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abstRact

The purpose of the current study was to investigate the effects of a dopaminergic (dAergic) 
challenge in the form of a single i.v. administration of dextroamphetamine (dAMPH)(0.3 
mg/kg) on resting state connectivity in healthy human subjects. We hypothesized that in 
response to the dAMPH administration signal changes would occur in anatomical regions 
known to be involved in dAergic signaling.

A total of twelve healthy male subjects aged 21.0 years (± 1.5) were recruited. MR 
imaging was performed on a 3.0 Tesla Philips MR scanner. After 5 minutes of baseline scanning 
dAMPH (0.3 mg/kg) was administered intravenously. Three analyses were performed on the 
data, an independent component analysis (ICA), a dual regression of the functional network 
components and a seed-based analysis. The ICA showed a decrease in the BOLd signal in 
the striatum and PFC, and dual regression analysis showed that functional connectivity in 
the right frontoparietal and the frontoexecutive networks changed significantly following 
dAMPH infusion. Finally, seed-based analysis showed that connectivity between the striatum 
and cortical areas, mainly PFC, was also significantly affected by the dAMPH challenge. 
These findings demonstrate that a pharmacological challenge combined with resting state 
connectivity analysis provides a new way to visualize the direct central effects of dAMPH 
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IntRoDUctIon

Pharmacological MRI (phMRI) is increasingly used to assess neurotransmitter function in a 
relatively non-invasive manner (Honey and Bullmore, 2004; Tracey, 2001). By administering 
a pharmacological challenge a neurotransmitter system is stimulated, and the associated 
changes in brain hemodynamics can be determined. These changes in hemodynamic 
parameters (alterations in oxygenated/deoxygenated haemoglobin and/or cerebral blood 
flow), are supposedly driven by underlying alterations in neural activity. For example, 
a challenge with i.v. dAMPH is expected to cause a positive hemodynamic response, by 
increased firing and metabolic need of dopaminergic (DA)ergic cells in brain regions rich in 
dA, 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 measured an increase in cerebral blood volume (CBV) 
in response to an i.v. dAMPH challenge (Jenkins et al., 2004). The hemodynamic response 
correlated significantly with DA transporter (DAT) availability after 1-methyl-4-fenyl-
1,2,3,6-tetrahydropyridine (MPTP) lesioning, suggesting that this technique is an adequate 
tool for the assessment of average and dysfunctional dA brain circuitry. In rats, combined 
microdialysis and MRI 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).

Another way to assess dA function and dysfunction using phMRI is analysis of 
temporal correlations between dA related brain regions and other areas of the brain. 
Resting state fMRI (rs-fMRI) analysis of spontaneous BOLD signal fluctuations (i.e., when 
subjects are not performing a cognitive task) allows investigation of large-scale functional 
networks of spatially remote brain areas (for review Fox and Raichle (Fox and Raichle, 

2007). Several of these functional networks have been identified, including ones that relate 
to auditory, visual, and sensorimotor processing, as well as executive function (Smith et al., 
2009). Additionally, the effect of disease on functional connectivity within these networks 
can be studied. For example, Castellanos and colleagues have investigated the strength of 
the functional connectivity of the so-called default mode network (dMN) or task negative 
network in adult patients suffering from attention deficit hyperactivity disorder (ADHD). 
They suggested that impaired functional connectivity between the anterior and posterior 
cingulate cortex could play a role in AdHd pathophysiology (Castellanos et al., 2008).

Interestingly, it has recently been shown that analysis of rs-fMRI in the acute response 
to a pharmacological stimulus provides a detailed functional connectivity fingerprint of the 
drug’s central activity, consistent with their mechanism of action (Schwarz et al., 2007a). For 
instance, dAMPH induced a striking delineation of functionally co-varying regions coinciding 
with the mesolimbic dA pathway. It was suggested by the authors that this approach, which 
involves taking correlations between brain regions that co-vary in their drug response 
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amplitudes into account, would greatly enhance the information obtained from ‘regular’ 
phMRI studies. More localized networks of co-varying changes can be identified, as the 
phMRI signal changes following acute drug challenge are much slower than the hemodynamic 
response to a single neural ‘event ’and can affect many brain regions. Although a fingerprint 
of dAMPH’s central activity has been made for rat brain (Schwarz et al., 2007a), to our 
knowledge no such fingerprint has yet been investigated in the human brain.

Therefore, the purpose of the current study was to investigate the effects of a 
single i.v. administration of dAMPH (0.3 mg/kg) on rs-fMRI in healthy human subjects. We 
hypothesized that dAMPH would specifically affect the resting state BOLD signal obtained in 
dA rich brain regions, and also that dAMPH would enhance functional connectivity between 
dAergic areas. In addition, currently there is no consensus on the most reliable method 
for analyzing rs-fMRI data, especially in respect to the preferable method for correction of 
physiological noise (Khalili-Mahani et al., 2013; Saad et al., 2012). Therefore we used several 
different analysis techniques in order to fully explore the data and to present the different 
results from several methods of analysis. The results from this explorative study in healthy 
human subjects may be of value to gain further insight into neuropsychiatric disorders 
related to dA dysfunction.
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MetHoDs

Subjects

Twelve healthy male subjects were recruited by posting advertisements around the medical 
campus, on websites and in regional newspapers. Only males were included, as gender 
differences have been shown to increase variability in various dAergic outcome measures 
(Varrone et al., 2013). Written informed consent was obtained from all subjects. 

Exclusion criteria 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 
participating subjects at the start of study procedures, which was evaluated  by a cardiologist 
to exclude underlying cardiac pathology.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 
Centre Amsterdam.

All subjects participated in  previous study in which dAMPH was administered i.v 
and the effects on brain cerebral blood flow en D2/D3 receptor availability evaluated, the 
results of which have been published elsewhere (Schouw et al, 2013).

Procedure

All subjects were informed beforehand that they might experience an increase in heart rate 

following dAMPH infusion, and a positive or negative emotional response, or not experience 
anything. This session was the second time subjects received i.v. dAMPH as subjects also 
participated in a previous ASL based phMRI session 3-5 months earlier, as published 
elsewhere (Schouw et al., 2013a). Before entering the MRI scanner a cannula was inserted 
in the antecubital vein through which after 5 minutes of baseline scanning dAMPH (0.3 mg/
kg) was administered during 2 minutes, followed by a 15 ml saline flush. Dexamphetamine 
sulphate was obtained from Spruyt Hillen b.v. (IJsselstein, the Netherlands) and prepared 
according to GMP criteria for infusion by the pharmacy of the University Medical Center in 
Utrecht. MRI scanning was performed under ECG monitoring, using a 4-lead MR-compatible 
ECG box. Subjects were instructed to keep their eyes open and relax during MRI scanning.
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Imaging

All MR imaging was performed on a 3.0 Tesla Philips MR scanner equipped with an SENSE 
8-channel head coil and body coil transmission (Philips Healthcare, Best, The Netherlands). 
The session protocol consisted of a high resolution 3dT1-weighted anatomical scan for 
registration and segmentation purposes and a fast single shot echo planar image (EPI) for 
the Blood Oxygenation Level derived (BOLd) signal. EPI imaging parameters were: TR/TE 
2300/30 ms; FOV 220×220 mm2; 40 slices; voxel size 3 x 3 x 3 mm; no gap; 80° flip angle, 
SENSE 2.0. In total, 500 dynamics were acquired, corresponding to approximately 20 minutes 
of scanning time. Infusion of dAMPH was started at volume 130, i.e. after approximately 5 
minutes of baseline scanning.

MR Image processing

FSL 4.1 (FMRIB-Software-Library, Functional Magnetic Resonance Imaging of the Brain 
Centre, University of Oxford, UK), was used for offline data processing. 

Non-brain matter was extracted from the anatomical and functional images using 
BET (Smith, 2002). Functional data were motion corrected and subsequently registered to 
the anatomical image and subsequently to a standard space atlas using FEAT (Beckmann et 
al., 2003). 

Data analysis

All demographic data was analyzed in SPSS version 18.0 (SPSS Inc, Chicago, Ill) and is 
presented as mean ± standard deviation unless otherwise indicated.ECG data was processed 
using AcqKnowledge 4.0 software (BIOPAC Systems, Inc). Heart rate was averaged per 
minute using self-written software.

Three different statistical analyses were performed on the phMRI data, as we 
expected that the choice of our data-analyses would much determine the outcome. First we 
determined whether the expected slow signal change caused by the pharmacological challenge 
could be observed in large-scale functional networks using independent component analysis 
(ICA). Second, using dual regression analysis we examined localized effects of the challenge 
on the spatial distribution of several relevant ICA derived functional networks, comparing 
these before and after dAMPH infusion. Third, we performed a hypothesis driven seed-based 
correlation analysis to test the difference in functional connectivity between baseline volumes 
and post dAMPH volumes to have an indication of how the pharmacological challenge might 
affect functional connectivity to the striatum, which is high in dA. We hypothesized that 
if in all three data-analyses the effects of the dAMPH infusion would correspond well to 
known dA pathways, this would further strengthen the idea that rs-fMRI with dAMPH is able 
reliably visualize the direct central effects of this drug. Furthermore, this enables us to point 
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out which data-analysis technique best corresponds to well to known dA pathways, in other 
words, is best suited in this setting.

To detect low-frequent signal changes induced by the pharmacological challenge 
with dAMPH, group ICA was performed on the entire length of the registered functional 
data using MELOdIC 3.09 (Beckmann et al., 2005). Two datasets had to be excluded from 
this analysis due to the fact that scanning was cut short by several minutes because of 
technical difficulties. We used multi-session tensor analysis, assuming similarity across 
participants in the temporal response pattern. High-pass filtering was turned off because 
of the very low frequency effect expected, and a smoothing kernel of 5 mm FWHM was 
applied. Background noise threshold was set at 10%, and the statistical threshold was set 
at 0.99 to avoid false-positives. The number of components was limited to 20. Components 
showing an obvious increase or decrease on or closely following start of infusion were 
selected by visual inspection.

For the dual regression analysis, we divided the original phMRI data in two separate 
datasets of equal length. We chose the 130 volumes of baseline scans before dAMPH infusion 
and 130 volumes following the end of the infusion period (volumes 170-300). These were 
entered in MELOdIC with the same parameters as above except that we used the multi-
session concatenated analysis to detect functional connectivity networks across participants 
and the two time points. Single subject spatial maps of the group components were calculated 
for each time point using the dual regression tool (Filippini et al., 2009; Veer et al., 2010).  
Paired t-tests were carried out on baseline and post-infusion functional connectivity maps 
using non-parametric statistics with 500 permutations. In order to limit the number of tests, 
we chose to only conduct paired t-tests of five networks which are generally found in ICA 
analysis and are high in dAergic innervation : fronto-executive system, default mode network 
(dMN), sensorimotor network and the left and right fronto-parietal systems (Smith et al., 

2009). 
Finally, a seed-based correlation analysis was performed. The mean BOLd signal 

was extracted from several dAergic ROIs in the baseline and post-infusion images: left and 
right putamen, caudate nucleus, nucleus accumbens and globus pallidus, resulting in eight 
seed regions. Earlier work in striatal analysis used 12 seed regions in the striatum, based on 
function (ventral and dorsal striatum was subdivided) (di Martino et al., 2008). For anatomical 
accuracy, we chose seed regions based on automated segmentation. Functional connectivity 
was explored by entering all the seed-specific signal fluctuations (both left and right 
hemispheric seeds) as a regressor in one general linear model using FEAT. In addition three 
motion parameters, white matter (WM) signal, cerebrospinal fluid (CSF) signal and global 
signal were entered as covariates to exclude confounding influences (similar to Margulies et 
al. 2007). In the higher-level analysis baseline and post-infusion scans were compared using 
paired t-tests with significance threshold set at Z < 1.8 with cluster correction. All ROIs as 
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well as WM and CSF signals were taken from the results from automated segmentation using 
FSL’s FAST software (Zhang et al., 2001).

ResUlts

Demographics

Average age of the participating subjects was 21.0 years (Sd ± 1.5, range 19-24). The number 
of completed years of education was 15.1 years (± 2.0). 

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 and did not correlate to the BOLd response.

Figure 1 Results for the first two components from the ICA analysis. The time course shows the mean signal 
in the activated voxel clusters, which are present mainly in the caudate nucleus (component 1) and prefrontal 
cortex (component 2). A sharp decrease in this signal is seen after approximately 375 seconds, which is 
approximately 1.3 minute after the start of the dAMPH infusion.
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Whole brain ICA 

Analysis of the grouped data revealed several functional networks that were described 
in earlier work, such as medial and lateral visual systems, auditory system, default mode 
network (dMN), frontoexecutive system and sensorimotor system (Smith et al., 2009)

Several of the twenty components examined, showed a decrease or an increase in 
BOLD signal concurrent with our dAMPH infusion. In Figure 1 the first two components 
that best fit the time course of dAMPH challenge are presented. The responses in these 
two components are mainly observed in the caudate nucleus, though extending into white 
matter (component 1) and the medial PFC (component 2) surrounded by (most likely) some 
motion artifacts (figure 1).

Whole brain Dual regression Analyses 

Dual regression of baseline and post-infusion datasets revealed significant differences in 
two of the fivefunctional connectivity networks we investigated. The first of these two, 
the fronto-executive system showed more activation after dAMPH infusion in the right 
pre-central gyrus. Conversely, in the second network (the right frontoparietal system) we 
observed decreased activation after dAMPH in the left PFC (figure 2).

Seed-based analysis of striatal connectivity 

Baseline scans of activity corresponding to the average signal in the nucleus accumbens 
showed activation predominantly in the medial prefrontal cortex, anterior and posterior 
cingulate as well as the occipital cortex (figure 3). The caudate seeds showed that mainly 
the left caudate time course was associated with activity in the medial PFC, insula, bilateral 

Figure 2 The red voxels indicate the locations where dual 
regression shows increased activation of the fronto-executive 
system (left) and decreased activation of the right fronto-
parietal system (right) in response to dAMPH infusion. Images 
are corrected for multiple comparisons by permutation testing 
with 500 permutations and thresholding with p < 0.05. Images 
are superimposed on a group mean anatomical template.
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amygdala, bilateral putamen and contralateral caudate. Right putamen activity corresponded 
to the left putamen and right caudate. The left putamen seed matched activation in the 
left sensorimotor area. Finally, left globus pallidus showed functional connectivity with the 
cerebellum and medial occipital cortex, whereas the right pallidus was associated with 
activation in the right caudate and the medial PFC (figure 3).

When comparing the connectivity maps of baseline scans to those of the post infusion scans 
(figure 4), connectivity maps are significantly increased and decreased in several areas. Left 
and right accumbens connectivity was increased in the occipital cortex and basal ganglia (left 
amygdala, thalamus and right putamen) and decreased in left temporal cortex and insula. Left 
and right caudate show mainly connectivity increases in cerebellum and occipital cortex 
although decreases seem to give rise to motion artifacts, in spite of correcting for motion 

Figure 3 Voxel based analysis of baseline 
striatal connectivity overlaid on axial views 
of a subject averaged brain in MNI space 
at Z-coordinates 25 through 55. Red-yellow 
clusters show statistically significant activation 
of areas to the average time course of the left 
nucleus accumbens (Ac), caudate (C), putamen 
(P) and globus pallidus (Pa), green clusters 
show the activation of areas to the average 
time course of the right hemispheric seeds. All 
data is cluster corrected (Z > 1.8, p < 0.05).
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in the lower level analyses. This may be explained by a small cluster of actual decreased 
connectivity in the anterior part of the PFC which appears connected to this area, thus 
surviving cluster correction due to the size of the cluster. This also is the case for clusters 
in the CSF connected to increased connectivity in the dorsal part of the caudate. The right 
putamen shows increased connectivity to the right caudate as well as lateral parts of the 
PFC, where left putamen seems to have decreased connectivity to the medial PFC. Finally left 
and right pallidum are mainly associated with decreases in connectivity in cerebellum, PFC 
and right caudate and putamen.

Figure 4 Voxel based analysis of changes in striatal connectivity in response to the i.v. dAMPH challenge (0.3 
mg/kg overlaid on axial views of a subject averaged brain in MNI space at Z-coordinates 25 through 55. 
Red-yellow clusters represent significant increases in connectivity to left and right nucleus accumbens (LAc 
and RAc), caudate (LC and RC), putamen (LP and RP) and globus pallidus (LPa and RPa) after infusion, where 
blue-lightblue clusters represent decreases in connectivity. Analyses were done with paired t-testing of baseline 
and post-infusion connectivity maps with cluster correction (Z > 1.8, p < 0.05).
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DIscUssIon

The main finding of this study is that, using three different resting state analysis techniques, 
the administration of an i.v. challenge with dAMPH (0.3 mg/kg) has an observable effect on 
BOLd signaling and functional connectivity in healthy human volunteers, which corresponds 
well to known dA pathways. ICA analyses showed that the administration of dAMPH 
induces a decrease in the BOLd signal in the striatum and PFC. With dual regression analysis, 
we found that dAMPH infusion induced significant effects (increases as well as decreases) 
in functional connectivity in the right frontoparietal and the frontoexecutive resting state 
networks. Finally, a seed-based analysis shows that connectivity between the striatum and 
cortical areas was significantly affected by the dAMPH challenge. Connectivity to the medial 
PFC was decreased, where connectivity to the lateral PFC was strengthened.

Previous studies have demonstrated that dAMPH infusion correlates with 
endogenous DA release as measured with microdialysis in rats and in turn influences the 
hemodynamic response in key dAergic areas (Chen et al., 2005; Ren et al., 2009). In non-
human primates, Jenkins and co-investigators observed an increase in CBV in the dA-rich 
striatum and substantia nigra, and in a lesser extent in the cingulate cortex in response 
to an i.v. dAMPH challenge (Jenkins et al., 2004). In fact, in the same study lesioning of the 
striatum, a key dAergic area, resulted in attenuation of this signal change. Finally, work by 
Schwarz and colleagues has suggested that dAergic manipulation affects dAergic areas in a 
temporal manner starting ventral tegmental area (VTA), which in turn attenuates neuronal 
firing through mesolimbical DAergic pathways (Schwarz et al., 2007b). This suggests that our 
current findings are indicative of the effects of altered DAerigic signaling on resting state 
functional connectivity caused by the i.v. dAMPH challenge.

ICA exploration of the phMRI signal

The main advantage of using ICA is that it is a data driven way of investigating the often 
heterogeneous hemodynamic response profile to the administration of a pharmacological 
challenge (Marota et al., 2000; Schwarz et al., 2004).Instead of making a general linear 
model based on a waveform protocol of the hypothesized response, the actual response 
can be extracted from the data and the spatial characteristics of this response can be fully 
explored (Bloom et al., 1999). Independent component analysis (ICA) has been applied in 
previous pharmacological studies investigating, for example the effects of the dA agonist 
L-dopa on a language task (Kim et al., 2010) and resting state connectivity (Cole et al., 
2012b). Also the effects of the dA d2 antagonist olanzapine on the resting-state BOLd signal 
were investigated (Sambataro et al., 2010). We identified several components that showed 
a waveform consistent with the time of infusion and included anatomical regions expected 
to respond to a dAMPH challenge, dA rich areas such as the striatum and medial PFC(Choi 
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et al., 2006; Jenkins et al., 2004).This suggests that ICA may be well suited to analyze the 
hemodynamic response to a challenge with dAMPH and may be used to investigate dAergic 
function in groups suffering from disorders linked to dAergic dysfunction, such as attention 
deficit hyperactivity disorder (ADHD), obesity and restless legs syndrome (Durston et al., 
2008; Earley et al., 2000; van de Giessen et al., 2012). 

Resting State Connectivity Networks

Another way of looking at brain activity is to determine the strength of connections 
between different regions of the brain, i.e. how the activation of spatially remote brain 
areas correlates to one another temporally (for a review see (Konrad and Eickhoff, 2010). 
Using dual regression analysis the connectivity maps obtained from an ICA analysis across 
two groups can be compared between groups (Filippini et al., 2009). The possibility of using 
dual regression to study the effects of pharmacological challenges on connectivity networks 
has also been previously demonstrated (Khalili-Mahani et al., 2012). We compared several 
known resting state connectivity networks (RSN) to determine the effect of the dAMPH 
administration on network activity. 

Previously it has been shown that connectivity patterns in networks of salience and 
executive control are linked to midbrain d3 receptor availability, especially in the orbitofrontal 
cortex (Cole et al., 2012a). In this light, the effects we observed in both frontal and parietal 
areas may reflect attenuation in functional connectivity to midbrain dopaminergic areas 
influenced by dAMPH. However, whereas we predicted only increases in RSN connectivity, 
as were observed in the frontoexecutive network, in addition we detected a decrease in the 
right frontoparietal network. Cole and colleagues also investigated dopaminergic responses 
in rs-fMRI. They used oral challenges with levodopa and haloperidol and showed an increased 

activation in response to levodopa in the right dorsal caudate within the right frontoparietal 
network and in the left ventral striatum within the executive RSN (Cole et al., 2012b). The 
difference in the drugs used and in the route of administration (oral vs. i.v.), most likely 
leading to distinct DAergic response profiles, may explain this difference in findings. Temporal 
dynamics of pharmacological challenges in particular cause difficulties in analyses, as it is 
difficult to determine the peak activation in response to the drug (Anderson et al., 2008). 
For example, The d2 receptors are expressed both pre- and postsynaptically and can inhibit 
dA release when located on the pre-synaptic neuron, usually when dA levels are lower 
(Ren et al., 2009). It could be that the down regulation of frontoparietal connectivity we 
observed is attributable to attenuation via the d2 autoreceptor in response to dA levels 
returning to baseline. In conclusion, it seems that a dAergic pharmacological manipulation 
can be used to visualize dAergic function and dysfunction, although further investigations 
are required to elucidate the specific actions of the DAergic system and how they are linked 
to the hemodynamic response.
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Lately, more and more evidence appears that suggests that neuropsychiatric 
disease processes can also influence this connectivity. For example, findings of decreased 
dMN connectivity in AdHd (Castellanos et al., 2008a; Wilson et al., 2011) and decreased 
connectivity between substantia nigra and the basal ganglia in Parkinson’s disease (Wu et 
al., 2012) have been linked to functional impairments. Interestingly, chronic cocaine use 
has been shown to lead to decreased connectivity between the ACC, thalamus, insula 
and midbrain (Verdejo-Garcia et al., 2012). Future work could provide new insights into 
whether a pharmacological challenge can be used to determine network responsiveness in 
dysfunctional monoamine systems to changes in neurotransmitter activity. Thereby we could 
gain more insight in the functional effects of processes of neurotoxicity and addiction.

Striatal connectivity

Combined MRI and microdialysis studies in rats have demonstrated that dAMPH 
administration gives a large dA emission in the striatum which can be linked to hemodynamic 
responses in the striatum (Chen et al., 1997; Choi et al., 2006). We therefore investigated 
the functional connectivity of the striatum to other brain regions to see whether this rise in 
extracellular dA concentrations and subsequent neuronal activity affects these connectivity 
patterns. Our baseline seed based activation maps were similar, although smaller and more 
diffuse, to findings of Di Martino and colleagues (Di Martino et al., 2008). However, they 
included more subjects and used smaller seeds resulting in smaller variation in their data. 

When comparing connectivity before and after the dAMPH challenge to several 
striatal ROIs, we observed mainly a decrease in connectivity to the medial PFC, increases 
to the lateral PFC and occipital cortex and lateralization of inter-striatal connectivity. This is 
partly in line with microdialysis studies showing increased dA release in response to dAMPH 
in the rat brain striatum and medial PFC (Ren et al., 2009; Shoblock et al., 2003) although it 
has also been suggested that norepinephrine (NE) plays a large role in the response in the 
medial PFC to dAMPH (Berridge and Stalnaker, 2002). Lateralization of dA release has also 
been reported previously (Maisonneuve et al., 1990), although findings in the occipital cortex 
are harder to explain.

Comparing analyses

This paper used three different methods in analyzing rs-fMRI data in order to explore the 
effects of dAMPH administration on functional connectivity. All three methods provide 
different types of information. ICA analysis appears to be the most insightful in demonstrating 
large hemodynamic effects connected to immediate effects from pharmacological stimulation 
of neuronal activity, as we demonstrated earlier using an arterial spin labeling technique 
(Schouw et al., 2013a). When investigating connectivity data however, we suggest that ICA 
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analysis is not specific enough to make out subtle changes in connectivity. Dual regression 
shows an impact on known functional networks. However, interpreting this data is subject 
to a great deal of speculation on how exactly functional connectivity is influenced by the 
pharmacological challenge. Finally seed-based analysis does seem to be of benefit, providing a 
hypothesis based exploration of connectivity between areas and how this may be affected by 
monoaminergic manipulation. An additional problem is that currently ther is no consensus 
on the methods for seed-based analysis. For example the global signal regression we used 
in our analysis is not advised by several studies that implied that this causes a bias in the 
interpretation of correlations between regions and may introduce false correlation patterns 
(Murphy et al., 2009a; Saad et al., 2012). However, in the methods of the papers we used as 
a template, this method was applied and therefore we included the global signal for reasons 
of comparability.

Limitations

Intravenous administration of dAMPH is known to also affect cardiovascular responses, 
including vascular responses to dA receptors on the microvasculature (Choi et al., 
2006). In previous work investigating the CBF response to dAMPH, we corrected for the 
cardiovascular response using an internal (occipital) reference (Schouw et al. 2013a). The 
BOLd signal, however, is not solely determined by the CBF, which makes interpretation 
more complex. For example, CBF and Cerebral Blood Volume (CBV) can be uncoupled 
during a pharmacological challenge, separately influencing the BOLD signal in the process 
(Luo et al., 2009). Yet we cannot exclude physiological effects on the data and others have 
recommended correcting for these parameters, especially in seed-based analyses (Khalili-
Mahani et al., 2012). By including parameters for CSF, white matter and global signal in this 
analysis we have eliminated these effects as much as possible.

Because our subjects had received a dAMPH i.v. on a previous occasion, sensitization 
may have occurred. Both in animals and humans, it is known that sensitization by dAMPH leads 
to a greater motor response and larger dopamine release (Boileau et al., 2006). However, it 
is not known whether sensitization changes can be detected by BOLd imaging and whether 
a single i.v. challenge with this drug is sufficient to induce sensitization. We therefore are 
not certain what the effects of the first dAMPH gift on our results may have been, and to 
what extent they may have affected the current findings. This should be examined in further 
studies into DAergic function and the influence of acute and chronic dAMPH administrations 
on the dAergic system.

Administration of dAMPH induces an intense increase of extracellular dA, but 
also causes an increase in other monoamine transmitters, such as norepinephrine (NE). 
For example, Kuczenski and co-workers observed a marked increase in NE in the PFC 
using microdialysis in rats (Kuczenski et al., 1995) administered with dAMPH. In addition, 
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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 indirect effects of other 
neurotransmitters can influence the DAergic response (Ventura et al., 2003). 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; Chen et al., 2010; Choi et al., 2006; Jenkins 
et al., 2004). However, a limitation of our study is that we cannot differentiate dA responses 
induced by dAMPH from responses induced by the release of other neurotransmitters, such 
as NA. 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). We therefore assume that 
our observations in dopamine-rich areas, such as the striatum and anterior cingulate cortex 
reflect predominantly DAergic signaling. 

Although we observed a significant effect in specific DAergic areas, this could 
also be attributed to expectation of a drug administration. We did not include a placebo 
condition, since our previous work showed no noticeable effects of placebo infusion in the 
CBF response of three control subjects (Schouw et al., 2013a). In addition, the moment 
of administration was not clearly specified to the subjects and started after 10 minutes of 
baseline scanning, after which expectation effects are expected to have subsided considerably. 

In conclusion

This study investigated the rs-MRI response to an intravenous challenge with dAMPH in 
healthy male volunteers. We observed a strong decrease in BOLd signal in the caudate 
nucleus and PFC in response to the challenge. In addition, we observed significant changes 
in resting state connectivity in both the frontoparietal and frontoexecutive systems, two 
systems involved in dAergic signaling. Finally, we observed attenuation of striatal connectivity 
in response to the challenge.

These findings demonstrate that a pharmacological challenge combined with 
resting state connectivity analysis provides a new way to visualize the direct central effects 
of dAMPH


