniques, such as positron emission tomography (PET), have the
potential to provide insight into the underlying changes that arise from mild
traumatic brain injury and whiplash-associated disorder, especially in the
chronic stages.
The first part of this thesis was focused in the improvement of methodological
aspects of small animal PET studies. Chapter 2 investigated the use of tracerspecific templates for the registration of PET and SPECT rat brain images,
together with the implementation of SAMIT, a software package that
facilitates the image processing and the voxel-based analysis of the data.
Studies with rodent models of human brain diseases are increasingly used
by the research community. However, high resolution anatomical image
data is often not available, which complicates the intra- and inter-subject
comparisons. Intra-modality registration of the images to a tracer-specific
template, aligned to a standardized coordinate space, was tested in this
chapter. Results indicated that, in the absence of individual MRI data, the
use of strain and tracer specific templates is the most appropriate approach
when performing spatial normalization of PET and SPECT functional rat
brain images. Additionally, it is advisable to have images with approximately
the same dimensions as those of the reference template. Overall, the mean
registration errors were smaller than the spatial resolution of the cameras
used in the study. This procedure allows the use of advanced voxel-based
analysis approaches, in which the resulting coordinates are in accordance
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with a standardized atlas space. In conclusion, the methodology used for
the construction and validation of the templates appears to be a reliable
approach for the design of tracer specific templates. These templates can be
adjusted to the particular needs of each individual research group and used
in the evaluation of human brain diseases through specific rat models.
Chapter 3 evaluated the tracer [11C]CB184 for the imaging and quantification
of the translocator protein (TSPO) overexpression in a rat model of herpes
encephalitis. TSPO is involved in a variety of cellular functions, and under
physiological conditions its expression is low. In neuroinflammatory
processes, TSPO expression is up-regulated in glial cells and infiltrating
macrophages. [11C]PK11195 has been widely used as the PET probe for in
vivo visualization and quantification of the TSPO expression in various
diseases, including glioma, stroke, Parkinson and Alzheimer’s disease,
multiple sclerosis and traumatic brain injury. However, [11C]PK11195 suffers
from several limitations, like a poor signal-to-noise ratio, highly variable
kinetic behavior, and an apparent lack of sensitivity in detecting low levels
of microglia activation. In the search for a better alternative, the novel
imidazopyridine compound [11C]CB184 was investigated in a rat model
of herpes encephalitis (HSE). [11C]CB184 showed a nonspecific binding to
healthy tissue comparable to that observed for [11C]PK11195, but displayed
significantly higher specific binding in those brain regions affected by the
HSE, i.e. brainstem. These results suggest that [11C]CB184 PET ligand is a
good alternative for the imaging of neuroinflammatory processes.
The second part of the thesis focused on TBI, with a special interest in mTBI.
Chapter 4 provides a review of the nuclear medicine neuroimaging studies
performed in TBI and mTBI. Although further evidence-based imaging
studies are needed, [18F]FDG PET appears to be a valuable tool in studying
metabolic dysfunction initiated by TBI. Evidence suggests that [18F]FDG is
useful for visualizing the acute phase of TBI in patients who fail to show
abnormalities via conventional structural neuroimaging techniques – CT
and MRI – that explain their neurological symptoms. In chronic TBI cases,
most of the [18F]FDG studies identify a diffuse hypometabolism that involves
key brain regions related with cognitive functioning, such as the thalamus.
In addition, decreased neuronal viability ([11C]flumazenil) and increased
neuroinflammatory response ([11C]PK11195) has also been observed in the
thalamus and midbrain structures of these patients. The use of other PET and
SPECT radioligands, such as [11C]flumazenil, [18F]DOPA or [99mTc]HMPAO,
as markers of specific cellular process are an attractive tool for detecting the
secondary neuronal damage involved in the pathophysiology of TBI, and the
evaluation of several therapeutic approaches.
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Chapter 5 evaluates the consequences of mTBI in a rat model of closed head
injury, over a period of three months. The presence of neuroinflammation
([11C]PK11195) and changes in metabolism ([18F]FDG) was explored by means
of PET imaging. The mTBI rat model did not result in death, skull fracture
or neurological suppression of reflexes in any of the animals. Moreover,
no statistical differences were found in the behavioral tests at any time
point between the healthy group and trauma group. PET imaging showed
a neuroinflammatory process limited to the sub-acute phase after trauma,
involving the amygdala, globus pallidus, hypothalamus, pons, striatum and
thalamus. Alterations in glucose metabolism were detected in several regions
over the whole period of three months, with increased regional tracer uptake
located mostly in the medulla, and decreased regional tracer uptake in the
amygdala, cortex, globus pallidus, striatum and thalamus. Therefore, it
seems that as a consequence of the mTBI, and with the absence of detectable
behavioral changes, relative brain glucose metabolism was altered in several
brain regions which correspond with those presenting neuroinflammation
in the sub-acute stage.
Finally, the Whiplash Associated Disorder (WAD) was discussed in the last
section of the thesis. Chapter 6 provided an overview of the scientific data
regarding the presence of an injury mechanism consequence of the whiplash
trauma, with special interest in the unexpectedness of the accident as an
essential part in the process. In addition, a new concept is presented wherein
WAD symptoms are the result of a mismatch between aberrant information
from the cervical spinal cord and the information from the vestibular
and visual systems, all of which are integrated in the mesencephalic
periaqueductal gray and adjoining regions.
Chapter 7 investigated the existence of alterations in the regional cerebral
blood flow (rCBF) of chronic WAD female patients with [15O]H2O PET
imaging. While conventional structural imaging seems to be inconclusive
for the prognosis of WAD, several PET and SPECT studies in chronic WAD
patients have shown the presence of hypoperfusion and hypometabolism in
the posterior parietal occipital cortex, and hyperperfusion in the posterior
parahippocampal region, posterior cingulate gyri, medial prefrontal
gyrus and thalamus. In this study, no alterations in the rCBF of either
healthy volunteers or WAD patients were measured as a result of different
intensities of non-painful neck stimulations. However, WAD patients
showed statistically lower tolerance to the electrical stimulation, supporting
the idea of altered sensitivity thresholds related with a process of central
hyperexcitability. Moreover, alteration in the rCBF was found in the superior
parietal cortex, a region previously reported to be affected in chronic WAD
patients. In addition, a decreased rCBF was observed in the thalamus and
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insula, in support of the hypothesis put forward in chapter 5 regarding a
misbalance in the interoceptive sensory system.
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Traumatisch hersenletsel is de meest voorkomende oorzaak van hersenletsel
in onze samenleving. Naar schatting komt traumatisch hersenletsel jaarlijks
voor in 235 per 100.000 inwoners van Europa en in 500 per 100.000 inwoners
van de Verenigde Staten. In ongeveer 80% van de gevallen wordt gesproken
van mild traumatisch hersenletsel. Het meest voorkomende gevolg van
ongelukken met motor voertuigen is een whiplash, wat per jaar ongeveer 300
per 100.000 inwoners van de Verenigde Staten en van West-Europa treft. Voor
zowel mild traumatisch hersenletsel en whiplash geld dat het gevolg van het
letsel wordt onderschat, omdat het vaak niet ernstig lijkt en de symptomen
al binnen enkele weken verdwijnen. Er zijn echter meerdere patiënten die
blijvende symptomen ontwikkelen, zonder duidelijke aanwijzingen voor
weefselschade als gevolg van het trauma. Dit schijnbaar ontbreken van een
pathofysiologische proces dat ten grondslag ligt aan de blijvende symptomen
heeft er toe geleid de interesse van clinici en wetenschappelijk onderzoekers
vooral richting de verwachtingen, opvattingen en andere psychologische
aspecten van het trauma zijn gegaan.
De rol van psychologische aspecten van mild traumatisch hersenletsel
en whiplash zijn onmiskenbaar. Het mechanisme achter de blijvende
symptomen is echter onbekend. Conventionele medische beeldvorming
(i.e. magnetische resonantie imaging (MRI) en computed tomografie (CT))
tonen geen onderliggende pathofysiologische mechanismen aan. In het
kader van deze onzekerheid kunnen functionele afbeeldingstechnieken,
zoals positron emissie tomografie (PET), mogelijk inzicht verschaffen in de
veranderingen als gevolg van mild traumatisch hersenletsel en whiplash,
vooral in chronische fase.
Het eerste deel van dit proefschrift was gericht op het verbeteren van
de methodologische aspecten van PET studies in kleine proefdieren. In
hoofdstuk 2 werd het gebruik van tracer-specifieke templates voor de
registratie van PET en SPECT afbeeldingen van ratten hersenen onderzocht.
Daarnaast werd de implementatie van SAMIT onderzocht, een software
pakket dat het verwerken van PET en SPECT afbeeldingen voor analyse van
de data op voxel niveau ondersteunt. Studies in diermodellen van humane
hersenaandoeningen worden steeds meer gebruikt binnen de wetenschap.
Anatomische informatie met een hoge resolutie is echter vaak niet beschikbaar,
wat het moeilijk maakt om proefdieren met zichzelf en met elkaar te kunnen
vergelijken. Om die reden is in dit hoofdstuk de registratie van afbeelding
binnen eenzelfde modaliteit naar een tracer-specifieke template, geregistreerd
naar standaard ratten hersenen, onderzocht. De resultaten lieten zien dat,
in afwezigheid van anatomische informatie (i.e. een MRI scan), het gebruik
van een tracer-specifieke template het meest geschikt is voor het ruimtelijk
normaliseren van functionele PET en SPECT hersenafbeeldingen. Het bleek
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daarnaast dat het aan te raden is om de hersenafbeeldingen in ongeveer
dezelfde dimensies te hebben als de referentie template. In het algeheel
waren de gemiddelde registratie fouten kleiner dan de ruimtelijke resolutie
van de scanner die gebruikt werd in de studie. Met de beschreven procedure
is het mogelijk geavanceerde analyses van de data op voxel niveau uit te
voeren, waarbij de resulterende coördinaten van de voxels overeenkomen
met een standaard atlas van ratten hersenen. Concluderend is de methode
een betrouwbare benadering voor het maken en valideren van tracerspecifieke templates. Deze templates kunnen worden aangepast aan de
specifieke eisen van elke individuele onderzoeksgroep en kunnen worden
gebruikt in de evaluatie van humane hersenaandoeningen met specifieke
ratten modellen.
In hoofdstuk 3 werd de tracer [11C]CB184 geëvalueerd voor het afbeelden en
kwantificeren van de overexpressie van de translocator protein (TSPO), in
een ratten model voor herpes encefalitis. De TSPO is betrokken bij meerdere
cellulaire functies en wordt onder fysiologische omstandigheden laag tot
expressie gebracht. Bij ontstekingsprocessen in de hersenen gaat de expressie
van de TSPO in glia cellen en infiltrerende macrofagen omhoog. [11C]PK11195
is veel gebruikt als PET tracer voor het afbeelden en kwantificeren van TSPO
expressie in allerlei aandoeningen, waaronder gliomen, een hersenbloeding,
de ziekte van Parkinson en Alzheimer, multipele sclerosis en traumatisch
hersenletsel. Er kleven echter een aantal nadelen aan [11C]PK11195, zoals een
slechte signaal-ruis verhouding, variabel kinetisch gedrag en het ontbreken
van gevoeligheid voor het detecteren van lichte activatie van microglia. In een
zoektocht naar een beter alternatief is de nieuwe imidazopyridine [11C]CB184
onderzocht in een ratten model voor herpes encefalitis. De niet-specifieke
binding van [11C]CB184 aan gezond weefsel bleek vergelijkbaar te zijn met
dat van [11C]PK11195, maar de specifiek binding in de hersengebieden
aangetast door de herpes encefalitis, i.e. de hersenstam, was significant
hoger. De resultaten suggereren dat [11C]CB184 een goed alternatief is voor
het afbeelden van ontstekingsprocessen in de hersenen.
Het tweede deel van dit proefschrift richtte zich op traumatisch hersenletsel,
met name op mild traumatisch hersenletsel. Hoofdstuk 4 geeft een overzicht
van de nucleair geneeskundige hersenstudies die zijn gedaan in (mild)
traumatisch hersenletsel. Hoewel aanvullende studies nodig zijn, bleek dat
[18F]FDG PET van de hersenen waardevol is voor het bestuderen van metabole
afwijkingen als gevolg van traumatisch hersenletsel. Er zijn aanwijzingen
dat [18F]FDG nuttig is voor het afbeelden van de acute fase van traumatisch
hersenletsel bij patiënten die op conventionele structurele afbeeldingen (CT
en MRI) geen afwijkingen laten zien die neurologische symptomen kunnen
verklaren. In geval van chronisch traumatisch hersenletsel laten [18F]FDG
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studies een diffuus verlaagd hersenmetabolisme zien in hersengebieden
betrokken bij cognitief functioneren, zoals de thalamus. Daarnaast is in deze
patiënten een verlaagde integriteit van neuronen ([11C]flumazenil) en een
toegenomen ontstekingsproces ([11C]PK11195) gevonden in de thalamus en
in de middenhersenen. Het gebruik van andere PET of SPECT tracers, zoals
[11C]flumazenil, [18F]DOPA of [99mTc]HMPAO, als markers van specifieke
cellulaire processen is een aantrekkelijke mogelijkheid voor het afbeelden van
secundaire hersenschade betrokken bij de pathofysiologie van traumatisch
hersenletsel, en voor de evaluatie van verschillende behandelmethoden.
In hoofdstuk 5 zijn de consequenties van mild traumatisch hersenletsel over
een periode van drie maanden geëvalueerd, in een ratten model voor gesloten
hoofdschade. De aanwezigheid van ontsteking in de hersenen ([11C]PK11195)
en veranderingen in glucose metabolisme ([18F]FDG) zijn onderzocht met
behulp van PET. Het model had geen effect op de dood, schedelbreuken of
neurologische onderdrukking van reflexen in de ratten. Er werden ook geen
statistische verschillen gevonden tussen het gedrag van de controle ratten
en ratten met mild traumatisch hersenletsel, op de verschillend tijdstippen.
Met PET werd aangetoond dat er hersenontsteking aanwezig was in de
acute fase na het trauma, in de amygdala, globus pallidus, hypothalamus,
pons, striatum en thalamus. Veranderingen in glucose metabolisme werden
gevonden in verschillende hersengebieden tijdens de gehele periode van
drie maanden. Een toename werd gevonden in de medulla en een afname
in de amygdala, cortex, globus pallidus, striatum en thalamus. Het lijkt er
op dat als gevolg van het mild traumatisch hersenletsel, in afwezigheid
van gedragsveranderingen, het glucose metabolisme is veranderd in de
hersengebieden corresponderend met die gebieden waar hersenontsteking
werd aangetoond in de acute fase.
De laatste sectie in dit proefschrift ging over de whiplash geassocieerde
aandoening. Hoofdstuk 6 geeft een overzicht van de wetenschappelijk
data met betrekking tot een schade mechanisme als gevolg van whiplash,
met speciale aandacht voor de onverwachtheid van ongelukken als
een essentieel onderdeel van het mechanisme. Daarnaast is een nieuw
concept gepresenteerd waarbij symptomen van de whiplash geassocieerde
aandoening worden gezien als het gevolg van een verkeerde verhouding
tussen afwijkende informatie van de ruggengraat in de hals en de informatie
van vestibulaire en visuele systemen, die samenkomen in het periaqueductal
grijs van het mesencefalon en aangesloten hersengebieden.
Hoofdstuk 7 onderzocht het bestaan van veranderingen in regionale
bloedstroom in de hersenen (rCBF) van vrouwelijke patiënten met een
chronische whiplash geassocieerde aandoening, met behulp van [15O]H2O
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PET. Hoewel conventionele structurele afbeeldingstechnieken niet leiden tot
een conclusie over de prognose van de whiplash geassocieerde aandoening,
laten verschillende PET en SPECT studies in chronische patiënten zien dat
er verminderde perfusie en metabolisme is in de posterior parietal occipital
hersenschors en een verhoogde perfusie in het posterior parahippocampale
gebied, de posterior cingulate gyri, de medial prefrontal gyrus en de
thalamus. In deze studie werden er geen veranderingen gevonden in de
rCBF als gevolg van verschillende intensiteiten van niet pijnvolle elektrische
stimulatie van de nek in zowel gezonde controle personen als in patiënten
met een chronische whiplash geassocieerde aandoening. Echter, patiënten
met een chronische whiplash geassocieerde aandoening lieten een statistisch
lagere tolerantie zien voor de elektrische stimulatie, wat het idee van een
verandering in de gevoeligheid voor een proces gerelateerd aan verhoogde
centrale prikkelbaarheid ondersteund. Bovendien werden er veranderingen
gevonden in rCBF in de superieur pariëtale hersenschors, waarvan eerder
is aangetoond betrokken zijn bij patiënten met chronische whiplash
geassocieerde aandoening. Daarnaast is een afname in de rCBF gevonden
in de thalamus en insula, wat bewijs levert voor de hypothese besproken
in hoofdstuk 5 die uitgaat van een verkeerde balans in het interoceptive
sensorische systeem.
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“An expert is a person who has made all the mistakes that can be made
in a very narrow field.” (Niels Bohr)
After six exhausting years, finally my period as PhD student comes to its
end in the shape of this thesis. It has been a long road in which I had the
opportunity to interact with a lot of people. Some of them have become my
family in Groningen, others just a face in my memory. But all of them are
part of the story of my PhD, and I would like to take this opportunity to give
my thanks to those that have had a biggest impact on me.
First of all, I would like to start expressing my gratitude to Gert Holstege.
This thesis, as all the stories, has a beginning. It was 2009 receiving a lecture
during my Master at Girona, Spain. Of course, the content of the lecture was
related with neuroscience and neuroanatomy. During one of the pauses, I
though that it was a great opportunity to ask an expert about a possible topic
for my Master’s thesis. I am still not really sure of what happened that day.
The conversation was finished after few minutes and I was still without a
topic for the Master thesis. But instead of that I had the offer to do the PhD in
The Netherlands... in Groningen. Groningen?! Where is that place? It was a
complicated decision to leave everything in Spain and go into the unknown
north. But it has been a worthy decision.
I would like to thank the help, support and friendship of all of those that were
part of the Center of Uroneurology, my first home in the University Medical
Center Groningen (UMCG). Thanks to Gert Holstege, Caroline Beers, Hari
Subramanian, Jonathan Beckel, Huynh Kim Hieu, Begoña Ruiz Nuñez, and
Daan Pouwels.
During the first years of my PhD I was “between two worlds”. And while
this story started in the Center of Uroneurology with Gert Holstege, the
other half of me was in the Department of Nuclear Medicine and Molecular
Imaging (NGMB). In my first visit to the (UMCG), I had an interview with
Rudi Dierckx, my first promotor. It is not necessary to say that without his
support nothing of this would have happened. As all of those who know him
are aware, he is an extremely busy person. In that sense, I think that most
of my meetings with him had happen in the corridors of the department
or in quick meetings of less than five minutes, in something that from the
outside must seem as a “guerrilla tactic” of hit-and-run. Nevertheless, he
had managed to keep an eye on my progress, ready to solve the many
obstacles that we had encountered over this period, and because of that I am
extremely grateful.
There are so many people involved in the NGMB department that I want to
apologize in advance if I forgot to mention the name of someone. I would
like to start expressing my thanks to Janine Doorduin, my daily supervisor.
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I am aware now that the last 6 years have been a learning process not only
for me as PhD student, but also for her as supervisor. And in that sense, I
recognize that I must have been quite a challenge. Not only because I am
sure that I have been quite demanding and a bit annoying sometimes (it is a
personality trait of which I am aware), but also because we had to deal with
many obstacle during this period. I am grateful for her constant support, and
to be a reference of what I would like to become in the coming years.
I would like to give also my thanks to Antoon Willemsen for his help with my
statistical designs and SPM analysis, and his sharp and accurate comments.
To Erik de Vries for his support during the last period on my PhD, and his
work “behind the curtains” to keep me longer in the department this last
year. Special thanks also to Bram Maas and Rolf Zijlma, the contact guys for
everything related with the lab, and to the rest of technicians without whom
none of the experiments would have been possible. And thanks to the rest of
the NGMB family for their work, which direct or indirectly have helped me
to achieve this thesis. Major thanks to Sarita Evers, I am sure that without her
the department would have crumbled down several times in the last years.
And I would like to manifest my deepest gratitude to Andreas Otte. His
help started as an occasional collaboration in my project, but ended as a
fundamental pillar in the development of my thesis and PhD as it is now.
Without doubt, I can say that the course of my PhD changed from the
moment that Andreas Otte became co-promotor (2012) of this thesis.
Of course, I would like to give my deepest thanks to all my “brothers in
arms”. First of all, my recognition to Inês Antunes for the countless times
that she helped me over these years. Thanks to Andrea Parente for his vital
energy and constant kicks to the English dictionary. To Ewelina Kurtys
for her disposition to be the guinea pig with SAMIT toolbox and other
statistical methods. To Luis Eduardo Juarez Orozco (a.k.a. Prof. Kruskal)
for his companionship in our travel to the deepest and unknown parts of
the statistics. To the lovely-wicked Brazilian tandem: Paula Kopschina
Feltes and Isadora Lopes Alves, who have given new live to our place of
work with their arrival. To Jason Marsouvanidis for his friendship inside
and outside the working space. To Heli Savolainen and Anniek Visser for
their constant disposition to help me. And to all of the rest of PhD students
and post-docs that have been with me in the last years: Ate Boerema, Jurgen
Sijbema, Xiaoyun Zhou, Alexandre Shoji, Giuseppe Carlucci, Valentina Di
Gialleonardo, Daniele de Paula Faria, Mohammed Khayum, Sheida Mirfeizi,
Anna de Bruyn, Shivashankar Khanapur, Shiddesh Hartimath, Soumen
Paul, Willem-Jan Kuik, etc.
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“Students?” barked the Archchancellor.
“Yes, Master. You know? They're the thinner ones with the pale faces?
Because we're a university? They come with the whole thing, like rats"
(Moving Pictures, Terry Pratchett)
I have always been involved in the student representative organs, and my
period as PhD student was not an exception. During these years I found
out that many people tends to forget that a PhD student is not a “cheap
worker” but a “student”. I would like to manifest my gratitude to the work
performed over the years by Diana Koopmans and Evelyn Kupier-Drenth
from the research school of Behavioral and Cognitive Neurosciences (BCN).
Also, my thanks to all the colleagues that I worked with in the PhD student
council: Emi Saliasi, Hande Capulgen, Vladimir Shalgunov, Jonathan Mall,
Amarins Heeringa, Stefan Wierda, and to all those that have been, are, and
will be part of the different student councils. And my gratitude to all the
rest of PhD students related with BCN with whom I shared many moments:
Nikolaos Stavrakakis, Bertus Jeronimus, Nynke Groenewold, Kees Mulder,
Areg Barsegyan, Ana Isabel Amaral, etc.
In addition, I would like to thanks to all the workers from the Central Animal
Facility (CDP) for the help that they provided me during all the animal
experiments, with special thanks to Michel Weij and Annemieke Smit.
I remember some lectures during my studies in physiotherapy about the
definition of “family”. It is interesting the variety of definitions that you can
find about this concept. But, independently of those definitions, when you
are abroad, specially during an intensive and demanding period as the PhD,
some of the people that surrounds you became your family. No doubt this
feeling is the same for many other international colleagues. In the next lines,
I would like to express my thanks to all of those who have become part of
my new family in Groningen. I would like to start showing my gratitude to
Jose Andrés Frias Morales. He is probably the first persons that Erika and I
met after our arrival to Groningen. He has made easier the Spanish-Dutch
transition, even when he still struggles with some Dutch peculiarities after all
his years leaving in Groningen. Thanks for your constant help and support,
you have been a lighthouse in this adventure.
It is funny how acts that you will never do in your own country, but you do
now because you are abroad, will change your live… One of those changes
came from the assault to another Spanish couple in the mechanic stairs of
HEMA store. I feel extremely fortunate to count with you as my friends, and
it has been an honor to be witness in your wedding. Oscar Martinez and
Teresa Antoja, thanks for allways being there.
Grazie to the Italian reception committee who chaperon me during the
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first years: Giuseppe Carlucci, Valentina Di Gialleonardo, and Federica
Calcagnoli. Thanks for your friendship and support. To Erika Atutxa and
Peter Vavra, thanks for having always a smile and for sharing your innate
joy and happiness. And without doubt, thanks to all the members of the
“Españolizando Groningen” family: Mariela and Rogier Eggens, Jason
Otterstrom and Noelia Fernández, Elena Bordas and Alex Santaló, Azahara
Cuesta, Mari Carmen Toribio, Carol Fernández, Roser Astort and Tomas
Luinstra, Marta Sala, Aitana Soler, Gemma Moiset and Edu Madrid, Clelia
Teodoro, Ana Sánchez and Grytzen Veenstra, Sandra Molina, Barbara López,
Angela Osuna, and Gloria Jiménez. Thanks to each and every one of you
for all the moments that we have shared together over these years. Merci
to Sebastián Galiano and Laurentine Costecalde, for your bet on making
new friends, even when you were leaving the city. And special thanks to the
sisters Jolien and Carlijn van Lierop, two Dutch friends with a golden heart.
Of course, thanks to Agustín Ferrero, Pelayo Gago and Alvaro Hacar. Even
when we are spread all over three continents at this moment, your friendship
cannot be felt closer. Thanks for being my friends since we were a bunch of
children (even though many of our conversations are still quite childish, and
some times I even doubt we have grown at all).
Needless to say, that I would not be at this point without the support of
my parents, Alberto Vállez and Gema García. Thanks for everything that
you have done for me during all these years. For your constant support on
pursuing my dreams. I recognize that it must have been very difficult for
you to have your son far away from home for more than 10 years (first Dax,
then Santiago de Compostela, and now Groningen), with only one or two
visits per year. But you have always placed my happiness above all, and for
that I am immensely grateful. And thanks to my brother Javier Vállez, for
showing me how your live can change dramatically when you love your
work. I am very proud of you. Big thanks to all the members of my family.
And many thanks also to the family of my girlfriend: Maria Iglesias, José
Chorén, Mary Chorén, Mateo Campos, and the new member Nil Campos.
Muchas gracias por todo vuestro apoyo durante estos años, y por entender que me
haya llevado a Erika tan lejos de casa.
Finally, I would like to express my gratitude to Mónica López. I am very
honored to have you as my paranymph, not only because not many PhD
students have the chance to have an Assistant Professor as paranymph, but
because you are a Wonderful Woman. You are a great example of a hard
worker in academia, and an exceptional reference for every researcher (even
though I don’t want to work as hard as you usually do, jeje). But over all, you
are a great friend. Thanks for that.
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And last but not least, I want to express here my love for Erika Chorén
Iglesias. I do not know how to give you my thanks for all what you have
done all over these years. We were in the beginning of our relationship when
I told you that I had decided to do the PhD in Groningen, and you took
the bold decision to leave everything in Spain and to bet your future in our
relationship. With me. You make me feel the most fortunate person in the
world. I know that we have faced many difficult periods, and that you have
carried the burden of this PhD as much as I did. This PhD was not possible
without you, and it is as much yours as it is mine. I will never be able to
express my gratitude for your decision to accompany me. I would not be
where I am, who I am, without you. I know that any future that awaits us
will be memorable, because you are by my side. I love you Eri.
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