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Abstract: Substance abuse is a fundamentally dynamic disease, characterized by repeated oscillation
between craving, drug self-administration, reward, and satiety. To model nicotine addiction as a
control system, a magnetic resonance imaging (MRI)-compatible nicotine delivery system is needed
to elicit cyclical cravings. Using a concentric nebulizer, inserted into one nostril, we delivered
each dose equivalent to a single cigarette puff by a syringe pump. A control mechanism permits
dual modes: one delivers puffs on a fixed interval programmed by researchers; with the other,
subjects press a button to self-administer each nicotine dose. We tested the viability of this delivery
method for studying the brain’s response to nicotine addiction in three steps. First, we established
the pharmacokinetics of nicotine delivery, using a dosing scheme designed to gradually achieve
saturation. Second, we lengthened the time between microdoses to elicit craving cycles, using
both fixed-interval and subject-driven behavior. Finally, we demonstrate a potential application of
our device by showing that a fixed-interval protocol can reliably identify neuromodulatory targets
for pharmacotherapy or brain stimulation. Our MRI-compatible nasal delivery method enables
the measurement of neural circuit responses to drug doses on a single-subject level, allowing the
development of data-driven predictive models to quantify individual dysregulations of the reward
control circuit causing addiction.

Keywords: nasal drug delivery device; nicotine addition; brain circuit

1. Introduction

Nicotine is the most common drug of abuse in the United States [1], with addiction
strength comparable to cocaine, heroin, and alcohol [2,3]. It is the primary addictive
component of tobacco, and its use markedly increases risk for cancer, heart disease, asthma,
miscarriage, and infant mortality [2]. Excitatory vs. inhibitory control plays a key role in
addictive behavior; for example, decreasing glutamate or increasing gamma aminobutyric
acid (GABA) transmission blunts nicotine craving in rats [4,5]. Importantly, however,
substance abuse is a fundamentally dynamic disease, characterized by repeated oscillation
between craving, drug self-administration, reward, and satiety. While there is a general
appreciation for the heuristic value of separating out these stages [6], current clinical
research has primarily focused on identifying nodes and causal connections within the
meso-circuit of interest, but has yet to take the next step in treating these nodes and
connections as a self-interacting dynamical system evolving over time [7,8]. The value of

Pharmaceutics 2021, 13, 2069. https://doi.org/10.3390/pharmaceutics13122069 https://www.mdpi.com/journal/pharmaceutics

https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0002-3752-5519
https://orcid.org/0000-0003-1741-0906
https://orcid.org/0000-0002-6554-5322
https://doi.org/10.3390/pharmaceutics13122069
https://doi.org/10.3390/pharmaceutics13122069
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pharmaceutics13122069
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics13122069?type=check_update&version=1


Pharmaceutics 2021, 13, 2069 2 of 15

a dynamical systems approach is the potential for predicting trajectories for addiction as
well as recovery. These trajectories are likely to be nonlinear (e.g., involving thresholds,
saturation, and self-reinforcement) and individual-specific.

As a first step towards this approach, we identified several requirements for nico-
tine delivery. First, the delivery method should be able to mimic the pharmacokinetics
of the addictive substance, as there is significant evidence that absorption speed affects
cravings [9]. Second, delivery should be capable of eliciting multiple cycles that transition
between craving, resistance, breakdown of resistance, and satiety, as a prerequisite to
data-driven computational modeling of feedback within the control circuit. Third, crav-
ing cycles—and associated behavioral self-administration—should be triggered solely
on drug pharmacokinetics and their dynamic interactions with the brain. This has the
advantage of decoupling chemical effects from cigarette-specific motor, olfactory, and
visual cues, each of which may trigger its own responses in the brain. Fourth, to permit
investigation of the relationship between drug-seeking behavior and its underlying neu-
robiology, it should allow subjects to self-administer nicotine. Fifth, the device should be
MRI-compatible, as functional MRI (fMRI) is currently the only non-invasive neuroimag-
ing tool with subcortical-cortical coverage of the entire prefrontal-limbic reward circuit.
While neuroimaging has historically relied on heavily fitted and filtered amplitude and
correlational statistics, recent technological developments in ultra-high-field (7T) fMRI and
simultaneous multi-slice pulse sequences, provide sufficient signal/noise to permit single
subject, non-trial-averaged, and sub-second time-resolution time-courses that retain much
greater dynamic information [10,11].

To administer nicotine within a controlled environment, researchers have employed
one of five strategies. These are: (1) smoking (either directly, or through an apparatus that
ensures controlled delivery), (2) intravenous (either as a bolus injection or continuously
by drip), (3) transdermal (using a nicotine patch), (4) absorption through the lungs (nicotine
solution nebulized in mouth), or (5) absorption through the mucus membranes (nicotine
solution sprayed in nose/throat) [12].

Several of those strategies introduce additional practical problems and scientific
confounds. Although other groups have designed MRI-compatible smoke delivery devices
for use in 3T scanners [13], this method can raise environmental safety concerns regarding
second-hand smoke inhalation and lingering odor. Moreover, tobacco is a natural substance
with non-standardized composition, and thus prevents precise control of dosage. Nicotine
patches are noninvasive and minimize discomfort from nicotine. However, their extended
release of nicotine also renders their pharmacokinetics different from smoking, and do
not elicit cravings. Inhaling nebulized nicotine by mouth would intuitively seem to
approximate the act of smoking, but again the pharmacokinetics do not translate well
to cigarettes. The delivery efficiency of nebulizers also depends strongly on how deeply
liquid droplets can penetrate the lung, which itself is determined by size and aerosol flow
rate [14]. Delivery by e-cigarettes uses nicotine concentrations in their solutions that are
much higher than those of cigarettes because of the relative inefficiency of the lung to
absorb liquid droplets. Heating can miniaturize the droplets; however, heating elements
are electric, and therefore are not MRI compatible. Intravenous bolus has pharmacokinetics
closer to those of smoking [15] but the technique is invasive and may be harder to justify to
an institutional review board (IRB).

In recent years, nasal delivery has emerged as a promising strategy to deliver drugs
into the brain [16–23]. The most prominent nasal delivery route is by absorption into the
bloodstream through the highly vascularized nasal cavity through venous drainage. Nasal
delivery, therefore, has similar kinetic characteristics as intravenous delivery. In addition,
several other nasal-to-brain drug delivery routes that circumvent the blood–brain barrier
have been reported [16,17,24]. Nasal nicotine delivery is well characterized both in terms
of kinetics and efficiency of delivery [25] with several commercial nicotine sprays being
on the market. For example, the commercial nicotine replacement medication Nicotrol
NS (Pfizer, New York, NY, USA) delivered through the nose, shows significantly greater
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nicotine craving relief than the same Nicotrol inhaler inhaled through the mouth [12]. On
the other hand, nicotine nasal sprays are reported to cause nasal irritation, watery eyes
and coughing. Such adverse effects are especially bad for MRI since such irritations will
lead to head motion. However, we found that by spraying Lidocaine into the nasal cavity
before the experiment those irritations could be completely suppressed for the duration of
the experiment.

To exploit the advantages of nasal nicotine delivery, we designed a delivery device to
operate as a concentric nebulizer, inserted into one nostril. We delivered each dose—each
equivalent to a single cigarette puff—using a syringe pump and nebulized the dose using
pressurized medical air. A control mechanism permits dual modes: one delivers puffs
on a fixed interval programmed by researchers; with the other, subjects press a button
to self-administer each nicotine dose. Subjects were therefore able to intuitively “smoke”
the equivalent of a cigarette, one “puff” at a time. We dosed each “puff” such that one
cigarette would be equal, in nicotine content, to 10 puffs. We then tested the viability of
this delivery method for studying the brain’s response to nicotine addiction in three steps.
First, we established the pharmacokinetics of nicotine delivery, using a dosing scheme
designed to gradually achieve saturation, as with a cigarette. Second, we lengthened time
between microdoses to elicit craving cycles, using both fixed-interval and subject-driven
behavior. Finally, we demonstrate a potential application of our device by showing that a
fixed-interval protocol can reliably identify neuromodulatory targets for pharmacotherapy
or brain stimulation.

2. Materials and Methods
2.1. Delivery Apparatus Design

The nicotine delivery apparatus uses a glass concentric mass spectroscopy nebulizer
(Model TR-30-A1, Meinhard, Colden, CO, USA) to deliver Nicotrol nasal spray (NS) into the
subject’s nasal cavity. This setup can be used to deliver any water-soluble drug intranasally
in an MRI environment (Figure 1). A wide nostril guard (Aptar Pharma, Pennsauken,
NJ, USA) and drawstring strap were used to orient the nebulizer straight in the nose and
to ensure the nebulizer does not penetrate too deeply. The nebulizer’s inner capillary
contained the Nicotrol NS, which was driven out of the capillary as a mist when medical air
is driven through the outer chamber. Medical air pressure was held constant at 15PSI with a
regulator (VWR Breathair, Randor, PA, USA). This was found to be the optimal air pressure
for producing a fine mist of Nicotrol NS that deposits deep enough in the turbinate for
rapid absorption while maximizing subject comfort [26]. At the flow conditions used the
average droplet size exiting the nebulizer are expected to be in the range of 20–30 µm [27].
Given that the nebulizer produces a wide distribution of droplets sizes and since we ask
the subjects to breath in through the nose and breath out through the mouth, we cannot
completely rule out some tracheobronchial or pulmonary delivery of nicotine solution.
The medical air flowed through a length of Tygon Non-DEHP Food and Beverage Tubing
(S3-B-44-3, 3/16”x5/16”, Cole Parmer, Vernon Hills, IL, USA) and then through an air valve
(Clippard MME-32QES, Airoyal, Maplewood, NJ, USA), which only allowed air to reach
the nebulizer during puff delivery. A second air valve was used to quickly depressurize the
tubing at the termination of each puff. The Nicotrol NS was dispensed in 10µL puffs, each
lasting three seconds, using an automated syringe pump (KDS100, KD Scientific, Holliston,
MA, USA). This syringe pump compressed a Hamilton glass syringe (Fischer Scientific,
Waltham, MA, USA), which was connected to a length of capillary tubing (F2-15, 0.8 mm
inner diameter, Meinhard, Colden, CO, USA) and a three-way valve (PEEK 3-Port Flow,
V100T, Idex Health Science, Bristol, CT, USA) before feeding into the nebulizer. Nicotrol
NS sat in the length of tubing adjacent to the nebulizer, while the remainder of the tubing
feeding back to the syringe pump was filled with cosmetic jojoba oil. This oil was used
because it is incompressible and immiscible with the Nicotrol NS, allowing for accurate
delivery of a specific volume of Nicotrol.
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Figure 1. Schematic of the MRI-compatible intranasal nicotine delivery apparatus.

An Arduino Uno microcontroller coordinated the release of puffs. The experimental
task, which was programmed in MATLAB (R2018a; Mathworks, Natick, MA, USA), sent
a signal to this microcontroller every time a puff was to be delivered. At this point, the
Arduino unit triggered the following events. First, the microcontroller opened the air valve
for 16 s, allowing air pressure to build up in the nebulizer. A countdown was shown to the
subject indicating when nicotine would be delivered. At the end of the countdown, the
microcontroller then signaled the syringe pump to compress 10 µL over 3 s, pushing 10 µL
of Nicotrol NS out of the nebulizer as a mist. The air valve remained open for an additional
16 s after the end of the previous countdown to ensure all Nicotrol at the nebulizer tip was
delivered. Finally, the main air valve was closed, and the exhaust valve opened to quickly
depressurize the tubes carrying air. The task screen reverted to the cravings indicator.

2.2. Preparing the Apparatus for Experimentation

Immediately prior to use on any subject, clean and sterilized capillary tubing was
filled with jojoba oil and Nicotrol while carefully avoiding to trap air in the path to ensure
the accuracy of Nicotrol NS delivery. The length of capillary tubing leading to the Hamilton
syringe was filled with jojoba oil by submerging the capillary end connecting to the three-
way valve in oil; we then used the Hamilton syringe to draw oil to fill the capillary tube.
Leaving an oil bead at the end of the capillary tube proximal to the syringe pump, the
Hamilton syringe was disconnected, fully compressed, reconnected, and pulled back to
fill with oil while excluding any air. A volume of 300 µL Nicotrol NS was drawn in an
Eppendorf tube and spun down using a microcentrifuge to remove any air bubbles. This
volume contained 3 mg nicotine, the amount of nicotine present in three typical cigarettes
(the potential for nicotine overdose was thus eliminated since this was the maximum dose
that could be delivered). A dyed jojoba oil solution was prepared by mixing 1 mL of oil
with a few drops of food coloring (Wilton Candy Colors) and homogenizing with a vortex
mixer or sonication. The short capillary end of the three-way valve was submerged in the
Nicotrol NS. A 1 mL draw syringe was connected to the long capillary end of the three-way
valve and pulled back until all the Nicotrol NS was drawn into the capillary tube. Leaving
a Nicotrol bead at the short capillary end, this end was submerged in the dyed jojoba. The
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draw syringe was slowly drawn up until the long capillary end was filled. Slow filling was
needed to reduce viscous fingering at the interface of the Nicotrol NS and dyed oil. The
syringe pump was compressed to produce a bead at the end of the connected capillary tube.
This capillary was then screwed into the three-way valve with the valve to the syringe
pump closed off. The three-way valve was rotated 90 degrees to close off the capillary
leading to the nebulizer and connecting the syringe pump capillary to the short capillary
end. This releases the built-up pressure from screwing in the syringe pump capillary. The
syringe pump was then compressed until undyed oil was visible in the short capillary tube,
indicating no air is present in the three-way valve. The draw syringe was replaced with
the nebulizer. The three-way valve was rotated 180 degrees to close off the short capillary
end and make a continuous path from the syringe pump to the nebulizer. The syringe
pump was then compressed until Nicotrol NS filled the inner capillary of the nebulizer.
The nebulizer, nose cone, and strap were sanitized and assembled. The nebulizer was then
positioned in the subject’s nostril. At the termination of each experiment, the three-way
valve, nebulizer, associated capillary tubes, and nose cone were disinfected by passing
through with 20 mL soap water, and then 10 mL Sporgon disinfectant (Decon Laboratories,
King of Prussia, PA, USA). The assembly was then submerged in a Sporgon bath for 3 h,
and then rinsed with 20 mL deionized water. The assembly tubing was then dried using
pressurized medical air.

2.3. Subjects

To establish pharmacokinetics of our delivery mechanism, we tested the device with
dynamic assessment of cravings and two blood sampling regimes in participants at Stony
Brook University School of Medicine (Studies A, B). To test whether the delivery method
could trigger craving cycles that, in turn, were linked to drug-administration, we repeated
the experiment with only dynamic cravings assessment at the Massachusetts General
Hospital A.A. Martinos Center for Biomedical Imaging. This was initially done using
lengthened inter-trial intervals (Study C), and then, using ad libitum self-administration
(Study D). Finally, to confirm that the delivery method activated the reward circuit, we
scanned individuals’ response to nicotine puffs using ultra-high-field/ultra-fast fMRI at the
Massachusetts General Hospital A.A. Martinos Center for Biomedical Imaging (Study E).
Characterization of subjects for each of the five studies is shown in Table 1.

Table 1. Characterization of Subjects.

Study Gender Age Fagerstrom Score
N M F Mean SD Mean SD

Study A 17 3 14 33.64 11.63 6.58 0.69
Study B 15 3 12 33.13 10.99 6.75 0.86
Study C 8 2 6 39 9.94 7 1.19
Study D 4 2 2 37.5 6.85 8.25 0.5
Study E 5 2 3 34.6 6.42 7.4 1.34

For all studies, we recruited subjects who were otherwise healthy daily smokers with
moderate to severe nicotine dependency, and therefore who would be likely to show strong
cravings following the 12 h abstinence period preceding each session. Nicotine depen-
dency was measured on a scale of 0–10 using the Fagerstrom Test for Nicotine Dependence
(FTND) [28]. For all studies, we included only subjects with FTND scores ≥ 6, ages 21–55
with a BMI of 18.5–35. Abstinence prior to testing was empirically confirmed by measuring
exhaled carbon monoxide levels using a Micro+ Basic Smokerlyzer (Covita, Santa Barbara,
CA, USA), and further confirmed via blood testing. Subjects with measured baseline carbon
monoxide levels > 10 ppm were excluded prior to testing; any remaining subjects with
baseline nicotine levels > 10 ng/mL were excluded prior to analysis. Additional exclusion
criteria included nasal congestion, sinusitis, use of nicotine cessation therapy medications,
history of asthma, cardiovascular, or peripheral vascular disease, history of neurological
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disease, or the use of psychotropic medications. These criteria would influence the absorp-
tion of nicotine through the nasal mucosa, its distribution throughout and dissipation from
the blood stream, and its effect on specific brain regions [29]. Additional exclusion criteria
concerning MR safety included electrical implants, ferromagnetic implants, claustrophobia,
and pregnancy. Exclusion due to pregnancy was determined using a urine pregnancy
test (Detector hcg, Immunostics Inc, Eatontown, NJ, USA). Studies were approved by
the Institutional Review Boards of Stony Brook University and Massachusetts General
Hospital. All subjects provided written informed consent.

2.4. Task Design

For all studies, subjects were nicotine addicted and had abstained for at least 12 h
(validation methods described above). Immediately prior to the start of the testing session,
we administered 4% Lidocaine HCl (Roxane Laboratories, Columbus, OH, USA) in the
subject’s nasal cavity to alleviate the irritation from Nicotrol delivery. Lidocaine was deliv-
ered using an intranasal mucosal atomization device (Mountainside Medical Equipment
Incorporated, Marcy, NY, USA). Behavioral trials used a 1 mL Lidocaine dose, while MRI
trials used a 3 mL dose due to the increased length of the testing session. The experimental
task was developed using MATLAB and Psychtoolbox-3. Behavioral task sessions ran for
60 min, divided into five minutes of baseline measurements, 40 min of the main task with
puff delivery, and 15 min of end of study observation.

2.4.1. Pharmacokinetic Studies

Study A provided estimation of the entire time-course, while Study B was designed to
capture the faster-changing dynamics during uptake. For the first, we presented 20 nicotine
puffs, one every two minutes, and took seven blood samples: at baseline, after every
four puffs (blood sampling every eight minutes), and 15 min post-administration of the
last puff. For the second, we maintained the same sampling at baseline and 15 min post-
administration of the last puff, but this time sampled after every two puffs (blood sampling
every four minutes).

2.4.2. Cravings Studies

To test whether the delivery method could trigger craving cycles that, in turn, were
linked to drug-administration, we repeated the experiment with only dynamic cravings
assessment. This was initially done using lengthened inter-trial intervals [30] (Study C), and
then, using ad libitum self-administration (Study D). For Study C we used the same 10-puff
protocol, but delivered puffs every four minutes, with blood sampling only at baseline to
confirm abstinence. We used longer ITIs to ensure that the reward circuit had sufficient
time to resolve following each puff, thereby eliciting serial craving cycles without ever
achieving full satiety. For Study D, one puff was delivered at the beginning of the scan, and
subjects were instructed to only request additional puffs when they could no longer resist
their cravings. Subjects were not permitted to request a puff more frequently than once
every two minutes; thus, subjects could request a maximum of 20 puffs.

2.4.3. Neuroimaging

Finally, to show a potential application of our delivery method in probing nicotine ad-
diction, we infer the targets for neuromodulation via measured neurobiological response to
nicotine puffs using ultra-high-field/ultra-fast fMRI at the Massachusetts General Hospital
A.A. Martinos Center for Biomedical Imaging (Study E). We used the 10-puff protocol used
in Study C, delivering puffs every four minutes, and blood sampling only at baseline to
confirm abstinence.

2.5. Dynamic Cravings Assessment

For Studies A–E, throughout each 60 min session, subjects indicated their relative
cravings intensity on a dynamic Likert scale from “0” to “100,” with “0” corresponding to
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“no cravings” and “100” corresponding to “strongest cravings imaginable.” Likert scales
are commonly used in assessing craving in the context of addiction [31,32]. The craving
scale was represented by a continuously updated line (TR = 1 s), showing the subject’s
cravings over the past five minutes. Subjects used a button box to adjust cravings-ratings
throughout each session.

2.6. Continuous Blood Sampling

For Studies A, B, arterialized venous blood samples were collected throughout each 60 min
behavioral session as a less invasive alternative to arterial sampling [33]. An intravenous
line was placed in the subject’s non-dominant hand, and the hand was placed in a warming
box at 50 ◦C as described in [33]. Each blood draw collected 4 mL of blood, which was
immediately transferred to a Vacuette Clotting Tube (Greiner Bio-One, Monroe, NC, USA) for
serum separation. Prior to the start of the 60 min session, the first blood draw was drawn
to determine baseline nicotine and nicotine metabolite levels. Throughout the 40 min puff
delivery period, five additional blood samples were collected. In the 20-puff protocol, blood
was drawn one minute after Puffs 4, 8, 12, 16, and 20. In both 10-puff protocols, blood was
drawn one minute after Puffs 2, 4, 6, 8, and 10. One final blood sample was collected at the
end of the 60 min session for all behavioral protocols. During MRI trials, no heating box was
used and no IV was placed, and only the first baseline blood draw was collected. Serum was
separated from these samples and analyzed by ARUP Laboratories (Salt Lake City, UT, USA)
for nicotine, cotinine, and trans-3’-hydroxycotinine levels.

2.7. Neuroimaging
2.7.1. Acquisition Parameters

Our use of ultra-high field strength, Siemens Magnetom 7 Tesla scanner with 32-channel
head coil, combined with EPI acquisition parameters (repetition time—TR = 802 ms, echo
time—TE = 30 ms, 85 slices) optimized by a dynamic phantom for dynamic fidelity, were
chosen to maximize single-subject-level detection sensitivity of prefrontal-limbic and reward
circuits [10,11]. Structural scans, for spatial co-registration, were acquired as multi-echo mag-
netization prepared—rapid gradient echo (MPRAGE) with 1 mm isotropic voxel size at four
echoes with TE1, TE2, TE3, TE4 = 1.61, 3.47, 5.33, 7.19 ms, TR = 2530 ms, flip angle = 7 degrees,
slice gap = 0.5 mm and generalized autocalibrating partial parallel acquisition (GRAPPA)
acceleration = 2. B0 field map images calculated using phase differences between gradient
echo images at TE = 4.60 and 5.62 ms, were also acquired (TR = 723 ms, flip angle = 36◦,
voxel size = 1.7 × 1.7 × 1.5 mm, 89 slices) for echo-planar imaging [34] distortion correction
arising due to magnetic field inhomogeneity.

2.7.2. Preprocessing

Spatial preprocessing was performed in Statistical Parametric Mapping (SPM12).
Functional images were corrected for motion (rigid realignment, 6 degrees of freedom)
and a mean functional image was calculated for each subject. These mean functional
images were co-registered to high-resolution structural images followed by segmentation to
generate gray matter, white matter and deformation field images. The realigned (field map
corrected) functional images were normalized to Montreal Neurological Institute (MNI) EPI
template with affine registration followed by a non-linear transformation (between average
fMRI and EPI template). Finally, the images were smoothed with a Gaussian kernel of 4 mm
at full width at half maximum. Correction for static field inhomogeneity was performed
after the realignment step using a field map-based EPI unwarping tool built in FSL [35].
Nicotine is known to cause vasoconstriction and alters heart rate/blood pressure as well as
respiration rate [36]. The vascular effects on blood-oxygen-level-dependent [37] signal can
be reduced by using nuisance regressors derived from cerebrospinal fluid (CSF) and white
matter [38,39] that are unlikely to show neural activity induced T2 * (time constant for
observed decay of transverse magnetization) changes. We used the CompCor method [40],
implemented using CONN toolbox [41], to account for the effect of physiological noise on
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the BOLD signal. CompCor regresses out the confounding effects of multiple empirically
estimated noise sources calculated from variability in BOLD time series of cerebrospinal
fluid and white matter (principal component analysis). Five components of white matter,
five components of the cerebrospinal fluid and six motion parameters, along with despiking
and quadratic detrending, were used for denoising.

2.7.3. Finding Neuromodulatory Targets

Neural systems are fundamentally organized as large-scale networks composed of
computational and modulatory units existing at multiple spatial scales. Network controlla-
bility [42] provides a mechanistic ground for impinging region/node-level perturbations
to drive a dysregulated brain state to the desired state of better health. Clinically, apply-
ing perturbations would mean manipulating distributed neurotransmitter systems via
pharmacological intervention or brain stimulation. As a single region generally interacts
with multiple other regions within a network, targeting individual regions using pharma-
cotherapy/brain stimulation affects the global dynamics of the network. Given that the
topology of functional networks provides an insight on how external inputs can drive the
brain to different states [43], it is quintessential to identify regions/nodes that renders a
network controllable (ability to drive a network from an initial state to a desired final state
in finite time). Psychopathology induces hysteresis [44] wherein once a system is driven
into a diseased state, it tends to remain in that state unless external intervention triggers a
change back to a healthy state. If dynamic graphs constructed for both the abstinence and
the satiety condition come from a diseased state (addicted subjects), the brain-connectivity
graphs (brain connectivity of the diseased state) encoded by abstinence and satiety should
be controllable from a small set of common driver nodes [44] across addicted subjects.
Obtaining such driver nodes will allow for neuromodulation for driving the brain to a
healthy state.

The ten puff (fixed interval) protocol, delivering a puff every four minutes as in study C,
was used during neuroimaging. We extracted a time series for each subject for previously
established regions/nodes (23 regions) associated with the addiction [45]. Each region’s time
series was split into two conditions for every subject, namely, abstinence and satiety. The first
condition, abstinence, consisted of 380 TRs (304.76 s) acquired before administering nicotine
puffs in the baseline measurement condition. The fMRI time series for the first condition was
then split into 10 windows of 38 TRs (30.47 s) each for each region. The second condition,
satiety, consisted of a total of 380 TRs, split across 10 windows of 38 TRs (30.47 s), with each
window representing a time series starting 30.47 s after each nicotine puff. We then used
the following procedure on windows for both the abstinence and satiety condition. First,
we formed 10 weighted connectivity matrices (23 × 23) by calculating pairwise Pearson
correlation among regions within a window, followed by calculation of the nodal connectivity
strength of each region for each window (10 × 23). We then calculated the Pearson correlation
of nodal connectivity strength between any pair of windows across regions, yielding a
10 × 10 matrix. We reordered the 10 × 10 matrix using hierarchical clustering [46] to compute
brain-connectivity states. Lastly, we binarized each brain-connectivity state (threshold = 0.65),
followed by computation of the minimum dominating set [47] for each binarized brain-
connectivity state to find the dominant driver nodes/neuromodulation targets. Driver nodes,
which are common across all brain-connectivity states, were used for finding average number
of slave/controlled nodes across all brain-connectivity states and the top two nodes were
picked as neuromodulation target sites.

3. Results
3.1. Our Nasal Nicotine Delivery Method Showed Blood Levels Consistent with Values from
the Literature

As can been seen from Figure 2, the normalized arterialized blood nicotine levels
reached between 7.5 and 12 ng/mL after ten puffs or 1 mg of nicotine (in Nicotrol NS). This
is about half of the average arterial blood nicotine concentration for smoking as reported
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in [15]. Our values are consistent with venous blood nicotine values reported in [25] for
nasal delivery of similar dosing (between 5 and 20 ng/mL). Part of the reason for this
discrepancy could be related to the difference of arterialized blood and arterial/venous
blood. There is some evidence that arterialized blood lies somewhere in between arterial
and venous blood [48]. In addition, we draw blood one minute after every two/four puffs
and would miss any nicotine peaks in arterial blood.
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Figure 2. Nasal nicotine administration every 2 min linearly increases nicotine concentration and exponentially decreases
subjective cravings. On average each spray of 10 µL delivers 0.6 ng/mL into the blood stream, with a delivery efficiency of
3.4% (Studies A, B).

3.2. Our Nicotine Delivery Method Showed Corresponding Effects on Cravings

As shown in Figure 2, with more rapid (ITI = 2 m) puff administration, cravings
decreased exponentially with each puff. With an exponential fit, A + B × exp(−t/τ):
A = 4.2 +/− 0.07, B = 3.2 +/− 0.3, and τ = 310 s +/− 45 s. Since the nicotine delivery was
linear in time, and cravings reduced exponentially, the relationship between cravings and
nicotine was also exponential. Each puff delivered 0.6 ng/mL into the blood, and the
decay time was 310 s, or 2.6 puffs. In terms of nicotine, 1.55 ng/mL was the exponential
decay concentration. Therefore, our observed relationship with this delivery method was:
cravings = A + B × exp(−nicotine concentration/1.55 ng/mL). As shown in Figure 3, by
doubling duration between puffs (ITI = 4 m), we were able to achieve oscillating transitions
between cravings and satiety that, for our ad libitum design, corresponded with behavioral
self-administration of nicotine.
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self-administration (B–E, Study D).
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3.3. Anterior Cingulate Cortex and Nucleus Accumbens Are the Two Most Dominant Driver
Nodes across Subjects and Hence Are Suitable Neuromodulatory Targets in Treatment for
Nicotine Addiction

Our results provide a significant overlap with the emerging literature on neuromodula-
tory targets implicating the anterior cingulate cortex (ACC) [49] and the nucleus accumbens
(NAcb) [50–52] for treatment of substance use disorders. Specifically, we found the driver
nodes of brain-connectivity states, under two different conditions of abstinence and satiety,
using the minimum dominating set analysis. Driver nodes form suitable neuromodula-
tion targets because each driver node can control the regions it is connected to and thus,
neuromodulation at driver nodes can alter the underlying neuronal circuits at a synaptic
level. As show in Table 2, ACC consistently appears to be the most dominant driver node
(averaged across brain states) across subjects, with controlling 75.36% of the regions for
subject 2. Nucleus accumbens is the second most dominant node with controlling 42.39%
of the regions for subject 1. Additionally, we consistently observed the left-hemisphere NAcb
to be the driver node across all subjects—suggesting an asymmetric role of the left and
the right NAcb in addiction. Lastly, we found that ACC and NAcb are the dominant
driver nodes for both the brain-connectivity states in abstinence and the satiety, suggesting
pathological hysteresis wherein the diseased state [1] influences the brain dynamics, and
hence the brain-connectivity states, more than the temporary change in external influence
(administering nicotine puffs).

Table 2. Two most-dominant driver nodes for abstinence and satiety across all subjects. The percentage-
controllable nodes show the ratio of average number of nodes across all brain-connectivity states
controlled by the driver node and the total number of brain regions (23). For subjects 4 and 5, the
second node is not shown for the satiety condition as no other node than the ACC was a common
driver across all brain-connectivity states.

Subject Condition Driver Nodes Controllable Nodes
(% of Total Nodes)

1 Abstinence Nucleus Accumbens (Left) 42.39%
Anterior Cingulate Cortex 36.95%

Satiety Anterior Cingulate Cortex 36.23%
Nucleus Accumbens (Left) 28.98%

2 Abstinence Anterior Cingulate Cortex 75.36%
Amygdala (Left) 18.84%

Satiety Anterior Cingulate Cortex 58.69%
Hippocampus (Left) 21.73%

3 Abstinence Anterior Cingulate Cortex 49.28%
Caudate (Left) 39.13%

Satiety Anterior Cingulate Cortex 62.31%
Nucleus Accumbens (Left) 33.33%

4 Abstinence Anterior Cingulate Cortex 62.31%
Nucleus Accumbens (Left) 23.19%

Satiety Anterior Cingulate Cortex 69.56%

4. Discussion and Conclusions

Our results successfully established the pharmacokinetics of nicotine delivery, using a
dosing scheme designed to gradually achieve saturation. We further lengthened the time
between microdoses to elicit craving cycles, using both fixed-interval and subject-driven
behavior. Finally, we demonstrated a potential application of our device by showing that a
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fixed-interval protocol can reliably identify neuromodulatory targets for pharmacotherapy
or brain stimulation.

Our nasal drug delivery method consisted of a series of spaced microdoses rather than
a one-time dose achieving immediate or consistent saturation. This has two significant
methodological advantages. First, it makes it possible to neuroimage the dynamics of
self-administration, since the satiety’s transience initiates further drug-seeking behavior.
Second, the cycling reveals interactions between control sub-circuits necessary for com-
putational modeling. Importantly, the delivery device and protocol can be adapted for
use with other drugs that affect the brain (e.g., cocaine, opiates such as remifentanil with
high potency and short half-life) by modulating dosage and inter-trial intervals, thereby
providing a quantitative comparison of how neurobiological control dynamics, and their
associated self-administrated behavior, differ across compounds. This will be particularly
useful as clinical neuroimaging of addiction evolves beyond broad conceptual schemas,
towards data-driven predictive models designed to rigorously quantify dysregulation
and generate relapse trajectories at the single-subject level—a potential first step towards
addiction-related personalized medicine.

Even though group-level studies are useful for discovering a generalizable set of
brain regions responding to a psychostimulant, learning addiction dynamics need infer-
ence at an individual subject level [53]. Unfortunately, very little research has focused on
single-subject-level analysis [54], which is an absolute necessity in clinical applications.
Nicotine addiction affects neural subsystems associated with decision making, emotional
processing, memory, motivation, salience, and interoception—the coupled effect of which
introduces variable addiction dynamics for each subject. Our study focused on an MRI-
compatible device development and reliably identifying neuromodulatory targets for
pharmacotherapy or brain stimulation at a single-subject level. We elucidated a proce-
dure to find neuromodulation targets non-invasively using our nicotine delivery device
and fMRI, where the neuromodulation targets are driver nodes that control the regions
connected to them, and thus can alter the underlying neuronal circuits at a synaptic level.
While both pharmacological intervention via drugs like bupropion or varenicline [55],
and brain stimulation techniques like transcranial magnetic stimulation (rTMS) [56–58],
have shown promise as therapeutics in nicotine addiction, it is extremely difficult to probe
neural pathways and neuromodulatory targets non-invasively for personalized treatment.
Our device, along with recent analytical methods developed for single-subject-level anal-
ysis [59], can be used for probing oscillating antagonistic sub-circuits associated with
addiction. These sub-circuits modulate repeated-cycle transitions between periods of crav-
ing (affecting the nucleus accumbens and prefrontal-limbic circuit associated with aversive
stimuli/emotional stress [7,60,61]), reward following partial drug administration (affecting
the nucleus accumbens and activating the substantia nigra subcomponents of the basal
ganglia circuit [62]), and transient satiety (affecting the prefrontal-limbic circuit and the
caudate and pallidum subcomponents of the basal ganglia circuit). Future efforts may
be geared towards probing the antagonistic sub-circuits for single-subject fMRI with the
current delivery device and establishing associated addiction dynamics for each individ-
ual. Beyond addiction research, our nasal delivery device can be employed using any
nebulizable drug and could provide a promising path towards establishing nasal delivery
pathways in humans by probing the dynamics of the brain’s neural response to nasal drug
delivery. For example, there is evidence that direct transport of drugs from the nasal cavity
into the brain depend on the drug’s lipophilicity [63,64]. Our method would allow to test
such a hypothesis.
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