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Pharmacological magnetic resonance imaging (phMRI) maps the neurovascular response to a pharmacolog-
ical challenge and is increasingly used to assess neurotransmitter systems. Here we investigated the hemo-
dynamic response to a dopaminergic (DAergic) challenge with dextroamphetamine (dAMPH) in humans
using arterial spin labeling (ASL) based phMRI.
Twelve healthy male subjects aged 21.0 years (±1.5) were included. We used a pseudo-continuous ASL
sequence (40 min) to quantify cerebral blood flow (CBF) and started dAMPH infusion (0.3 mg/kg) after
10 min. On another day, we measured baseline dopamine D2/3 receptor availability with [123I]IBZM single
photon emission computed tomography (SPECT). Baseline measures on mood and impulsivity and subjective
behavioral responses to dAMPH were obtained.
CBF response was corrected for cardiovascular effects using an occipital cortex mask for internal reference.
Corrected CBF (sCBF) was analyzed using ROI-based and voxel-based analysis, in addition to independent
component analysis (ICA). CBF data was correlated to D2/3 receptor availability and behavioral measures.
Subjects reported experiencing euphoria following dAMPH administration. In the striatum sCBF significantly
increased, as demonstrated by all three analysis methods. Voxel-based analysis and ICA also showed
increased sCBF in the thalamus, anterior cingulate and cerebellum. Decreased sCBF was observed in several
cortical areas, the posterior cingulated and paracingulate cortex. Apart from one ICA component, no correla-
tions were found with sCBF changes and D2/3 receptor availability and behavioral measures. Our observations
are in line with literature and provide further evidence that ASL-based phMRI with dAMPH is a promising
technique to assess DAergic function in human subjects.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Disturbances of the dopaminergic (DAergic) system are linked to
many different neuropsychiatric disorders, such as Parkinson's dis-
ease, schizophrenia and attention deficit hyperactivity disorder
(ADHD) (Nieoullon, 2002). Our ability to image many of the neuro-
chemical constituents of the DAergic systems is crucial in gaining
insights into the development, diagnosis and treatment of these disor-
ders. The DAergic system has traditionally been imaged using positron
emission tomography (PET) or single photon emission computed
tomography (SPECT) (Laruelle et al., 1995; Melega et al., 1996). With
these techniques different parts of the DAergic system can be targeted,
for example the dopamine transporter (DAT), dopamine receptors or
endogenous DA release. Using PET and SPECT, the cerebral blood flow
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(CBF) response, or the effects on glucosemetabolism, of a DAergic inter-
vention can also be assessed in-vivo (Booij et al., 1998; Devous et al.,
2001; Volkow et al., 1997).

The most common drugs causing an increase in extracellular DA,
such as dextro-amphetamine (dAMPH) and methylphenidate (MPH),
are used for the treatment of ADHD and narcolepsy. In humans, i.v.
administration of dAMPH has been used in PET and SPECT imaging to
provide an index of DA release, wherein acute reductions of DA D2/3

receptor availability are taken to be in proportion to the magnitude of
DAergic release evoked by the dAMPH administration (Abi-Dargham
et al., 2003; Laruelle et al., 1995, 1997). Indeed, the reduction in D2/3

receptor availability after dAMPH injection (i.e., DA release induced by
dAMPH) was found to be correlated to the positive reinforcing effects
experienced by subjects (Abi-Dargham et al., 2003). Interestingly, indi-
vidual D2/3 receptor availability has been found to be predictive of the
positive reinforcing effects of intravenous methylphenidate (Volkow
et al., 1999). In addition, in rats lower D2/3 receptor availability has
been linked to higher impulsivity measures as well as higher levels of
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cocaine self-administration (Dalley et al., 2007). These results suggest
that lower D2/3 receptor availability, due either to lower abundance or
higher baseline occupancy by DA, may contribute to the development
of psychostimulant abuse. There is a great interest to further investigate
the association between DA release or neurotransmitter function
non-invasively, for instance to predict future drug abuse in preadoles-
cents or to evaluate potential medications to treat drug addiction. How-
ever, traditional imaging of the DAergic system is dependent on using
radiopharmaceuticals, making these techniques less suitable for longi-
tudinal studies or studies in vulnerable populations such as children.
Moreover, radioactive tracers are not available to research sites lacking
a molecular imaging facility. Therefore a less invasive, more widely
available and less costly technique would be a valuable addition to the
current imaging standards.

Pharmacological MRI (phMRI) is increasingly used in the assess-
ment of neurotransmitter function (Honey and Bullmore, 2004;
Tracey, 2001). This technique images the neurovascular response to
activation of neurotransmitter systems by administration of a phar-
macological challenge. For example, a challenge with i.v. dAMPH is
expected to cause a positive neurovascular response caused by an
increase in neuronal firing leading to increased metabolic need of
DAergic cells in specific areas, such as the striatum, anterior cingulate
cortex (ACC) and prefrontal cortex (PFC) (Choi et al., 2006). DA (dys)
function has been previously investigated with phMRI in non-human
primates by Jenkins et al. (2004) who visualized an increase in cere-
bral blood volume (CBV) in response to an i.v. dAMPH challenge.
The change in hemodynamic response correlated significantly with
DAT availability after MPTP lesioning, suggesting that the phMRI
technique is an adequate tool for assessment of normal and dysfunc-
tional DA brain circuitry. In rats, combined microdialysis studies
showed that changes in CBV response measured by phMRI are tightly
coupled to DA release in response to an i.v. dAMPH challenge (Chen et
al., 2005). However, in humans the effects of an intravenously admin-
istered DAergic drug on the neurovascular response has, to our
knowledge, not yet been investigated using phMRI.

The purpose of the current study was to investigate the effects of a
DAergic challenge in the form of a single i.v. administration of dAMPH
(0.3 mg/kg) on the specific DAergic hemodynamic response in
humans using phMRI. In addition, we studied the D2/3 receptor avail-
ability at baseline as measured by SPECT. Based on previous work
discussed above, we hypothesized that the change in the hemody-
namic response evoked by i.v. dAMPH would be closely linked to
(baseline) D2/3 receptor availability, and to behavioral changes
induced by dAMPH. These findings may be of value to gain further
insight into neuropsychiatric disorders related to DA dysfunction.

Methods

Subjects

Subjects were recruited by posting advertisements around the
medical campus, on websites and in regional newspapers. A total of
fifteen healthy male subjects were recruited. Only males were includ-
ed, as gender differences would increase variability in DAergic mea-
sures. Written informed consent was obtained from all subjects.

Exclusion criteria for all participants were: any neuropsychiatric
diagnosis or history of brain disease or injury, history of substance
abuse, current drug use, smoking more than 10 cigarettes per day,
drinking more than an average of 4 units of alcohol per day, ECG
abnormalities, a positive family history for sudden cardiac death,
hypertension or any contra-indication to MRI such as metallic
implants or claustrophobia. A baseline ECG was obtained from all par-
ticipating subjects at the start of study procedures. Subjects received a
small financial compensation for their participation. Subjects were
asked to refrain from using any psychotropic substances, including
caffeinated products on assessment days.
This study was approved by the medical ethics committee of the
Academic Medical Center Amsterdam.

Procedure

Subjects were randomly chosen to receive either placebo or i.v.
dAMPH. The placebo group was included for illustrative purposes only
and therefore consisted of three subjects, leaving 12 subjects that
received dAMPH. All subjects were informed beforehand they would
be receiving dAMPH and that they might experience an increased
heart rate, a positive or negative emotional response, or that they
would not experience anything different. Before entering theMRI scan-
ner an indwelling cannula was inserted in the antecubital vein through
which, after 10 min of baseline scanning, either placebo (0.9% NaCl
saline solution) or dAMPH (0.3 mg/kg) was administered over a period
of 2 min, followed by a 15 ml salineflush. Dexamphetamine sulfatewas
obtained from Spruyt Hillen b.v. (IJsselstein, The Netherlands) and pre-
pared according to GMP criteria for infusion by the University Medical
Center Utrecht's pharmacy. MRI scanning was performed under ECG
monitoring, using a 4-lead MR-compatible ECG box.

Subjects were instructed to let their mind wander, stay awake and
keep their eyes open during MRI scanning. Subjects were presented
with a visual analog scale (VAS, explained below) before entering the
MRI scanner and immediately after leaving the MRI scanner, 30 min
after dAMPH infusion. SPECT imaging took place 3.5 (±0.6) months
after MRI scanning in order to exclude a possible effect of dAMPH on
D2/3 receptor availability.

Behavioral tests

The VAS consists of a horizontal line on which subjects can give
marks for positive and negative effects, such as euphoria, alertness,
sweating, and irritability, with the extreme left (0) meaning absence
of the feeling and the extreme right side (100) meaning the feeling
was most intense. Scores were determined by measurement of the
subject's indication on the line in millimeters from the left. The VAS
consisted of ten items and was based on several other studies mea-
suring the subjective response to dAMPH (Laruelle et al., 1995; van
Kammen and Murphy, 1975). Two scores were obtained: baseline
(15 min before start infusion) and after dAMPH administration
(30 min after start of infusion).

Mood and impulsivity were determined only at baseline, using
validated questionnaires: the Beck Depression Inventory (BDI),
Behavioral Approach Scale (BAS) and Barratt Impulsivity Scale (BIS).
The BDI measures depression severity, with higher scores indicating
more severe depressive symptoms. The BAS evaluates the behavioral
approach system, regulating an individual's tendency to act on posi-
tive impulses. High scores on the BAS tend to correlate with impulsive
personalities (Carver andW.T.L., 1994). The BIS rates motor impulsiv-
ity, cognitive impulsivity and nonplanning (Patton et al., 1995).

Imaging

All MR imaging was performed with a 3.0 T Philips MR scanner
equipped with a SENSE 8-channel head coil and body coil transmission
(Philips Medical Systems, Best, The Netherlands). The session protocol
consisted of a high resolution 3DT1-weighted anatomical scan for regis-
tration and segmentation purposes. For the phMRI acquisition, we used
a pseudo-continuous arterial spin labeling (PCASL) sequence (Dai et al.,
2008). ASL is a non-invasive perfusion imagingmodality that usesmag-
netically spin-labeled blood water protons as an endogenous tracer of
CBF. By subtracting labeled and unlabeled images, a CBFmap is generat-
ed, which can be used for visualization and quantification of CBF (Golay
et al., 2004). It has been shown to give a stable measurement with suf-
ficient precision in repeated measurement experiments (Gevers et al.,
2011). The ASL signal does not suffer from signal drifts in time, and it
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has been shown that ASL based phMRI gives a more precise measure-
ment than BOLD of pharmacologically induced hemodynamic changes
(Tjandra et al., 2005).

phMRI imaging parameters were: TR/TE 4000/14 ms; FOV
240×240 mm2; matrix size 80×80; 17 slices; thickness 7 mm; no
gap; fast echo EPI; SENSE 2.5; labeling duration=1650 ms, post-
labeling delay=1525 ms; the labeling plane was positioned parallel
to the imaging volume with a labeling gap between the center of
the imaging volume and the labeling plane of 25 mm. In total, 300
dynamics were acquired corresponding to approximately 40 min of
scanning time and dAMPH infusion was started on volume 75,
i.e. after 10 min of baseline scanning.
MR processing

FSL 4.1 (FMRIB-Software-Library, Functional Magnetic Resonance
Imaging of the Brain Centre, University of Oxford, UK), the SPM8 tool-
box and Matlab (The MathWorks Inc., Natick, USA) were used for
offline data processing.

Images were motion corrected by a rigid registration to a single
baseline volume using FLIRT (Jenkinson et al., 2002) and non-brain
structures were removed from 3DT1 anatomical scans using the Brain
Extraction Tool (Smith, 2002). Subtraction of labeled and control ASL
images yieldedwhole brain perfusionweighted images. Themean equi-
libriummagnetization (M0) of arterial blood per subjectwas calculated,
from which absolute CBF (ml/100 g/min) was computed following
methods previously described (Chalela et al., 2000). Normalized data
(indexed to the baseline volumes) is represented in Fig. 1.

In order to reduce noise a moving average of 25 volumes with
1 volume step increments was applied resulting in 275 averaged
Fig. 1. Average group CBF (ml/100 g/min) for total gray matter, the occipital cortex and str
and striatum are shown before and after saline challenge (n=3). In order to correct for inte
Error bars represent standard error of the mean. Note that both the striatum, which is rich
vation, show a strong response to the i.v. dAMPH challenge administered in volume 75.
volumes, with infusion volumes averaged over volumes 50–115.
Average CBF maps were transformed into anatomical space by affine
registration to the segmented gray matter masks of the correspond-
ing anatomical scans, which shows similar contrast and subsequently
to standard space. Because earlier work showed effects of dAMPH on
brain microvasculature which may interfere with the dopaminergic
signal (Choi et al., 2006), we chose to use an internal reference to
deconvolute the phMRI signal. As an internal reference we used the
occipital cortex for the following number of reasons: First, it is com-
mon practice in PET and SPECT studies investigating DA transporter
and DA receptor availability to use the occipital cortex as an internal
reference for non-specific binding, as this brain region (together
with the cerebellum) has relatively few D2/3 receptors and DA trans-
porters (Lidow et al., 1991). Second, although analysis of our
un-normalized phMRI data demonstrates a generalized decrease in
gray matter CBF, this decrease was smallest in the occipital cortex
(voxel-based and ICA analysis shown in Supplementary Material as
Figs. S1 and S2). Finally, Jenkins et al. (2004) showed that the
decrease in CBV in the occipital cortex in response to an i.v. challenge
with dAMPH was small in comparison with the increases observed in
DA-rich areas, such as the striatum. Furthermore, after MPTP
lesioning, the decrease in CBV did not differ from before (−8.0%, SD
2.8 before MPTP lesioning and −11.9%, SD 5.7 after lesioning). To
this end the occipital cortex was chosen. An occipital mask was there-
fore applied to the data. Data was normalized for specific DA effects
(sCBF) by calculating the ratio of specific to non-specific CBF changes
(CBFwholebrain−CBFoccipital cortex /CBFoccipital cortex∗100) for each vol-
ume and each voxel (Fig. 2).

Non-brain structures were removed from 3DT1 anatomical scans
using the Brain Extraction Tool (Smith, 2002) and perfusion data
was smoothed using a 5 mm FWHM kernel.
iatum before and after dAMPH challenge (n=12). In addition, CBF in total gray matter
r-subject CBF variability data was indexed to the baseline acquisition volumes (0–75).
in DAergic innervation, as well as the occipital cortex, which has a low DAergic inner-



Fig. 2. Average sCBF in the striatum of specific DAergic response to an i.v. administration of 0.3 mg/kg dAMPH (n=12) and saline (n=3). Specific response was calculated by nor-
malizing average whole brain CBF to that in the occipital cortex. Error bars represent standard error of the mean. Time-bins chosen for subsequent t-testing against baseline are
indicated below the x-axis, the period during which dAMPH was administered (approximately 2 min) at the top of the graph.
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SPECT

Striatal D2/3 receptor binding was measured using SPECT with the
radioligand [123I]iodobenzamide ([123I]IBZM). [123I]IBZM is a validat-
ed radiopharmaceutical for investigation of D2/3 receptor availability
(Verhoeff et al., 1991). Potassium iodide was used to block thyroid
uptake of free radioactive iodide. An [123I]IBZM dose (specific activity
>200 MBq/nmol and radiochemical purity>95%)was prepared as pre-
viously described, and administered using the sustained equilibrium/
constant infusion technique (Laruelle et al., 1995). After i.v. injection
of a bolus of approximately 80 MBq [123I]IBZM was administered via
an indwelling cannula in the antecubital vein [123I]IBZM (rate of
infusion approximately 20 MBq per hour). Continuous infusion lasted
a maximum of 180 min, with acquisition taking place in the last
60 min. SPECT images were acquired with a brain dedicated SPECT sys-
tem (Neurofocus, an update of the StrichmanMedical Equipment 810X,
Strichman Medical Equipment Inc., Medfield, Mass., USA). This is a
12-detector single-slice scanner with a full width at half maximum res-
olution of 6–7 mm, a 64×64 matrix and energy window set at
135–190 keV. An average of 12 axial slices (thickness 5 mm) was ac-
quired parallel to the orbitomeatal line, coveringmost of the cerebellum
up to the entire striatum.

SPECT processing

Reconstruction and attenuation correction of all images were
performed as previously described (Booij et al., 1997). ROIs for the
left and right striatum were used, which were positioned on the
three consecutive SPECT slices corresponding with the highest striatal
activity. To correct for non-specific binding a predefined region of
interest (ROI) was placed over the occipital cortex, as this brain
region is relatively devoid of D2/3 receptors (Lidow et al., 1991).
Finally, specific to non-specific binding ratios were calculated (ROI
counts — occipital cortex counts/occipital cortex counts).
Analysis

Continuous variables of group characteristics were analyzed using
unpaired two-tailed Student's t-tests (log transformed if necessary)
and Wilcoxon matched pair tests for the VAS scales. All demographic
and behavioral data was analyzed in SPSS version 18.0 (SPSS Inc,
Chicago, Ill) and are presented as mean±standard deviation unless
otherwise indicated. ECG data was processed using AcqKnowledge
4.0 software (BIOPAC Systems, Inc.). Heart rate was calculated by
the software and manually averaged per minute.

For an ROI-based analysis the Harvard-Oxford standard brain atlas
from FSL library was used to create a mask for the striatum. Average
sCBF was calculated on the baseline volumes (volumes 0–50) and
post-infusion (volumes 100–150 and 150–200) and a paired Student's
t-test was used to compare post-infusion with baseline data. These
binswere chosen in accordance to theWaveformAnalysis Protocol pro-
posed by Bloom and co-investigators (Bloom et al., 1999) in combina-
tion with the results from studies in non-human primates receiving
i.v. dAMPH (Jenkins et al., 2004) to test baseline volumes with two sim-
ilar sized time-bins post-infusion at the times most likely to detect the
peak of the pharmacological hemodynamic response and its subse-
quent decline to normal values.

A voxel-based first level analysis on subject-level was performed
on the sCBF comparing baseline volumes with post infusion volumes
(volume 0–50 vs. 100–150 and volume 0–50 vs. 150–200) with
thresholding at z>2.3, pb0.05 with cluster-correction. High pass
filter was turned off to allow for the detection of the slow signal change
caused by the pharmacological response. Higher-level group analysis

image of Fig.�2


Fig. 3. Voxel-based analysis of sCBF comparing baseline volumes (0–50) with the
post-infusion volumes of expected increase in sCBF caused by i.v. dAMPH. The red–yellow
spectrum shows z-values for increased sCBF, the blue–light blue spectrum shows z-values
for decreased sCBF (cluster-corrected, z>3.2, pb0.05). Volumes 100–150 (a) show in-
creased CBF in ACC, insula, thalamus and cerebellum, with smaller clusters in the occipital
cortex and post-central gyrus and decreased sCBF in posterior cingulate, paracingulate
gyrus and insula in addition to other cortical areas. Volumes 150–200 (b) show increased
sCBF in bilateral putamen, ACC, cerebellumand smaller clusters in the occipital cortex and
again decreases in the posterior cingulate and paracingulate gyrus aswell as other cortical
areas.
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was performed with thresholding at z>3.2, pb0.05 with cluster-
correction.

In addition, to detect low-frequent pharmacological signal changes,
an independent component analysis (ICA) was performed using
MELODIC 3.0 (Beckmann et al., 2005) on the sCBF. We used multi-
session tensor analysis with the high-pass filter turned off. Background
noise threshold was set at 40%, a smoothing kernel of 6 mmwas chosen
and the statistical threshold was set at 0.7 to avoid false-positives. Num-
ber of components was not limited.

Correlation analysis

Individual estimates of the main components from the ICA were cal-
culated, aswell asmean sCBF from theROI analysis and themean contrast
of parameter estimates of the voxel-based analysis for the striatum. Cor-
relations with the D2/3 receptor binding ratios, VAS scales and behavioral
questionnaires were calculated using a Pearson or Spearman correlation
coefficient, depending on the distribution of the data. In order to correct
formultiple comparisons a p-valueb0.01was used as threshold for statis-
tical significance.

Results

Demographics

Average age of the participating subjects receiving a challenge with
dAMPHwas 21.0 years (±1.5). The number of completed years of edu-
cationwas 15.1 years (±2.0). The three subjects that received a placebo
challenge did not differ significantly from the main study group in age
or education.

Behavioral data

Average scores on behavioral questionnaires were all within nor-
mal ranges and did not differ significantly from that of the dAMPH
recipients and the three subjects that received a placebo challenge.
Total scores for BDI were 2.5 (±2.5), BAS scores 25.6 (±4.2) and
BIS scores 63.2 (±6.7). The behavioral measures from the three sub-
jects receiving a placebo challenge did not differ significantly from
the dAMPH users.

Before and 30 min after dAMPH VAS scales demonstrated signifi-
cantly increased scores on the items “feeling happy” (z=−2, 54, p=
0.004, r=−0.57), “feeling good” (z=−2.79, p=0.001, r=−0.62),
“feeling energetic” (z=−3.06, pb0.0001, r=−0.68) and “feeling
light-headed” (z=−3,01, pb0.0001, r=0.67) following dAMPH.
Within the three placebo subjects there were no significant changes in
VAS-scores.

Physiological data

Two ECG recordings appeared to contain too much noise after data
filtering such that the heart rate measures were deemed unreliable.
The response to the i.v. dAMPH challenge varied considerably between
subjects (individual heart rate and CBF data can be found in the supple-
mentary material).

ROI-based analyses of normalized CBF

Our specific DA normalized data (sCBF) showed a significant
increase in the striatum in response to the administration of dAMPH.
Paired t-testing between the average baseline volumes (0–50, average
normalized signal 5.3±12.9) versus post-infusion volumes (100–150,
average normalized signal 14.9±19.6 and 150–200, average normal-
ized signal 15.5±23.0), showed significant increases in sCBF (+281%,
p=0.05 and +292%, p=0.02, respectively). No such difference
was observed in the three subjects that received a placebo infusion
(signal averages of 7.8±6.6 at baseline and 5.6±3.2 and 6.7±6.7
for post-infusion volumes, −71%, p=0.51 and −85%, p=0.70
respectively).

Voxel-based analysis of CBF

When comparing whole brain sCBF on voxel-based level (baseline
volumes (0–50) vs. first post-infusion volumes (100–150)) we
observed significant increased sCBF in the ACC, insula, thalamus and
cerebellum, with smaller clusters in the occipital cortex and post-
central gyrus (Fig. 3a). For the second time window (volumes 0–50
vs. volumes 150–200) increased sCBF was seen in the putamen bilat-
erally, a smaller cluster in the ACC as in the first time-window and
again the cerebellum and small clusters in occipital cortex and post-
central gyrus bilaterally show a significant increase (Fig. 3b).

In this voxel-based analysis decreases in sCBF were also observed
in several cortical areas, including the insula. In addition, in both time
windows a considerable decrease in sCBF was observed in the poste-
rior part of the cingulate and the anterior paracingulate.

Independent component analyses of sCBF data

Results of the ICA showed 21 main components that together
explained 97.0% of the variability (see supplementary material to view
all components). At least three components (component 2 representing
9.7% of the explained variance, component 5 representing 7.4% and
component 10 representing 5.7%) were found to reflect a time series
concurrent with our timeline of infusion (Fig. 4). The activation maps
corresponding to these components showed increased sCBF in the
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cerebellum and ACC as well as striatum and thalamus, similar to the
areas found in ROI-based and voxel-based analysis. In these compo-
nents the signal fluctuation in the baseline volumes is distinctly differ-
ent and after commencement of infusion an obvious and rather
abrupt increase in signal is present.
SPECT data and correlations

Mean striatal D2/3 receptor binding ratio was 0.93 (±0.17).
Striatal D2/3 receptor binding correlated negatively with increases in
sCBF in component 10 (including cerebellum, ACC and left caudate)
(R=−0.8; p=0.002) (Fig. 5), but not on ROI-based or voxel-based
data. No correlations were observed between D2/3-receptor binding
ratios or sCBF increases on any of the analysis used, nor behavioral
questionnaires or the VAS change scores.
Fig. 4. Results of component 2, 5 and 10 of the ICA analysis with corresponding time cours
z-values for positive (red–yellow) or negative (blue–light blue) fit to the time course.
Discussion

The purpose of the current study was to investigate the effects of a
single i.v. administration of dAMPH (0.3 mg/kg) on the human
DAergic neurotransmitter system using several readout measures:
phMRI and a DA challenge with dAMPH, baseline D2/3 receptor avail-
ability and measures of affect relevant to the psychostimulant action
of amphetamine. Our results indicate that an administration of i.v.
dAMPH leads to a specific DAergic CBF increase in several areas,
including the striatum, ACC and thalamus as detected by ASL-based
phMRI in addition to CBF decreases in several cortical areas. In
contrast to our hypothesis, the hemodynamic response evoked by
dAMPH was only weakly linked to striatal D2/3 receptor availability
(only correlated to one component in ICA, but not on ROI-based or
voxel based analysis), and not to changes in subjective ratings
induced by dAMPH at all.
es. The arrow indicates the start of the dAMPH infusion and the color bars indicate the
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Fig. 5. Scatterplot of striatal D2/3 binding ratios and the individual fit per subject to the
time course of component 10 of the ICA.
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dAMPH and CBF

To our knowledge, there are no other studies determining the CBF
response to an i.v. challenge with dAMPH in healthy human subjects,
limiting our ability to compare the present findings with other stud-
ies. In humans, SPECT and phMRI have been used to determine the
effects on CBF only with an oral dAMPH challenge (Devous et al.,
2001; Rose et al., 2006). Devous and co-investigators found regional
increases in CBF in DA rich brain regions using SPECT: prefrontal
areas, thalamus, amygdala and ventral tegmental area as well as
some decreases in the motor cortex, visual cortex, fusiform gyrus,
and posterolateral temporal lobe. We did not observe increases in
sCBF amygdala, ventral tegmental area or temporal cortex and the
decreases were also localized in different cortical areas. Rose and
co-investigators found increases in striatal areas as well as frontal,
parietal and temporal increases using BOLD-based phMRI. It is likely
that differences in study design (Devous et al. used on average a
higher dose of dAMPH and started imaging 45 min earlier after inges-
tion than Rose et al.), differences in technique used and statistical
analysis, as well as the oral route of administration of dAMPH in
these studies explain the discrepancy between these two studies
and our own. Oral administration has a more protracted pharmaco-
logical response with more individual variation in pharmacokinetics.
Also, percentage signal change or absolute CBF values were not pro-
vided in these studies, making further comparisons difficult. Howev-
er, our results are in line with preclinical studies in which dAMPH
was administered intravenously. One of the earliest BOLD-based
phMRI studies was done in rats, demonstrating the largest signal
increases in the PFC, cingulate cortex and striatum (Chen et al., 1997).
Subsequent phMRI studies in rats using contrast agents showed
increases in CBV in striatum, thalamus and several cortical structures
(Chen et al., 2005, 2010; Nguyen et al., 2000). In non-human primates
i.v. dAMPH administration caused significant CBV changes in the thala-
mus, striatum, ventral tegmental area (VTA), precentral gyrus, ACC, and
insular cortex, quite similar to our own observations (Jenkins et al.,
2004). The fact that we saw no signal change in the VTA is probably
due to its anatomical location close to the basilar artery, causing faster
passage of labeled blood through this area and faster decay of labeled
protons. Technically, the most comparable study with our own is that
of Bruns and co-investigators. This was an ASL-based phMRI study in
rats with i.v. dAMPH challenges at different dosages in which changes
in CBF and not BOLD or CBV were assessed. They observed increases
in CBF in the striatum and thalamus and decreases in cortical areas as
well as in the hippocampus (Bruns et al., 2009), which is very similar
to our study. Taken together, our results suggest that ASL-based mea-
surement of the CBF response to an i.v. dAMPH challenge in humans
is likely to detect a specific regional hemodynamic response in DAergic
areas such as the striatum and anterior cingulate cortex.

phMRI and DA release

Studies in rats have shown that the percentage increase in CBV in
response to a dAMPH challenge correlates with endogenous DA
release as measured by microdialysis (Chen et al., 2005; Ren et al.,
2009). In fact, lesioning of DAergic areas or pretreatment with DA
receptor antagonists resulted in attenuation of this signal change
(Dixon et al., 2005; Nguyen et al., 2000). In an ASL-based study of
CBF in rats, there was a dose-response relationship between the
amount of dAMPH administered and the relative increase (Bruns et
al., 2009). In non-human primates, similar results were obtained by
Jenkins and co-investigators who observed an increase in CBV in the
DA-rich striatum and substantia nigra, and to a lesser extent in the
cingulate cortex in response to an i.v. dAMPH challenge (Jenkins et
al., 2004). These studies support our hypothesis that the increase in
CBF we found most likely reflects DAergic function.

Correlation to SPECT and VAS

Because striatal D2/3 receptor availability has been shown to corre-
late to endogenous DA levels in rats (Alttoa et al., 2009) and to the
size of the euphoric response to psychostimulants (Volkow et al.,
1999), we also obtained D2/3 receptor measurements using [123I]
IBZM SPECT. We hypothesized that D2/3 availability would be related
to the size of the hemodynamic response as well as the size of the
behavioral response asmeasured by VAS scales. However, D2/3-receptor
availability in the striatum did not significantly correlate with the
change in CBF we detected in our ROI-based and voxel-based analysis.
It did correlate to the estimates from one of the ICA components, how-
ever not to the component with the largest striatal area contributing to
the time course profile. In this component the ACC and cerebellum, in
addition to the left caudate, contributed in large part to the time course
observed, so these findings should be interpreted with caution. As
the CBF response we measured with phMRI will encompass more
than D2/3 receptor availability alone, contributing factors may have
included D1 receptor effects or (indirect) influences from other neu-
rotransmitters such as norepinephrine (NE). In line with this, VAS
ratings on euphoric feelings also did not correlate to the size of the
CBF response. However, because we collected resting-state data we
were not able to obtain VAS scales until subjects left the scanner
30 min later, by which time the majority of the euphoric feelings
had dissipated somewhat compared with immediately after adminis-
tration. This in turn may have led to an incongruity between CBF re-
sponse and behavioral ratings.

D1 vs. D2 receptor influences on phMRI signal change

Using D1-type (D1,5) or D2-type (D2,3,4) receptor specific agonists
or antagonists, phMRI studies in rats combined with microdialysis
have demonstrated that the specific receptor types are probably
responsible for different aspects of the hemodynamic response to
dAMPH administration (Chen et al., 2005, 2010; Dixon et al., 2005).
Where the class of D1-like receptors are present only postsynaptical-
ly, the D2 receptors are expressed both pre- and postsynaptically and
can inhibit DA release when located on the pre-synaptic neuron (also
called the auto-receptor; for review (Missale et al., 1998)). The D2/3

response to synaptically located DA seems to be bimodal, with
autoreceptor activation predominating at low interstitial DA concen-
trations, inhibiting the neurovascular response, whereas higher con-
centrations of DA cause a shift to postsynaptic activation and in turn
a positive neurovascular effect. This shift in DAergic activation has

image of Fig.�5
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been shown to be dependent on the size of the dAMPH challenge ad-
ministered (Ren et al., 2009). It seems likely that the response we found
was dominated by D1-type receptor mediated effects. This might also
explainwhywedid notfind a correlation to baselineD2/3 receptor avail-
ability measurement.

ICA exploration of ASL-based phMRI

Independent component analysis (ICA) has been proposed as the
preferable method to analyze phMRI data, because i.v. administration
of drugs gives temporally pluriform signal profiles (Marota et al.,
2000; Schwarz et al., 2004). By using a data driven analysis method
the temporal influence of the pharmaceutical agent on different
brain regions can be observed and in this manner the functional con-
nectivity between these regions can be deduced. This method has
been applied in studies investigating, among others, the effects of
the DA agonist L-dopa on a language task (Kim et al., 2010) and of
the DA D2 antagonist olanzapine on the resting-state BOLD signal
(Sambataro et al., 2010). However, ICA has to our knowledge not
been used before to analyze ASL data. We identified several compo-
nents that had a similar time course profile and localization to our
ROI- and voxel-based analysis. Our observation thus supports the
notion that ICA is very useful for the analysis of this type of data, giv-
ing a robust time-course and localization of regions responding to
a pharmacological challenge. Furthermore, a ROI-based approach
involves the risk of averaging out local effects, whereas a voxel-based
approach involves the difficulty in pre-selecting the correct temporal
profile to design the GLM used to fit to the voxel-data.

Limitations

Administration of dAMPH induces an intense increase of extracellular
DA, but also causes an increase in othermonoamine transmitters, such as
NE. For example, Kuczenski and co-investigators observed a marked
increase in NE in the PFC using microdialysis in rats (Kuczenski et al.,
1995) administered with dAMPH. In addition, microdialysis studies in
mice have shown that NE depletion in the PFC leads to a diminished
DA release in response to dAMPH in the accumbens, showing that indi-
rect effects of other neurotransmitters can influence the DAergic
response (Ventura et al., 2003). Nevertheless, in dopamine-rich brain
areas such as the nucleus accumbens, NE levels are much lower than
DA levels and even after dAMPH administration NE levels increase to a
much lesser extent than DA (McKittrick and Abercrombie, 2007).
Based on pre-clinical data, in which DA lesioning or administration of
antagonists induced blunted phMRI responses, we assumed that what
we assessedwas predominantly the hemodynamic reaction to increased
DAergic signaling (Chen et al., 2005, 2010; Choi et al., 2006; Jenkins et al.,
2004).

Challenges to drug-naïve persons have also been shown to lead to
sensitization, which could have led to alterations in D2/3 availability,
as shown by Boileau et al. (2006). However, their regimen included
escalating doses of oral dAMPH, not a single i.v. dose. Also, they did
not observe any baseline differences in D2/3 availability in sensitized
subjects when compared with controls. Therefore, we think it is
unlikely that the single exposure to MPH in our study could have
lead to sensitization or alterations in D2/3 availability.

Another potential limitation of the current study is that the changes
in CBFmay reflect cardiovascular effects of dAMPH and thereby obscure
neuronal hemodynamic coupling. Preclinical studies so far looking at
the neurovascular response to an i.v. dAMPH administration did not
correct for a generalized vascular effect. However, these studies were
all performed in (anesthetized) animals andwere looking at CBV rather
than CBF and these two measures may be uncoupled during a (DA)
pharmacological challenge (Luo et al., 2009). Indeed, Bruns and
co-investigators also normalized ASL-based CBF data in rats by calculat-
ing percentage deviation from whole brain perfusion in order to more
clearly visualize network responses to drug administration, rather
than physiological parameters (Bruns et al., 2009). In addition, Choi
and co-investigators found that cerebral microvasculature is signifi-
cantly influenced by DAergic agonists as well as antagonist and state
that these effects should be taken into account when studying the
hemodynamic response to DA release (Choi et al., 2006). By scaling to
whole brain perfusion data however, DAergic areas are also scaled to
their own signal, filtering out too many potentially interesting effects.
Therefore, we decided to use an internal brain region relatively low in
dopaminergic innervation as reference region for our study, as is com-
mon practice in the PET and SPECT literature (Booij et al., 1997; Lidow
et al., 1991). By doing so, however, we may have underestimated the
specific DA effects induced by dAMPH as the occipital region is not
completely devoid ofDA. Thismay in turn explain the lack of association
with D2/3 receptor availability. However, changes in HR caused by the
dAMPH challenge may or may not correlate to changes in blood pres-
sure and blood flow and we cannot be sure that in humans a microvas-
cular response is responsible for changes in CBF or CBV. Also, we did not
record end-tidal CO2 and respiratory rate.We can therefore not exclude
respiratory effects on our CBFmeasures in the occipital cortex. Although
we observed a significant effect in specific DAergic areas, this could also
be attributed to expectation of a drug administration. However, onset of
administration was not clearly specified to the subjects, but started
upon 10 min of baseline scanning, after which expectation effects are
expected to have subsided considerably. Also, we included three place-
bo scans to illustrate the absence of any CBF response to saline admin-
istration in the DA system.

In addition, the group that received a placebo challenge in this
experiment was small and selected only to illustrate that expectation
of drug-infusion or natural fluctuations were not responsible for the
change in CBF we observed in the active drug group. However, in
none of the three control subjects was a specific increase in CBF
observed. This makes it very unlikely that results would have been
different if more control subjects were included.

Conclusion

This study investigated the CBF response in healthy human volun-
teers receiving a DAergic challenge with i.v. dAMPH. Region specific
increases in CBF were observed in the striatum, ACC, thalamus and
cerebellum using several data analysis methods. These findings con-
firm that ASL-based phMRI is a promising technique to map the
DAergic response in human subjects. Future studies should include
dose-response profiles and patients with neurological or psychiatric
diseases to determine the sensitivity for detecting DAergic function
and dysfunction. This would lead to the further development of
phMRI as a valuable tool in the investigation of the DAergic system.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2012.12.056.
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