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ABSTRACT  1 

Dopamine facilitates cognition and is implicated in reward processing. Methylphenidate, a 2 

dopamine enhancing medication widely used to treat attention-deficit/hyperactivity disorder, has 3 

rewarding and addictive effects if injected.  Since methylphenidate’s brain uptake is much faster 4 

when injected than when taken orally, we hypothesized that the amplitude and the speed of 5 

dopamine release in striatum would underly drug reward.  To test this hypothesis we developed a 6 

non-invasive method to assess methylphenidate-related extracellular dopamine increases at 1-7 

minute temporal resolution using positron emission tomography, which we validated in preclinical 8 

microdialysis data. Using a placebo-controlled double-blind within-subjects design, we show in 9 

20 healthy controls that striatal dopamine increases induced by intravenous methylphenidate (0.25 10 

mg/kg) were significantly faster than those induced by oral methylphenidate (60 mg) and that the 11 

time-to-peak of dopamine release was strongly associated with the intensity of self-reports of 12 

feeling “high”.  With this novel approach we show for the first time in humans that stronger drug 13 

reward is associated with shorter dopamine time-to-peak after methylphenidate administration.   14 

 15 

 16 

 17 

 18 

 19 

 20 
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Introduction 1 

Dynamic measures of dopamine (DA) are needed to investigate the speed at which 2 

stimulants or other addictive drugs increase DA in striatal brain regions. The rewarding effects are 3 

much stronger when drugs are administered intravenously, presumably due to their faster brain 4 

delivery compared to when they are taken orally, which results in much slower brain uptake1.  5 

Dynamic striatal DA measures would also be of value for investigating the role of presynaptic DA 6 

autoreceptors (AR), which modulate DA increases by inhibiting DA release and mediating acute 7 

tolerance to the pharmacological effects of stimulant medications2. Current methods use position 8 

emission tomography (PET) to estimate DA release in steady-state conditions3,4, but these models 9 

cannot account for the dynamic conditions induced by stimulants or other addictive drugs.  Here, 10 

we show that a simple PET based approach allowed us to non-invasively assess the dynamics of 11 

DA increases and of autoreceptor inhibition induced by methylphenidate (MP) in the human brain, 12 

when given intravenously versus when given orally.  13 

MP, like cocaine, blocks DA transporters (DAT)5, thus inhibiting DA reuptake, increasing 14 

extracellular DA and occupancy of DA receptors.  When MP is misused for its rewarding effects 15 

it is predominantly snorted or injected6, which results in much faster brain delivery than when it is 16 

taken orally as is the case when used therapeutically, including attention deficit hyperactivity 17 

disorder (ADHD) treatment7.  These different behavioral effects suggest that the rate of DA 18 

changes in brain reward regions is a crucial variable for drug reinforcement8.  However, while this 19 

association has been inferred it has not been directly confirmed, since current strategies for 20 

measuring DA in the human brain have relied on measures that average DA changes over a 20-30 21 

minute period5. Dynamic measures are needed in order to measure DA changes as they occur at 22 
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the time of peak reward and to monitor the temporal adaptations that follow DA stimulation of 1 

presynaptic AR.   2 

To assess DA non-invasively in humans, PET methods rely on radiotracers such as 3 

[11C]raclopride, which compete with endogenous DA for their binding to D2/3 receptors and 4 

contrast their binding under baseline condition to that of interventions that increase DA5.  Several 5 

models have been used to quantify D2/3 receptor availability from PET data that take advantage of 6 

the minimal expression of D2/3 receptors in cerebellum to control for non-specific binding.  Here 7 

we used [11C]raclopride as radiotracer and standardized uptake value ratios (SUVr) extracted from 8 

striatal and cerebellar regions to quantify DA changes induced by oral- and intravenous (IV)-MP. 9 

We hypothesized that regional reductions in standardized uptake value ratios (SUVr) caused by 10 

MP would mirror cumulative extracellular DA increases relative to basal DA, 𝐶𝐷𝐴(𝑡), in 11 

proportion to the fractional occupancy of DAT by MP, 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡) (e.g., larger DAT occupancy 12 

would cause smaller DA reuptake). Since DA release activates ARs to decrease the probability of 13 

release to subsequent stimulation2, we also assumed that presynaptic AR inhibition would 14 

attenuate the rate of DA release as a function of 𝐶𝐷𝐴(𝑡), 𝜂 − 𝛼𝐶𝐷𝐴(𝑡), and that the rate of 15 

clearance of extracellular DA into the intracellular compartment would be proportional to 𝐶𝐷𝐴(𝑡) 16 

and to the availability of DAT, 1 − 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡). Thus, the concentration of extracellular DA would 17 

be obtained by solving the ordinary differential equation: 18 

𝑑𝐶𝐷𝐴(𝑡)𝑑𝑡 = (𝜂 − 𝛼𝐶𝐷𝐴(𝑡))𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡) − 𝛽 [1 − 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡)] 𝐶𝐷𝐴(𝑡),             [1] 19 

where  is the rate of DA release that reflects the firing rate of DA neurons, and  and  are the 20 

rate constants of AR inhibition and clearance of extracellular DA. 21 
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We validated this model using published microdialysis data of MP-induced striatal DA 1 

increases in the rodent and nonhuman primate brains.  Then, we applied the model to test the 2 

hypothesis that the intensity of the ‘high’ reflects time-varying DA changes in the striatum.  For 3 

this purpose, we carried out a within-subject [11C]raclopride PET study with a double-blind 4 

placebo-controlled design in twenty healthy adults. We studied dynamic DA increases using oral- 5 

(slow drug brain delivery) and IV-MP (fast drug brain delivery) challenges, in association with 6 

measured subjective responses to MP using self-reports of ‘high’ throughout the scan.  7 

Results 8 

Modelling fractional occupancy of DAT  9 

We used a 2-tissue compertment model to assess the fractional occupancy of DAT, 10 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡), in the striatum (see Methods, Eqn. [3]), assuming plasma input functions with 11 

monoexponential (IV-MP) or gamma (oral-MP) time-varying distributions (see Methods).  As 12 

examples, Figs. 1A and 1B show the effects on 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡) of the amplitude (A) and rate constant ( 13 

of exponential decaying plasma MP input functions. 14 
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 1 

Fig 1: A and B: Simulations of dopamine transporter (DAT) occupancy showing that intravenous plasma 2 
methylphenidate (MP) input functions with slow decay rates () were associated with more stable occupancy levels 3 
than faster decay rates, and that higher amplitudes of plasma concentration were nonlinearly associated with higher 4 
occupancy of DAT. C and D: Simulations of normalized concentrations of [11C]raclopride in free (𝐶𝐹𝑅𝐴𝐶 , black) and 5 
bound (𝐶𝐵𝑅𝐴𝐶 , red) compartments during placeblo (PL) and oral methylphenidate (MP) with added uniform random 6 
noise. E and F: Positron emission tomography signal from striatum (black) and cerebellum (red) during PL and oral-7 
MP. G: Standardized uptake value ratio (SUVr) for PL and oral-MP. H: SUVr-difference between PL and oral-MP 8 
(SUVr, black dots), dopamine (DA) increases (red), DA transporter occupancy (blue), rate of DA increases, and 9 
oral-MP input function, showing good agreement between SUVr and DA increases as functions of time. 𝐾1𝑀𝑃=0.6 10 
min-1, 𝑘2𝑀𝑃=0.06 min-1, 𝑘3𝑀𝑃=0.5 min-1, and 𝑘4𝑀𝑃=0.2 min-1; 𝐾1𝑅𝐴𝐶=0.08 min-1, 𝑘2𝑅𝐴𝐶=0.192 min-1, for a and 11 𝑘3𝑅𝐴𝐶=𝑘4𝑅𝐴𝐶=0 (cerebellum), and 𝐾1𝑅𝐴𝐶=0.15 min-1, 𝑘2𝑅𝐴𝐶=0.36 min-1,  𝑘3𝑅𝐴𝐶=0.18 min-1, and 𝑘4𝑅𝐴𝐶=0.05 min-1 12 
(striatum). Plasma MP time-to-peak: 90 min. 13 

Modelling the [11C]-raclopride PET signal and DA increases triggered by IV- and oral-MP 14 

challenges  15 

To simulate time-varying PET signals in striatum and cerebellum during placebo or MP 16 

conditions (Fig 1) we used the 2-tissue compartment model (Methods Eqn [4]). The striatum-to-17 

cerebellum signal ratio was used to simulate dynamic standardized uptake value ratios (SUVr) for 18 

placebo and MP conditions. The SUVr-difference between PL and MP conditions (SUVr) 19 

demonstrated a strong correlation with DA increases caused by 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡), which were estimated 20 

by solving differential Eqn. [1].  21 



7 

 

 1 
Fig 2. Simulations. A) Time-varying differences in standardized uptake value ratios (SUVrblack solid line) in 2 
striatum between placebo and intravenous (IV; top) or oral (bottom) methylphenidate (MP) with added uniform 3 
random noise, and the corresponding normalized distributions of plasma MP input functions (magenta dashed lines), 4 
apparent DA increases (dashed red line) and its time derivative (dashed blue line). B) Time course of simulated DA 5 
increases and their time derivatives with different levels of autoreceptor inhibition for IV- and oral-MP. C) Robustness 6 
of simulated SUVr to changes in binding potential (BPRAC=k3/k4; top) and tissue compartment parameter ratio 7 
(K1

RAC/k2
RAC, bottom) for [11C]raclopride.. 𝐾1𝑀𝑃=0.6 min-1, 𝑘2𝑀𝑃=0.06 min-1, 𝑘3𝑀𝑃=0.5 min-1, and 𝑘4𝑀𝑃=0.2 min-1. 8 

For oral-MP, plasma MP time-to-peak=90 min. 𝐾1𝑅𝐴𝐶=0.08 min-1, 𝑘2𝑅𝐴𝐶=0.192 min-1, for a and 𝑘3𝑅𝐴𝐶=𝑘4𝑅𝐴𝐶=0 9 
(cerebellum), and 𝐾1𝑅𝐴𝐶=0.15 min-1, 𝑘2𝑅𝐴𝐶=0.36 min-1,  𝑘3𝑅𝐴𝐶=0.18 min-1, and 𝑘4𝑅𝐴𝐶=0.05 min-1 (striatum).  IV-MP 10 
injection time: 30 min.  and  are the rate constants of autoreceptor inhibition and clearance of extracellular DA. 11 

Simulations of SUVr based on a 2-tissue compartment model (see Methods) showed 12 

strong agreement with DA increases estimated via Eqn. [1] neglecting effects of AR inhibition 13 

(=0) and DA clearance (=0), both for IV- and oral-MP (Fig 2A). Under these conditions 14 

(==0), the time derivatives of DA increases are proportional to 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡), which peaked at 22 15 

and 104 minutes after the onsets of IV- and oral-MP, respectively. To estimate the effect of AR 16 

inhibition on the rate of DA release and the apparent DA increases we varied  from  to 0.2. 17 

These simulations demonstrated growing saturation effects on DA increases as well as earlier and 18 

narrower peaks of DA release rate with increasing , both for oral-MP and IV-MP (Fig 2B), and 19 

the robustness of SUVr to changes in [11C]raclopride pharmacokinetic parameters (Fig 2C). 20 
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 1 

Fig 3. Dopamine (DA) increases. A) Simulated positron emission tomography (PET) data predicted dynamics of 2 
striatal extracellular DA increases measured with microdialysis after IV-MP in five unrestrained rats9, and after oral-3 
MP in two partially restrained awake monkeys10. Model parameters  and are the autoreceptor inhibition and the 4 
DA clearance rate constants. B) Top: Dynamic standardized uptake value ratio (SUVr) in putamen (relative to 5 
cerebellum) for intravenous (IV), oral and placebo (PL) sessions as a function of time and statistical maps reflecting 6 
differences in non-displaceable binding potential between placebo and MP conditions, superimposed on axial views 7 
of the human brain at the level of the striatum. Bottom: dynamic DA increases, i.e. the SUVr-difference between PL 8 
and methylphenidate (MP) conditions (SUVr), as a function of time. Standard error bars reflect the variability across 9 
individuals. The red (IV-MP) and pink (oral-MP) curves are model fits (Eqn.[1]). Model parameters ,  are the rates 10 
of DA release and of autoreceptor inhibition;  is DA clearance rate constant, and 𝛼𝐶𝑚𝑎𝑥𝐷𝐴 /𝜂 is the asymptotic 11 
autoreceptor inhibition fraction. IV-MP injection time (30 min) is indicated by a down arrow. Sample for panel B: 20 12 
healthy adults. 13 

We validated this model against results from preclinical studies that used microdialysis to 14 

measure effects of MP on extracellular DA in striatum. Specifically, simulated SUVr data 15 

predicted the average time course of DA increases measured in 5 unrestrained rats that were 16 

injected intravenously with 5 mg/kg MP9 (=90, df=81; P=0.23), and in 2 partially restrained 17 

awake monkeys that received 10 mg/kg MP orally10 (=42, df=36; P=0.23; Fig 3A).  18 

MP-related DA release in the human brain 19 
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 1 
Fig 4: Binding potential. (Top) Spatial distribution of the non-displaceable binding potential (BPnd) in the brain of 2 

a representative individual for the placebo (PL) condition. (Bottom) Average BPnd values in caudate (CD), putamen 3 

(PU), and ventral striatum (VS) regions-of-interest were higher for PL than for intravenous (IV) and oral-4 

methylphenidate (MP; left), but their differences with PL (BPnd) were not significantly different between IV- and 5 

oral-MP (right). Sample: 20 healthy adults. Paired t-test comparisons against PL: ****p<0.0001; ***p<0.001; 6 

**p<0.01. Tracer: [11C]raclopride. 7 

Next, we tested our model for extracellular DA increases in 20 healthy participants (see 8 

Methods). As expected, [11C]raclopride’s binding was high in the striatum and low in other brain 9 

regions (Fig 4). To study the availability of D2/3 receptors in striatum we mapped the non-10 

displaceable binding potential (BPnd) using a graphical method that does not require blood 11 

sampling. BPnd was lower, both for IV- and oral-MP, than for placebo demonstrating significant 12 

static DA increases in striatum for the 90 min scans (PFWE<0.05; Fig 3B and 4). However, the 13 

BPnd-difference between placebo and MP (BPnd) was not significantly different for IV- than for 14 

oral-MP (P=0.44, F(1,85)=0.6, within-subjects ANOVA; Fig 4). These data indicate that 15 

conventional PET methods of estimating DA increases cannot capture dynamic differences in 16 

dopamine increases based on oral versus IV administration routes at the doses used here. 17 
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Speed of dopamine increases: oral versus IV MP 1 

We estimated time-varying DA increases in putamen, caudate and ventral striatum by 2 

contrasting striatal SUVr time courses for placebo and MP conditions (Fig 3B, bottom panel). The 3 

dynamic analysis based onSUVr showed significant DA increases in putamen as a function of 4 

time (P<2E-16, F(1,1835)=2524), that were higher for IV- than for oral-MP (P=0.01, 5 

F(1,1835)=6.6), and demonstrated a robust time-by-session interaction (P<5E-15, F(1,1835)=62, 6 

within-subjects ANOVA). The speed of DA increases in the striatum, estimated for 30<t<50 min 7 

using linear regression analysis, was higher for IV- (0.028±0.004 min-1; mean±sd) than for oral-8 

MP (0.011±0.003 min-1; P<0.0001, t=3.6, df=19, two-sided paired t-test).  9 

 10 
Fig 5: Interindividual variability. A) Differences in standardized uptake value ratio, SUVr, between placebo (PL) 11 
and methylphenidate (MP) scans (black points), and the corresponding dopamine (DA) increases, 𝐶𝐷𝐴 (red), and their 12 
time derivatives (blue) fitted to the data for a representative individual during intravenous (IV) MP. B) Average high 13 
ratings across participants as a function of time. The amplitudes of DA increases (C) and their time derivatives (D) 14 
decreased with increased autoreceptor inhibition, /, independently for oral- and IV-MP. Model parameters  and 15 
are the autoreceptor inhibition and clearance rate constants;  is the rate of DA release. E) Shorter time-to-peak was 16 
associated with higher 𝑑𝐶𝐷𝐴 𝑑𝑡⁄  amplitude during IV-MP. F) Linear associations between time-to-peak and 17 
differences in peak “high” ratings relative to placebo (PL), independently for oral- and IV-MP. =0.05. Region-of-18 



11 

 

interest: putamen. Sample: 14 (IV-MP) or 13 (Oral-MP) healthy adults. Time-to-peak was measured since the onset 1 
of MP administration (IV: 30 min, dashed line in panel A; oral: -30min). [11C]raclopride was injected at t=0. 2 

The dynamic model for the DA increases (Eqn.[1]; Fig 5A) was in good agreement with 3 

the experimental SUVr(t) data, both for IV- and oral-MP (<2024, df>1100; P>0.08; Fig 3B, 4 

bottom panel), and revealed peak DA increases (𝐶𝑚𝑎𝑥𝐷𝐴 ) and significant effects of AR inhibition 5 

(𝛼𝐶𝑚𝑎𝑥𝐷𝐴η > 82%; Fig 3B), which did not differ between oral- and IV-MP.  However, there was 6 

significant variability in AR inhibition across individuals. Higher AR inhibition, , in putamen 7 

was associated with lower DA increases, independently for oral- and IV-MP (R(17)<-0.9; P<1.1E-8 

06; Figs 5C) and with lower rates of DA increases during oral-MP (R(14)=-0.88; P=1.7E-05) but 9 

not for IV-MP (Fig 5D).  Higher rate of DA increase in putamen was associated with shorter time-10 

to-peak during IV-MP (R(14)=-0.86; P<5.3E-06; Fig 5E), but not for oral-MP.  Feelings of reward 11 

from MP (peak ‘high’ ratings; Fig 5B) were higher for IV- than for oral-MP (P=0.0002; T=4.5; 12 

df=19, paired t-test). The time-to-peak of “instantaneous DA increases” (e.g., the rate or time 13 

derivative of DA increases) in putamen was also significantly correlated with the difference in 14 

peak ‘high’ ratings between MP and PL (R(14)<0.62; P<0.006, two-sided; Fig 5F).  15 

Effect of plasma MP input function 16 

We tested the robustness of the parametric fitting to changes in the temporal profile of the 17 

plasma MP input function for IV-MP. Specifically, for 16 healthy adults SUVr(t) was fitted by 18 

Eqn [1] using different values for . The decay rate  of plasma MP did not have a significant 19 

effect across subjects on  and , 𝐶𝑚𝑎𝑥𝐷𝐴 , or time-to-peak values of the rate of DA increases (Fig 20 

6).  21 
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 1 

Fig 6: Effect of input function decay rate, . Rate of DA release, , autoreceptor inhibition, ,  peak DA 2 

accumulation, 𝐶𝑚𝑎𝑥𝐷𝐴 , and time-to-peak values obtained by fitting Eqn [1] to  dynamic changes in standardized uptake 3 

value ratios (SUV) between placebo and intravenous methylphenidate for 3 different values of . Sample: 16 ahealthy 4 
adults. 5 

Validation against a static metric of DA release 6 

In striatal ROIs, static SUVr values (averaged from 30min<t<90min) were strongly 7 

correlated across participants with the distribution volume ratios (DVR; reference region: 8 

cerebellum) assessed with the Logan plot, independently for placebo, oral- and IV-9 

MP(R(19)>0.91; P<3.3E-08; Fig 7A).  SUVr- and DVR-differences between placebo and MP also 10 

exhibited high correlation across participants, independently for oral- and IV-MP (R(19)>0.84; 11 

P<3.7E-06; Fig 7B).  This high correlation across subjects between the temporal average of 12 

SUVrand the difference in DVR between PL and MP conditions, a standard measure of static 13 

DA increases, serves as additional experimental validation of SUVr(t) as a dynamic metric of 14 

DA increases. 15 
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 1 

Fig 7: SUVr and DVR.  A) Linear associations across individuals between standardized uptake value ratios (SUVr), 2 
averaged from 30min<t<90min, and distribution volume ratios (DVR) in putamen, computed using the Logan plot for 3 
intravenous (IV), oral and placebo (PL) sessions. B) Linear associations across individuals between MP-related SUVr 4 
and DVR decreases (SUVr and DVR). 5 

 6 

Discussion 7 

Here we propose a simple pharmacokinetic model to interpret SUVr in terms of 8 

extracellular DA increases and the concomitant inhibition of DA release via AR activation. We 9 

validated this model using published microdialysis data of MP-induced striatal DA increases in 10 

rodent and nonhuman primate brains.  We then applied the model to test the hypothesis that the 11 

intensity of the ‘high’ reflects time-varying DA changes in the striatum, using a within-subject 12 

[11C]raclopride PET study with a double-blind placebo-controlled design in 20 healthy adults. We 13 

studied dynamic DA increases using oral (slow brain delivery) and IV-MP (fast brain delivery) 14 

challenges, in association with measured subjective responses to MP using self-reports of ‘high’ 15 
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throughout the scan and found that the time-to-peak of dopamine release was associated with the 1 

intensity of self-reports of feeling “high. 2 

Brain dopamine (DA) signaling modulates movement, cognition, motivation, and 3 

reward11,12. Stimulant drugs that boost brain DA, such as methylphenidate (MP), are first-line 4 

therapeutics for disorders with abnormal DA signaling, including attention-deficit/hyperactivity 5 

disorder (ADHD)13. However, these stimulant medications are also widely misused for their 6 

rewarding effects, particularly when snorted or injected8. We had shown that DA increases induced 7 

by IV-MP were associated with measures of drug reward, but not those induced by oral-MP7, and 8 

that the uptake of carbon-11 labeled MP ([11C]methylphenidate) was associated with the short 9 

lasting duration of the “high” after IV-MP, whereas its long-lasting brain binding was not8.  10 

However, the interplay between dynamic DA signaling in reward circuitry and behavior is still 11 

largely unknown. 12 

Here we developed a simple noninvasive dynamic approach to assess apparent DA 13 

increases at 1-minute temporal resolution. This approach, which does not require steady-state 14 

conditions as traditional methods do, relies on subtraction of SUVr(t) of [11C]raclopride PET data 15 

collected with and without MP (IV and oral).  Since DVR used to quantify static DA increase14,15 16 

have remarkable linear associations with SUVr measures16,17, we assumed that dynamic DA 17 

increases could be quantified by SUVr(t) differences between placebo and MP scans.   18 

The model in Eqn [1] allowed us to detect for the first time significant effects of AR 19 

inhibition on the magnitude of the DA increases triggered by MP, such that higher AR inhibition 20 

was associated with lower DA increases. This is consistent with results from preclinical studies 21 

showing that DAergic activation of AR decreases the probability of subsequent DA release, likely 22 
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to limit excess DA release during prolonged bursts of action potentials18. It is also consistent with 1 

MP’s pharmacological effects, which by blocking DAT allow DA to accumulate depending not 2 

only on the level of DAT blockade but also on the rate at which DA is being released from the 3 

terminal19. To the extent that AR activation inhibits DA release this would slow down MP-induced 4 

accumulation of DA in the extracellular space20.  Therefore, AR stimulation could cap the maximal 5 

DA increases and be a mechanism contributing to the acute tolerance observed for MP’s effects21.  6 

The model also allowed us to document that participants with faster rates of DA increases 7 

(e.g., those for whom the time derivative of DA increases had shorter time-to-peak than 25 min 8 

after IV-MP, or 80 min after oral-MP administration) perceived the most intense ‘high’ during IV-9 

MP. These findings indicate that the speed of DA increases in striatum, which is influenced by the 10 

rate of drug uptake in the brain and modualted by the route of drug administration account for why 11 

a drug like MP can be used safely for ADHD treatment orally, whereas when it is injected because 12 

it is reinforcing and can result in addiction8,22,23. Thus, the faster the rate of DA increases, the more 13 

intense the “high”, which would also explain why very large oral doses of stimulant drugs can also 14 

be rewarding24.   15 

 16 

METHOD 17 

Simulations 18 

The time-varying concentrations of methylphenidate (MP) in the free, 𝐶𝐹𝑀𝑃, and bound, 19 𝐶𝐵𝑀𝑃, compartments were modeled using the system of ordinary differential equations: 20 

 21 
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{  
  
  𝑑𝐶𝐹𝑀𝑃(𝑡)𝑑𝑡 = 𝐾1𝑀𝑃𝐶𝑝𝑀𝑃(𝑡)−𝑘2𝑀𝑃𝐶𝐹𝑀𝑃(𝑡) − 𝑘3𝑀𝑃 (1 − 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡))𝐶𝐹𝑀𝑃(𝑡) + 𝑘4𝑀𝑃𝐶𝐵𝑀𝑃(𝑡)𝑑𝐶𝐵𝑀𝑃(𝑡)𝑑𝑡 = 𝑘3𝑀𝑃 (1− 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡))𝐶𝐹𝑀𝑃(𝑡) − 𝑘4𝑀𝑃𝐶𝐵𝑀𝑃(𝑡)𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡) = 𝐶𝐵𝑀𝑃(𝑡)𝐷𝐴𝑇0 ,                                                                               [2]

 1 

where 𝑘𝑖𝑀𝑃 are the transfer rate constants for MP, and the fractional occupancy of DAT, 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡) =2 𝐶𝐵𝑀𝑃(𝑡)/𝐷𝐴𝑇0, depends on the total concentration of dopamine transporters, 𝐷𝐴𝑇0. These 3 

equations can be expressed in terms of the relative plasma, 𝑅𝑝(𝑡) = 𝐶𝑝𝑀𝑃(𝑡)𝐷𝐴𝑇0  , and free, 𝑅(𝑡) =4 

𝐶𝐹𝑀𝑃(𝑡)𝐷𝐴𝑇0  , concentrations as: 5 

 6 

{ 
 𝑑𝑅(𝑡)𝑑𝑡 = 𝐾1𝑀𝑃𝑅𝑝(𝑡) − 𝑘2𝑀𝑃𝑅(𝑡) − 𝑘3𝑀𝑃(1 − 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡))𝑅(𝑡) + 𝑘4𝑀𝑃𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡)𝑑𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡)𝑑𝑡 = 𝑘3𝑀𝑃(1 − 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡))𝑅(𝑡) − 𝑘4𝑀𝑃𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡).                   [3]  7 

We assumed the following transfer rate constants for monkeys and humans25: 𝐾1𝑀𝑃=0.6 min-1, 8 𝑘2𝑀𝑃=0.06 min-1, 𝑘3𝑀𝑃=0.5 min-1, and 𝑘4𝑀𝑃=0.2 min-1 (humans) or 𝑘4𝑀𝑃=0.05 min-1 (monkeys). For 9 

rats, we used 𝐾1𝑀𝑃=0.01 min-1, 𝑘2𝑀𝑃=0.2 min-1, consistent with microdialysis studies26, and 10 𝑘3𝑀𝑃=0.12 min-1, and 𝑘4𝑀𝑃=0.10 min-1, consistent with a binding potential, BP=1.227. For IV-MP, 11 

the simulations assumed plasma input functions, 𝑅𝑝(𝑡) = 𝐴 exp (−𝜆𝑡) with 𝐴 = 𝐶0 𝐷𝐴𝑇0⁄  (C0 is 12 

the maximum plasma MP concentration that results in ~70% DAT occupancy), and 0.03 min-1 13 

which gives a halftime of MP in blood of 23min for humans28, or 0.30 min-1 that is consistent with 14 

the faster clearance of plasma MP in rats26. For the sake of simplicity, we ignored the fast decay 15 

component of plasma MP used in bi-exponential decay models26. Note that individual fits of 16 

equation [1] carried for 0.01 min-1< <0.1 min-1 did not reveal significant differences in fitted 17 
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parameter ( and ), time-to-peak of DA release rate, or the maximum DA increases in striatum 1 

across subjects, suggesting that precise 𝑅𝑝(𝑡) modeling may not be critical for the estimation of  2 𝐶𝐷𝐴(𝑡). The amplitude of its exponential decay, A, was fixed to 0.25 to achieve 𝑓𝑜𝑐𝑐𝐷𝐴𝑇= 0.7, 3 

consistent with DAT blockade ~ 70% as documented by prior studies in humans using similar IV-4 

MP doses7. Oral-MP is rapidly absorbed from the gastrointestinal tract achieving peak blood levels 5 

in 60 to 120 min29.  Thus to model 𝑅𝑝(𝑡) for oral-MP, we used a probability density function of a 6 

standard gamma distribution with 90 min time-to-peak. The amplitude of the gamma probability 7 

density function for oral-MP was fixed to 10 to achieve 𝑓𝑜𝑐𝑐𝐷𝐴𝑇= 0.7, as documented by prior studies 8 

in humans7. Since the DAT occupancy levels corresponding to the microdialisys data in rats9 and 9 

monkeys10 are unknown, the amplitudes of the exponential and gamma probability density 10 

functions were set as for humans.  11 

Similarly, the time-varying concentrations of raclopride in the free, 𝐶𝐹𝑅𝐴𝐶, and bound, 12 𝐶𝐵𝑅𝐴𝐶, compartments can be modeled using: 13 

 14 

{  
  𝑑𝐶𝐹𝑅𝐴𝐶𝑑𝑡 = 𝐾1𝑅𝐴𝐶𝐶𝑝𝑅𝐴𝐶(𝑡)−𝑘2𝑅𝐴𝐶𝐶𝐹𝑅𝐴𝐶−𝑘3𝑅𝐴𝐶 (1− 𝑓𝑜𝑐𝑐𝐷23(𝑡))𝐶𝐹𝑅𝐴𝐶 +𝑘4𝑅𝐴𝐶𝐶𝐵𝑅𝐴𝐶𝑑𝐶𝐵𝑅𝐴𝐶𝑑𝑡 = 𝑘3𝑅𝐴𝐶 (1− 𝑓𝑜𝑐𝑐𝐷23(𝑡))𝐶𝐹𝑅𝐴𝐶−𝑘4𝑅𝐴𝐶𝐶𝐵𝑅𝐴𝐶,                             [4]  15 

 16 

where 𝑘𝑖𝑅𝐴𝐶 are the transfer rate constants for raclopride, and the fractional occupancy of D2/3 17 

receptors, 𝑓𝑜𝑐𝑐𝐷23(𝑡) = 𝐶𝐵𝑅𝐴𝐶(𝑡)/𝐵𝑚𝑎𝑥, where Bmax is the total concentration of D2/3 receptors. Note, 18 

that 𝑓𝑜𝑐𝑐𝐷23(𝑡)~ 𝑓𝑜𝑐𝑐𝐷𝐴𝑇(𝑡), since increased occupancy of DAT results in increased extracellular DA. 19 

The total concentration of the tracer, 𝐶𝑅𝐴𝐶(𝑡),  in cerebellum and striatum was computed using 20 𝐶𝑅𝐴𝐶(𝑡) = (1 − 𝜈) (𝐶𝑓𝑅𝐴𝐶(𝑡) + 𝐶𝑏𝑅𝐴𝐶( 𝑡)) + 𝜈𝐶𝑝(𝑡), where the blood-brain volume fraction, 21 
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=0.04. The concentration of the tracer in plasma was simulated as 𝐶𝑝(𝑡) = 𝐴 exp (−𝜆𝑡), with 1 

A=1 and 0.02 min-1, which is relatively consistent across human30 and monkey31, and 0.07 2 

min-1 consistent with a faster clearance in rats26,32. For humans the transfer constants were set to 3 𝐾1𝑅𝐴𝐶=0.08   min-1, 𝑘2𝑅𝐴𝐶=0.192 min-1, for a and 𝑘3𝑅𝐴𝐶=𝑘4𝑅𝐴𝐶=0 (cerebellum), and 𝐾1𝑅𝐴𝐶=0.15 min-4 

1, 𝑘2𝑅𝐴𝐶=0.36 min-1,  𝑘3𝑅𝐴𝐶=0.18 min-1, and 𝑘4𝑅𝐴𝐶=0.05 min-1 (striatum)25. For monkeys, the transfer 5 

constants were set to 𝐾1𝑅𝐴𝐶=0.15 min-1, 𝑘2𝑅𝐴𝐶=0.192 min-1, and 𝑘3𝑅𝐴𝐶=𝑘4𝑅𝐴𝐶=0 (cerebellum), and 6 𝐾1𝑅𝐴𝐶=0.55 min-1 and 𝑘2𝑅𝐴𝐶=0.35 min-1, 𝑘3𝑅𝐴𝐶=0.18 min-1 and 𝑘4𝑅𝐴𝐶=0.15 min-1 (striatum), 7 

consistent with a distribution volume VD=0.76 (cerebellum) or 3.46 (striatum)33.  For rats, the 8 

transfer rate constants were set to 𝐾1𝑅𝐴𝐶=0.46 min-1, 𝑘2𝑅𝐴𝐶=0.41 min-1, and 𝑘3𝑅𝐴𝐶=𝑘4𝑅𝐴𝐶=0 9 

(cerebellum), and 𝐾1𝑅𝐴𝐶=0.46 min-1, 𝑘2𝑅𝐴𝐶=0.41 min-1,  𝑘3𝑅𝐴𝐶=0.30 min-1, and 𝑘4𝑅𝐴𝐶=0.50 min-1 10 

(striatum)32,34, consistent with a binding potential, BP=𝑘3𝑅𝐴𝐶/𝑘4𝑅𝐴𝐶=0.634.   11 

Dynamic standardized uptake value ratios were simulated as 𝑆𝑈𝑉𝑟(𝑡) =12 𝐶𝑠𝑡𝑟𝑖𝑎𝑡𝑢𝑚𝑅𝐴𝐶 (𝑡) 𝐶𝑐𝑒𝑟𝑒𝑏𝑒𝑙𝑙𝑢𝑚𝑅𝐴𝐶 (𝑡)⁄ , and apparent cumulative DA increases (SUVr) were simulated as 13 

the time-varying difference in SUVr between PL and MP.  The simulations described above were 14 

implemented using the interactive data language (IDL, L3Harris Geospatial, Boulder, CO) and the 15 

Livermore solver for ordinary differential equations35.  16 

 17 

Studies in humans 18 

We tested twenty healthy adults who underwent 90-min long PET scans collected in 3 19 

randomly ordered sessions (placebo, oral-MP, and IV-MP; double-blind) while simultaneously 20 

recording their self-reported ‘high’ ratings (0-10) under resting conditions, using oral- and IV-MP 21 

as pharmacological challenges. In each session, each of the 20  participants was given an oral pill 22 

(60mg-MP or placebo) 30 min before injection of the PET tracer ([11C]raclopride), followed 30 23 
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min after the tracer by an IV administration of 0.25mg/kg-MP or placebo. Note that these IV- and 1 

oral-MP doses led to roughly equivalent levels of DA transporter occupancy7, and that their onsets 2 

ensured similar time-to-peak concentrations of striatal MP for oral-MP and IV-MP8.    3 

Participants 4 

Twenty healthy adults (36.1±9.6 years old; 9 females) were recruited to participate in the 5 

study. All individuals provided informed consent to participate in this double-blind placebo-6 

controlled study, which was approved by the IRB at the National Institutes of Health (Combined 7 

Neurosciences White Panel); the research was performed in accordance with all relevant 8 

guidelines and regulations. Each participant was scanned on 3 different days, 40±35 days apart, 9 

under different pharmacological conditions: 1) oral-MP (60 mg) and iv-placebo (3 cc saline), 2) 10 

oral-placebo and IV-MP (0.25 mg/kg in 3 cc sterile water), and 3) oral-placebo and iv-placebo. 11 

The session order was randomized across participants. Participants and researchers were blind to 12 

the nature of the stimulant drug (MP/PL). 13 

PET acquisition 14 

The participants underwent simultaneous PET/MRI imaging in a 3T Biograph mMR 15 

scanner (Siemens; Medical Solutions, Erlangen, Germany). All studies were initiated at noon to 16 

minimize circadian variability. Venous catheters were placed in the left dorsal hand vein for 17 

radiotracer injection, and in the right dorsal hand vein for intravenous injection of medications. 18 

Heart rate (HR), systolic and diastolic blood pressures (BPs) were continuously monitored 19 

throughout the study with an Expression MR400 patient monitor (Philips, Netherlands). Thirty 20 

minutes before tracer injection, either 60 mg of MP or placebo was administered p.o. The 21 

participant was then positioned in the scanner. Earplugs were used to minimize scanner noise and 22 

padding was used to minimize head motion. A T1 weighted dual-echo image was collected for 23 
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attenuation correction using an ultrashort-TE (UTE) sequence (1923 matrix, 1.56 mm isotropic 1 

resolution, TR=11.94 ms, TE= 0.07 and 2.46 ms), and T1-weighted 3D magnetization-prepared 2 

gradient-echo (MPRAGE; TR/TI/TE = 2200/1000/4.25 ms; FA=9°, 1 mm isotropic resolution) 3 

was used to map brain structure. List mode PET emission data were acquired continuously for 90 4 

min and initiated immediately after a manual injection of [11C]raclopride as a bolus (dose 5 

=15.7±1.9 mCi; duration 5-10 seconds). Thirty minutes after tracer injection, either 0.25 mg/kg 6 

MP or placebo was manually injected i.v. as a ~30-second bolus.  The participants were instructed 7 

to rest as still as possible and to relax with their eyes open during the scan.   8 

High ratings 9 

 High rating prompts were displayed on a projector using a program (E-Prime Version 3.0) 10 

designed to minimize visual stimulation. A white cross was presented at central fixation on a black 11 

screen. Participants were instructed to stay awake, relaxed, to look at the cross, and not think of 12 

anything in particular. Occasionally, the cross would turn into a number for 10 seconds, and 13 

participants responded with a rating to the question: “How high do you feel right now, on a scale 14 

of 1-10, with 1 being minimum and 10 being maximum?”. The first number presented at the start 15 

of each scanning session was always 1, and subsequent presentations matched the participant’s 16 

high rating from the prior time point. Participants used a button box in their right hand to record 17 

responses. A button pressed with the right middle finger moved the rating up, one digit at a time, 18 

whereas the other button pressed with the right index finger moved the scale down. High rating 19 

prompts occurred every 5 min from the onset of oral MP administration; then, at the onset of IV-20 

MP administration, prompts occurred every minute for 20 min this faster sampling was chosen 21 

to capture the fast changes in reward during the first 20 min after the onset of IV-MP 22 

administration7,36,37 then, prompts occurred every 5 min again until the end of scanning. 23 
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 1 

MRI preprocessing 2 

 The minimal preprocessing pipelines of the Human Connectome Project (HCP)38 were 3 

used for image processing. Specifically, FreeSurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu) was 4 

used for automatic segmentation of anatomical MRI scans into cortical and subcortical gray matter 5 

ROIs39, and the FSL Software Library (version 5.0; http://www.fmrib.ox.ac.uk/fsl)40 was used for 6 

spatial normalization to MNI space.  7 

PET image reconstruction 8 

A 3-dimensional ordered-subset expectation-maximization (OSEM) algorithm41 with 3 9 

iterations, 21 subsets, an all-pass filter, 344 × 344 × 127 matrix, and a model of the point spread 10 

function of the system was used for PET image reconstruction. The reconstructed PET time series 11 

consisted of 48 time windows (30 frames of 1 min, followed by 12 frames of 2.5 min, and 6 frames 12 

of 5 min) each with 2.086-mm in-plane resolution and 2.032-mm slice thickness. Attenuation 13 

coefficients (μ-maps) estimated from the UTE data using a fully convolutional neural network42 14 

were used to correct for scattering and attenuation of the head, the MRI table, the gantry, and the 15 

radiofrequency coil.  Standardized uptake values (SUVs) for [11C]raclopride were calculated after 16 

normalization for body weight and injected dose and spatially normalized to MNI space using HCP 17 

pipelines.  Relative SUV time series, SUVr(t), were computed in MNI space by normalizing each 18 

SUV volume by its mean SUV in the cerebellum, as defined in individual FreeSurfer 19 

segmentations. 20 

PET image analysis 21 

Time-activity curves were computed for putamen, caudate, and ventral striatum and 22 

cerebellum from SUV time series using individual FreeSurfer segmentations. The Logan Plot 23 

http://www.fmrib.ox.ac.uk/fsl
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graphical analysis for reversible systems using the cerebellum as the reference tissue and 1 

equilibration time t*=20 min was used to map the distribution volume ratio (DVR) and non-2 

displaceable binding potential (BPnd)43, independently for each participant and session.  3 

Non-linear fitting 4 

The concentration of bound MP to DAT, 𝐶𝑏𝑀𝑃(𝑡), was estimated using reported transport 5 

constants for MP25, and the Levenberg-Marquardt algorithm for non-linear least squares fitting44 6 

was used to fit the model 𝐶𝐷𝐴(𝑡) (Eqn.[1]) with 2 adjustable parameters,  and  (rats and 7 

monkeys), or  and  (humans) in IDL. For rats and monkeys could not be modelled because of 8 

insuficient number of samples before the DA increase maxima. For human studies, since the 9 

clearance rate  could not be fitted to the data due of the lack of PET measures after t=90min, we 10 

used =0.005 fitted in monkeys as a fixed model parameter. 11 

Statistical analysis 12 

Within-participants analysis of variance (ANOVA) in R was used to assess the main effects 13 

of time and session, as well as time-by-session interactions on DA increases and peak “high” 14 

ratings.  2 goodness-of-fit test, carried in R, was used to test how well DA(t) from Eqn [1] fitted 15 

the SUVr(t) measures. We used within-participants ANOVA in the statistical parametric 16 

mapping package (SPM12; Wellcome Trust Centre for Neuroimaging, London, UK) to assess the 17 

statistical significance of BPnd in the brain. Voxelwise inference was based on a familywise error 18 

(FWE) correction for multiple comparisons45. Specifically, voxels were considered statistically 19 

significant if they had PFWE < 0.05, corrected for multiple comparisons with the random field 20 

theory using a cluster defining threshold p<0.001.  21 

Data availability 22 
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The datasets used during the current study available from the corresponding author on 1 

reasonable request 2 
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