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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a neuro-
behavioral condition characterized by hyperactivity, inattentive-
ness, and impulsivity that is likely to have a lasting impact as 
children become adults (Caye et al., 2016; Barbaresi et al., 2013; 
Sharma and Couture, 2014). ADHD affects an estimated 4.4% of 
adults in the United States (Kessler et al., 2006).

Two classes of pharmacotherapy are available for the treat-
ment of ADHD. The first class includes stimulants such as meth-
ylphenidate, which are believed to act through reuptake inhibition 
of dopamine and norepinephrine as well as inverse agonism of 
dopamine transporters, and amphetamines, which act primarily 
through release of dopamine and norepinephrine (Heal et al., 
2013, 2014). The second class includes nonstimulants, such as 
the norepinephrine reuptake inhibitor atomoxetine and the α-
adrenergic agonists guanfacine and clonidine, which are typically 
less effective than stimulants (Cortese et al., 2018). The useful-
ness of available pharmacotherapies is limited in some patients 
by adverse reactions, lack of efficacy, and abuse liability (Kolar 
et al., 2008).

Centanafadine is an inhibitor of norepinephrine, dopamine, 
and serotonin transporters (Bymaster et al., 2012). In vitro stud-
ies have determined that centanafadine has inhibitory activity at 
the norepinephrine transporter (NET; half-maximal inhibitory 
concentration [IC50] 6 nM), the dopamine transporter (DAT; IC50 
38 nM), and the serotonin transporter (SERT; IC50 83 nM) 
(Bymaster et al., 2012).
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Centanafadine has a half-life of 4.5 h (Wigal et al., 2020). 
The efficacy and safety of centanafadine administered twice 
daily, every 5 h, as sustained-release (SR) tablets have been 
demonstrated in phase 2 and 3 clinical studies in adults with 
ADHD (Wigal et al., 2020). Across clinical studies, centana-
fadine was generally well tolerated with a low incidence of 
treatment-emergent adverse events (AEs) common to ADHD 
therapies, including decreased appetite, headache, nausea, dry 
mouth, upper respiratory tract infection, and diarrhea (Wigal 
et al., 2020).

This was a phase 1, adaptive positron emission tomography 
(PET) imaging study using tracers and methodology to investi-
gate the time course of occupancy at NET, DAT, and SERT by 
centanafadine and to explore the relationship between centana-
fadine plasma concentrations and transporter occupancy.

Materials and methods

Participants

All subjects provided written informed consent after complete 
explanation of study procedures. The study protocol was 
approved by the Yale University Human Investigation 
Committee and the Yale University Radiation Safety Committee. 
The study was conducted in accordance with the protocol, Food 
and Drug Administration regulations, International Conference 
on Harmonisation for Good Clinical Practice Guideline (E6), 
and the ethical principles derived from the Declaration of 
Helsinki and Council for International Organizations of Medical 
Science guidelines. The study included adult (18–45 years of 
age) males with a body mass index between 19 and 32 kg/m2 
who were in good health without psychiatric or medical diagno-
ses as determined by medical history, physical examination, 
electrocardiogram (ECG), serum/urine biochemistry, hematol-
ogy, and serology tests. Subjects who were current smokers or 
smoked within the past 6 months were excluded. Study proce-
dures took place while subjects were residing in an inpatient 
clinical research unit.

End points

The primary end points of the study were determination of NET, 
DAT, and SERT occupancy by centanafadine in the human brain 
at different time points and plasma concentrations of centana-
fadine. Additionally, safety end points were also examined and 
included AEs, vital signs, ECGs, and clinical laboratory tests and 
scores on the Columbia-Suicide Severity Rating Scale. A full 
description of safety assessments can be found in eMethods 
Section 1.

Study design

Using a flexible trial design, NET, DAT, and SERT occupancy 
results obtained from the first six subjects (cohort 1) were used to 
inform changes to centanafadine doses, radioligands, and timing 
of the post-dose scans for an additional four subjects (cohort 2) 
(eTable 1). Cohort 1 received a total daily dose (TDD) of cen-
tanafadine 400 mg for 4 days and cohort 2 received a TDD of 
centanafadine 800 mg for 1 day. Each TDD consisted of equal 
doses of centanafadine-SR tablets administered orally twice daily 

approximately 5 (±1) h apart. There were no changes to the pro-
tocol or the planned analysis during the study.

Data acquisition

PET scans were performed on the Siemens Biograph mCT PET 
scanner (Siemens Medical Solutions USA, Inc., Malvern, PA, 
USA), which uses a low-dose computerized tomography scan to 
correct for attenuation. PET images were reconstructed into 27 or 
33 frames, depending on the radiotracer used, containing 111 
axial slices of 200 × 200 voxels each (2.04 × 2.04 × 2.0 mm3). 
Corrections for attenuation, normalization, scatter, randoms, and 
dead time used were performed and images reconstructed with 
the ordered subset-expectation maximization algorithm (2 itera-
tions, 21 subsets). Head motion was tracked using the Polaris 
Vicra® optical tracking system (NDI Systems, Waterloo, Canada). 
A full description of how MR and PET scans were performed is 
provided in eMethods Sections 2 and 3, respectively.

Reductions in specific binding of established ligands, defined 
as binding potential with respect to non-displaceable radiotracer 
concentration in brain tissue (BPND), were used to evaluate 
transporter occupancy. Radiotracers were injected over 1 min 
using an infusion pump and tracer uptake was determined by 
PET. Regions of interest (ROIs) for data analysis were selected 
for each tracer based on the established literature. The NET 
ligand was (S,S)-[11C]methylreboxetine ([11C]MRB) and PET 
scans were 120 min long (33 frames) (Ding et al., 2010). For 
each tracer, regions of interest (ROIs) were selected based on 
specific binding (i.e. only ROIs known to have higher and reli-
able specific binding in vivo) (Comley et al., 2013; DeLorenzo 
et al., 2011; Ding et al., 2010; Hannestad et al., 2010; Logan 
et al., 2007; Sasaki et al., 2012). For NET, the selected ROIs for 
data analysis were the hypothalamus, thalamus, locus coeruleus, 
and paracentral lobule cortex, with the occipital cortex as the 
reference region. The DAT ligand was (E)-N-(3-iodopro-2-
enyl)-2β-carbo[18F]fluroethoxy-3β-(4′-methylphenyl)nortro-
pane ([18F]FE-PE2I) and PET scans were 90 min long (27 
frames) (Sasaki et al., 2012). For DAT, the selected ROIs for 
data analysis were the caudate, putamen, pallidum, substantia 
nigra, and ventral striatum, with the cerebellum as the reference 
region. The SERT ligand was 3-amino-4-(2-[11C]methylamino-
methylphenylsulfanyl)benzonitrile ([11C]DASB) and PET scans 
were 90 min long (27 frames) (Comley et al., 2013; DeLorenzo 
et al., 2011). For SERT, the selected ROIs for data analysis were 
the amygdala, caudate, putamen, thalamus, hippocampus, and 
cingulate, frontal, occipital, parietal, and temporal cortices, with 
the cerebellum as the reference region.

Baseline scans for subjects included magnetic resonance 
imaging for anatomical brain mapping and ⩽2 PET scans with 
different ligands. After receiving the last dose of centanafadine, 
subjects underwent up to three PET scans, using up to two differ-
ent ligands at 2–3 h post-dose, 4–6 h post-dose, and 25–29 h post-
dose. Each subject underwent no more than five PET scans, 
receiving a maximum potential of 2775 MBq of radioactivity, 
approximately 555 MBq per injection of [11C]MRB and [11C]
DASB, or 222 MBq per injection of [18F]FE-PE2I. Actual injec-
tion parameters are shown in Table 1.

Serial pharmacokinetic (PK) blood samples (4 mL each) were 
collected before, during, and after each post-dose PET scan for the 
determination of centanafadine concentrations in the plasma. The 
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average of the three concentrations was used for analysis. 
Concentrations were quantified by a validated assay using high 
performance liquid chromatography with tandem mass spectrom-
etry. The lower limit of quantification (LLOQ) was 5.00 ng/mL.

Statistical analysis

No formal sample-size calculations were performed for this study. 
The imaging analysis dataset included subjects with a baseline 
PET scan and at least one evaluable post-dose scan (n = 10).

The quantification of BPND and drug occupancy relies on 
hypotheses about the properties of the tracer in the various 
regions of interest. In particular, it is assumed that the level of 
nonspecific (i.e. non-displaceable) binding is the same in the 
reference region and in all the transporter-rich regions. If this 
hypothesis is invalid, the occupancies estimated using BPND 
values are biased. This bias tends to be larger for tracers with 
low specific binding (resulting in a small BPND), like [11C]MRB 
used for NET studies. It has been observed in past studies that 
[11C]MRB nonspecific binding is higher in the thalamus (the 
only larger ROI with specific binding) than in the occipital cor-
tex (used as the reference region) (Ding et al., 2010; Gallezot 
et al., 2014). Because of this limitation of the tracer, we used the 
term apparent target occupancy (TOapp). The TOapp values were 
computed for each PET scan after centanafadine administration 
using an occupancy plot constructed with the difference of 
baseline and post-drug binding potential. Time-activity curves 
(TACs) were generated for PET images using specific ROIs for 
each tracer as established in the literature (Ding et al., 2010; 
Gallezot et al., 2014). MR images for each subject were trans-
formed to a template MR image. A full description of MR image 
co-registration and PET image motion correction processing, as 
well as computation of the tracers’ binding potentials and appar-
ent target occupancies are provided in eMethods Sections 4 and 
5, respectively.

The PK/pharmacodynamic (PD) analysis dataset included 
subjects with TOapp measurements and plasma centanafadine con-
centrations taken before, during, and after the nominal scan time. 
Individual data from all subjects were pooled for PK/PD analysis. 
Modeling was conducted to quantify the relationship between 
TOapp and centanafadine concentrations for each transporter. In 
model 1, maximum apparent occupancy (TOmax) was assumed to 
be 100% and the centanafadine concentration that produces half 
of the maximum occupancy (IC50) was estimated. The final occu-
pancy estimates were then computed as TO = TOapp). In model 2, 
both TOmax and IC50 were estimated. The final occupancy esti-
mates were then computed as TO = TOapp/TOmax). Model selection 
was based on either estimated correlation between the model 

parameters or F-test. A full description of IC50 computation is 
provided in eMethods Section 6.

Results

Subject disposition and demographics

A total of 10 subjects (cohort 1, n = 6; cohort 2, n = 4) were enrolled, 
treated, and completed the study (eSupplement, Figure 1). Subject 
demographics and baseline characteristics are presented in Table 2. 
Results of safety assessments are provided in eResults, Section 1, 
and in eTable2.

PK/PD data

Centanafadine concentrations (mean of concentration values 
before, during and after each post-dose scan) ranged from 
Figure 1. TACs for the NET, DAT, and SERT ligands are shown 
in eSupplement Figure 2. Occupancy at the post-dose 1 scan is 
visible based on the lower tracer uptake compared to the baseline 
scans due to competition from centanafadine. For NET and DAT, 
lower brain uptake is clearly visible in the post-dose 1 scans. The 
SERT TACs are more complex owing to the substantial change in 
the tracer input function due to SERT blockade, as shown previ-
ously for similar SERT tracers (Huang et al., 2004).

Apparent occupancy values for all three binding sites were 
determined with occupancy plots (Figure 2). Across centana-
fadine concentrations, TOapp tended to be numerically higher for 
NET than for DAT or SERT. At post-dose scan 1, NET TOapp 
ranged from 40 to 68% across the centanafadine concentration 
range of 221–2580 ng/mL. Similarly, DAT TOapp at post-dose 
scan 1 ranged from 22 to 58% across the centanafadine concen-
tration range of 587–2580 ng/mL. For post-dose scan 1, SERT 
TOapp ranged from 12 to 59% across the centanafadine concentra-
tion range of 358–1390 ng/mL. 

To establish relationships between centanafadine concentra-
tions and transporter occupancies, modeling was used. For NET, 
estimated (mean ± standard error [SE]) TOmax and IC50 were 
64 ± 7% and 132 ± 65 ng/mL, respectively (Figure 3(a)). After 
correcting apparent occupancy estimates for TOmax effect, the 
final occupancy estimate ranged from 62 to 106% for NET. For 
DAT and SERT, TOmax could not be established and was assumed 
to be 100%, based on results from previous studies (Kim et al., 
2014; Parsey et al., 2006); thus the final occupancy estimates are 
equal to the apparent occupancy estimates for these two targets; 
the estimated IC50 (mean ± SE) values were 1580 ± 186 and 
1760 ± 309 ng/mL, respectively (Figure 3(b) and (c)). For cen-
tanafadine, the estimated in vivo affinity ratio was 11.9 ± 6.0 

Table 1. Administered radioactivity (MBq) and mass dose (µg/kg) of radiotracers.

[11C]MRB [11C]FE-PE2I [11C]DASB

 MBq µg/kg MBq µg/kg MBq µg/kg

Baseline 417 (152) 0.015 (0.009) 133 (62) 0.004 (0.002) 374 (203) 0.011 (0.007)
Post-dose 1 430 (156) 0.021 (0.001) 147 (60) 0.007 (0.003) 249 (232) 0.009 (0.009)
Post-dose 2 462 (129) 0.016 (0.008) 173 (6) 0.008 (0.003) 388 (227) 0.019 (0.007)

Values in parenthesis are ± SD. [11C]MRB: (S,S)-[11C]methylreboxetine; [11C]DASB: 3-amino-4-(2-[11C]methylaminomethylphenylsulfanyl) benzonitrile; [18F]FE-PE2I:  
(E)-N-(3-iodopro-2-enyl)-2β-carbo[18F]fluroethoxy-3β-(4′-methylphenyl)nortropane; SD: standard deviation.
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(mean ± SE) for NET/DAT, 13.3 ± 7.0 for NET/SERT, and 
1.1 ± 0.2 for DAT/SERT.

Additional analyses of occupancy values in each region 
revealed that the apparent NET occupancy was significantly 

lower in the thalamus than the other regions (eSupplement, 
Figure 3). When the original analysis of NET data was conducted 
without the thalmus region (eSupplement, Figure 4), mean TOmax 
and IC50 were 82 ± 13% and 135 ± 97 ng/mL, respectively, 

Figure 1. PET imaging results for centanafadine occupancy. PET: positron emission tomography.

Table 2. Study population demographics and baseline characteristics.

Demographic/baseline 
characteristics

Cohort 1
Centanafadine 400 mg
(n = 6)

Cohort 2
Centanafadine 800 mg
(n = 4)

Total
(N = 10)

Age, mean (SD) (years) 32.5 (7.9) 31.8 (8.5) 32.2 (7.6)
Sex, n (%)
 Male 6 (100.0) 4 (100.0) 10 (100.0)
Race, n (%)
 Black or African American 3 (50.0) 3 (75.0) 6 (60.0)
 Caucasian 3 (50.0) 1 (25.0) 4 (40.0)
Ethnicity, n (%)
 Hispanic or Latino 4 (66.7) 0 (0.0) 4 (40.0)
 Not Hispanic or Latino 2 (33.3) 4 (100.0) 6 (60.0)
Weight, mean (SD) (kg) 87.9 (8.7) 77.8 (16.3) 83.9 (12.5)
Height, mean (SD) (cm) 178.9 (10.3) 176.8 (10.5) 178.1 (9.8)
BMI, mean (SD) (kg/m2) 27.5 (1.7) 24.9 (4.8) 26.4 (3.3)

Percentages are based on the number of enrolled subjects.
BMI: body mass index; SD: standard deviation.
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indicating that the estimate of IC50 was not greatly affected 
despite that TOmax in the thalamus was estimated at 38% whereas 
TOmax in the hypothalamus, locus coeruleus, and paracentral lob-
ule were 79, 88, and 97%, respectively. For DAT and SERT, such 

significant difference in TOmax was not observed between brain 
regions (eSupplement, Figures 5 and 6).

Discussion
This study demonstrates the feasibility of investigating centana-
fadine in vivo to: (1) evaluate the degree and time course of NET, 
DAT, and SERT occupancy in male humans at clinically relevant 
concentrations; and (2) describe the relationship between plasma 
concentration and NET, DAT, and SERT occupancy. To achieve 
these goals, centanafadine was administered using different dos-
ing regimens. The selection of the doses provided a broad range 
of centanafadine concentrations and took into consideration the 
design of the phase 3 randomized controlled trials in adults with 
ADHD and PK information obtained from phase 1 studies. 
Centanafadine was generally safe and well tolerated. The results 
showed the highest occupancy at NET followed by DAT and 
SERT. Centanafadine had an in vivo affinity for NET nearly 12- 
and 13-fold greater than for DAT and SERT, respectively.

When analyzing the relationship between apparent occupancy 
TOapp and PK values, we tested two models: model 1, assuming 
that the maximal apparent occupancy was 100%; and model 2, 
allowing the maximal occupancy to be different from 100%. PET 
occupancy studies using BPND estimates, or the occupancy plot, 
rely on the assumption that tracer nonspecific binding is homog-
enous throughout the brain, and violation of this hypothesis leads 
to biased apparent occupancy estimates. If nonspecific binding is 
higher in a target region than in the reference region, then BPND 
values cannot be reduced to zero even in the presence of high drug 
concentration, and the apparent occupancy will remain lower than 
100%. Conversely, if nonspecific binding is lower in a target 
region than in the reference region, negative BPND values and 
apparent occupancies higher than 100% can be observed. In a pre-
vious [18F]FE-PE2I study (Kim et al., 2014), model 1 was used. In 
a previous [11C]DASB study, model 2 was used, but TOmax was 
not found to be significantly different from 100%, thus model 2 
effectively reduced to model 1 for this tracer (Parsey et al., 2006). 
In this study, model 1 was the preferred model for both [18F]
FE-PE2I and [11C]DASB. Conversely, model 2 was the preferred 
model for [11C]MRB, and TOmax was estimated to be 64% when 
using all regions of interest. This is similar to the results obtained 
in a previous study with methylphenidate (Hannestad et al., 2010): 
[11C]MRB BPND values did not to decrease to zero even in the 
presence of a large dose of methylphenidate, with a TOmax value 
of only 59% in the thalamus (see eMethods 6 for more details of 
the comparison between the two studies).

TOmax estimation by target region revealed that NET occu-
pancy values were lower (38%) in the thalamus than the other 
regions (79–97%). The lower apparent occupancy in the thala-
mus was most likely caused by higher nonspecific binding of 
[11C]MRB in the thalamus as noted above. The lower apparent 
NET occupancy in the thalamus negatively affected overall 
apparent NET occupancy estimated based on regression lines 
of the occupancy plots (example in Figure 2) and thus a sec-
ondary analysis was conducted without the thalamus. Thus, the 
lower TOmax value seen in this study for NET is likely due to a 
property of the tracer [11C]MRB, not a property of centana-
fadine, and apparent occupancy estimates obtained from the 
occupancy plots should be corrected for TOmax for proper bio-
logical interpretation of the study (i.e. true occupancy = appar-
ent occupancy/TOmax).

(a)

(b)

(c)

Figure 2. Typical occupancy plots for transporters of interest. (a) 
Occupancy plots for NET studies with [11C]MRB, (b) DAT studies with 
[18F]FE-PE2I, and (c) SERT studies with [11C]DASB. Solid circles show 
“post-dose one” scan data, open circles show “post-dose two” scan data.
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Comparing [11C]MRB with [18F]FE-PE2I and [11C]DASB, it 
should be noted that the binding potentials of [11C]MRB are 
much lower than those of [18F]FE-PE2I and [11C]DASB. 
Occupancy studies using tracers with low specific binding are 
affected more by small variations in nonspecific binding, and 
thus model 2 is more likely to be needed for tracers with low 
specific binding such as [11C]MRB. In addition, it is worth noting 
that in this study it was not fully possible to test if model 2 is 
needed for [18F]FE-PE2I and [11C]DASB, since the range of 
plasma concentrations for centanafadine in the [18F]FE-PE2I and 
[11C]DASB studies was too narrow (maximum concentrations 
were only about four times minimum concentrations, while there 
was a factor of 11 between maximum and minimum concentra-
tions in the [11C]MRB studies). Finally, the expected occupancy 
at the mean peak centanafadine concentration (Cmax) of 1400 ng/
mL obtained following 400 mg TDD of SR tablet was computed 
based on the estimated IC50. High occupancy was determined for 
NET (91%), while occupancies for SERT and DAT were lower 
(44.3 and 47.1%, respectively).

The results of this trial differ from those of a previously 
reported SPECT study with centanafadine (NVI-EB-1020-104) 
(McKinney et al., 2016). In the SPECT trial, the occupancy at 
NET was similar to those at DAT and SERT. However, the appar-
ent NET occupancy in the SPECT study was not explicitly cor-
rected for the effect of differences in nonspecific binding between 
NET-rich regions. In addition, such differences may be even 
higher for the SPECT tracer [123I]INER than for the PET tracer 
[11C]MRB, as suggested by the previous work showing that an 
80 mg dose of atomoxetine only reduced [123I]INER BPND in the 
thalamus by 17%, while a 50 mg dose of atomoxetine reduced 
[11C]MRB BPND in the thalamus by 55% (Logan et al., 2007). 
Therefore, the TOmax measured with [123I]INER SPECT may be 
much lower than the 64% estimated with [11C]MRB PET in this 
study, and the apparent occupancy measured with [123I]INER 
likely underestimates the true NET occupancy by a large factor. 
In addition, the SPECT study predicted occupancy for DAT of 
13.8% at a concentration of 1151 ng/mL, while in this study it 
was 42%. Similarly, the predicted SERT occupancy was 14.4% at 

(a) (b)

(c) (d)

Figure 3. Transporter occupancy–plasma concentration relationship. (a and b) The relationship between plasma concentration (PK) and transporter 
occupancy (TO) for NET, (c) DAT, and (d) SERT.
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907 ng/mL, while in this study SERT occupancy was 36% 
(Unpublished data). The higher occupancies observed at DAT 
and SERT in the current study may be explained by methodologi-
cal challenges involving the time required for SPECT assess-
ment. In the previous study (McKinney et al., 2016), DAT and 
SERT BPND values were estimated using a bolus tracer injection 
protocol and equilibrium analysis with the radiotracer [123I]β-
CIT at 4 h post tracer injection for SERT and 18 h post tracer 
injection for DAT due to the need to wait up to 25 h to reach 
equilibrium with [123I]β-CIT in the DAT rich-regions 
(Unpublished data; Laruelle et al., 1994) The different time 
scales used for the PET measurements (90 min) as compared to 
the SPECT measurements (4 and 18 h) and the dynamic changes 
in PK during the longer SPECT studies contribute to the differ-
ences seen between the two studies for DAT and SERT occupan-
cies, and likely were also contributing factors to the differences 
seen in NET occupancy.

The current results were similar, however, to an in vitro 
study that showed centanafadine had higher affinity for NET 
than SERT (Bymaster et al., 2012). In vitro, the IC50 values of 
centanafadine for NET, DAT, and SERT were measured to be 6, 
38, and 83 nM, respectively. Therefore, the NET:SERT, 
NET:DAT, and DAT:SERT affinity ratios were 13.8, 6.3, and 
2.2, respectively. The major difference in the current work was 
the numerically higher estimated NET:DAT ratio, suggesting 
that centanafadine has relatively lower in vivo affinity for DAT 
when compared to in vitro data.

At concentrations achieved in ADHD clinical studies, occu-
pancies of SERT and DAT are expected to be lower than or equal 
to the highest occupancy levels in this study, and about linearly 
proportional to dose, while the occupancy of NET is expected to 
be more in the saturated, nonlinear portion of the PK/receptor 
occupancy relationship. A limitation of this study is that only 
healthy male subjects were studied due to the unknown effects of 
the drug on reproduction, with the possibility of population het-
erogenicity to affect statistical power. While a single gender is a 
relative strength in a smaller sized cohort, results may be different 
for females and clinical populations as previous studies have 
shown that receptors can differ both by gender and in patients 
with psychiatric disorders (Maron et al., 2011; Matuskey et al., 
2019; Nishizawa et al., 1997; Wong et al., 2012). A larger bal-
anced study in the future is needed to answer if possible gender 
differences exist. Finally, inherent limitations of the tracers, 
including restricted anatomical distribution and differential bind-
ing potentials affecting signal-to-noise ratios, may preclude defin-
itive statements about neurotransmitter relationships in vivo.

Despite these caveats, this study was very innovative in the 
design of multiple PET scans (i.e. 5) at different times and with 
separate tracers to understand the occupancy of three neurotrans-
mitter transporters by centanafadine: Based on in vivo imaging 
of multiple transmitter transporters, centanafadine is found to 
have the highest affinity for NET, followed by DAT and SERT. 
These findings can help inform mechanism of action, target 
engagement and occupancy at clinically relevant concentrations, 
and thus further clinical work with centanafadine.
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