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Abstract

Quantitative analysis of most positron emission tomography (PET) data requires arterial blood
sampling and dynamic scanning when the radioligand is administered as a bolus injection. Less
invasive studies can be accomplished if the radioligand is administered as a bolus plus constant
infusion (B/1). The purpose of the current study was to evaluate a B/I paradigm for quantifying high
affinity nicotinic acetylcholine receptors (nAChRs) with PET and 2-[18F]F-A85380 (2FA). Seven
volunteers underwent a study in which 2FA was administered as a bolus injection and another study
in which the 2FA was administered by B/l (Kbolus = 500 min). We evaluated the feasibility of using
scans of a 2 h duration starting 6 h after the start of the 2FA administration and data from venous
blood. Radioactivity in the brain and in arterial and venous plasma reached steady state by 6 h.
Volumes of distribution (V) calculated from the ratio of radioactivity in the brain areas of interest
to the radioactivity corresponding to unbound, unmetabolized 2FA in venous plasma at steady state
in the B/I studies were very similar to those calculated from time activity curves of unbound,
unmetabolized 2FA in arterial plasma and regional brain radioactivity from 8-h dynamic scans after
bolus administration of 2FA. The results of repeated PET studies with 2FA showed a high
reproducibility of V1 measurements. We conclude that B/I methodology will be useful for clinical
and research studies of brain nAChRs.

Introduction

The a4p2* subtype of high affinity nicotinic acetylcholine receptors (nAChRs) are the most
abundant nAChRs in the mammalian brain (Lindstrom et al., 1995). These receptors are
involved in many neuropathological states including tobacco dependence, as well as in
modulating neurotransmission under physiological conditions (Mihailescu and Drucker-Colin,
2000). Therefore, the ability to quantify nAChRs in vivo may be useful for elucidating their
role in these processes. The first PET radioligand that allows visualization and quantification
of nNAChRs in humans is 2-[18F]F-A-85380 (2FA). PET studies in humans and non human
primates acquired following a bolus administration of 2FA have been particularly successful
in imaging and quantifying nAChRs in vivo (Chefer et al., 2003; Gallezot et al., 2005; Herzog
et al., 2006; Kendziorra et al., 2006; Kimes et al., 2003; Kimes et al., 2006; Meyer et al.,
2006a; Meyer et al., 2006b; Mitkovski et al., 2005; Picard et al., 2006). Reliably quantifying
these receptors in human brain requires arterial blood sampling, and long scan times are
necessary to quantify them in brain regions that contain high densities (e.g., thalamus).
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Avoiding arterial blood sampling would be feasible if there were a suitable reference region
for analysis. However, even the use of the corpus callosum, which has a very low density of
nicotinic receptors, is problematic in smokers either because specific binding in this region or
spillover from other brain regions is not trivial in smokers (Brody et al., 2006).

Theoretically, accurate quantification of nicotinic receptors in human brain with 2FA requires
arterial blood sampling for the entire scanning period. One way to avoid the need for arterial
blood and/or a reference region is to use a bolus plus constant infusion (B/I) method of
radioligand administration and venous blood instead of arterial blood.

The use of B/l methodology has been validated for in vivo studies of various neuroreceptors
withanumber of PET and SPECT radioligands (e.g., cyclofoxy (Carsonetal., 1993), raclopride
(Ito et al., 1998), iomazenil (Abi-Dargham et al., 1994), altanserin (Pinborg et al., 2003))
Quantifying nAChRs with PET and 2FA by the B/I method has been validated in rats (Vaupel
et al., 2007). Although this methodology has been used for PET studies with 2FA in humans,
(Brody et al., 2006), it remains to be validated for this purpose.

In theory, there are several advantages to using B/l administration of 2FA instead of a single
bolus injection for quantifying brain nAChRs in humans. Major benefits of the B/l method are
a shorter scanning period because acquiring data from the beginning of the radioligand
administration period is unnecessary, and the ability to replace continuous arterial blood
sampling with the collection of a few venous blood samples obtained 6-8 hours after the start
of 2FA administration. Additional advantages of B/l administration are: 1) a greater
concentration of unmetabolized radioligand in the blood and brain during the last hours of
scanning compared to bolus administration for doses that produce equivalent radiation
exposure to the volunteer; 2) data analysis is independent of the compartmental organization
of brain regions; 3) modeling is unnecessary, as a simple ratio of concentration in the tissue to
that in venous plasma at equilibrium yields total volume of distribution (V). Finally, this
method offers a simple and very sensitive tool for studying dynamic changes in receptor
occupancy (Brody et al., 2006).

The advantages of B/l method are realized most if the appropriate ratio of the dose administered
as a bolus injection to that administered as continuous infusion is used. Conversely, the use of
an inappropriate dose ratio and data collection only over a predetermined time interval could
lead to serious errors in V1 measurements.

Kbolus, a frequently used parameter, characterizes the ratio of the bolus dose to the infusion
dose. Kbolus is defined as the time required to infuse an amount of radioligand equal to that
administered as a bolus. The dependence of the time (T*) to approach the steady-state
concentration of radioligand in the blood or brain area on the value of Kbolus is described by
a U-shaped function. The coordinates of the minimum values for T* could differ for different
brain regions and could be distinct from that of blood. In general, the coordinates for these
minima for the blood and brain regions depend on the rate of elimination of the radioligand
from the blood. In addition, the coordinates of the minima for each brain region depend on the
clearance of radioactivity from the specific region as well. Therefore, a goal in developing B/
I protocols is to determine a single Kbolus that could be useful for the entire set of brain regions
to be analyzed and for most, if not all, individuals being tested.

The goal of the current study was to evaluate B/I administration of 2FA for nAChR
quantification with PET in human volunteers. The bolus to infusion dose ratio (Kbolus) was
chosen to approach steady state conditions between the plasma and tissue compartments as
quickly as possible for diverse V1 values. As a potential future application of a B/l protocol
for 2FA is the investigation of brain nicotinic receptors in nonsmokers and in smokers,
participants from both groups were included in this study. We expected that smokers would
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exhibit higher V1 values than nonsmokers and could possibly show different 2FA
pharmacokinetics as well. Therefore, we evaluated the applicability of this calculated Kbolus
by determining its utility in multiple brain regions regardless of their V1 and in human
volunteers who had potential variations in pharmacokinetics or maximum V. We performed
two PET studies, one with bolus administration of 2FA and the other with B/l administration
of 2FA, in seven volunteers, four of whom were smokers and compared V-t values obtained
by these methods. We determined the time required for the radioligand to reach a steady state
in arterial blood and brain after B/I administration of 2FA. Finally, we obtained a preliminary
estimate of test/retest variability of the B/I method of 2FA administration in three volunteers.

The Institutional Review Board of National Institute on Drug Abuse (NIDA) Intramural
Research Program approved the design of this study. Administration of the radioligand to the
human volunteers was performed under an Investigational New Drug (IND) application to the
Food and Drug Administration (FDA)

Healthy volunteers (n = 8, 2 female, 4 African American, 19-45 yr; 4 smokers) participated
in two or three scanning procedures at least 4 weeks apart. VVolunteers were recruited through
newspaper and television advertisements as well as by word of mouth. Participants were
excluded for 1Q < 80 (Shipley Institute of Living Scale) (Zachary, 1986), current [SCL-90
(Derogatis et al., 1973)], or past psychopathology [Diagnostic Interview Schedule for DSM-
IV (DIS-IV) (Robins et al., 1995)], and/or evidence of acute or chronic medical problems (as
assessed by medical history, physical examination, and routine blood screen). Potential
participants were also excluded for significant drug use history (30 times ever and/or more
than 10 times within the last 10 years of any single illicit substance except marijuana)), more
than moderate drinking (e.g., > fourteen alcohol containing drinks/week), more than moderate
caffeine consumption (e.g., > 500 mg of caffeine/day and/or > two marijuana cigarettes/month.
Smokers were abstinent from smoking at least 36 h before each scan (~15 half lives for
nicotine). Participants arrived the day before the scan and spent the night on a supervised ward.
Smoking abstinence was established by participant self-report and confirmed by CO
monitoring upon arrival to the unit and again 2-3 h before the PET scan. CO levels ranged
from 0 to 3 ppm on the morning of the scan. Upon arrival, participants gave a urine sample,
which was tested for illicit drugs, and underwent a breathalyzer test to confirm that they were
not intoxicated. Blood samples were obtained for routine serum chemistry and hematology
tests and to rule out current pregnancy (females). Results of blood tests, vital signs and a 12-
lead ECG on the morning of the scan confirmed the current health status. All participants gave
written informed consent after receiving an explanation of the study and its procedures.

Radiochemistry—2FA injection was prepared by a semi-automated modification of a
previously described method (Horti et al., 1998), and formulated as a sterile, apyrogenic
solution in saline. The radiochemical purity of 2FA was >95%.

2FA was administered as a bolus to seven volunteers. At least four weeks later, the same seven
volunteers underwent a B/l study. Two of these volunteers underwent a second B/l study. One
additional volunteer, who did not undergo a bolus study, underwent two B/l studies. PET
images were acquired with a Siemens ECAT Exact HR+ scanner in 3D mode yielding 63
contiguous transaxial slices, with a 15.5-cm field of view, and a 4.6-mm transaxial
reconstructed resolution at the center of the field of view. Scanning continued for 8 h, with
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breaks as needed for the participant to void and have lunch and low-fat snacks. Most
participants required 3-5 breaks over the scanning period. To alleviate boredom, participants
were allowed to watch movies on a computer monitor. An individually molded thermoplastic
mask was used to reduce head motion and to facilitate repositioning after breaks. The
participant’s head was aligned to the cantomeatal line in the scanner.

Scan 1: Bolus administration of 2FA

After a transmission scan, dynamic PET scans and arterial blood collection commenced with
the bolus administration of 2FA (1.65-2.61 MBg/kg, 0.045-0.071 mCi/kg). The specific
activity of 2FA at the time of administration ranged from 134 to 754 GBg/umol (3.6 to 20.5
Ci/umol). The administered dose ranged from 3 to 12 pmol/kg.

Scan 2: Bolus plus Infusion of 2FA

After a transmission scan, dynamic PET scanning and arterial blood collection commenced
with the bolus component of the 2FA administration, which was followed by the infusion phase
using a Harvard 2 clinical pump (Harvard Clinical Technology, Inc., South Natick, MA). The
total effective dose administered in these studies ranged from 0.99-2.83 MBq/kg (0.027 to
0.077 mCi/kg). The specific activity of 2FA at the time of administration ranged from 158 to
755 GBg/umol (4.3 to 20.4 Ci/umol). The administered dose ranged from 3 to 21 pmol/kg. For
five participants in B/l studies, we collected venous and arterial blood. For the remaining
participants, we obtained only venous blood.

Determination of Kbolus

Kbolus is defined as the time required to infuse (at a constant rate) the same amount of
radioligand as administered as a bolus. The Kbolus was determined using data from four
nonsmokers and two smokers acquired in previously reported studies in which 2FA was
administered as a bolus (Kimes et al., 2003; Kimes et al., 2006). We determined that the optimal
value for Kbolus was 500 min, which resulted in the desired equilibrium between blood and
brain within 6-8 h. Using this Kbolus, the dose for the bolus part of the study was 1.04 times
the dose of the infusion part (480 min). In practice, some of the radioactivity in the syringe
decayed before being administered to the participant during the infusion. Therefore, the actual
dose of radioactivity received by the participants as an infusion was less than 1/3™ of the
nominal dose. For example, for a participant who received a total effective dose of 185 MBq,
142 MBq was administered as a bolus and 136 MBq (142 MBq/500 min)*480 min), decay-
corrected to the beginning of administration, was administered by constant infusion. Because
of decay, the true amount of radioactivity infused was 43 MBq.

Measurement of the concentration of unbound, unmetabolized 2FA in plasma

Twenty-two blood samples of 3 ml each were taken from the radial artery (bolus studies) and
from the radial artery and antecubital vein (contralateral to the injection site) or only from the
vein (in B/l studies) at predetermined intervals over 7-8 hours after the start of the 2FA injection
and dispensed into heparinized tubes stored on ice. Following centrifugation at 3000g for 10
minutes, plasma radioactivity was measured in a single detector gamma-counter (Cobra,
Packard Instruments, Meriden, CT). Additionally, a baseline blood sample (usually venous)
was acquired from each participant before 2FA injection to determine the binding of 2FA to
plasma protein and to prepare standards for solid phase extraction (SPE). Plasma protein
binding of 2FA was determined by ultrafiltration with a Centricon YM-10 filtration device
(Millipore Corp., Bedford, MA). Unmetabolized 2FA was determined by SPE using clean
screen extraction columns (United Chemical Technologies, Bristol, PA) (Shumway et al.,
2007).
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Structural Magnetic Resonance Images (MRIs)

T1-weighted structural MRIs were obtained for all participants on a Siemens Allegra (3T)
scanner (Erlangen, Germany) for anatomical reference (1-mm3 isotropic voxels, TR =2.5's,
TE =4.38 ms, FA = 8).

VOI Data Analysis

Data from the PET scans were transformed in the manner described below to obtain time
activity curves (TACs) for each of the following brain regions: thalamus, pons, midbrain,
cerebellum, putamen, frontal cortex and corpus callosum. For the analysis method described
herein, region of interest (ROI) refers to the structure in 2-dimensional space (e.g., on a slice)
and volume of interest (VOI) refers to the structure in 3-dimensional space (i.e., sum of ROIs).
Dynamic frames were motion and decay corrected and then combined into one set of dynamic
images, which was averaged over time (0-480 min). Each participant’s MRI was coregistered
to his/her average PET images. Templates for each of the seven structures were drawn
bilaterally on 2—4 adjacent sections of the MRI from a representative participant. This standard
template was copied to each participant’s MRI and the position was adjusted if necessary
without resizing. The adjusted template was applied to the respective dynamic PET images.
The value for radioactivity in each structure at each time point for each participant is the average
of all pixels in all ROIs yielding a VOI for each structure. This process yielded TACs for each
structure for each participant for each study (bolus and B/I). PMOD (v. 2.7, PMOD
Technologies Ltd., Zurich, Switzerland) was used to calculate V1 in the VOIs and parametric
maps (see below). For the bolus study, V- for each structure was determined by classic Logan
analysis (Logan et al., 1990), one-tissue compartment model (1 TCM) and two-tissue
compartment model (2TCM). For the B/I studies, V1 for each structure was calculated as the
ratio of the average radioactivity in each VOI at steady state (i.e., 6-8 h) to the average
radioactivity corresponding to free unmetabolized 2FA in either venous or arterial plasma (also
6-8 h).

Parametric Maps

For the bolus study, parametric VT maps were generated using classic Logan analysis (Logan
etal., 1990) and Ichise multilinear regression analysis (MAL) (Ichise et al., 2002) using PMOD.
For both methods the arterial input function for free unmetabolized 2FA was used. Parametric
V1 maps from B/l studies were generated by dividing the radioactivity in each pixel of the set
of average images obtained from 6 to 8 h after the start of 2FA administration for each
participant by the average radioactivity corresponding to free unmetabolized 2FA in plasma
samples collected from 6-8 h. Parametric VT maps from each B/l study were coregistered to
respective parametric maps (PM) from the bolus study (classic Logan model). For the bolus
study, each individual’s PM was aligned to the parametric map of a randomly chosen volunteer
and then the aligned maps were averaged. This averaged PM was used for a second alignment
of the individual PMs. This second alignment algorithm was then applied to the MA1-modeled
images and to the PMs from the B/I studies. The final Logan method PMs for each of the seven
participants were averaged (averaged Logan PM) as were those obtained by the MA1 method
(averaged MA1 PM) and from the B/l studies (averaged B/l PM). The result was three averaged
PMs (one for each modeling procedure) all aligned to each other. The image sets from each
participant were not transformed into a standard coordinate space. The sets of average images
were compared to obtain differences maps.

Measurement of V1 of the entire brain for each participant using parametric maps

An overall average parametric map from the averaged Logan PM, averaged MA1 PM and
averaged B/I PM was obtained. An ROI of the entire brain was drawn on each slice of this
parametric map. This ROI template was applied to the parametric maps from each participant
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for each modeling procedure to obtain average V-t value for the entire brain (three values for
each participant). These average values for each participant (n=7) were averaged to yield one
mean V1 £ SEM for each of the three modeling procedures (Logan, MA1 and B/I).

Time course of concentration of radioactivity in brain regions and plasma after bolus and
bolus/infusion administration

For the bolus administration studies, radioactivity in the plasma peaked immediately after the
2FA injection and declined steadily for the remainder of the study as expected (Fig. 1A). The
TAC:s for the radioactivity in the various VOIs peaked between one and three hours and
declined steadily thereafter (Fig. 1A). Fig. 1B shows the curves predicted for the brain regions
and plasma if the 2FA had been administered by B/I using a Kbolus of 500 min. The curves
in Fig. 1C are based on actual data from the B/l study in the same volunteer and agreed well
with the predicted curves. The average areas under the predicted curves deviated from those
actually measured by 3 + 6% (mean £ SD) and the V1 values calculated from the predicted
curves agreed well with those calculated from B/l experimental data. The mean deviation was
3+ 5% (+ SD).

2FA radioactivity in venous vs. arterial blood plasma

For five B/I studies, we collected both venous and arterial blood. In each of these studies, the
TACs for the percent of radioactivity in blood plasma that corresponded to unmetabolized 2FA
in venous and arterial plasma collected from 5-8 h after the start of 2FA administration were
very similar (Fig. 2A). Furthermore, the average percent of radioactivity corresponding to
unmetabolized 2FA in venous and arterial plasma for samples collected between 5 h and 8 h
after the start of the 2FA administration was almost identical for each of these 5 volunteers
(Fig. 2A insert).

The average total radioactivity and the average radioactivity corresponding to the
unmetabolized fraction of 2FA, presented as standard uptake values (SUV) (Bergstrom et al.,
2003) for arterial and venous plasma during B/I studies (n = 5), show convergence starting at
4 h after the start of 2FA administration (Fig. 2B). Importantly, the average concentration of
unmetabolized 2FA expressed as SUV for the time points from 5-8 h after the start of 2FA
administration in arterial plasma was almost identical to that in venous plasma for each of the
participants (Fig. 2B insert). Therefore, measures of unmetabolized 2FA from venous blood
from 5-8 h after the beginning of 2FA administration can be used in lieu of those from arterial
blood to calculate V.

Radioactivity in brain and blood plasma — bolus vs. bolus plus infusion administration of

2FA

As predicted, the concentration of total radioactivity and unbound, unmetabolized 2FA in
plasma for the last two h of the study (6-8 h after radioligand administration) expressed as
SUV showed that a substantial increase in signal (more than 2-fold) was obtained by using a
B/l administration compared to using a bolus administration (Figs. 3 and 4). Likewise, the
average concentrations of radioactivity in the various VOIs during the same time period in the
B/I studies are almost 2-fold those observed in the bolus studies (Fig. 4).

Steady state in blood and brain

The goal of the B/I paradigm is to reach equilibrium among all the compartments in the brain
and between the brain and the arterial blood as soon as possible. We assumed this equilibrium
was reached when the concentration of unbound, unmetabolized 2FA in arterial plasma and
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the concentration of radioactivity in the assayed brain regions reached steady state. At 4 h after
the start of the 2FA administration, the concentration of free 2FA in the arterial plasma
overestimated the value observed at 7.5 h by 2 % (Fig. 5A). At the same time, the radioactivity
in the cerebellum, putamen, pons, corpus callosum, midbrain and thalamus underestimated the
steady state values by 3%, 2%, 2%, 7%, 8% and 8%, respectively (Fig. 5 C-I). By 6.5 h after
the start of 2FA administration, radioactivity in all VOIs underestimated steady state values
by 2% or less (Fig. 5C-I).

VOI analyses of V¢

We used three methods to calculate V1 for each VOI in the bolus studies and compared those
values to the ones obtained in the B/l studies. Utilizing an arterial input function (free

unmetabolized 2FA) yielded similar results for the bolus studies regardless of the method used
(1TCM, 2TCM, or classic Logan graphical analysis), but the 2TCM values tended to be higher.

The mean V1 values for the seven VOIs obtained from the bolus and B/I studies are shown in
Fig. 6. Although the 2TCM tended to yield greater values for V1, the values for the bolus study
with 2TCM analysis and the values from the B/I study were not significantly different (p >
0.1). Based on the values obtained in the B/l studies, the average percent underestimation was
1% compared to the 1 TCM values (Table 1A) and Logan graphical method values (Table 1C)
and 4% for the 2TCM values (Table 1B). The average absolute deviation for all VOIs (either
over- or underestimation) between bolus by any analytical method and B/l was 7-8% (Table
1). Furthermore, the regional average absolute deviation was less than or equal to 11%. Thus,
there is good agreement between the values obtained in the B/I study with each of the three
methods of analysis for the bolus study. This agreement suggests that the reproducibility of a
given measurement in a given region with this radioligand is reasonably good regardless of the
analysis method, including B/I. These findings also suggest that repeated studies using the
same 2FA administration paradigm and same analysis method will yield coefficients of
variation (CV) that are similar to or less than those obtained using two different 2FA
administration methods. In support of this assertion is the finding that the CV was 6% or less
depending on the region assayed when we performed two B/I studies on three volunteers (Table
2).

Parametric maps of Vt

A parametric map of data from a representative B/I study performed in a nonsmoker is shown
in Fig. 7. This map was obtained from the ratio of the average radioactivity in each brain voxel
to average concentration of free 2FA in venous plasma samples (average of frames and blood
acquired from 6-8 h after the start of the 2FA administration). These data show the expected
distribution of nAChRs (e.g., highest in thalamus, intermediate in midbrain and cerebellum
and lowest in corpus callosum). Intermediate values for V1 were also observed for some white
matter regions such as the internal capsule.

Average parametric maps obtained from bolus studies using classic Logan analysis and from
B/I studies in seven volunteers are shown in Fig. 8 (top two panels). The B/l map and the map
of the Logan analysis are nearly identical in the relative V1 and in the image quality. The map
of the difference between these methods shows a random distribution of values and that
difference (B/l -Bolus with Logan analysis) was slightly above zero (Fig. 8, second panel from
bottom). The figure insert provides the average of the VT for the entire brain for the seven
subjects in the B/l study, the bolus study with Logan analysis and the bolus study with MA1
analysis. Based on the values obtained in the B/I study, Logan analysis of the bolus study
yielded approximately an 8% underestimation of average V1. This underestimation may reflect
the previously observed underestimation of V1 that has been attributed to statistical noise in
this graphical analysis method (Slifstein and Laruelle, 2000).
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We also analyzed the data from the bolus studies using the MAL graphical method (Ichise et
al., 2002) as this analysis method was designed to remove the above mentioned systematic
underestimation. This analysis also produced parametric maps that were very similar to those
from the B/I studies, and the average V- values for the entire brain for the seven subjects using
MAZ1 analysis in the bolus studies and B/I studies were almost identical (Fig. 8, insert).
Nonetheless, MAL analysis gave somewhat higher V1 values (up to 5%) for those regions with
high receptor densities (e.g., thalamus). Difference maps between B/I studies and bolus with
MAU1 analysis reflect this overestimation of V1 in thalamus and internal capsule (Fig. 8, bottom
panel).

To illustrate the differences among the methods, scatter plots of V1 for each of 166208 voxels
from the average images for each analysis method are shown in Fig. 9. The scatter plot in Fig.
9A compares the B/I method with the Logan method. The linear regression line shows the
strong linear correlation (r2 = 0.90) between these two methods, but the slope of the line (0.93)
reflects the systematic underestimation of V1 throughout the brain. The scatter plot in Fig. 9B
compares the B/l method with the MAL analysis. In this comparison, the linear regression line
has a slope of 1, but shows a correlation that is slightly less (r2 = 0.86) than that obtained in
Fig. 9A. These findings are similar to the observations of Ichise et al. (2002), who suggested
that MAL decreases the noise-induced bias at the expense of increased variability.

Discussion

In this study, we showed that the V1 of 2FA, which interacts with nAChRs, can be reliably
determined with PET using B/I methodology and the concentration of unbound, unmetabolized
radioligand in venous blood. As mentioned in the introduction, the B/l method provides several
advantages over the bolus administration of the respective radioligand both in terms of comfort
for the research participant and invasiveness and simplicity of the methods. Furthermore, once
steady state is reached, additional perturbations of the system (e.g., release of endogenous
neurotransmitter) can be measured within a single study.

The current study extends this body of knowledge and shows that use of B/l administration of
2FA and venous blood sampling provides a simplified method for obtaining values of V.
Specifically, we showed using B/l studies, that radioactivity corresponding to free,
unmetabolized 2FA obtained from venous blood samples can be used instead of values from
arterial samples and that radioactivity in brain and blood is ~2-fold that in bolus studies at 6—
8 h after the start of 2FA administration, thus providing data of greater reliability. Our results
also showed that a steady state was reached in arterial plasma and in most brain regions at 4—
6 h after the start of 2FA administration using a Kbolus of 500 min. In brain regions with slower
kinetics (e.g., thalamus, midbrain) a steady state was almost reached by 6-8 h using this Kbolus.
Analyses of seven VOIs from B/l studies were in good agreement with results from bolus
studies, regardless of method of analysis (LTCM, 2TCM or Logan), suggesting a high
reproducibility of measurement among methods. Because acquiring venous blood and scanning
for 2 h (from 6-8 h after the start of 2FA administration) provides sufficient data and eliminates
the need for modeling, B/l studies provide an extremely useful method for quantitative imaging
of nAChRs compared to bolus studies that require arterial blood collection, scanning for up to
8 h and sophisticated mathematical modeling of the data.

Unmetabolized 2FA in venous plasma attained a constant level before steady state was
achieved inarterial blood (Fig. 5B). This finding suggests that data from venous blood collected
as soon as 1 h after the start of 2FA administration can be used as a surrogate measure for 2FA
in arterial blood at equilibrium and this value can be used to calculate V. It should be noted
that the time at which the concentration of 2FA becomes constant in venous blood does not
provide the time at which equilibrium between 2FA in arterial blood and 2FA in the brain has
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been reached. The almost equal concentration of free radioligand in arterial and venous plasma
at 5-8 h after start of 2FA administration for each of the volunteers (Fig. 2a insert), suggests
that little metabolism is occurring in peripheral tissue (e.g., muscle).

Although only one Kbolus value (500 min) for the B/l studies was used in the current study,
we determined that this value was good for all subjects and all regions assayed. We found that
this Kbolus was sufficient to measure V1 in the various brain regions regardless of the receptor
concentration (e.g., high receptor densities in thalamus vs. low to moderate densities in cortical
area). Smokers have greater concentrations of nicotinic receptors than non-smokers (Benwell
et al., 1988; Breese et al., 1997; Herzog et al., 2006; Kimes et al., 2006; Staley et al., 2006).
Although absolute VT values were greater in smokers than in nonsmokers, especially in the
cerebellum and frontal cortex, the deviation between values obtained in bolus studies compared
to B/I studies were similar in both groups (see Table 1), suggesting that the Kbolus used in this
study was sufficient to obtain reliable values for VT in both groups. It should be noted that the
purpose of the current study was not to compare smokers with nonsmokers. That comparison
with more participants will be presented separately. The VT values calculated for non-smokers
using the B/l method, 15+1,7.3+£0.4,7.8 £0.5,and 6.6 £ 0.5 (mean £ SEM, n=4) for thalamus,
putamen, cerebellum and frontal cortex, respectively, were consistent with those obtained by
Gallezot et al. (2005), but values obtained by Mitkovskia et al. (2005) were remarkably lower
(15-46%) than those obtained in our study, especially for thalamus.

If the purpose of a PET study of nAChRs is to obtain values for regions with widely divergent
V1, then Kbolus=500 min and scanning for 2 h starting 6 h after the start of 2FA administration
will provide good estimates of these values. On the other hand, if the study has a more restricted
scope interms of brain regions to be assayed, scans acquired at earlier times (4—6 h) will provide
reasonable V1 values for regions such as the cortex, putamen and cerebellum. If the target
region has slower kinetics, (e.g., midbrain or thalamus), a higher Kbolus may be more useful.
Theoretically, increasing the Kbolus would result in achieving a constant level of radioactivity
in these brain regions earlier relative to the start of 2FA administration, but actual testing is
required to prove this prediction. Alternatively, using 500 min as the Kbolus, VT in a brain
region with slow kinetics could be calculated based on kinetics of the regional brain
radioactivity measured from 4 to 6 h after start of 2FA administration. Since the concentration
in arterial blood has reached steady state at this time, the concentration of radioactivity in those
brain regions will increase monoexponentially. Therefore, the level of radioactivity at steady
state can be easily calculated by extrapolation. Again, the reliability of this approach must be
verified by data simulation or by performing additional studies.

Parametric maps of B/l studies seem to remove most of the bias from analyses commonly used
with bolus studies. These maps are free of underestimation of V1 because they are not subject
to bias from statistical noise that affects the Logan analysis (Logan et al., 1990) and do not
have the additional variability that can be introduced by the MA1 method (Ichise et al.,
2002). Obtaining measures of brain radioactivity and unmetabolized 2FA in venous plasma
between 6 and 8 h after the start of 2FA administration in B/1 studies yields comparable values
for V1 to those obtained from a full arterial plasma curve obtained from O to 8 h after the start
of bolus administration and dynamic scanning for 8 h. Although obtaining one plasma sample
and one scan may provide enough data to calculate V1, obtaining data from several plasma
samples reduces the statistical noise from the measurement of free unmetabolized 2FA and
performing dynamic scanning over 2—3 h allows confirmation that steady state in the brain has
been achieved.

We conclude that 2FA administration via B/l (Kbolus = 500 min) with venous blood sampling
and scanning from 6 to 8 h after the start of the 2FA infusion is a reliable method for quantifying
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nAChRs in the human brain. Because of its minimal invasiveness and shorter scanning
duration, this procedure will be particularly useful in many clinical and experimental
investigations (e.g., % receptor occupancy by nicotine or measuring VT and nondisplaceable
volume distribution in the same study on the same day).
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Figure 1.

Panel A Time activity curves (TACs) from bolus study of a representative volunteer. Panel B
Predicted TACs (dashed lines) for B/l study if Kbolus = 500 min. Panel C TACs from the B/
I study on the same volunteer. Curves are provided for thalamus (blue), pons (yellow), midbrain
(pink), cerebellum (aqua), frontal cortex (brown), putamen (green), corpus callosum (gray),
and radioactivity corresponding to unmetabolized 2FA in blood plasma (red). Radioactivity
values are given as standard uptake values (SUV).
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Figure 2.
Time course of arterial and venous plasma radioactivity during B/l studies (data are given as

mean + SEM, n = 5). (A) Radioactivity corresponding to unmetabolized 2FA expressed as a
percent of total plasma radioactivity (open squares = arterial plasma, filled squares = venous
plasma). The insert shows the unmetabolized 2FA in arterial (white bars) and venous plasma
(black bars) at 6.5 h after start of 2FA injection, expressed as a percent of total plasma
radioactivity for each of five participants (#1, #2, #3, #4 and #5). Values given are the average
of the last seven blood samples collected (5-8 h after the start of 2FA administration). (B) Total
arterial (open circles) and venous (filled circles) plasma radioactivity along with radioactivity
corresponding to unbound unmetabolized 2FA in arterial (open squares) and venous (filled
squares) plasma, expressed as standard uptake values (SUV) from the same five B/I studies
shown in Figure 2A. The insert shows the average concentration of unbound unmetabolized
2FA in arterial (white bars) and venous (black bars) plasma expressed as SUV for each of five
participants (#1, #2, #3, #4 and #5). Values given are the average of the last 7 blood draws (5-
8 h after the start of 2FA administration).
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Figure 3.

Comparison of plasma radioactivity after bolus and B/l administration of 2FA (mean £ SEM,
n = 7). Time course of total radioactivity (circles) and radioactivity corresponding to unbound
unmetabolized 2FA (squares) in B/1 study (venous plasma, open symbols) and bolus study
(arterial plasma, filled symbols).
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Figure 4.

Radioactivity in various brain regions given as mean + SEM of standard uptake values (SUV)
obtained from 6 to 8 h after the start of 2FA administration. White bars and black bars represent
data from the bolus studies (n = 7) and from the B/l studies (same n=7), respectively.
Abbreviations: CC — corpus callosum, frcx — frontal cortex, cb - cerebellum, midbr — midbrain,
pons — pons, put- putamen and th — thalamus, pl tot — total radioactivity in arterial (bolus study)
or venous plasma (B/1 study), 2FA free — unbound, unmetabolized 2FA in arterial (bolus study)
and venous plasma (B/I study).
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Figure 5.

Time required for plasma or tissue radioactivity to reach steady state. Values are expressed as
percent of average of values obtained from 7-8 h after the start of the B/l administration of
2FA Data are given as mean + SEM forn = 7.
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Figure 6.

Comparison of the total volume of distribution (V, mean + SEM) in various brain regions.
Data were acquired from seven volunteers in a B/I study and the same volunteers in a bolus
study. V1 from the bolus administration studies were calculated by the one tissue compartment
model (white bars), two tissue compartment model (diagonally striped bars), and Logan
graphical analysis (horizontally striped bars), all using the arterial input function. V1 from the
B/I studies (black bars) were calculated as a ratio of radioactivity in each brain region at steady
state to the radioactivity corresponding to unbound, unmetabolized 2FA in venous plasma at
steady state. The abbreviations are as in Fig.4. See Table 1 for comparisons of data from B/I
study and bolus study for each participant..
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PET: B/l
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Figure 7.

Images from a representative volunteer (nonsmoker). Top panel — MRI scans, Middle panel -
parametric maps of total volumes of distribution (V1) from the bolus plus infusion study (B/
I) using 2FA concentrations from venous plasma, Bottom panel — fused MRI and V- images.
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Figure 8.

Average parametric maps (n = 7) of total volume of distribution (V1) obtained by different
methods. Average parametric maps in each row are shown in axial, saggital and coronal planes
(from left to right) at the level of the thalamus. From top to bottom: bolus/infusion study (B/
), bolus study using classic Logan analysis, bolus study using MA1 analysis, difference
between the B/l map and classic Logan analysis map of bolus study and between the B/l map
and the MA1 analysis map of the bolus study. The insert provides the mean (£ SEM, n = 7)
VT values for the entire brain for the B/I study, the bolus study with Logan analysis and the
bolus study with Ichise analysis. Note that the scale for the difference maps is expanded.

Neuroimage. Author manuscript; available in PMC 2009 January 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kimes et al.

Logan, V,

Page 20

18 18
- Y =1.01X-0.05
164 Y =0.93X+0.08 16 4
r2=0.90 r2=0.86
14 14
12 4 12 4
10 - > 101
o
8 1 c 84
]
6 1 6 4
4 4
2 1 2 4
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Bolus / Infusion, V; B Bolus / Infusion, V
Figure 9A Figure 9B
Figure 9.

Scatter plots comparing values for V1 from each voxel from averaged images (see Figure 8).
(A) Averaged parametric maps from bolus plus constant infusion study (B/I) vs. averaged
parametric maps from bolus study with classic Logan analysis (Logan). The slope of the line
i5 0.93. (B) Averaged parametric maps from bolus study with MA1 (Ichise) analysis. The slope
of the line is 1.01
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