Downloaded from https://www.pnas.org by NATIONAL INSTITUTES OF HEALTH (NIH) on January 1, 2024 from | P address 128.231.234.31.

PNAS

NEUROSCIENCE

L)

Check for
updates

Examining the role of dopamine in methylphenidate’s effects

on resting brain function

Dardo Tomasi*' (2, Peter Manza®
Catherine Biesecker?, Evan Dennis?

, Weizheng Yan®, Ehsan Shokri-Kojori® ‘2, Stkrli Barig Demiral®
, Allison Johnson?, Rui Zhang® &, Gene-Jack Wang®

, Michele-Vera Yonga®, Katherine McPherson®,
,and Nora D. Volkow?

Edited by Donald Pfaff, Rockefeller University, New York, NY; received August 23, 2023; accepted November 14, 2023

The amplitude of low-frequency fluctuations (ALFF) and global functional connectivity
density (gFCD) are fMRI (Functional MRI) metrics widely used to assess resting brain
function. However, their differential sensitivity to stimulant-induced dopamine (DA)
increases, including the rate of DA rise and the relationship between them, have not
been investigated. Here we used, simultaneous PET-fMRI to examine the association
between dynamic changes in striatal DA and brain activity as assessed by ALFF and
gFCD, following placebo, intravenous (IV), or oral methylphenidate (MP) administra-
tion, using a within-subject double-blind placebo-controlled design. In putamen, MP
significantly reduced D, ; receptor availability and strongly reduced ALFF and increased
gFCD in the brain for IV-MP (Cohen’s d > 1.6) but less so for oral-MP (Cohen’s d <
0.6). Enhanced gFCD was associated with both the level and the rate of striatal DA
increases, whereas decreased ALFF was only associated with the level of DA increases.
These findings suggest distinct representations of neurovascular activation with ALFF
and gFCD by stimulant-induced DA increases with differential sensitivity to the rate
and the level of DA increases. We also observed an inverse association between gFCD
and ALFF that was markedly enhanced during IV-MP, which could reflect an increased
contribution from MP’s vasoactive properties.

simultaneous PET/MRI | methylphenidate | dopamine | functional connectivity |
spontaneous brain activity

Methylphenidate (MP) is a stimulant drug currently used to treat attention-deficit hyper-
activity disorder (ADHD) symptomatology in ~10% of school-aged children (1). The rise
in the medical use of stimulant drugs among school-aged children has coincided with an
increase in nonmedical use, particularly in schools with high rates of medical usage (2).
Additionally, a significant number of individuals without an ADHD diagnosis either
receive stimulants due to improper diagnoses or misuse them, often seeking the rewarding
or perceived cognitive-enhancing effects (3). While oral MP is generally considered safe
for ADHD treatment, when injected, MP also has rewarding effects, which can lead to
addiction (4).

Functional MRI (fMRI) studies have advanced our understanding of the effects of
psychoactive drugs in the human brain including that of stimulant medications (5, 6).
Resting-state fMRI metrics have emerged as valuable tools for investigating the effects of
stimulant drugs on brain activity in various populations (7—12). For instance, the ampli-
tude of low-frequency fluctuations (ALFF), a metric that quantifies the intensity of spon-
taneous low-frequency oscillations in the fMRI signal during rest and provides insights
into baseline brain activity (13), has been used to assess the effects of stimulant drugs in
healthy controls and participants with ADHD (14, 15). Among these are studies of the
effect MP on the spontaneous low-frequency fluctuations of the fMRI signals that give
rise to brain functional connectivity (16). Resting-state functional connectivity (rsFC)
studies in healthy controls and participants with ADHD have been used to assess the
effects of MP in brain connectivity, particularly in frontostriatal circuitry though findings
have been inconsistent with some studies showing increases and other decreases in con-
nectivity [(reviewed in Birn et al. (17)]. Although a couple of studies have examined the
associations between ALFF and other rsFC metrics (18, 19), to the best of our knowledge,
no investigation has explored such associations under the influence of a stimulant medi-
cation. Additionally, to our knowledge, there are no published human studies on the
effects of acute MP administration on ALFE. Furthermore, our understanding of the
modulation of ALFF vs. other rsFC metrics by DA (dopamine) and its dynamics remains
very limited.

The advent of PET/MRI scanners capable of simultaneous imaging of molecular radio-
tracers with PET and blood-oxygen-level-dependent (BOLD) signals with fMRI has pro-
vided a unique opportunity to investigate the real-time interactions between neurotransmitter
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signaling and brain activation patterns (20). This groundbreaking
technology demonstrated its potential in elucidating the relation-
ship between DA signaling and brain activation patterns in non-
human primates. Specifically, in anesthetized monkeys increasing
doses of the D,;; receptor antagonist raclopride were associated
with proportional increases in cerebral blood volume [an indirect
marker of cerebral activity (21)]. These effects were concurrent with
decreases in [11C]Jraclopride striatal binding due to direct receptor
blockade by the pharmacological doses of raclopride (22, 23). In
awake monkeys increasing doses of MP reduced ['*Flfallypride
striatal binding (reflecting DA increases triggered by oral MP)
which was proportionally linked to increased rsFC between the
caudate and dorsolateral prefrontal cortex (PFC), precuneus, and
hippocampus (17). However, despite these promising findings in
nonhuman primates, the application of this methodology in
humans remains largely unexplored. Here, we leverage the simul-
taneous PET/MRI approach to investigate how dynamic changes
in striatal DA induced by MP influence ALFF and rsFC metrics.

In this study, we utilized cutting-edge simultaneous [11Cl]raclo-
pride PET-fMRI to investigate and compare the dynamic changes
in DA levels in the striatum. To comprehensively assess brain activity
and connectivity, we examined the dynamics of ALFF and of global
functional connectivity density (gFCD) (24). ALFF provides insights
into the strength of spontaneous brain fluctuations (13), while gFCD
serves as a marker of centrality and brain energy demand (25). By
integrating these advanced imaging techniques, we aimed to gain a
more comprehensive understanding of the neurobiological effects
of DA and its potential implications for brain function. We con-
trasted oral-MDB which leads to gradual DA increases, and IV
(intravenous)-MP, which results in fast DA increases (26) with oral
and IV placebo (PL) administrations, in a cohort of 20 healthy
adults. For equivalency, we selected doses of 60 mg oral MP and
0.25 mg/kg IV-MP, which we had previously shown led to similar
levels of DA transporter (DAT) occupancies (27), the target by which
MP increases DA, employing a double-blind, placebo-controlled,
within-subject design. Each participant underwent three separate
sessions on different days, with the order of administration counter-

balanced across participants (S Appendix, Fig. S14).

Results

The dataset utilized in this study consisted of 90-min simultaneous
PET-fMRI scans obtained from 20 healthy individuals. The scans
were acquired during three separate sessions, PL, oral-MP, and IV-
MP, which were randomly ordered for each participant. The scans
were conducted under resting conditions, with MP serving as the
pharmacological challenge. As depicted in ST Appendix, Fig. S1, each
session commenced with the administration of an oral pill (either
60 mg MP or PL) 30 min before the injection of [“C]raclopride,
a DA D2/3 receptor ligand sensitive to DA competition for its
binding (28). The PET/MRI data acquisition commenced at the
time of the tracer injection and was followed 30 min later by IV
injection (either 0.25 mg/kg MP or PL). We timed the pharmaco-
logical challenges to ensure that both oral-MP and IV-MP resulted
in similar time-to-peak concentrations of MP in the striacum as
derived from the brain pharmacokinetics findings of previous PET
studies with ['"C]JMP (4, 29). The DA increase and rate induced
by MP were estimated from ASUVr(2), the time-varying standard-
ized uptake values [relative to the cerebellum (cer)] computed using
the difference between the PL and MP conditions (26).

MP Decreased Striatal D,,3 Receptor Availability: DA Increases.
To assess changes in D,; receptor availability, we estimated the
nondisplaceable binding potential (BPnd) of [ 'q] raclopride using
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a graphical analysis that does not require blood sampling with
the cer as the reference region (30). We previously reported that
BPnd values were significantly lower for both IV- and oral-MP
compared to PL, demonstrating substantial DA increases in the
striatum throughout the 90-min scans (Ppyy < 0.05, family-wise
error corrected at the cluster-level; ST Appendix, Fig. S1B) (26).

MP blocks the DAT (27), leading to increases in extracellular
DA (31) that compete for binding to D,; receptors with ['C)
raclopride (28). In our prior work, we estimated time-varying DA
increases in the striatum (putamen, caudate, and ventral striatum)
by contrasting the time courses of striatal SUVr between PL and
MP conditions (26). The SUVr difference (ASUVr) in striatal
regions between PL and MP conditions (IV and oral) reflected
increases in endogenous DA (SI Appendix, Fig. S1C). The average
of these differences across participants was accurately modeled by
gamma cumulative distribution functions (R*>0.95), represent-
ing the accumulation of synaptic DA. Findings in the stiatal
regions were similar but had more variability in caudate and ven-
tral striatum than in putamen; so for subsequent analyses of DA
dynamics, we focused on putamen.

Frequency Domain Dynamics: Effect of IV- and Oral-MP. [V-MP
caused a pronounced drop in the whole brain fMRI signal that
was more prominent during the first 20 min after injection (30 <
t < 50 min; early MP-response period) followed by a gradual but
incomplete recovery over time (50 < t < 90 min; late MP-response
period). To study the dynamics and spectral characteristics of these
changes following MP administration we conducted a spectral
analysis of the fMRI signal. The average reduction in z-scored
Fourier amplitudes after baseline subtraction was significantly
larger for IV-MP compared to both oral-MP and PL in all
frequency bins within the 0.02 to 0.16 Hz band, for the early and
late MP-response periods (2 < 0.004, FDR (false discovery rate)-
corrected; 2-sided paired 7 test; Fig. 14). Within the 0.02 t0 0.16
Hz band the reductions were greater for the slowest frequencies
(0.02 to 0.10 Hz). There were no significant differences between
oral-MP and PL conditions.

We examined the effects of oral-MP and IV-MP on the dynam-
ics of ALFF in the traditional 0.01 to 0.10 Hz low-frequency band
with a standard sliding window approach at a temporal resolution
of 1 min to assess the dynamic changes. The whole-brain average
values of ALFF(#) showed a decrease of 20 to 50% following
IV-MP injection (30 < t < 90 min; t > 24.2, df = 1,626, P < 2E-16,
linear mixed-effects model) compared to the baseline period (0 <
t < 30 min). Much smaller decreases were observed during oral-MP
(5 to 10%, t > 5.4, df = 1,612, P<8E-08; Linear mixed-effects
model), but not during PL (P> 0.3).

Dynamic Associations between ALFF and DA Increases. Since fast
(phasic) DA increases would activate both stimulatory, low-affinity
D1 receptors and inhibitory high-affinity D2 receptors, while
slow (tonic) DA increases would predominantly activate only D2
receptors (32), we hypothesized that changes in DA levels triggered
by oral- and IV-MP would distinctly affect the fMRI signal in the
basal ganglia and cortical regions where DA receptors are located
and also in the regions to which they project (33). To assess the
effects of DA increases on ALFF we conducted a within-subject
multilinear regression analysis. The average time courses across
the 20 participants and 91,282 grayordinates revealed marked
reductions in ALFF() after IV-MP injection that were explained
by the average DA increases across participants in putamen (R
> 0.96, P < 2E-16). Specifically, we used a gamma cumulative
distribution function, F(#), to fit the time-varying PET signal that
reflected the time-varying DA changing level (or “amplitude”)
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Fig. 1. Decreases in ALFF induced by MP. (A) Average frequency domain changes in the whole-brain fMRI signal, compared to the baseline period (5 < t <
30 min), for the early (30 < t < 50 min; Left) and late (50 < t < 90 min; Right) posttracer injection periods across 20 healthy adults for PL, IV-, and oral-MP. (B)
Dynamics of the ALFF after baseline subtraction (AALFF) in bilateral putamen and primary visual cortex (V1) for IV-MP. The curves represent estimated time
courses derived from the amplitude and rate of DA increases using Eq. 1. (C-£) Average slopes of the linear associations of the ALFF with f(t) (“dopamine rate”;
B, €) and A(t) ("dopamine amplitude”; p;; D and E) overlaid on inflated lateral (Top) and medial (Middle) surfaces of the right human brain hemisphere and on 3
axial views showing the subcortical brain regions (Bottom) using a FDR threshold Py < 0.05, for IV and oral MP. Sample size: 20 healthy adults. 2-sided t test.

induced by MP in the putamen. We also calculated f{#), a gamma
probability density function reflecting the speed (or “rate”) of DA
changes over time, by taking the derivative of /(#). These dynamic
variables were then used to model the ALFF changes induced
by MP using the bilinear model: ALFF(x, 7) ~ B,(x) F(2) + B,(x)
f#). Fig. 1 shows that the rate component reflects more transient
changes in DA, whereas the amplitude component captures both
transient and longer-term alterations. The bilinear model also
captured the aver age MP-related decreases in ALFF following
oral-MP (0.19 < R“ < 0.3; P < 0.003, Bonferroni corrected), but
not those after PL (P > 0.06). During IV-MP, the dynamics of
ALFF(z) were significantly coupled to f(z) in most cortical and
subcortical partitions (,), including the putamen and the primary
visual cortex (V1) regions-of-interest (ROlIs) (Fig. 1B).

Using a vertex-wise ¢ test on Py, the slope of the association with
F(#), we observed a predominant effect of the amplitude of DA
increases on ALFF(#) in subcortical regions (sc) (medial and

PNAS 2023 Vol.120 No.52 e2314596120

posterior thalamic nuclei, midbrain, hypothalamus, basal nucleus
of Meynert, ventral amygdala, and ventral striatum) and the occip-
ital cortex, both for IV- and oral-MP conditions [Pppg < 0.05;
0.7 < Cohen’s d < 1.6 (oral) or 1.9 (IV); Fig. 1].

Similarly, the slope of the association with f{2), B,, demonstrated
a pronounced effect of the rate of DA increases on ALFF(?) in the
same sc and for most cortical regions during IV-MP (Pppy < 0.05;
0.7 < Cohen’s d < 2; Fig. 1) but not for oral-MP. Insula, anterior,
and posterior cingulate cortices, and temporal pole exhibited higher
B, for IV- than oral-MP (Pppg < 0.05; 0.7 < Cohen’s d < 1.3).

In the case of ALFF during IV-MD, the average slopes of the
bilinear model (§; and f,) were significantly negative within the
cer, sc, and each of 12 resting state networks (34) (RSN; < 0.01;
Fig. 24), indicating that MP-related DA increases were associated
with decreased ALFE For oral-MD, the average f; within these
partitions also showed significant negative values (7 < 0.02;
Fig. 2B), while B, was not significant.

https://doi.org/10.1073/pnas.2314596120 3 of 8
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Association between gFCD and the Rate of DA Increases. The
whole-brain average values of gFCD(t) increased after IV-MP
injection (30 < t < 60 min; t= 11.7, df = 1,626, P <2E-16, Cohen’s
d = 1.5, linear mixed-effects model; Fig. 34), compared to the
baseline (0 < t < 30 min), but there was no significant difference
between these time windows for oral-MP nor for PL (P> 0.2). The
average gFCD time courses across participants and grayordinates
demonstrated significant increases after [IV-MP injection, which
were primarily explained by the rate of DA increases.

In sc (nucleus accumbens, putamen, caudate, pallidum, thala-
mus, amygdala, hippocampus, midbrain, and the cer), but not in
cortical regions, the slope of the linear association between gFCD
and the rate of DA increases (B,) was stronger for IV- than oral-MP
(P < 0.03; Fig. 3B). During IV-MD, the linear association between
the rate of DA increases and gFCD(#) was strongest in the putamen,
posterior thalamus, and anterior cer lobe and moderate in nucleus
accumbens, caudate, PFC, insula, and parahippocampal gyrus (Pppr
<0.05; 0.7< Cohen’s d < 1.6; Fig. 3 Cand D). The linear association
between F(z) and gFCD was not significant.

In the case of gFCD, the average slopes of the bilinear model
(B, and B,) were significantly positive within the cer, sc, and the
12 RSN during IV-MP (P < 1E-04; Fig. 3 D and E). During

oral-MD, the average f, and B, were not significant.

Association between ALFF and gFCD. Across individuals, ALFF
and gFCD demonstrated a significant positive temporal correlation
in occipital and parietal cortices during oral-MP (Pppp < 0.05;
Fig. 44) and PL conditions (SI Appendix, Fig. S2). However,
during IV-MP, there was a strong negative correlation observed in
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the remaining brain regions (Fig. 4B). Notably, in the putamen,
the average dynamics of ALFF and gFCD exhibited a negative
correlation during IV-MP (R = -0.96), indicating that time
windows with the largest gFCD increases coincided with ALFF
decreases. Nevertheless, these correlations were notably weaker
for PL (R = -0.4) and oral-MP (R = -0.51) compared to IV-
MP (Fig. 4C). Cortical ROIs that showed higher coupling of DA
levels with ALFF had higher coupling with gFCD, independently
for IV- and oral-MDP, and for f; and B, (R(358) > 0.72; P < 2E-
16). Similarly for IV-MD, subcortical ROIs that demonstrated
higher coupling of DA levels with ALFF had higher coupling with
gFCD, independently for f; and B, (R(17) > 0.77; P < 1E-04;
SI Appendix, Fig. S3); however, for oral-MP, this association was
verified for B, (R(17) = 0.67; P < 0.002) but not for f,.

Cardiovascular Effects. Using linear mixed-effects modeling, we
found that F(z) and f(z) were predictors of heart rate and systolic
blood pressure [t > 2.0, P < 0.05]. MP increased all 3 cardiovascular
metrics compared to PL [F(2, 1,816) > 5.0; 2 < 0.007]. Similarly,
heart rate and systolic and diastolic blood pressures were predictors

of gFCD(t) and ALFF(¢) (|t| > 3.5, P < 6E-04).

Discussion

In this study, we employed simultaneous PET-fMRI with IV- and
oral-MP to explore differences in ALFF and gFCD based on the
amplitude and rate of DA increases induced by MP. Our findings
revealed that DA increases in the putamen were associated with
concurrent decreases in ALFE which predominated in the vicinity
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Fig. 2. Neurovascular coupling: Network analysis. The slopes of the bilinear model representing the associations between the ALFF and the amplitude (B,)
and rate (f,) of DA increases elicited by IV and oral MP are shown. These average slopes are shown for 12 RSN, subcortical, and cerebellar regions. Statistical
comparisons within networks across vertices were performed for g, and f,, separately for IV-MP (A) and oral-MP (B), and between-network differences in f, and
B,, independently for IV-MP (C) and oral-MP (D). The partitions include primary and secondary visual (vis), somatomotor (smm), cingulo-opercular (con), dorsal
attention (dan), language (lan), frontoparietal (fpn), auditory (aud), default-mode (dmn), posterior multimodal (pomm), ventral multimodal (vmm), orbito-affective
(ora), subcortical (sc), and cerebellum (cer) regions. Statistical analysis: 2-sided paired t test with a significance threshold of PFDR < 0.05, FDR corrected for multiple

comparisons. The data were derived from a cohort of 20 healthy adults.
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Fig. 3. Coupling between DA rate and gFCD (B.). (A) Average time courses across 20 healthy adults showing the changes in dynamic gFCD after baseline
subtraction (AgFCD) in the primary visual cortex (V1) and the putamen; the curves represent estimated time courses derived from the amplitude and rate of DA
increases in putamen elicited by IV-MP using Eq. 1. (B) Paired plots showing B, differences between IV- and oral-MP in V1 and the putamen. (C) Average p, overlaid
on inflated lateral (Top) and medial (Bottom) surfaces of the left human brain hemisphere and on 9 axial views of subcortical and cerebellar regions using a FDR
threshold Py < 0.05. (D) Slopes of the associations between gFCD and the amplitude (B,) and rate (,) of DA increases elicited by IV-MP, averaged within 12
RSN, subcortical, and cerebellar regions. (E) Statistics of between-network differences in g, for IV-MP. The partitions include primary and secondary visual (vis),
somatomotor (smm), cingulo-opercular (con), dorsal attention (dan), language (lan), frontoparietal (fpn), auditory (aud), default-mode (dmn), posterior multimodal
(pmm), ventral multimodal (vmm), orbito-affective (ora), subcortical (sc), and cerebellum (cer) regions. Statistical analysis: 2-sided t test with a significance threshold
of Prpr < 0.05, FDR corrected for multiple comparisons. The data were derived from a cohort of 20 healthy adults.

of the Circle of Willis, the transverse sinus, and primary visual
cortex, and with concomitant increases in gFCD that predomi-
nated in striacum, thalamus, amygdala, parahippocampal gyrus,
anterior cer, PFC, and insula and were more pronounced for IV-
MP compared to oral-MP in sc and cer.

The dynamic spectral analysis revealed a significant reduction
in fMRI signal fluctuations immediately following IV-MP admin-
istration, particularly at lower frequencies. The reduction in ALFF
could reflect the arousing and wakefulness-promoting effects of
stimulant drugs like MP (35) since when arousal levels are low, as
is the case during nonrapid eye movement sleep, the amplitude
of the low-frequency components of the fMRI signal is high com-
pared to wakefulness (36). Similarly in nonhuman primates,
behavioral arousal has been linked to reductions in fMRI signal
amplitude in cortical regions, though in sc it was linked with signal
increases (37). In humans, decreased arousal as the day progresses
was shown to increase global signal amplitude while reducing rsFC

PNAS 2023 Vol.120 No.52 e2314596120

(38). This suggests that MP-induced increases in arousal contrib-
utes to the observed decrease in fMRI signal fluctuations at low
frequencies and to the gFCD increase.

The observed decrease in ALFF with IV-MP poses a challenge
when attributing it solely to neuronal activity; as it contradicts the
prior findings of increased brain glucose metabolism associated
with IV-MP (39). Interestingly, the association between ALFF and
gFCD was positive in the visual cortex during PL and oral-MP and
negative in subcortical, cerebellar, and most cortical regions except
for the visual cortex during IV-MP. The reversed direction of the
association in cortical regions between oral-MP (and PL) compared
to IV-MD along with the similar but stronger negative association
observed in putamen (and other sc), suggests that the neurovascular
responses underlying the negative associations are intensified by
IV-MP administration, highlighting a differential sensitivity of
ALFF and gFCD to cerebrovascular reactivity (40). This is relevant
because stimulant drugs particularly when injected have the
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Fig. 4. Association between ALFF and gFCD. Fisher-z mean correlation between the ALFF dynamics and gFCD dynamics for oral (A) and IV (B) MP, overlaid on
inflated lateral (Top row) and medial (Middle row) surfaces of the human brain, and on 3 axial views of subcortical and cerebellar regions (Bottom row) using a
FDR threshold Py < 0.05. Scatter plots showing the linear associations between time-varying ALFF and gFCD, averaged across individuals, for IV- and oral-MP
(C); data points correspond to 85 time windows. Statistical analysis: 2-sided ¢ test. The data were derived from a cohort of 20 healthy adults.

potential to induce cerebral vasoconstriction and disrupt neuro-
vascular processes (41). In fact, our studies involving multimodal
imaging in laboratory animals demonstrated that IV-cocaine, a
pharmacologically similar stimulant drug to MP (42) caused vaso-
constriction of cerebral blood vessels and reduced cerebral blood
flow (CBF) (43) even though it increased neuronal activity (42).
Consequently, vasoconstriction resulting from IV-MP could lead
to a reduction in ALFE similar to what has been reported in cases
of hypocapnia, which also induces vasoconstriction (44). In this
respect it's noteworthy that the regions that showed the most pro-
nounced reductions in ALFF were located in the vicinities of the
Circle of Willis at the base of the brain and of the transverse sinus
that runs in the lateral border of the tentorium cerebelli and collects
deoxygenated blood from draining veins in visual areas.
Intriguingly, the regions displaying the most significant reduc-
tions in ALFF are not usually regarded as primary DA targets.
Conversely, the gFCD results exhibit a pattern that aligns more
consistently with DA projections. However, the extent to which
functional connectivity is insensitive to changes in blood vessel
diameters in unclear, for early studies reported reduced resting-state
fMRI signals and functional connectivity during prolonged hyper-
capnia (45), though more recent ones have shown that similar net-
works can be extracted during rest and hypercapnia periods (46).
The marked gFCD increase in subcortical and anterior cortical
regions in proportion to the rate of DA increases in putamen elicited
by IV-MP is consistent with observations of enhanced striatal, pal-
lidal, and frontal activation after stimulation of DA neurons in the
ventral tegmental area (47, 48) as well as findings of associations
between higher DA synthesis capacity and heightened brain activity
and rsFC (49, 50) and with the role of DA in modulating rsFC (51).
While the observed positive associations between gFCD and
ALFF during PL and oral-MP in posterior brain regions are sup-
ported by our prior work (52), the strong negative association
between gFCD and ALFF during IV-MP was surprising, as this
relationship has not been previously studied with stimulant drug
administration. It also contradicted our expectations, as our pre-
vious research had shown that resting glucose metabolism was
positively associated with both gFCD and ALFF (25). As for
IV-MD, using PET we had documented distinct effects for meta-
bolic vs. blood flow markers of brain activity. Specifically, [IV-MP
decreased whole-brain CBF (53) whereas it increased whole-brain
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glucose metabolism (39), a direct marker of neuronal activity. In
those studies, the largest metabolic increases were in the thalamus
and cer (39) which were regions where IV-MP increased func-
tional connectivity (54). Therefore, the observed rise in gFCD
seen with IV-MP and to a lesser degree with oral-MD, particularly
in sc and cer, aligns with the notion that it represents heightened
neuronal activation.

In our study, we observed distinct effects on ALFF and gFCD
related to the rate and amplitude of DA increases following oral-
and IV-MP administrations. We found that increased DA ampli-
tude was associated with decreased ALFFE, both for oral- and
IV-MP and with increased gFCD for IV-MP. DA rate was also
associated with decreased ALFF and increased gFCD during
IV-MP but not during oral-MP. The association of DA rate and
amplitude with the decreases in ALFF for IV-MP, which were in
the opposite direction to the increase in gFCD, also raises the
possibility of potential bidirectional associations between neuronal
and vascular reactivity. While we hypothesize that fast (phasic)
DA increases would activate both stimulatory, low-affinity D1
receptors and inhibitory high-affinity D2 receptors, we anticipate
that slow (tonic) DA increases would predominantly activate D2
receptors. However, further research is needed to fully elucidate
the underlying mechanisms responsible for these components. It's
possible that the amplitude and rate components represent differ-
ent phases of the signal change, with more rapid/transient changes
associated with D1 receptor activation and prolonged changes
potentially linked to longer-lasting D2 receptor activation.

A key limitation of this study is the relatively small sample size,
which precluded the investigation of potential sex differences.
Nonetheless, the robust magnitude of the changes induced by MP
enabled us to obtain significant findings. When injected, stimulant
drugs can directly influence the vascular system, altering CBF
dynamics, which can impact fMRI signals and may have contrib-
uted to the observed decrease in signal fluctuations. We observed
significant associations of MP-induced changes in cardiovascular
function (heart rate and blood pressure) with the amplitude and
rate of DA increases in the putamen, which is consistent with MP’s
ability to increase sympathetic nervous system activity leading to
changes in heart rate and blood pressure (55). Therefore, alterations
in sympathetic activity caused by MP could result in parallel
changes in cardiovascular function and striatal DA dynamics.
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In summary, our study employing simultancous PET-fMRI
revealed distinct dopaminergic modulation of brain activity in
humans following fast (IV) and slow (oral) challenges with MP.
Increases in striatal DA levels induced by MP administration were
accompanied by a prominent reduction in ALFF at lower frequencies.
Notably, [IV-MP administration resulted in increased brain connec-
tivity in basal ganglia regions, thalamus, anterior cer, and anterior
cortices that were associated with the rate of DA increases. These
findings show that MP promotes increased brain connectivity while
reducing ALFE which could reflect a combination of DA’s neuronal
and vascular effects. Our results also highlight the differential effects
of fast and slow changes in DA signaling on brain activity.

Methods

Participants. A total of 20 healthy adults (mean age: 36.1 = 9.6 y; 9 females)
completed the study, undergoing scanning on three separate days with an aver-
age interval of 40 + 35 d between sessions. The participants were exposed to
different pharmacological conditions during each session: 1) oral administration
of MP (60 mg) and IV administration of placebo (3 ccsaline), 2) oral placebo and IV
administration of MP (0.25 mg/kg in 3 ccsterile water), and 3) oral placebo and IV
administration of placebo. The session order was randomized across participants,
ensuring a double-blind and counterbalanced design in this placebo-controlled
study. Both the participants and the researchers were unaware of the nature of the
stimulant drug (MP/PL) during the study, further ensuring blinding throughout
the experiment. All individuals provided informed consent to participate in this
double-blind placebo-controlled study, which was approved by the IRB at the NIH
(Combined Neurosciences White Panel; Protocol 17-AA-0178; ClinicalTrials.gov
Identifier: NCT03326245)

Simultaneous PET/MRI Acquisition. Simultaneous PET/MRI imaging was con-
ducted using a 3TBiograph mMR scanner (Siemens; Medical Solutions, Erlangen,
Germany) equipped with a 12-channel head coil. PETand fMRI data were simul-
taneously acquired overa duration of 90 min, with timestamps allowing for post
hoc data synchronization. The list mode PET data acquisition began 30 min after
the oral administration of the pill, immediately following a manual injection of
["Clraclopride as a bolus (dose =15.7 = 1.9 mCi; duration 5 to 10 s). The fMRI
data were continuously acquired, covering the entire brain, using a single-shot
gradient-echo-planar imaging sequence (TR/TE = 3,000/30 ms; FA = 70 deg;
matrix = 64, 36 axial slices; 4 mm thickness; 3 mm in-plane resolution; 1,800
time points). Thirty minutes after radiotracer injection, either PLor 0.25 mg/kg
of MP was manually injected intravenously as a ~30-s bolus. During the 90-min
PET-fMRI scan, participants were instructed to relax with their eyes open and
remain as still as possible. PETimage reconstruction and MR image preprocessing
can be found in S/ Appendix.

PET Analysis. We used the SUVr method to evaluate apparent dynamicincreases
in DA levels (26) which approximates the simplified reference region model
(LSSRM). However, the LSSRM approach, although requiring only one scan ses-
sion, hindered reliable quantification of DA in our data due to five fit parameters
and the absence of continuous [”C]raclopride infusion. Nevertheless, our design
included a placebo scan for each participant, allowing us to develop an approach
that leverages the reliability of placebo scans and overcomes the lack of contin-
uous infusion. This approach, called ASUVr, only requires the amplitude and
time-to-peak of its derivative for fitting the data, resulting in improved reliability
for estimating dynamic "dopamine increases” compared to previous methods.
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Functional Connectivity Dynamics. All confounding timeseries calculated
by fMRIPrep were regressed out from the individual CIFTI time series with N =
91,282 grayordinates and 1,800 time points using linear regression. ALFF and
gFCD timeseries were calculated to assess the dynamics of the spontaneous
signal fluctuations and degree of the functional connectivity in the 0.01t0 0.1Hz
frequency band. We utilized whole-brain sliding window analysis to examine
the dynamics of specific metrics throughout the scan at a temporal resolution
of 1 min. The analysis was performed using the Biowulf cluster (https://hpc.
nih.gov/), a high-performance computing system. In this study, we employed
a fixed rectangular time window with N = 100 fMRI time points (equivalent
to 5 min) to ensure the reproducibility of connectivity metrics. This process
involved computing dynamic time series comprising 85 time windows. To gen-
erate the dynamic time series, we initially calculated the first ALFF and gFCD
maps using the data points within the first time window. Then, we shifted the
time window by 20 time points (equivalentto 1 min) and recalculated the ALFF
and gFCD maps. This shifting and recalculation process was repeated 84 times
until all fMRI time points were utilized for mapping the dynamics of ALFF and
gFCD. For mapping the gFCD, we employed a correlation threshold of R > 0.6.
The dynamics of the ALFF and gFCD (24) were assessed using Matlab R2017b
(MathWorks, Natick, MA).

Neurovascular Coupling. Multiple linear regression analyses were carried in
Matlab to map the slopes of the linear associations of the dependent variable ¥
[ALFF(x, t) or gFCD(x, t)] with the explanatory variables F{t) and f(t),

V(1) ~ B OOF (D) + B,00f (1), (1]

as a function of 85 time windows for each PET/fMRI run.

Group-level statistical analysis. Alinear mixed-effects model was employed to
assess the statistical significance of neurovascular coupling, represented by B,
and f3,, across participants. These parameters denote the slopes of the associa-
tions between F(t) and f(t) with ALFF(t) and gFCD(t). The analysis was conducted
within a whole-brain mask and further explored within 360 cortical partitions,
19 subcortical partitions obtained from Freesurfer, as well as and 12 resting-state
networks (34). Linear mixed-effects modeling was also used to assess the relation-
ship between the cardiovascular measures (heart rate, and systolic and diastolic
blood pressure) and several predictors (F, f, and drug condition). To determine
the statistical significance of the fixed effects, we used a likelihood ratio test
comparing the full model to a reduced model without the predictors of interest.
The "Imer” function in the “Ime4” R-package was utilized to perform these anal-
yses. Additionally, a vertex-wise t test was conducted in Matlab to determine the
statistical significance of B, and B, across participants, independently for IV-MP,
oral-MP, and PL conditions. Statistical significance was defined as P < 0.05, with
multiple comparisons corrected using a FDR correction.

Data, Materials, and Software Availability. All data needed to evaluate the
conclusions in the paperare presentin the paper and/or S/ Appendix.The Matlab
code and the data supporting the findings of this study are available on figshare.
com under the Digital Object Identifier (DOI) (56).
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