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A B S T R A C T

Objective: To investigate dopamine D2/D3 receptor availability following traumatic brain injury (TBI) and their
relationship to the presence of DSM-IV Major Depressive Disorder (MDD) and patterns of axonal injury.
Methods: Twelve moderate-severe TBI patients and 26 controls were imaged using [11C]PHNO positron emission
tomography (PET) and structural magnetic resonance imaging (MRI). TBI patients and a second group of 32
controls also underwent diffusion tensor imaging (DTI) and neuropsychological assessment. Patients included six
with post-injury MDD (TBI-MDD) and six without (TBI-NON). Non-displaceable binding potential (BPND) [11C]
PHNO values were used to index D2/D3 receptor availability, and were calculated using a reference region
procedure. Differences in BPND were examined using voxelwise and region-of-interest analyses. White matter
microstructure integrity, quantified by fractional anisotropy (FA), was assessed and correlated with BPND.
Results: Lower [11C]PHNO BPND was found in the caudate across all TBI patients when compared to controls.
Lower [11C]PHNO BPND was observed in the caudate of TBI-MDD patients and increased [11C]PHNO BPND in the
Amygdala of TBI-NON patients compared to controls. There were no significant differences in [11C]PHNO BPND
between TBI-MDD and TBI-NON patients. Furthermore, DTI provided evidence of axonal injury following TBI.
The uncinate fasciculus and cingulum had abnormally low FA, with the uncinate particularly affected in TBI-
MDD patients. Caudate [11C]PHNO BPND correlated with FA within the nigro-caudate tract.
Conclusions: [11C]PHNO BPND is abnormal following TBI, which indicates post-traumatic changes in D2/D3
receptors. Patterns of [11C]PHNO BPND seen in patients with and without MDD suggest that further research
would be beneficial to determine whether the use of dopaminergic treatment might be effective in the treatment
of post-traumatic depression.

1. Introduction

Traumatic brain injury (TBI) often leads to cognitive and psychiatric
problems (Whitnall et al., 2006; Fleminger and Ponsford, 2005). These
are associated with dopaminergic abnormalities, including direct da-
mage to dopaminergic nuclei, axonal injury to dopaminergic neurons
and subsequent changes in dopamine production, metabolism and
clearance (Jenkins et al., 2016; Bales et al., 2009). Neuroimaging stu-
dies of the human dopaminergic system after TBI have been limited.
Striatal dopamine transporter (DAT) levels can be reduced (Wagner

et al., 2005; Donnemiller et al., 2000; Wagner et al., 2014), with as-
sociated damage within the substantia nigra (SN) and nigrostriatal
projections (Jenkins et al., 2018). Previous imaging studies have only
investigated D2 receptors, with variable results (Donnemiller et al.,
2000, Wagner et al., 2014). [11C]PHNO PET allows D2 and D3 re-
ceptors to be measured in vivo (Searle et al., 2010; Tziortzi et al., 2011),
providing a more detailed characterization of post-traumatic dopamine
receptor abnormalities.

Changes in dopaminergic function may be relevant to post-trau-
matic depression, which is very common (Jorge et al., 1993). Around a
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third of TBI patients develop major depressive disorder (MDD), with the
risk increasing with greater injury severity (Kreutzer et al., 2001). De-
pression often hinders recovery and leads to long-term morbidity
(Dikmen et al., 2003), but biological causes of MDD after TBI have
seldom been investigated. In studies of non-traumatic MDD, alterations
in dopamine receptors have been shown to be related to depressive
symptoms (D'Haenen and Bossuyt, 1994) and abnormalities within the
limbic system have often been observed (Drevets et al., 2008). High
levels of D3 receptors are seen in limbic structures (Murray et al., 1994)
and potentially play an important role in the development of neu-
ropsychiatric disorders (Sokoloff et al., 2006). Hence, [11C]PHNO has
the potential to clarify the aetiology of post-traumatic depression and
inform a more targeted approach to treating this disabling condition.

Here we used [11C]PHNO PET to measure D2/D3 receptor avail-
ability following TBI. We tested the hypothesis that TBI patients would
show abnormalities of [11C]PHNO binding and that patients with and
without MDD will show distinct binding patterns. We used structural
MRI to examine grey matter volume changes using voxel-based mor-
phometry (VBM) to examine the relationship to D2/D3 receptor avail-
ability and diffusion tensor imaging (DTI) to investigate axonal injury
and its relationship to D2/D3 receptor availability.

2. Material and methods

2.1. Study design and participants

Twelve TBI patients with a single moderate-severe TBI, as classified
by the Mayo criteria (Malec et al., 2007), were assessed using [11C]
PHNO PET, structural T1 MRI, DTI and neuropsychological tests in this
cross-sectional study. A comparative group of 26 age-matched healthy
controls were also assessed using [11C]PHNO PET and structural T1
MRI. For comparison of DTI, grey matter (GM) volume and cognitive
performance, a second age-matched control group were recruited
(n=32). Demographics of healthy controls can be found in appendix
Table B.1. Patients and controls were carefully selected to avoid the
potential confound of medications. Specifically, individuals were not on
any medication known to affect dopaminergic function which may
confound [11C]PHNO BPND. Patients classified with MDD (TBI-MDD)
had no history of depression prior to their injury and had no other
current DSM-IV diagnoses. All healthy controls and TBI patients clas-
sified as having no history of depression (TBI-NON) had no current or
previous DSM-IV diagnoses.

2.2. Standard protocol approvals, registrations, and patient consents

This study was approved by the Westminster Research ethics com-
mittee. All participants gave written informed consent.

2.3. Neuropsychology

A neuropsychological test battery previously described to assess
cognitive impairment after TBI (Kinnunen et al., 2011) was performed
on patients and a control group. Tests included measures of processing
speed, executive function, pre-morbid intellectual ability and memory.

2.4. Psychiatric assessment

TBI patients were classified as having MDD or no depressive
symptoms based on the Structured Clinical Interview for DSM-IV-TR
AXIS I Disorders, Version I/NP (SCID; overseen by a qualified psy-
chiatrist, VR) (First et al., 2002). No other psychiatric illnesses were
identified in any of the patients. In addition, patients completed the
Beck Depression Inventory (BDI) (Beck and Beamesderfer, 1974) to
assess current severity of major depressive symptoms.

2.5. Imaging protocol

Patients and controls underwent a single PET scan acquired using a
Siemens Biograph 16 HI-REZ PET-CT scanner (Siemens Healthcare).
The radiotracer [11C]PHNO was administered as an intravenous bolus
over 30 s and dynamic PET data was acquired for 90min. Injected [11C]
PHNO did not exceed 3 μg total mass to avoid symptoms of nausea that
have previously been reported. Administration of [11C]PHNO below
3 μg have previously been used to effectively quantify D2/D3 receptors
in vivo (Erritzoe et al., 2014). A low-dose computed tomography (CT)
image was acquired prior to administration of the radiotracer for at-
tenuation correction during PET reconstruction. Further information
about reconstruction of the dynamic PET images can be found in pre-
viously published literature (Searle et al., 2010). In summary, the PET
data were binned into 26 frames (8× 15 s, 3× 60 s, 5×2min,
5×5min, 5× 10min) and reconstructed using Fourier re-binning and
two-dimensional filtered back projection with a ramp filter at Nyquist
cutoff frequency. Image data were smoothed with a Gaussian filter
(5 mm full-width at half-maximum). Patients and controls who had PET
scanning had a standard high-resolution T1 MPRAGE scan (160 1-mm-
thick transverse slices, TR= 2300ms, TE=2.98ms, FA=9°, in-plane
resolution=1×1mm, matrix size= 256×256, field of
view=25.6×25.6 cm), acquired for use in the co-registration of
parametric [11C]PHNO BPND images. Standard high-resolution T1 was
acquired using two Siemens 3T Verio MRI's (Siemens Healthcare).

For GM volume and DTI analyses, patients and a separate control
group were scanned using the same Siemens 3T Verio MRI (Appendix
fig. A.1). Acquisition of diffusion weighted imaging for diffusion tensor
imaging analysis was performed on a 3T Veiro MRI using a 64-direction
protocol with b=1000 s/mm2 and four interleaved b=0 s/mm2, with
TE/TR 103/9500ms, 64 contiguous slices, FoV 256mm and voxel size
2mm3. Susceptibility-weighted imaging (SWI) and fluid-attenuated
inversion recovery (FLAIR) to facilitate assessment of focal lesions in
patients was also acquired. No MRI analysis was performed across the
two scanners.

2.6. Imaging analysis

Non-displaceable binding potential (BPND) images of [11C]PHNO
were generated using a molecular imaging and kinetic analysis toolbox
(MIAKAT) (Gunn et al., 2016). The simplified reference tissue model
(SRTM) (Lammertsma and Hume, 1996) with cerebellar grey matter
(GM) as the reference region was used for generation of parametric D2/
D3 BPND images, as per previous research (Searle et al., 2010).

T1 images were segmented into GM and white matter (WM) using
SPM8. Tissue segmentations were then warped to a group template
using a diffeomorphic non-linear image registration procedure
(DARTEL) (Ashburner, 2007). The group template was then registered
to Montreal Neurological Institute (MNI152) space using an affine re-
gistration. Parametric [11C]PHNO BPND images were co-registered to
their relative T1 images using a rigid-body registration and then warped
into MNI152 space using the template registration flow-fields obtained
from the DARTEL registration. Normalized BPND images were then
masked using a thresholded GM template and smoothed (8mm full-
width at half-maximum). To investigate the presence of GM atrophy,
GM tissue segmentations of patients and controls acquired on the same
scanner were warped to a group template using DARTEL and standar-
dized to MNI152 space for use in voxel-based morphometry (VBM)
(Ashburner and Friston, 2000).

Two types of analysis were performed to investigate [11C]PHNO
BPND: voxelwise analysis in images registered into standard MNI152
space and region-of-interest (ROI) analysis performed in subject T1
space. [11C]PHNO BPND values were extracted using an anatomical
atlas previously developed for use in regional analysis of [11C]PHNO
data (Tziortzi et al., 2011). The atlas was first affine-registered from
MNI152 space to the group template. Next, the atlas was inversely
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warped to each subject's native T1 using DARTEL and subject-specific
flow-fields. Native-space anatomical maps were visually assessed to
ensure accuracy of registration. To further improve accuracy, ROIs were
intersected with the subject's 30% thresholded GM tissue probability
map (p > .3) to extract mean regional BPND values. Eight ROIs were
selected a priori based on their involvement in the dopaminergic
system, prominence of dopamine D2/D3 receptors and involvement in
cognitive and emotional processing. The ROIs selected were; ac-
cumbens, amygdala, caudate, hypothalamus, pallidum, putamen, tha-
lamus and substantia nigra. Although the ventral tegmental area (VTA)
plays an important role in dopaminergic functioning within the brain,
the size of this region and difficulty to accurately delineate the VTA
could lead to unreliable results. We therefore did not explore this region
in this analysis given the relatively low spatial resolution of PET and
potential partial volume effects. Lesions present on T1 and FLAIR se-
quences in patients were manually segmented and excluded from ROI
and voxelwise analysis.

Diffusion tensor imaging was used to derive FA as a measure of
white matter microstructure. Fractional anisotropy maps were con-
structed using the DTI-TK toolbox (Zhang et al., 2007) and subse-
quently skeletonized for ROI analysis using TBSS (Smith et al., 2006).
The mean FA for each ROI was extracted across patients and controls to
investigate group differences and any relationship to [11C]PHNO BPND.
To examine the effect of TBI on dopaminergic neurons, the nigrostriatal
projections (nigro-caudate, nigro-putamen, nigro-accumbens) were in-
cluded in our analyses. A map of the area through which the nigros-
triatal tract passes, as well as nigro-caudate, nigro-putamen and nigro-
nucleus accumbens components of this map, was created using 100
subjects from the Human Connectome Project (HCP) (Van Essen et al.,
2013). Fiber-tracking was performed in both directions between the left
and right substantia nigra and the corresponding nucleus accumbens,
putamen and caudate using the MRtrix package (Tournier et al., 2012).
Three thousand tracks were performed with maximum angle between
successive steps limited to 45°. A probability mask based on the per-
centage of tracks passing through each voxel was created for each in-
dividual and thresholded at 5%. All masks were binarised and masks
from the two directions of tracking were combined. A group probabil-
istic mask that was then thresholded at 25% to create a group mask.

The FA values for controls and patients were then extracted using
these tract masks to assess any relationships between white matter in-
tegrity and binding potentials. We also investigated the impact of TBI
upon limbic connections using two tracts (the cingulum and uncinate
fasciculus) from the Johns Hopkins University (JHU) WM atlas. These
tracts were selected as they have previously been implicated in non-
traumatic MDD (Zhang et al., 2012). Finally, we measured FA from the
anterior thalamic projection as a control region which is commonly
affected after injury.

2.7. Statistical analysis

Statistical analysis was performed in two stages. Firstly, all TBI
patients were compared to controls to identify TBI-related differences.
Secondly, to investigate the relationship between TBI and the presence
of MDD, TBI patients were subdivided into TBI-MDD and TBI-NON
groups and compared with controls.

2.7.1. TBI patients and controls
Neuropsychological test performance between TBI patients and

controls was assessed using independent samples t-tests and Mann
Whitney-U tests using statistical software R, version 3.2.3. Voxelwise
differences in BPND between patients and controls were investigated
using non-parametric permutation tests in FSL using 10,000 permuta-
tions and including age and gender as covariates. Results were cluster
corrected using threshold-free cluster enhancement and corrected for
multiple comparison using family-wise error correction (p < .05). A
repeated measures ANOVA was performed for ROI analysis of BPND

across groups, including a group-by-ROI interaction term.
Complementary pairwise comparisons with Bonferroni correction or
one-way ANOVAs were performed to determine the drivers of any
significant group-by-ROI interactions, again using R version 3.2.3.
Previous literature has demonstrated age-related differences in dopa-
minergic levels (Kaasinen and Rinne, 2002) as well as time-dependent
changes to dopaminergic function after TBI (Wagner et al., 2005).
Therefore, Pearson's correlation was used to determine if there was a
relationship between age, time since injury and regional [11C]PHNO
BPND.

GM volume differences between patients and controls were assessed
using voxel-based morphometry (VBM). VBM was performed using the
standardized GM tissue segmentations, using non-parametric permu-
tation tests in FSL with 10,000 permutations. Age, gender and in-
tracranial volume (ICV) were covariates in the analysis. Previous re-
search has demonstrated reductions to SN volume after TBI and its
relationship to dopaminergic changes (Jenkins et al., 2016). We
therefore also examined SN volume and it's relationship to [11C]PHNO
BPND. GM volume was measured in the SN of patients and controls by
intersecting a SN mask with standardized GM tissue segmentations. An
independent samples t-test was used to examine group differences,
corrected for age and ICV. SN volume was also correlated to [11C]PHNO
BPND across the eight ROIs using Pearson's correlation to investigate
any relationship.

2.7.2. Comparison of MDD, non-MDD and healthy controls
Further investigation into the role of TBI in the development of

MDD was assessed by comparing data across three groups (TBI-MDD,
TBI-NON and healthy controls). Repeated measures ANOVA were per-
formed across the three groups to examine group-by-ROI interactions.
Subsequent one-way ANOVAs were performed to assess the group dif-
ferences across regions.

3. Results

Twelve TBI patients (mean age 36.9 years, SD 9.9) were recruited
(Table 1). Six patients were classified as having MDD (mean age
39.5 years, SD 11.2) and six as non-MDD (mean age 34.7 years, SD 9.7).
For comparison of PET, a group of 26 healthy controls (mean age
35.9 years, SD 6.9) were included and a second group of 32 healthy
controls (mean age 37.6 years, SD 9.1) were included for comparison of
DTI, GM atrophy and neuropsychological measures.

A consultant neuroradiologist reviewed the structural MRI scans. Six
TBI patients had no focal lesions as defined on T1 and FLAIR. The re-
maining six patients had focal lesions in the frontal (n=3) and tem-
poral (n=3) lobes (Fig. A.2). No focal lesions were present in sub-
cortical areas. Microbleeds as defined on SWI, were present in five
patients. Of these five patients, one was found to have microbleeds
subcortically in the lentiform nucleus (Table 1).

TBI patients showed impairments on a number of neuropsycholo-
gical tests compared to age-matched controls. Performance was sig-
nificantly poorer on tasks involving processing speed and executive
function (Table 2). There were no differences in pre-morbid intellectual
ability across the two groups. Performance on neuropsychological tests
did not differ between TBI-MDD and TBI-NON patients.

3.1. TBI is associated with reduced caudate D2/D3 receptor availability

Individual [11C]PHNO BPND images are shown in Fig. 1. As ex-
pected, [11C]PHNO BPND was concentrated in D2/D3 rich structures
such as the striatum, although there was a patchy reduction apparent in
many patients. Voxelwise comparison of [11C]PHNO BPND revealed
areas of lower BPND in the caudate and thalamus of TBI patients
(Fig. 2A.). No regions showed increased BPND in TBI patients compared
to controls.

A confirmatory ROI analysis was performed. Repeated measures

A.E. Jolly, et al. NeuroImage: Clinical 24 (2019) 101950

3



ANOVA of BPND across the regions showed a significant group-by-re-
gion interaction (F(7,245)= 6.4, p= .001), Greenhouse-Geisser cor-
rected. This interaction resulted from a specific reduction of BPND in the
caudate for TBI patients (p= .025) (Fig. 2B). Age and time since injury
did not correlate with regional BPND.

3.2. Major depressive disorder (MDD) following TBI is associated with
altered D2/D3 receptor availability

We assessed the relationship between [11C]PHNO binding and MDD
using a ROI approach (Fig. 3). Repeated measures ANOVA across the
three groups (TBI-MDD, TBI-NON and controls) showed a significant
group-by-region interaction (F(14,238)= 4.104, p= .001), Green-
house-Geisser corrected. Complementary one-way ANOVAs revealed
that this interaction was the result of a significant main effect of group
in the caudate (F(2,34)= 5.398, p= .009), with post-hoc t-tests in-
dicating significantly reduced binding in the caudate of TBI-MDD pa-
tients compared to controls (p= .014). A significant effect of group was
also present in the amygdala (F(2,34)= 5.81, p= .007), with post-hoc
t-tests revealing increased binding for TBI-NON patients compared to
controls (p= .005). There were no significant differences in [11C]PHNO
BPND between the two TBI patient groups. Age and time since injury did
not correlate with regional BPND across the three groups. TBI-MDD
patients had significantly higher BDI scores (mean=21.83), U= 29,
p= .045, than TBI-NON patients (mean=7.17). However, there was
no correlation between BDI scores and BPND in any region.

3.3. Control analyses for positron emission tomography results

As expected, patients had reduced GM volume in the frontal lobes,
striatum and cerebellum. As cerebellar GM is used as the reference
tissue region for modeling [11C]PHNO BPND this might potentially
confound our analysis. However, there were no group differences in the
standard uptake values (SUVs) in the cerebellum used in the calculation
of parametric [11C]PHNO BPND images between patients and controls (t
(34.557)= 0.852, p= .399) or across the three groups (F
(2,35)= 0.637, p= .535) (Fig. A.3). Reduced GM volume observed in
the striatum of patients may contribute to reduced [11C]PHNO uptake.
However, linear regression revealed no relationship between GM vo-
lume and [11C]PHNO BPND in regions within the striatum of patients orTa
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Table 2
Neuropsychology performance for TBI patients and controls.

Neuropsychological test Controls (n=32) Patients (n=12) p

Processing speed
Stroop colour naming 27.56 ± 4.72 34.18 ± 8.55 .015⁎

Stroop word reading 20.44 ± 4.48 26.64 ± 8.05 .016⁎

Trail making A 19.62 ± 7.13 30.27 ± 17.04 .034⁎

Executive function
Trail making B 44.84 ± 22.67 69.82 ± 37.90 .030⁎

Stroop inhibition 49.97 ± 11.63 50.36 ± 11.78 .462
Stroop inhibition switching 55.59 ± 15.42 66.0 ± 22.14 .078
Trail making test B-A 25.28 ± 19.02 39.55 ± 25.35 .046⁎

Memory
WMS-III LM1 Immediate recall 50.25 ± 8.44 48.18 ± 11.16 .292
WMS-III LM2 delayed recall 32.38 ± 7.024 33.5 ± 8.49 .645
Peoples test immediate recall 28.44 ± 5.75 27.18 ± 9.83 .348
Peoples test delayed recall 10.12 ± 2.90 9.64 ± 2.73 .310

Intellectual ability
WTAR scaled score 114.9 ± 8.30 107.3 ± 19.91 .240
WASI matrix reasoning 28.88 ± 4.98 28.73 ± 3.20 .910

Mean and SD of neuropsychological test scores for patients and controls are
presented. WMS-II=Wechsler memory scale, second edition. LM=Logical
memory. WTAR=Wechsler adult test of reading, WASI=Wechsler abbreviated
scale of intelligence.

⁎ p < .05.
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in any other ROI's included in our analysis (p > .3).

3.4. Nigro-caudate tract fractional anisotropy correlates with D2/D3
receptor availability in the caudate

We have previously shown relationships between diffusion MRI
measures in white matter through which the nigrostriatal pathways
pass and dopamine transporter imaging (DAT) (Jenkins et al., 2018).
Therefore, to explore the reasons for abnormal [11C]PHNO BPND we
investigated their relationship to these diffusion metrics. Within TBI
patients, linear regression revealed a significant relationship between
nigro-caudate tract FA and [11C]PHNO BPND in the caudate
(b=−0.04, SE= 0.01, t=−3.12, p= .01), such that greater FA re-
lated to lower [11C]PHNO caudate binding (Fig. 4). There was no re-
lationship between [11C]PHNO BPND in the accumbens or putamen and
FA within the projections to these structures from the substantia nigra.
Despite these relationships there were no significant differences in FA
between controls and patients in the three nigrostriatal pathways.

3.5. Substantia Nigra volume does not correlate with D2/D3 receptor
availability in patients

We also investigated whether reductions to dopaminergic nuclei

volume were present in patients and whether this related to reduced
[11C]PHNO BPND in the caudate of TBI patients. There was no sig-
nificant difference between TBI patients and controls for SN volume,
corrected for age and ICV, although this approached significance
(p= .065). We did not find a relationship between SN volume and
caudate [11C]PHNO BPND in patients.

3.6. TBI patients with major depressive disorder have significantly reduced
FA in white matter tracts that connect the limbic system

We next investigated whether TBI patients with MDD have greater
evidence of axonal injury compared to TBI-NON patients and controls.
One-way ANOVAs performed across the three groups (TBI-MDD, TBI-
NON and controls) revealed a significant main effect of group for the
cingulum (F(2,39)= 10.83, p < .001) which was driven by sig-
nificantly reduced FA in TBI-MDD patients (p= .007) and TBI-NON
patients (p= .001) compared to controls. There was also a main effect
of group in the uncinate fasiculus (F(2.39)= 4.121, p= .02), driven by
significantly reduced FA in TBI-MDD patients compared to controls
(p= .03). There were no significant differences between the two pa-
tient groups (Fig. 5).

Fig. 1. [11C]PHNO PET BPND images of TBI patients and two representative healthy controls.
Figure illustrates parametric [11C]PHNO BPND images for TBI patients and two healthy controls (CON). Scans are annotated for patients with (TBI-MDD) and without
depression (TBI-NON) and age. [11C]PHNO BPND is shown in the colour bar. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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4. Discussion

Here we present the first use of [11C]PHNO PET to investigate do-
paminergic abnormalities following TBI. We show that [11C]PHNO
BPND is lower in the caudate after TBI, and that this abnormality is more
prominent in patients with MDD. In addition, greater binding was seen
in non-depressed patients in the amygdala compared to controls, sug-
gesting that compensatory changes in the dopamine system might be
protective against the development of MDD after TBI.

[11C]PHNO binding reflects the availability of D2 and D3 receptors
and can be attributed to receptor density as well as endogenous

dopamine levels (Schotte et al., 1996). Although [11C]PHNO pre-
ferentially binds to D3 receptors with a 20 fold selectivity over D2 re-
ceptors (Gallezot et al., 2012), binding in regions containing both re-
ceptors will represent mixed D2 and D3 signal. The relative
contributions of D2 and D3 receptors to [11C]PHNO signal within a
region is an important consideration when interpreting our findings.
Blockade studies using D3-specific antagonists have illustrated that D2
receptors are predominantly expressed in the caudate (Searle et al.,
2010; Tziortzi et al., 2011). Therefore, reductions in caudate binding
seen in TBI patients may primarily reflect reduced availability of D2
receptors after TBI. In contrast, the amygdala consists of a mixture of
D2 and D3 receptors, as shown by human post-mortem studies (Murray
et al., 1994; Gurevich and Joyce, 1999). Given the high affinity of [11C]
PHNO for D3 receptors, increased binding within the amygdala is likely
to indicate increased expression of D3 receptors in this region. Baseline
and blockade scans using a D3-specific antagonist to quantify the re-
lative D2 and D3 contributions to [11C]PHNO signal in the amygdala
would help to further disentangle the effects of TBI on D2 and D3 re-
ceptors in our patients.

Our findings extend previous work demonstrating dopaminergic
abnormalities after TBI (Donnemiller et al., 2000; Wagner et al., 2014).
Animal models of TBI show that dopaminergic abnormalities are
common and the behavioural consequences can be treated with dopa-
mine re-uptake inhibitors (Wagner et al., 2009). In humans, TBI fre-
quently disrupts dopaminergic pathways through a variety of me-
chanisms. Focal brainstem damage can directly damage brainstem
dopaminergic nuclei, and traumatic axonal injury can damage their
white matter projections (Jenkins et al., 2018). The effect of these

Fig. 2. Comparison of [11C]PHNO BPND between TBI patients and controls.
Results of the two statistical comparisons of [11C]PHNO BPND between TBI patients (PAT) and controls (CON). (A) Voxelwise results showing areas of significant
reduction in [11C]PHNO BPND in patients compared to controls (p < .05). (B) Region-of-interest analysis of BPND between TBI patients and controls. Error bars
represent 95% confidence interval. ⁎p < .05 (Bonferroni corrected).
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Fig. 3. Region-of-interest [11C]PHNO BPND between healthy controls and pa-
tients with and without MDD.
Results of region-of-interest analysis of [11C]PHNO BPND between healthy
controls (CON) and TBI patients with (TBI-MDD) and without (TBI-NON) de-
pression. Error bars represent 95% confidence intervals. ⁎p < .05.
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changes has consistently been observed as a reduction in DAT in the
striatum after TBI (Wagner et al., 2005; Donnemiller et al., 2000;
Wagner et al., 2014). DAT is the main regulator of synaptic dopamine
levels and this change is likely to be due to a compensatory down-
regulation in response to reduced synaptic dopamine levels. Although
we did not find evidence of axonal injury in dopaminergic projections,
nigro-caudate FA was related to dopaminergic abnormalities in the
caudate of TBI patients, suggesting an important role for dopaminergic
projections and the compensatory changes to the dopaminergic path-
ways observed after TBI.

A small number of studies on the effects of TBI on dopamine re-
ceptor distributions have been conducted but D3 receptors have not

previously been investigated. Animal studies have not provided evi-
dence for chronic changes in D2 receptors after TBI (Wagner et al.,
2005). However in humans, chronic changes have been reported.
Donnemiller and colleagues reported reductions of striatal D2 receptor
binding using the SPECT tracer 123I-IBZM in patients who also had re-
ductions of DAT in this region (Donnemiller et al., 2000). In contrast,
higher D2 receptor binding has been seen in the ventral striatum using
the PET ligand [11C]raclopride (Wagner et al., 2014). Our results re-
plicate the finding of reduced D2 receptor binding in the caudate, but
also provide some evidence of variability in the effect of TBI on dopa-
mine receptors as [11C]PHNO binding was increased in patients without
MDD in the amygdala. These results suggest multiple factors may
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Fig. 4. Nigro-caudate tract fractional anisotropy and caudate [11C]PHNO BPND in TBI patients.
(A) Probabilistic map of nigro-caudate tract derived from tractography of 100 healthy controls from the human connectome project. Colour bar showing fractional
anisotropy (FA) (B) Relationship between nigro-caudate tract FA and caudate [11C]PHNO BPND in TBI patients.
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influence levels of D2 and D3 receptors following TBI which require
further exploration.

Compensatory reductions in DAT could lead to a direct reduction in
post-synaptic D2 receptors, whereas increased binding in the amygdala
might be due to a compensatory upregulation of receptors in response
to reduced synaptic dopamine levels. However, changes to endogenous
dopamine levels might also contribute to the alterations in [11C]PHNO
BPND seen in our patients without a direct relationship to receptor
density changes. Reductions in DAT can increase synaptic dopamine
levels following TBI. Increased synaptic dopamine levels may provide
greater competition with [11C]PHNO to bind to D2/D3 receptors thus
leading to decreased [11C]PHNO BPND within these regions. Extending
the current work to include quantification of DAT in addition to [11C]
PHNO BPND would provide a greater understanding of the mechanisms
behind changes in [11C]PHNO BPND.

Dopaminergic abnormalities caused by TBI may be related to post-
traumatic depression. In keeping with this possibility, we observed
patterns of [11C]PHNO binding in patients with and without post-
traumatic depression, which suggest the potential involvement of do-
paminergic abnormalities in post-traumatic depression. Abnormally
low [11C]PHNO binding was only observed in TBI-MDD patients com-
pared to controls when patients were grouped by psychiatric status,
suggesting a potential role for altered dopamine function in the caudate
in post-traumatic depression. In individuals with non-traumatic MDD,
lower striatal DAT has been observed (Meyer et al., 2001) whilst in-
creases in D2 receptor binding have been associated with recovery from
clinical depression over time (Larisch et al., 1997). A relationship

between dopaminergic abnormalities and depressive symptoms has also
been observed in other neurological conditions. Depression is com-
monly seen in Parkinson's disease (PD), where striatal DAT and D2
receptor levels are often reduced (Vriend et al., 2014; Antonini et al.,
1997). Depressed patients with PD have also been shown to have sig-
nificantly reduced DAT binding in the caudate compared to non-de-
pressed PD patients (Remy et al., 2005). Similarly, in Huntington's
disease (HD) (a disease associated with neuronal cell loss in the caudate
(Roth et al., 2005) and dopaminergic abnormalities), many patients
develop depressive illness (Paulsen et al., 2005).

TBI patients without MDD showed higher [11C]PHNO binding in the
amygdala compared to controls, which might indicate a compensatory
change in D3 receptor expression that protects against the development
of depression after TBI. However, this must be considered carefully
given the small group sizes and no significant differences being detected
between TBI-MDD and TBI-NON patient groups. Nevertheless, the
amygdala is widely implicated in the regulation of mood and affect. In
non-TBI depressed patients, pathophysiological changes to this region
have included alterations in resting glucose metabolism, volume and
dopamine transmission (Drevets, 2003; Klimek et al., 2002). Dopamine
plays an important role in the modulation of the amygdala and its re-
sponse to stimuli (Kienast et al., 2008). Interestingly, animal models
have demonstrated that antidepressant treatments (such as tricyclic
antidepressants) selectively increase D3 receptor expression (Lammers
et al., 2000) and D3-receptor agonists such as pramipexole have anti-
depressant properties in both humans and animal models (Willner,
1983; Goldberg et al., 1999). It is conceivable that D3 receptor

Fig. 5. Fractional anisotropy in limbic tracts across patients and controls.
(A) Results of regional FA analysis in the uncinate fasciculus across TBI patients classified with (TBI-MDD) or without (TBI-NON) depression and healthy controls
(CON). (B) Results of regional FA analysis in the cingulum across the three groups. Tracts are represented in yellow in brain images. ⁎p < .05, ⁎⁎p < .01.
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upregulation after TBI might provide similar benefits to antidepressant
treatment and that measuring D2/D3 receptor levels might inform the
choice of effective anti-depressant medication after TBI.

We also found evidence for abnormalities in white matter connec-
tions within the limbic system, with more widespread damage seen in
depressed patients. Diffusion abnormalities were seen in the cingulum
and uncinate fasciculi bilaterally. These white matter tracts connect
nodes in the limbic system and similar diffusion abnormalities in these
tracts have previously been observed in patients with non-traumatic
depression (Zhang et al., 2012; Keedwell et al., 2012). Damage to the
uncinate fasciculus connections were only seen in depressed TBI pa-
tients, suggesting that damage to the connections between the pre-
frontal cortex and amygdala/hippocampal gyrus may be an important
factor in the development of post-traumatic depression.

There are a number of potential limitations to our work. Firstly, as
expected, there was evidence of post-traumatic atrophy in some brain
regions. It is possible that this might have influenced our PET results.
However, this is unlikely to be a major influence on our results as there
was no relationship between regional volume and binding in either the
caudate or any other ROI. In addition, cerebellar SUVs were similar in
the control and patient groups indicating that there was not a sys-
tematic bias between the groups in our reference regions. Secondly, we
focused on studying D2/D3 dopaminergic receptors. It is possible to
provide a more complete description of post-traumatic dopaminergic
abnormalities and future research would benefit from measuring ad-
ditional factors such as DAT levels in conjunction with [11C]PHNO
binding. In addition, we used an automated atlas method to derive
ROIs. This process may be susceptible to noise due to misalignment in
smaller subcortical regions compared to manual delineation. However,
we used an advanced DARTEL registration method that has previously
been used for PET data and has superior registration to earlier non-
linear techniques.

Our study had small sample sizes within our TBI-MDD and TBI-NON
patient groups, which might have impacted on the power to detect
differences. Hence, our findings should be viewed as preliminary evi-
dence for the role of dopaminergic changes in TBI-MDD. We did not
observe any significant differences between the two TBI groups but did
identify different patterns of altered [11C]PHNO BPND when comparing
each group to healthy controls. Future studies would benefit from larger
group sizes to determine whether there are distinct differences between
TBI-MDD and TBI-NON patients that we were underpowered to detect.
This would help to further clarify whether the observed patterns of
altered binding across the TBI groups are specific to psychiatric out-
comes. Although the sample sizes are small between these groups, our
findings suggest some potentially interesting D2/D3 regions to explore
further in much larger patient groups.

5. Conclusions

In conclusion, we provide evidence of altered D2/D3 receptor
binding after TBI, using [11C]PHNO PET for the first time in this patient
population. Patterns of D2/D3 receptor abnormalities in clinically de-
pressed and non-depressed TBI patients varied when compared to
controls. Lower caudate binding supports previous findings of D2 ab-
normalities after TBI (Jenkins et al., 2018) and provide a potential
mechanistic link between altered dopaminergic function in the caudate
and the development of post-traumatic depression. These findings are
preliminary, and future research extending this work using larger
sample sizes is recommended.

Acknowledgement

D.J.S. and V.R. designed the study. A.J. and D.J.S. oversaw all sta-
tistical analysis. A.J., G.S., A.W, J.C, S.D.S and G.S. were involved in
sample analyses and data interpretation. V.R and A.J. oversaw patient
recruitment. V.R. assisted in the interpretation of data and psychiatric

assessment. A.J. and D.J.S. wrote the manuscript. V.R., G.S., J.C., A.W.,
S.D.S., G.S., and R.G. coedited the manuscript. The authors would like
to thank the individuals who took part in this research.

Declaration of interest

Prof. Sharp was funded by a National Institute of Health Research
Professorship (NIHR-RP-011-048) and the work was supported by the
NIHR CRF and Biomedical Research Centre at Imperial College
Healthcare NHS Trust.

Funding

This work was supported by the IMPETus award programme, a
National Institute of Health Research Professorship to Prof. Sharp
(NIHR-RP-011-048) and the Medical Research Council. The research
was also supported by the National Institute for Health Research
(NIHR) Imperial Biomedical Research Centre.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2019.101950.

References

Antonini, A., Schwarz, J., Oertel, W.H., Pogarell, O., Leenders, K.L., 1997. Long-term
changes of striatal dopamine D2 receptors in patients with Parkinson's disease: a
study with positron emission tomography and [11C]raclopride. Mov. Disord. 12, 33.

Ashburner, J., 2007. A fast diffeomorphic image registration algorithm. Neuroimage 38,
95–113.

Ashburner, J., Friston, K.J., 2000. Voxel-based morphometry – the methods. Neuroimage
11, 805–821.

Bales, J.W., Wagner, A.K., Kline, A.E., Dixon, C.E., 2009. Persistent cognitive dysfunction
after traumatic brain injury: a dopamine hypothesis. Neurosci. Biobehav. Rev. 33,
981–1003.

D'Haenen, H.A., Bossuyt, A., 1994. Dopamine D2 receptors in depression measured with
single photon emission computed tomography. Biol. Psychiatry 35, 128–132.

Dikmen, S.S., Machamer, J.E., Powell, J.M., Temkin, N.R., 2003. Outcome 3 to 5 years
after moderate to severe traumatic brain injury. Arch. Phys. Med. Rehabil. 84,
1449–1457.

Donnemiller, E., Brenneis, C., Wissel, J., et al., 2000. Impaired dopaminergic neuro-
transmission in patients with traumatic brain injury: a SPECT study using 123I-beta-
CIT and 123I-IBZM. Eur. J. Nucl. Med. 27, 1410–1414.

Drevets, W.C., 2003. Neuroimaging abnormalities in the amygdala in mood disorders.
Ann. N. Y. Acad. Sci. 985, 420–444.

Drevets, W.C., Price, J.L., Furey, M.L., 2008. Brain structural and functional abnormalities
in mood disorders: implications for neurocircuitry models of depression. Brain Struct.
Funct. 213, 93–118.

Erritzoe, D., Tziortzi, A., Bargiela, D., et al., 2014. In vivo imaging of cerebral dopamine
D3 receptors in alcoholism. Neuropsychopharmacology 39, 1703–1712.

First, M.B., Spitzer, R.L., Gibbon, M., Williams, J.B.W., 2002. Structured Clinical
Interview for DSM-IV-TR Axis I Disorders, Research Version, Non-patient Edition
(SCID-I/NP). Biometrics research, New York state Psychiatric Institute, New York.

Beck, A.T., Beamesderfer, A., 1974. Assessment of depression: the depression inventory.
Mod. Probl. Pharmacopsychiatry 7, 151–169.

Fleminger, S., Ponsford, J., 2005. Long term outcome after traumatic brain injury. BMJ
331, 1419–1420.

Gallezot, J.D., Beaver, J.D., Gunn, R.N., et al., 2012. Affinity and selectivity of [(1)(1)C]-
(+)-PHNO for the D3 and D2 receptors in the rhesus monkey brain in vivo. Synapse
66, 489–500.

Goldberg, J.F., Frye, M.A., Dunn, R.T., 1999. Pramipexole in refractory bipolar depres-
sion. Am. J. Psychiatry 156, 798.

Gunn, R., Coello, C., Searle, G., 2016. Molecular imaging and kinetic analysis toolbox
(MIAKAT)-A quantitative software package for the analysis of PET neuroimaging
data. J. Nucl. Med. 57, 1928.

Gurevich, E.V., Joyce, J.N., 1999. Distribution of dopamine D3 receptor expressing
neurons in the human forebrain: comparison with D2 receptor expressing neurons.
Neuropsychopharmacology 20, 60–80.

Jenkins, P.O., Mehta, M.A., Sharp, D.J., 2016. Catecholamines and cognition after trau-
matic brain injury. Brain 139, 2345–2371.

Jenkins, P.O., De Simoni, S., Bourke, N.J., et al., 2018. Dopaminergic abnormalities fol-
lowing traumatic brain injury. Brain 141, 797–810.

Jorge, R.E., Robinson, R.G., Arndt, S.V., Starkstein, S.E., Forrester, A.W., Geisler, F., 1993.
Depression following traumatic brain injury: a 1 year longitudinal study. J. Affect.
Disord. 27, 233–243.

Kaasinen, V., Rinne, J.O., 2002. Functional imaging studies of dopamine system and
cognition in normal aging and Parkinson's disease. Neurosci. Biobehav. Rev. 26,

A.E. Jolly, et al. NeuroImage: Clinical 24 (2019) 101950

9

https://doi.org/10.1016/j.nicl.2019.101950
https://doi.org/10.1016/j.nicl.2019.101950
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0005
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0005
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0005
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0010
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0010
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0015
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0015
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0020
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0020
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0020
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0025
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0025
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0030
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0030
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0030
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0035
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0035
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0035
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0040
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0040
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0045
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0045
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0045
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0050
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0050
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0055
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0055
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0055
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0060
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0060
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0065
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0065
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0070
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0070
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0070
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0075
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0075
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0080
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0080
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0080
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0085
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0085
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0085
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0090
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0090
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0095
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0095
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0100
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0100
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0100
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0105
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0105


785–793.
Keedwell, P.A., Chapman, R., Christiansen, K., Richardson, H., Evans, J., Jones, D.K.,

2012. Cingulum white matter in young women at risk of depression: the effect of
family history and anhedonia. Biol. Psychiatry 72, 296–302.

Kienast, T., Hariri, A.R., Schlagenhauf, F., et al., 2008. Dopamine in amygdala gates
limbic processing of aversive stimuli in humans. Nat. Neurosci. 11, 1381–1382.

Kinnunen, K.M., Greenwood, R., Powell, J.H., et al., 2011. White matter damage and
cognitive impairment after traumatic brain injury. Brain 134, 449–463.

Klimek, V., Schenck, J.E., Han, H., Stockmeier, C.A., Ordway, G.A., 2002. Dopaminergic
abnormalities in amygdaloid nuclei in major depression: a postmortem study. Biol.
Psychiatry 52, 740–748.

Kreutzer, J.S., Seel, R.T., Gourley, E., 2001. The prevalence and symptom rates of de-
pression after traumatic brain injury: a comprehensive examination. Brain Inj. 15,
563–576.

Lammers, C.H., Diaz, J., Schwartz, J.C., Sokoloff, P., 2000. Selective increase of dopamine
D3 receptor gene expression as a common effect of chronic antidepressant treatments.
Mol. Psychiatry 5, 378–388.

Lammertsma, A.A., Hume, S.P., 1996. Simplified reference tissue model for PET receptor
studies. Neuroimage 4, 153–158.

Larisch, R., Klimke, A., Vosberg, H., Loffler, S., Gaebel, W., Muller-Gartner, H.W., 1997.
In vivo evidence for the involvement of dopamine-D2 receptors in striatum and
anterior cingulate gyrus in major depression. Neuroimage 5, 251–260.

Malec, J.F., Brown, A.W., Leibson, C.L., et al., 2007. The mayo classification system for
traumatic brain injury severity. J. Neurotrauma 24, 1417–1424.

Meyer, J.H., Kruger, S., Wilson, A.A., et al., 2001. Lower dopamine transporter binding
potential in striatum during depression. Neuroreport 12, 4121–4125.

Murray, A.M., Ryoo, H.L., Gurevich, E., Joyce, J.N., 1994. Localization of dopamine D3
receptors to mesolimbic and D2 receptors to mesostriatal regions of human forebrain.
Proc. Natl. Acad. Sci. U. S. A. 91, 11271–11275.

Paulsen, J.S., Nehl, C., Hoth, K.F., et al., 2005. Depression and stages of Huntington's
disease. J. Neuropsychiatr. Clin. Neurosci. 17, 496–502.

Remy, P., Doder, M., Lees, A., Turjanski, N., Brooks, D., 2005. Depression in Parkinson's
disease: loss of dopamine and noradrenaline innervation in the limbic system. Brain
128, 1314–1322.

Roth, J., Klempii, J., Jech, R., et al., 2005. Caudate nucleus atrophy in Huntington's
disease and its relationship with clinical and genetic parameters. Funct. Neurol. 20,
127–130.

Schotte, A., Janssen, P.F., Bonaventure, P., Leysen, J.E., 1996. Endogenous dopamine
limits the binding of antipsychotic drugs to D3 receptors in the rat brain: a

quantitative autoradiographic study. Histochem. J. 28, 791–799.
Searle, G., Beaver, J.D., Comley, R.A., et al., 2010. Imaging dopamine D3 receptors in the

human brain with positron emission tomography, [11C]PHNO, and a selective D3
receptor antagonist. Biol. Psychiatry 68, 392–399.

Smith, S.M., Jenkinson, M., Johansen-Berg, H., et al., 2006. Tract-based spatial statistics:
voxelwise analysis of multi-subject diffusion data. Neuroimage 31, 1487–1505.

Sokoloff, P., Diaz, J., Le Foll, B., et al., 2006. The dopamine D3 receptor: a therapeutic
target for the treatment of neuropsychiatric disorders. CNS Neurol. Disord. Drug
Targets 5, 25–43.

Tournier, J.D., Calamante, F., Connelly, A., 2012. MRtrix: diffusion tractography in
crossing fiber regions. Int. J. Imaging Syst. Technol. 22, 53–66.

Tziortzi, A.C., Searle, G.E., Tzimopoulou, S., et al., 2011. Imaging dopamine receptors in
humans with [11C]-(+)-PHNO: dissection of D3 signal and anatomy. Neuroimage
54, 264–277.

Van Essen, D.C., Smith, S.M., Barch, D.M., et al., 2013. The WU-Minn Human
Connectome Project: an overview. Neuorimage 80, 62–79.

Vriend, C., Raijmakers, P., Veltman, D.J., et al., 2014. Depressive symptoms in
Parkinson's disease are related to reduced [123I]FP-CIT binding in the caudate nu-
cleus. J. Neurol. Neurosurg. Psychiatry 85, 159–164.

Wagner, A.K., Sokoloski, J.E., Ren, D., et al., 2005. Controlled cortical impact injury af-
fects dopaminergic transmission in the rat striatum. J. Neurochem. 95, 457–465.

Wagner, A.K., Drewencki, L.L., Chen, X., et al., 2009. Chronic methylphenidate treatment
enhances striatal dopamine neurotransmission after experimental traumatic brain
injury. J. Neurochem. 108, 986–997.

Wagner, A.K., Scanlon, J.M., Becker, C.R., et al., 2014. The influence of genetic variants
on striatal dopamine transporter and D2 receptor binding after TBI. J. Cereb. Blood
Flow Metab. 34, 1328–1339.

Whitnall, L., McMillan, T.M., Murray, G.D., Teasdale, G.M., 2006. Disability in young
people and adults after head injury: 5–7 year follow up of a prospective cohort study.
J. Neurol. Neurosurg. Psychiatry 77, 640–645.

Willner, P., 1983. Dopamine and depression: a review of recent evidence. III. The effects
of antidepressant treatments. Brain Res. 287, 237–246.

Zhang, H., Avants, B.B., Yushkevich, P.A., et al., 2007. High-dimensional spatial nor-
malization of diffusion tensor images improves the detection of white matter differ-
ences: an example study using amyotrophic lateral sclerosis. IEEE Trans. Med.
Imaging 26, 1585–1597.

Zhang, A., Leow, A., Ajilore, O., et al., 2012. Quantitative tract-specific measures of
uncinate and cingulum in major depression using diffusion tensor imaging.
Neuropsychopharmacology 37, 959–967.

A.E. Jolly, et al. NeuroImage: Clinical 24 (2019) 101950

10

http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0105
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0110
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0110
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0110
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0115
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0115
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0120
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0120
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0125
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0125
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0125
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0130
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0130
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0130
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0135
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0135
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0135
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0140
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0140
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0145
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0145
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0145
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0150
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0150
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0155
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0155
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0160
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0160
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0160
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0165
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0165
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0170
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0170
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0170
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0175
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0175
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0175
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0180
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0180
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0180
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0185
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0185
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0185
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0190
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0190
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0195
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0195
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0195
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0200
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0200
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0205
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0205
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0205
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0210
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0210
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0215
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0215
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0215
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0220
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0220
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0225
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0225
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0225
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0230
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0230
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0230
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0235
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0235
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0235
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0240
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0240
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0245
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0245
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0245
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0245
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0250
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0250
http://refhub.elsevier.com/S2213-1582(19)30300-6/rf0250

	Dopamine D2/D3 receptor abnormalities after traumatic brain injury and their relationship to post-traumatic depression
	Introduction
	Material and methods
	Study design and participants
	Standard protocol approvals, registrations, and patient consents
	Neuropsychology
	Psychiatric assessment
	Imaging protocol
	Imaging analysis
	Statistical analysis
	TBI patients and controls
	Comparison of MDD, non-MDD and healthy controls


	Results
	TBI is associated with reduced caudate D2/D3 receptor availability
	Major depressive disorder (MDD) following TBI is associated with altered D2/D3 receptor availability
	Control analyses for positron emission tomography results
	Nigro-caudate tract fractional anisotropy correlates with D2/D3 receptor availability in the caudate
	Substantia Nigra volume does not correlate with D2/D3 receptor availability in patients
	TBI patients with major depressive disorder have significantly reduced FA in white matter tracts that connect the limbic system

	Discussion
	Conclusions
	Acknowledgement
	mk:H1_23
	mk:H1_24
	Funding
	mk:H1_26
	Supplementary data
	References




