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Abstract

[**C]Carfentanil (CFN) is a w-opioid agonist used for in vivo positron emission tomography (PET) studies of u-opioid receptors.
Previoudly, a tissue-ratio method was validated for the quantification of CFN binding. However, since that initial validation, severa other
blood independent (reference-tissue) methods have become available. To evaluate these methods, CFN PET studies with arterial blood
sampling were acquired in six healthy male control subjects. Specific binding estimates obtained from reference-tissue methods were
compared to those obtained with a more rigorous blood input modeling technique. It was determined that both a graphical method, and a
simplified reference tissue model, were more accurate than the tissue-ratio method for quantification of CFN binding. © 2003 Elsevier

Science Inc. All rights reserved.
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1. Introduction

[*'C]Carfentanil (CFN) is a reversible u-opioid agonist
and is one of the first receptor binding ligands to be studied
with positron emission tomography (PET) [6]. An early
evaluation of CFN kinetics showed that a simple tissue-ratio
method provides estimates of CFN binding that are highly
correlated (r = 0.98) with specific binding estimates ob-
tained using a more rigorous blood-input modeling tech-
nique [7]. The tissue-ratio method uses the tracer activity
concentration in occipital cortex, a region that contains a
negligible concentration of u-opioid receptors [9], to cor-
rect for non-specific binding. Because invasive blood sam-
pling is not required for analysis, the tissue-ratio method
was seen as an attractive approach. However, since the
original validation of the tissue-ratio method severa blood
independent ‘reference-tissue’ techniques have been devel-
oped to measure receptor binding for reversible ligands,
including reference-tissue modeling [15,16,22], graphical
analysis [18], and multilinear fitting [11]. Unlike the tissue-
ratio method, these more recently developed reference-tis-
sue techniques can all be derived from blood-input com-
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partmental modeling. Although the newer reference-tissue
methods only approximate the more rigorous blood-input
methods, they still are expected to be more accurate than
using simple tissue-ratios which have been shown to sys-
tematically produce a biased measurement of total tissue
binding [2]. However, quantitative methods always need to
be carefully evaluated for each individual tracer, and since
the tissue-ratio method has already been validated for CFN
it is not certain that another method will provide a signifi-
cantly more accurate or reliable measurement. To make a
more conclusive determination, we have applied severa
reference-tissue and blood-based quantitative methods to
measure CFN specific binding in six healthy human sub-
jects. CFN uptake in mouse brain was also examined to
resolve an outstanding issue regarding the possible cerebral
uptake of radioactive metabolites.

2. Materials and methods
2.1. Human subjects

Six heathy male volunteers (ages 20-29 years) were
included in this study. The Johns Hopkins Joint Committee

on Clinica Investigation approved the protocol, and all
subjects provided signed consent prior to entry in the study.
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2.2. Image acquisition

A thermoplastic mask was individually fitted to each
subject’s face for the purpose of immobilization and posi-
tioning during the scans. Prior to the day of PET scanning,
MR images were acquired using a 1.5 T Signa Advantage
system (GE Medical Systems, Milwaukee, WI, U.S.A.) and
a three-dimensional SPGR (Spoiled Gradient Recalled Ac-
quisition in the Steady State) sequence with the following
parameters; repetition time 50 ms; echo time 5 ms, flip angle
of 45 degrees, number of excitations 1; field of view of 24 x
24 cm; dlice thickness = 1.5 mm; reconstruction matrix of
256 x 256, yielding an in-plane pixel size of 0.93x0.93 mm.
MRI scans were applied for PET structural localization
using a standard technique [19]. For the PET studies, the
subjects were positioned in the scanner using a landmark
previously determined by MRI. A 10-min transmission scan
was obtained prior to tracer injection. [*C]Carfentanil
(CFN) was synthesized via the reaction of [**C]methyli-
odide and a nor-methyl precursor as previously described
[3]. Anintravenous bolus administration of 19.0 + 1.5 mCi
(17-22 mCi) CFN with a specific activity of 4807 = 1303
mCi/umole (3082-6941 mCi/umole) was administered
through a 0.9% sodium chloride |V catheter. PET data were
acquired on a GE Advance scanner (General Electric,
U.S.A.) in 3D mode, which acquires 35 simultaneous dlices
with an interslice separation of 4.25 mm [4]. Twenty-five
sets of scans were acquired over ninety minutes (6x30 sec,
5x60 sec, 5x120sec, 9x480sec). The positioning of the pa-
tient was continuously monitored and, if necessary, was
corrected by repositioning. PET image data were recon-
structed using a ramp reconstruction filter and a 25.6 cm by
25.6 cm field of view into 128 x 128 pixel matrix. The final
resolution at full width half maximum (FWHM) with these
parameters is 5 mm in-plane. Images were decay corrected
to the time of injection.

2.3. Blood sampling

Following bolus injection of CFN, blood was sampled
from aradial arterial catheter asfast as possible for the first
2min, then at timesof 3, 4,5, 6, 7, 8, 10, 12, 14, 16, 20, 25,
30, 35, 40, 50, 60, 75, and 90 min post-injection. The blood
sampling volume was 1.5 ml, with larger samples (8 ml)
taken at 5, 10, 20, 30, 40, 60, and 90 min to provide
additional blood for radioactive metabolite analysis. To
measure plasma radioactivity, whole blood samples were
centrifuged and 0.5 ml plasma was counted for 1 min in a
Nal well counter (CompuGamma CS by Wallac Oy, Turku,
Finland). For the assay of radioactive metabolites, plasma
from heparinized blood was analyzed by a column—switch
HPL C method [10]. For this procedure 4 ml plasmawasfirst
passed through a small capture column packed with Oasis
sorbent (Waters Corp. Milford, MA). The capture column
was washed with 1% acetonitrile in water before the solutes,
which were retained by the column, were swept onto an

analytical column (Sphereclone C8, 150x4.6 mm, Phe-
nomenex, Torrance, CA) by 75% acetonitrile in 50mM
sodium phosphate buffer pH 5.5 at aflow rate of 1.4 ml/min.
Radioactivity was detected in the column effluents by a dual
BGO detector with a 0.25 ml flow cell (Bioscan, Washing-
ton DC).

2.4. Data analysis

PET images were processed with Analyze™ software
(Mayo foundation, Rochester, MN) on SUN Ultra 10 work-
stations. The placement of regions-of-interest (ROIs) was
based on subject PET scan anatomy and SPGR MRI images.
The MRI images were coregistered to a mean PET image
(average of al scans) using the registration software in SPM
99. Square 4x4 pixel ROIs were placed on the cortical and
subcortical regions using the coregistered MRI images. For
occipital cortex, 8x8 pixel ROIs were used. The ROIs were
then applied to the PET images to generate time activity
curves. ROIs were placed on the following structures:
amygdala (AMY), caudate (CAU), cerebellum (CER), cin-
gulate cortex (CIN), frontal cortex (FRO), occipital cortex
(OCC), parietal cortex (PAR), putamen (PUT), temporal
cortex (TEM), peri-aqueducta gray matter (PAG), and thal-
amus (THA). Both tissue and blood activity were decay
corrected to the time of injection. Measured plasma metab-
olite fractions were fit to the function Mg(t)=a,t/(a,+1),
where a, and a, are fitted parameters. To obtain an input
function, M(t) was used to correct all plasma samples for
radioactive metabolites. For one subject there was an error
in metabolite processing, thus the average metabolite frac-
tions measured in the other 5 subjects was used to perform
metabolite correction, which was judtified by the small
deviations of the metabolite fractions measured across sub-
jects (see Results).

2.5. Compartmental analysis

Compartmental modeling with a blood input function
was applied to characterize the tissue kinetics of CFN, and
to obtain BP estimates to be used for comparison with
reference-tissue based estimates. The initial step in com-
partmental modeling was to estimate the non-specific vol-
ume of distribution (V) from OCC, aregion that is devoid
of u-opioid receptors. OCC was fit to both a one-tissue
model (K", k', V,,) and a two-tissue model (K", k', ks,
ns=kg/ks, V) (Figure 1), with a fitted blood volume term
(Vp) included to account for vascular radioactivity. For
example, for the one-tissue model OCC was fit to the equa-
tion K,"C, ® exp(-ky't)+V,,C,yp, Which was integrated over
each PET frame interval. K," and k" are first order rate
constants describing the bidirectional flux of tracer between
blood and tissue, C,, is the whole blood radioactivity con-
centration, C, is the metabolite corrected plasma activity,
and ® denotes mathematical convolution. The two-tissue
mode! also includes first order rate constants (ks, kg) that
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Fig. 1. Compartmental models used to quantify [**C]carfentanil (CFN)
binding potential. A: One-tissue model for a region with no specific
binding. The model features a plasma compartment (C,,) and asingle tissue
compartment (C;_ ) that represents free+non-specifically bound tracer.
The first order rate constants K," and k," describe bidirectional tracer flux
between blood and tissue. In the present work model A was exclusively
applied to time-activity curves in occipital cortex (OCC), a region that is
nearly devoid of u-opioid receptors, in order to estimate the non-specific
volume of distribution (V) which is K,"/k;". B: Two-tissue model for a
region with no specific binding. Model B includes separate tissue com-
partments for free (C;) and non-specifically bound (C,) tracer, with rate
constants ks and kg describing bidirectional flux between C; and C,. As
with model A, model B was applied to OCC in order to estimate V,, which
for model B is equa to K;'/k;'(1+ks/ks). C: Two-tissue model for a
specific binding region. Model C includes tissue compartments for
free+non-specifically bound (C;, o), and specifically bound (C,) ligand.
Using the notation of Koeppe et al. (1991), first order rate constants
describe blood-tissue exchange (K,, k,'), receptor binding (ks'), and dis-
sociation (k,). The non-specific volume of distribution (V,) is equa to
Ki/ky', and the binding potential is ks'/k,. Model C was used to fit
time-activity curves in specific binding regions, with V, fixed to a value
previously measured in OCC using models A or B. D: One-tissue model
for a specific binding region. Model D is a simplification of model C,
where it is assumed that receptor binding and dissociation are sufficiently
rapid such that compartments C; ., and C,, are in transient equilibrium. As
aresult, they are kinetically indistinguishable and can thus be lumped into
a single tissue compartment Cr= C;, c+C,. The parameter k," is a net
efflux rate that is related to the rate constants of model C by k,” = k,'/(1+
ks'/k,). Model D has the advantage of reducing the number of fitted
parameters, and is commonly used to represent the tissue activity of
specific binding regions for application of reference-tissue modeling ap-
proaches. For example, acommon reference-tissue method is derived using
model A for the reference-tissue and model D for the specific binding
region (Lammertsma et a., 1996). The model parameters for this method
are R =K,/K,", k', and BP=k;'/k,. An alternative approach uses two-
tissue compartments (model B) for the reference region with parameters
Ry, k', ks, ks and BP (Watabe et al., 2000).

describe tracer flux for a distinct non-specific binding com-
partment (Figure 1B). Fitting weights (W,) were computed
from W, =exp(-At)At;/C;(t), where A is the radioactive decay
congtant of **C (20.38 min), At; isthetime interval of thei™
scan frame, and C; is the tissue-activity measured in alarge
brain ROI that includes both gray and white matter. Time-
activity curves were fit for the entire study duration (0-90
min). The one-tissue and two-tissue model V, estimates are
computed from K;'/k," and K;"7k, (1+kg/ks), respectively.
The value of V, was derived from the model that gave the
best fit to OCC as judged by the Akaike information crite-
rion [1]. Subsequent to modeling of OCC, other time-activ-
ity curves were fit to a two-tissue model (Figure 1C), with
K./k,' fixed equal to V, This produced estimates of K, ks,
ks, BPoym (K5'7k,), and V,, in specific binding regions. We
report regional parameter values (mean=sd), and their av-
erage standard fitting errors.

2.6. Estimation of BP

Six methods were applied for estimating the binding
potential (BP) of CFN: (I) Compartmental modeling with a
blood input function as described above (BPgy, = k3'/Ky).
(I) Logan graphical analysis with a blood input function
[17]. From the linear slopes obtained from OCC (Spcc) and
a specific binding region (Sgg), the BP estimate is BP, =
(Sse—Socc)/Socce. (1) Logan graphical anaysis with a
reference-tissue input function (OCC), for which BP is
computed from BP_z = DVR —1. DVR, which is equal to
the fitted linear slope, is the ratio of the total distribution
volumes in target and reference tissues [18]. For this
method, BP,_ g was computed with both k,’=0, and k,' set to
the average value (0.104 min™) obtained from the modeling
procedure performed in method |. To examine the effect of
a delayed approach to linearity of the Logan plot, slopes
measured with methods Il and 1l were obtained using
10-90, 20-90, and 30-90 min of data. (IV) A simplified
reference-tissue model that is derived from one-tissue mod-
els for both the reference (Figure 1A) and specific binding
(Figure 1D) regions [16]. With this method specific-binding
regions were fit using OCC as a reference-tissue input
function to estimate R;, k,’, and BPgzry Fits were
weighted as described in method I. To reduce the effects of
vascular activity, tissue curves were fit from 1-90 min. A
four-parameter reference-tissue model was also tested [15],
however, the results were nearly identical to those obtained
with the simplified method and are not reported separately.
(V) A modification of the simplified reference-tissue model,
for which the reference-tissue is modeled using 2 tissue
compartments (Figure 1B) [22]. Referring to the parameter
notation in Figures 1B and 1D, the operational equation for
this method is given by C, = Rj[C"+ aC', ® exp— (ks +
ks)t + bC', ® exp— k,"t], where R;=K,/K';, C',=C(+C,5is
the total reference tissue concentration, a=ksk's/(ks + kg —
k"), b=(ko'ks" — ky'(K, + ks + ko) + ko) + Kek,)/(ks +
ks — k"), and BProry=R;K/(k'(1 + kg/kg))—1. In our
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Fig. 2. HPLC chromatograms of plasma radioactive metabolites at 5, 30,
60, and 90 min following bolus injection of [*'C]carfentanil. For metab-
olite analysis, a column switching technique was used (see text) in which
plasma samples are first loaded onto a capture column, and are then flushed
through an analytical column. [*'C]Carfentanil elutes at about 5 min
following the column switch. The primary metabolite elutes at 1.5 min
following the switch indicating it is more polar than [*'C]carfentanil. A
minor metabolite eluted at 7 min which indicates that it is more lipophilic
than [*'C]carfentanil, and thus is a potential candidate for crossing the
blood-brain barrier.

implementation, the regression equations were expressed in
terms of the five parameters R;, k;', ks, ns=kg/ks;, and
BProrm The fitting process for this method is a two-step
procedure. In step 1, the cortical regions as well as cerebel-
lum are fit (with OCC input) to estimate R, k,', ns, and
BPr,ry, With ks fixed to avalue of 0.05 min™ In step 2, the
mean fitted values of k," and ns, obtained in step 1, as well
as ks, are held fixed, then R; and BPg,\, are estimated for
all tissue regions. (V1) Tissue-ratio method [7]. With this
method BP is caculated from BPgatio
(TACgg—TACoc)/TACoc, Where TACg; and TACoc
are the time-activity curves (average of 34-82 min) in a
specific binding region and OCC, respectively.
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Fig. 3. Percent radioactive metabolites in blood (n = 5) following bolus
injection of [**C]carfentanil (mean+sd). By 40 min post-injection, radio-
active metabolites account for more than 50% of the total plasma radio-
activity.

2.7. Smulations

Simulated CFN time-activity curves were used to investi-
gate the effects of blood flow on estimation of BP. Using a
two-tissue model (Figure 1C), noise-free time-activity curves
were smulated using mean vaues of V,, k,, and V,, obtained
from compartmental modeling. Several values of ks’ were
selected based on the range of fitted values obtained through-
out the brain. To simulate a change in blood flow, K; and k'’
were varied simultaneoudly, with the value of V, (K,/k;") held
fixed to the mean fitted value. K, was varied over awide range
that extended beyond the range of fitted values. Simulated
curves were anayzed with methods I1-V1, and the ratios of the
estimated and true BP values were plotted vs. K,

2.8. Mouse studies

Three male CD1 mice (Charles River) weighing 23-25g
were given 500uCi CFN (specific activity 5000-8000 Ci/
mmole) intraperitoneally. Twenty minutes later the mice
were killed by cervical dislocation and were then exsangui-
nated into a weighing boat containing 100uL. heparin solu-
tion (100U/ml). Plasmawas prepared by centrifugation. The
brain was quickly removed, rinsed in cold saline, and ho-
mogenized into 0.8 ml acetonitrile. The homogenate was
centrifuged for 2 min in a microcentrifuge(13,000xg). The
plasma and brain extract were analyzed by column switch
HPLC as described in Section 2.3. For plasma analysis,
0.2-0.3 ml plasma, diluted to 4 ml with water, was intro-
duced into the column switch HPLC. Similarly 0.2-0.4 ml
of the brain extract was analyzed.

3. Results
3.1. Blood metabolite data

Figure 2 shows HPLC chromatograms of CFN and its
radioactive metabolites. Plasma contained one major me-

Concentration(nCi/cc)

0 10 20 30 40 50 60 70 8 90
Time(min)

Fig. 4. Fitted [**C]carfentanil tissue time-activity curves using the two-
tissue model shown in Figure 1. The displayed regions are thalamus (THA
[m), cingulate (CIN A), cerebellum (CER @), and occipital cortex (OCC
4). The non-specific volume of distribution (V,) was estimated from the
model fit in OCC. For fitting al other regions, K,/k," was fixed to V, All
fitted curves included a blood volume term.
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Table 1
Fitted parameter values for [*'C]carfentanil (n=6) obtained using a two-tissue compartmental model (Figure 1C). The table shows mean values with
standard deviations in parentheses.

K, (mL/min/mL) ks’ (min~%) k, (min™?%) V,, (mL/mL)
Amygdala 0.129 (.017) 0.334 (.323) 0.084 (.072) 0.037 (.015)
Caudate 0.183 (.029) 0.348 (.140) 0.091 (.017) 0.037 (0.12)
Cerebellum 0.168 (.014) 0.177 (.039) 0.134 (.036) 0.042 (.008)
Cingulate 0.157 (.025) 0.246 (.139) 0.151 (.097) 0.049 (.025)
Frontal cortex 0.161 (.018) 0.143 (.087) 0.107 (.030) 0.040 (.010)
Peri-acqueductal grey 0.141 (.018) 0.225 (.225) 0.127 (.123) 0.041 (.017)
Parietal cortex 0.157 (.022) 0.120 (.068) 0.108 (.036) 0.045 (.007)
Putamen 0.200 (.029) 0.312 (.166) 0.120 (.041) 0.037 (.027)
Temporal cortex 0.146 (.018) 0.182 (.145) 0.133 (.053) 0.040 (.008)
Thalamus 0.214 (.036) 0.335 (.109) 0.090 (.039) 0.035 (.018)

tabolite, which eluted 1.6 min following the column switch
and accounted for 37% of the total plasma radioactivity at
60 min following injection of CFN. A minor metabolite
(13% of total at 60 min) eluted at 7 min and was more
lipophilic than CFN itself, which eluted 5.2 min following
column switch. The lipophilic metabolite was grouped with
other (less lipophilic) metabolites and is included in the
average total metabolite fractions shown in Figure 3. By 40
min post-injection radiolabelled metabolites account for
more than 50% of the plasma radioactivity.

3.2. Compartmental modeling

The two-tissue model yielded good fits for al tissue
regions (Figure 4). In al subjects the occipital cortex was
better fit to a two-tissue model than a one-tissue model, as
judged by the Akaike information criterion. Thus the total
OCC distribution volume measured with the two-tissue
model served as an estimate of the non-specific distribution
volume (V). The average value of V, across subjects (mean
+ sd) was 1.59 + 0.27 mL/mL, with a standard fitting error
of 0.12 ml/mL. The fitted parameter values measured in

specific binding regions are shown in Table 1. The mean
parameter values averaged across all specific binding re-
gions were K;=0.166 = 0.026 mL/min/mL, k;'=0.242 +
0.086 min*, k,=0.115 + 0.022 min™, and V,=0.04 +
0.004 mL/mL. The average percent standard fitting errors
were K; (5), k3’ (38), k, (42), BPoy (5), and V, (33). The
estimated BP,, values (Table 2) were largest in amygdala,
thalamus, and basal ganglia, moderate in cingulate and
peri-acqueductal gray matter, and lowest in cerebellum and
cortical regions, which is consistent with the known distri-
bution of w-opioid receptors (Pfeiffer et al., 1982).

3.3. Estimation of binding potential

The regional binding potential estimates obtained with
al methods (Table 2) showed excellent correlation (r
>0.97) with each other. For BP.,, values less than 1.5,
BP, r and BPggry Were within 5% of BP.,, However, for
large values (BP.y, > 3) both BP,_ g and BPggry, Underes
timated BP.,, by more than 10%. Conversely, BPgatio
overestimated BP,, by over 30%, except for high binding
regions (BPg,>3) where the percent differences were

Table 2
Regional CFN binding potential (BP) estimates in control subjects (n=6) using six different methods as described in the text
Input Function BPcwm BP_ BPsgrm BP & BPzaTio BPgrorw
Blood Blood OCC OoCcC OocCC OCC
Amygdala 3.91(0.7) 3.64 (0.6) 3.16 (0.5)* 2.98 (0.4)* 3.80(0.7) 3.78 (1.3)
Thalamus 3.89(0.9) 3.82(0.8) 3.52 (0.7)* 3.47 (0.6)* 4,61 (1.0)* 3.90(1.0)
Caudate 3.84(1.3) 3.76 (1.3) 3.35 (0.9)* 3.31(0.9)* 4.32 (1.1)* 3.76 (1.0)
Putamen 2.53(0.8) 2.54(0.8) 2.38(0.7) 2.41(0.7) 3.15(0.9)* 2.47 (0.7)
Cingulate 1.71 (0.6) 1.71 (0.6) 1.64 (0.4) 1.64 (0.5) 2.26 (0.8)* 1.71 (0.5)
Peri-acqueductal 1.70 (0.6) 1.69 (0.7) 1.55 (0.4)* 1.55 (0.5)* 2.25 (0.5)* 1.62(0.5)
Cerebellum 1.33(0.1) 1.38(0.2) 1.33(0.2) 1.35(0.2) 1.78 (0.3)* 1.36 (0.2)
Temporal cortex 1.25 (0.4) 1.29 (0.4) 1.22 (0.3) 1.24 (0.4) 1.69 (0.6)* 1.26 (0.4)
Frontal cortex 1.25(0.5) 1.27 (0.5) 1.21(0.4) 1.23(0.4) 1.66 (0.7)* 1.22(0.5)
Parietal cortex 1.06 (0.3) 1.09 (0.3) 1.05(0.2) 1.06 (0.2 142 (0.5)* 1.05(0.3)

There are two blood-based methods including compartmental modeling (BPg,,) and the graphical method of Logan (BP,). Reference tissue methods
include a simplified reference-tissue model (BPszry), the Logan graphical method (BP, ), a tissue ratio method (BPra1i0), @1d a modification of the
simplified reference-tissue model that uses two tissue compartments to represent the reference region (BPg,t\). Standard deviations are shown in parentheses.

* Significantly different from BP.,, (p<<0.05).
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Fig. 5. Comparison of binding potential (BP) estimates obtained with reference-tissue methods versus those obtained using blood input compartmental
modeling. Each plot shows the BP values measured in ten specific binding regions in six different subjects, giving a total of 60 measurements. The x-axis
for each plot is BPg,,, the BP estimate obtained using blood input compartmental modeling. The y-axis shows the BP estimates obtained using A: Logan
graphical analysiswith occipita cortex (OCC) input (BP,_g), B: asimplified reference-tissue model (BPgzry), C: Tissue-ratio method (BPgati0), D: Modified
version of the simplified reference-tissue model in which two-tissue compartments are used for the reference region (BPgory)-

smaller. BP, showed excellent agreement with BPy,, with
BP estimates from the two methods having mean differ-
ences of less than 4% for all but one region. The values of
BP_r measured with k,’ = 0 were within 1% of those
measured with k,’ = 0.104 min™, which was the mean
value of k,’ obtained from compartmental modeling. Both
graphical measures (BP,_ and BP,_z) gave somewhat better
agreement with BP,, when the linear slope was measured
from 30-90 min, instead of 10-90, or 20-90 min (not
shown). BPg,1 Showed almost no bias, however, there is
larger uncertainty for this method, especially at higher val-
ues (Figure 5).

3.4. Smulations

Parameter values used to generate simulated time-activ-
ity curves were V=159 mL/mL, k3'=0.15, 0.25, 0.35
min™, k,=0.115 min?, and V,=0.04 mL/mL. To simulate
different rates of blood flow, K; was varied from 0.05
ml/min/ml to 0.5 mi/min/ml, which encompassed the range
of fitted K, values (0.101-0.266 ml/min/ml). Since Visheld
fixed, K; and k," were in effect varied simultaneously. For
each simulated specific binding curve, a corresponding ref-

erence-tissue curve was simulated using a one-tissue model
(Figure 1A), with K,"= K, and k"= k,’. Figure 6 shows the
effect of blood flow on the BP estimates obtained from
reference-tissue based analyses of simulated time-activity
curves. Reference-tissue modeling was found to be rela
tively insensitive to flow. Reference-tissue graphical analy-
sis is dso fairly insensitive to flow, athough there is a
tendency for the graphical method to underestimate BP at
low flow rates. The tissue-ratio method shows a compara-
tively larger dependence on blood flow, with an underesti-
mation of BP at K; = 0.05 ml/min/ml, but substantial
overestimation of BP for K; > 0.15 ml/min/ml.

3.5. Mouse studies

HPLC analysis of mouse plasma (n = 3) at 20 min
following adminstration of CFN showed a similar metabo-
lite profile to that seen in human plasma, including a li-
pophilic metabolite peak that elutes shortly after CFN.
However, no trace of the lipophilic metabolite was found in
the mouse brain extract, which contained only CFN (Figure
7).
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Fig. 6. Effects of blood flow on estimation of BP using reference-tissue methods. Curves were simulated with V,=1.59 ml/mL, ky'=0.25 min?, k,=0.115
min?, and V,,=0.04 ml/mL. K, was varied from 0.05-0.5 ml/min/ml, which encompasses the range of fitted K, values (Table 1). For each K, value areference
curve was simulated with V,=1.59 ml/mL, ky’=0.0 min~*, and V,,=0.04 ml/mL. A metabolite-corrected blood input function obtained from a PET study
was used. To estimate binding potential, simulated curves were analyzed with the following reference-tissue methods: graphical analysis ®, reference-tissue
compartmental modeling m, and the tissue-ratio method A. The results are displayed as the ratio of the estimated and true binding potential values. For
comparison, the dashed line indicates the ideal ratio of 1. The tissue-ratio method shows a much greater bias in estimation of BP, and alarger sensitivity to
blood flow than the other reference-tissue methods. These effects were also observed in simulations with k;=0.15, and 0.35 min™* (not shown).

4. Discussion
4.1. [**C] carfentanil metabolites

Although the metabolism of several synthetic opioids has
been well documented, the metabolites of carfentanil have
not been identified. However, since this class of synthetic
opioids bears strong structural similarities it is possible to
infer the nature of CFN metabolites. The major metabolic
path for this class is N-dealkylation, which removes the
lipophilic phenylethyl group and yields the more polar spe-
cies norfentanyl from fentanyl [14], and noralfentanil from
afentanil [13]. Thus the major CFN metabolite eluting at
1.6 min following column switch would be norcarfentanil,
which still contains the [**C]-methyl group. The appearance
of the lipophilic CFN metabolite that eluted at 7.0 min may
be construed to correspond to loss, again by N-dealkylation,
of the more polar phenylpropionamide group, which occurs
in afentanil [13], but not in fentanyl, since fentanyl does not
contain a substituent at C4 of the piperidine ring [14]. The
loss of the polar group would yield a species slightly more
lipophilic than carfentanil and still bearing the [**C]-methyl
group. Fortunately, the mice studies indicate that this me-
tabolite does not enter the brain, thus will not confound the
analysis of brain tissue curves.

4.2. Reference-tissue methods

Both reference-tissue modeling (BPsgy) and reference-
tissue graphical analysis (BP,_g) gave BP estimates that are
highly correlated with those obtained from compartmental
modeling (BP,,) and show little bias. However, there was
a tendency for BPgrry @nd BP, g to underestimate BPy,,
especially in high binding regions. The underestimation of
BPcy When using graphical analysis is consistent with a

systematic underestimation by BP, due to statistical noise
that is most severe when BP is large [21]. The simulations
showed that underestimation of BP by the graphical method
(BP_r) was most significant at low flow rates, which is
consistent with a slower approach to linearity of the graph-
ical plot. The greater bias found when measuring the graph-
ical slope from 10-90 min, as opposed to 30-90 min, can
also be attributed to a delayed approach to linearity [5]. The
near equivalent BP, ; estimates obtained with k,’ = 0, and
k," set to amean measured value, indicates that the k," term
need not be included when applying the graphical method to
CFN. A modified reference-tissue method (BProty) gave
unbiased estimates of BP,,, however, the variability of the
estimate appears too high to be of practical use (Figure 5).
Compared to reference-tissue modeling and graphical anal-
ysis, the BP estimates obtained with the tissue-ratio method
showed a much larger bias relative to BP.,,, as well as a
greater sensitivity to blood flow. Therefore, of the refer-
ence-tissue methods that were examined, the tissue-ratio
method is the least desirable for quantification of
[*'C]carfentanil binding potential. In the original study that
validated the tissue-ratio method against a more rigorous
compartmental modeling technique, the primary basis for
comparison was the strong correlation between the two
measures (r = 0.98). A similarly high correlation between
BPrati0 @d BPg,, was also found in the present study.
However, since the analysis includes regions with a large
range of receptor densities, a high correlation does not
provide much more than a qualitative assessment that the
methods will agree which regions have the lowest and
highest binding levels. Furthermore, the correlation of
BP.y, with al other measures was virtually the same (0.97
< r <0.99), and thus the correlation coefficient is not useful
for distinguishing the methods. In addition, all methods
should be similarly affected by the presence of a small
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Fig. 7. HPLC chromatograms of mouse plasma (top) and brain (bottom) at
20 min following intraperitoneal injection of CFN. The radioactive metab-
olite profile observed in mouse plasma is similar to that seen in human
plasma (Figure 2), which includes a large metabolite peak that elutes prior
to CFN, and alipophilic metabolite that elutes shortly after CFN. In mouse
brain the lipophilic metabolite is absent, and nearly all radioactivity cor-
responds to the CFN peak.

specific binding component in the OCC reference region. In
particular, specific binding in OCC would give an apparent
increase in non-specific binding, which would reduce spe-
cific binding estimates. There are reportedly negligible
u-opioid receptors in OCC [9], however, even in that case
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it is possible for some specific binding to be artifactually
introduced via partial volume effects. Since the apparent
specific binding in OCC is expected to be small, any vari-
ability of this effect across studies should not significantly
affect quantitative analyses.

4.3. Bias of tissue-ratio method

To better understand the overestimation of BP by the
tissue-ratio method, we examined the accuracy of distribu-
tion volume estimates obtained from tissue-plasma ratios.
As shown in Figure 8, the tissue-plasma ratio is not a very
accurate measure of total distribution volume (V;), and the
accuracy is highly dependent on receptor density and blood
flow. For aregion with no specific binding the tissue-plasma
ratio overestimates V at low flow rates, but gives a reason-
able approximation of V4 at high flow rates. For regions
with high specific binding the tissue-plasma ratio substan-
tially overestimates V-, except at very low flow rates. This
systematic overestimation of V4 by the tissue-plasma ratio
occurs when the slowest component of plasma clearance is
comparable to or greater than the slowest tissue clearance
rate [2]. Since high specific binding leads to slower tissue
clearance, V; is overestimated to a greater extent in high
binding regions, which leads to greater overestimation of
BP when using the tissue-ratio approach. Note that at very
low flow rates the tissue-plasma ratio actualy yields a
smaller overestimation of V4 in a high binding region, as
compared with a region with no specific binding (Figure 8).
This effect occurs because alow flow rate leads to smaller
tissue uptake, and less accumulation of tracer in the specific
binding compartment, which limits the potential overesti-
mation of V; by thetissue-plasmaratio. The effects of tissue
kinetics on estimating V with the tissue-ratio method can
be virtually eliminated by using a continuous infusion par-
adigm for tracer delivery [2].
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Fig. 8. The effects of blood flow on the estimation of [**C]carfentanil distribution volume (V;) using the tissue-plasma ratio. For this evaluation simulated
tissue time-activity curves and plasma activity were averaged from 34-82 min. Parameter values for the simulated curves are given in Figure 6. Results are
expressed as the tissue-plasma ratio divided by the true distribution volume. The dashed line indicates the ideal ratio of 1. The solid line corresponds to a
tissue region with no specific binding (k;' =0), for which he tissue-plasma ratio gave a better estimate of V- as blood flow increased. In regions with specific
binding (k;'=0.15 (A), 0.25 (m), 0.35 min~* (®) the tissue-plasma ratio substantially overestimates V; for nearly all simulated curves.
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4.4. Smilarity between the graphical method and SRTM

The most suitable reference-tissue measures of CFN spe-
cific binding are BPgzy, and BP, , because they both show
low variability, with a limited bias (~10%) that is seen
mainly in high binding regions. In fact the agreement be-
tween BPgrry and BP  is quite striking, as their mean
regional values agree to two significant digits for all but one
region (Table 2). This is not surprising as both the Logan
graphical method and the SRTM equation are derived from
the same underlying principles. In particular, both methods
assume that the tracer rapidly equilibrates among tissue
compartments, even in tissue regions with high specific
binding. For SRTM this assumption requires that the free,
non-specific, and specific binding compartments are kinet-
icaly indistinguishable and thus can be modeled explicitly
as a single compartment. For graphical analysis the com-
partmental description of the tissue kineticsis not specified,
but it is assumed that at some time t>t* equilibrium will be
achieved among tissue compartments after which the total
distribution volume can be measured. Thus graphical anal-
ysis, like SRTM, effectively assumes that the tissue uptake
behaves kinetically as a single compartment. Multilinear
equations have been derived from graphical analysis [11]
and the SRTM equation [23] clearly showing that mathe-
matically these methods are virtually identical when the
assumption of rapid equilibrium among tissue compart-
ments holds true.

For parametric imaging, Logan graphical analysis is a
very suitable method as linear fitting is robust even given
the high noise levels in voxel data A drawback of the
graphical method is choosing the start time (t*) to be used
for linear fitting. In the present study it was found that alater
value (t*=30 min) gave less bias than an earlier value
(t* =10 min), however, setting t* to alater value also means
that fewer data are being used for the fit. For the analysis of
ROI data, which usually have low noise levels, it is often
acceptable to use fewer data and reduce the bias. For para-
metric imaging, t* should be set to an earlier value to help
reduce variability due to the higher noise levels. For the
SRTM method all the data are used for the analysis, and an
efficient parametric imaging technique using basis functions
has been developed such that SRTM may be applied with-
out the need for non-linear regression [8]. Recently, an
alternative parametric technique has been described that is
based on a multilinear solution of the SRTM equation [23].

5. Conclusions

Several methods for quantification of CFN specific bind-
ing have been evaluated. The results show that all methods
yield estimates of specific binding that are highly correlated
with BP estimates obtained from compartmental modeling
with a blood input function. However, the tissue-ratio
method gave a substantial overestimation of binding poten-

tia, especialy at high BP values, and had a non-trivial
dependence on blood flow. Reference-tissue modeling and
reference-tissue graphical analysis were in much better
agreement, with only a minor dependence on blood flow.
Although there is a small tendency for reference-tissue
modeling and graphical analysis to underestimate BP, espe-
cially for large BP values, either of these methods appear
suitable for quantification of CFN binding.
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