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The multiple-drug resistance (MDR) transporter P-glycoprotein
(P-gp) is highly expressed at the human blood-brain barrier
(BBB). P-gp actively effluxes a wide variety of drugs from the
central nervous system, including anticancer drugs. We have
previously demonstrated P-gp activity at the human BBB using
PET of "'C-verapamil distribution into the brain in the absence
and presence of the P-gp inhibitor cyclosporine-A (CsA). Here
we extend the initial noncompartmental analysis of these data
and apply compartmental modeling to these human verapamil
imaging studies. Methods: Healthy volunteers were injected
with 1°0-water to assess blood flow, followed by ''C-verapamil
to assess BBB P-gp activity. Arterial blood samples and PET
images were obtained at frequent intervals for 5 and 45 min,
respectively, after injection. After a 60-min infusion of CsA
(intravenously, 2.5 mg/kg/h) to inhibit P-gp, a second set of water
and verapamil PET studies was conducted, followed by 'C-CO
imaging to measure regional blood volume. Blood flow was esti-
mated using dynamic 'O-water data and a flow-dispersion
model. Dynamic ''C-verapamil data were assessed by a 2-tissue-
compartment (2C) model of delivery and retention and a 1-tissue-
compartment model using the first 10 min of data (1C4o).
Results: The 2C model was able to fit the full dataset both before
and during P-pg inhibition. CsA modulation of P-gp increased
blood-brain transfer (K;) of verapamil into the brain by 73%
(range, 30%—118%; n = 12). This increase was significantly
greater than changes in blood flow (13%; range, 12%—49%; n =
12, P < 0.001). Estimates of K4 from the 1C4q model correlated
to estimates from the 2C model (r = 0.99, n = 12), indicating
that a short study could effectively estimate P-gp activity. Conclu-
sion: ''C-verapamil and compartmental analysis can estimate
P-gp activity at the BBB by imaging before and during P-gp inhi-
bition by CsA, indicated by a change in verapamil transport (K+).
Inhibition of P-gp unmasks verapamil trapping in brain tissue that
requires a 2C model for long imaging times; however, transport
can be effectively measured using a short scan time with a
1C40 model, avoiding complications with labeled metabolites
and tracer retention.
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The blood-brain barrier (BBB) can significantly limit
drug transport into the brain in, for example, chemotherapy
of brain cancer (/,2). Drug efflux at the BBB is mediated by
several transport proteins, of which P-glycoprotein (P-gp) is
the most important (3—5). P-gp markedly restricts BBB
transport of a broad range of drugs (6,7). Several strategies
have been reported to improve delivery of therapeutics to
the brain through circumvention of the BBB. One such
strategy is the selective inhibition of P-gp, which has been
shown in human studies to increase both drug delivery to
the brain and therapeutic efficacy (8) of chemotherapeutic
drugs. Methods to measure P-gp activity at the human BBB
are required to assess this strategy.

We have recently developed a method to measure P-gp
activity at the human BBB using PET (9). In that study, the
distribution of ''C-verapamil, a well-established P-gp sub-
strate, across the BBB was quantitatively monitored by the
brain-to-blood ratio of the area under the radioactivity
concentration curves (AUCyin/AUCy1004), Or the AUCR.
In healthy subjects before and after treatment with the
P-gp inhibitor cyclosporine A (CsA), brain uptake of !'C-
verapamil increased the AUCR by 88%. This analysis did
not take into consideration either the presence of verapamil
metabolites or the changes in cerebral blood flow produced
by CsA.

To provide additional insight into the factors that govern
the transfer of verapamil across the human BBB over a
range of P-gp activity, we examined human !'C-verapamil
PET data obtained before and during pharmacologic inhi-
bition of BBB P-gp activity by CsA using compartmental
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modeling. Reports quantifying verapamil uptake using a
variety of methods have recently appeared (/0,11). How-
ever, these models were developed on the basis of data
obtained from verapamil studies without P-gp inhibition, in
which transport into brain tissue is quite limited. We and
others (10, 12—14) have explored both 1-tissue-compartment
(1C) models, with exchangeable transfer only, and 2-tissue-
compartment (2C) models, which include trapping, in
application to human verapamil PET brain data. Here, we
apply 1C and 2C models to human !'C-verapamil data and
compare other nonmodeling methods of estimating P-gp
activity.

MATERIALS AND METHODS

Subjects

Subject description and study design have been published
previously (9) and are described here briefly. Twelve healthy
volunteers (6 men, 6 women; mean age, 33 y; range, 20-50 y)
were enrolled in the studies. These protocols were approved by the
University of Washington Human Subjects, Radiation Safety and
the Radioactive Drug Research Committees. All subjects provided
signed informed consent.

Radiopharmaceuticals

Radiosynthesis methods have been previously reported (9). All
tracers were greater than 99% radiochemically and were chemi-
cally pure.

PET

Patient imaging methods have been previously reported (9).
Verapamil and CsA were infused through venous lines, and blood
sampling was performed through an arterial catheter using an
automated device and programmed sequence (/5). Images were

acquired as 3-dimensional dynamic emission scans on an Advance
Tomograph (GE Healthcare) (/6). PET images were reconstructed
using a 3-dimensional reprojection algorithm, with correction for
scattered and random coincidences. The tomograph, dose calibra-
tor, and y-counter were cross-calibrated to express all measure-
ments in common units of radioactivity (Bg/cm?).

Experimental Design

The experimental design for imaging the P-gp blockade by CsA
is illustrated in Figure 1. Briefly, the PET protocol consisted of the
following sequence of studies: '3O-water (pre-CsA blood flow),
'C-verapamil (pre-CsA P-gp function), initial CsA infusion, '5O-
water (blood flow during CsA), ''C-verapamil (P-gp function
during CsA), and ''C-carbon monoxide (1!C-CO; vascular volume
in tissue after CsA treatment).

To assess cerebral blood flow, 1’O-water (~6 MBg/kg; range,
4.8-8.8 MBg/kg) was injected as an intravenous bolus, and images
were acquired continuously with ten 3-s, ten 6-s, and sixteen 9-s
time bins. Arterial blood samples (1 mL) were obtained with the
following sequences: fourteen 4-s, six 10-s, and nine 20-s samples.

1C-verapamil (~3.5 MBq/kg; range, 2.2-4.6 MBg/kg) was
injected intravenously over 1 min. Image acquisition immediately
followed injection and continued up to 45 min using an imaging
sequence of eight 15-s, four 30-s, four 60-s, four 3-min, and five
5-min time bins. A total of 22 arterial samples (1 mL) were taken,
to parallel the imaging sequence, and separated into aliquots of
100 pL of blood and 100 pL of plasma. A larger volume of blood
(3-5 mL) was collected at 1, 5, 10, 15, 20, 30, and 45 min, to deter-
mine plasma !''C-verapamil and metabolite concentrations using
methods previously described (9). Blood and plasma samples were
counted in a calibrated y-counter (Packard Corp.) to determine
blood radioactivity.

The CsA infusion (2.5 mg/kg/h, 2.5 mg/mL; UWMC Drug
Services) was initiated after completion of the first ''C-verapamil
study. A second 'O-water imaging study was acquired after at
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FIGURE 1. (A) P-gp, which acts on a
wide range of xenobiotic agents, is an
adenosine triphosphate—-dependent ef-
flux pump involved in multiple-drug
resistance. P-gp enables secretory ex-
cretion from the BBB, acting on sub-
strates such as ''C-verapamil. (B) In our
experiment, P-gp inhibitor CsA binds
to P-gp and inhibits both drug efflux
activity and verapamil binding. PET of
11C-verapamil before and during CsA C
administration allows estimation of inhi-

bition of P-gp by CsA directly in humans 15 15
S . 0O- e i O- e i ne-
by determining ''C-verapamil transport H,0 C-verapamil H,0 C-verapamil e
in brain. (C) PET timeline for 5-injection
protocol to assess ''C-verapamil up-
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take in human brain before and after
administration of P-gp modifier CsA.
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least 45 min of CsA infusion, to determine any changes in blood
flow induced by the CsA infusion. A second injection of ''C-
verapamil followed after 1 h of CsA infusion, with an identical
imaging and blood-sampling sequence. CsA infusion continued
during the second !'C-verapamil scan to a maximum of 2 h from
the start of the infusion. Blood samples were taken at 15, 30, 45,
60, 90, and 120 min after CsA infusion to determine CsA
concentrations by high-performance liquid chromatography (9).

At the end of the second !'C-verapamil imaging study, !'C-CO
(mean dose, 5.3 MBq/kg; range, 3.4-10.5 MBqg/kg) was admin-
istered by inhalation, to determine cerebral blood volume. Images
were acquired for 16 min after inhalation in time blocks of 4 min,
and blood radioactivity was measured in 1-mL samples taken
every 4 min. Measurements of the fraction of blood volume in
tissue (Vb) were applied directly in compartmental modeling of
verapamil. Conventional MRI scans (T1 and T2) acquired within
2 wk of the PET procedures provided anatomic information for
constructing regions of interest (ROIs).

Image Processing

MR images (T1) were coregistered to the PET images with a
method based on mutual information criteria using PMOD soft-
ware (PMOD Technologies). ROIs for brain, gray matter, and
white matter were identified on the coregistered MR images using
conventional image-processing software (Alice; HIPG). The ROIs
from contiguous slices were combined to create volumes of
interest (VOIs) for each tissue type. Typically, brain regions
extended 15 slices (~6 cm) including both gray and white matter
in a volume of about 250 cm?. VOIs were applied to both the
dynamic image sets and the static summed standardized uptake
value (SUV) images (5-25 min for ''C-verapamil, 30-90 s for
150-water, and 4-16 min for ''C-CO) for data extraction.

Blood Flow

Tissue time—activity curves for each water VOI were analyzed
with a flow-dispersion model for '>O-water (17), estimating flow
(F), the partition coefficient (p), and a dispersion parameter.
Nonlinear optimization of the model parameters was performed
by fitting the model estimation of tissue activity (Cy) to the tissue

time—activity curves obtained from PET using the arterial >O
time—activity curve as the blood input function (PMOD Technol-
ogies).

Blood Volume
Tissue blood volume was calculated by the following formula:

Ty
C(t)dt

Vb(mL/g) = — Jir GO 7

fT CB (t)dt «HR - [N

Eq. 1

where C, is the integral tissue activity (Bq/cm?) from scan start
(T; = 4 min) to the end of the scan (T, = 16 min) after inhalation
of 11C-CO, Cy is the integral arterial blood activity of ''C, HR is a
correction factor for the ratio of small-to-large vessel hematocrit
previously reported for the human brain (/8,19), and p, is the
tissue-specific gravity in grams per milliliter.

Verapamil Model Input Functions

To estimate the kinetics of verapamil transport and retention in
brain regions, the arterial activity profile of unmetabolized verap-
amil was determined as previously reported (9). Briefly, metabo-
lite assays over 45 min of verapamil metabolism result in the
following 3 fractions: parent compound, D617/D717 (henceforth
referred to as D617), and other metabolites, referred to as polar
metabolites (20). We applied an empiric curve fit to the metabolite
assay data similar to approaches we have used in comparable
settings (27). Then, the fractional curve was applied to the
measured plasma activity curve to provide a metabolite-corrected
verapamil input function (C,_ve,) used for modeling analysis on
datasets for individual subjects (Fig. 2).

Verapamil Compartmental Modeling

Studies examining P-gp at the BBB suggest that it serves to
efflux substrates from the BBB into the blood, thus preventing
access to the central nervous system. Efflux occurs rapidly relative
to the PET acquisition time frame (22). Given this behavior,
verapamil transit at the BBB, through the effect of P-gp on
verapamil transport, should behave as a single brain-tissue com-
partment in which P-gp substrates are rapidly exchanged during
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FIGURE 2. (A) Verapamil in blood
declined rapidly to an average of
37% on average at 45 min after
injection. In this subject example,
exponential washout function (—) fit
to verapamil measurements (@) pro-
vided fraction of verapamil as a func-
tion of time. Metabolites of verapamil
in plasma, D617 fraction (A) and
other, polar metabolites (W) continu-
ally rose during imaging study, reach-
ing a combined total metabolite
fraction of over 60%. (B) Verapamil
model input function, Cg.yer, is a
combination of total blood activity,
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rapamil fraction at 45 min was 40% (range, 66%—24%), D617 fraction was 30% (range, 49%—17%),

metabolites were 30% (range, 44% —16%).

Time (min)
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determined from plasma metabolite
analysis. Similar curves were ob-
tained for all 12 subjects. Mean ve-
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dynamic PET. In this case, the effect of P-gp would influence the
net forward transfer constant, K, within the first few minutes after
verapamil injection. An alternative hypothesis in the case of P-gp
with slower kinetics and less effective clearance would suggest
that P-gp affects the distribution volume of substrates, Vd ~ K,/k,
where k, is the efflux rate constant. In either case, exchange
should be entirely bidirectional and be adequately described by a
single reversible tissue compartment.

However, our early studies suggested that verapamil retention
may occur in the brain beyond 10-15 min after injection in the
presence of the P-gp inhibitor CsA (9). This result indicated tissue
trapping by an unknown mechanism and required, at a minimum,
a second compartment to describe tissue-retention characteristics
for a longer imaging duration. Therefore, we assessed the initial
transport of verapamil in human subjects both before and during
P-gp modulation using a 2C model (Fig. 3A) described previously
(10,12). The floated model parameters included delay, K;, K /k,,
k3, and k,. Vb measured directly by ''C-CO PET was applied as a
fixed parameter in the verapamil models. The time delay between
the blood input function and the tissue activity curve was
estimated as part of model optimization. Model parameters were
estimated by minimizing the weighted residual sum of the square
error between the model solution and the PET measurement, in
which the residuals were weighted by the inverse variance of the
total counting rate in each frame of data (23). Model starting
conditions and range of model parameters appear in Table 1.

1C Model for Verapamil

In our initial investigations, a 1C model using the entire
verapamil dynamic sequence collected after CsA treatment pro-
duced poor fits, compared with a 1C model using the initial 10
min of dynamic data (1C,y), as supported by a lower Akaike
information criteria (AIC) value (mean 1Cy45 AIC, 128; mean 1C,,
AIC, 60) and visually supported by the poor model fit to the data

A
K, , ks ,
Blood Tissue Retained
verapamil verapamil verapamil
Cp-Ver k2 Qe k4 Qr
B
K, )
Blood Tissue
verapamil verapamil
CB A k Qe
2

FIGURE 3. Compartmental models of verapamil uptake for
assessing P-gp activity at the BBB. (A) 2C model accounts
for verapamil transport (K4) and overall retention in brain and
is kinetically described by 2 differential equations expressing
the quantity of verapamil in exchangeable compartment (Qg)
and in retained compartment (Q,): dQ./dt = KiCpyer —
koQe — k3Qe + k4Q; and dQ,/dt = k3Qe — k4Q,. Total tissue
uptake (Cy) is then C; = (Qe + Q, + VbCg)p, where p is
tissue density in grams per milliliter, and Vb is measured
fractional blood volume in milliliters per gram. (B) 1C model
using 10 min of data can closely approximate transport
parameter, Ky of 2C model using 45 min of data, and
can be formulized as C; = (Qe + VbCg)p, where dQ./dt =
I'<1Cp-Ver - kZQe-
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TABLE 1. Verapamil 2C Model Parameters: Expected
Ranges and Starting Values

Parameter Typical value Range for optimization
K4 (mL/min/g) 0.1 0.01-0.5
ko> (mL/g) 0.2 0.01-1
k3 (min~1) 0.25 0.01-1
K4 (min—7) 0.05 0.001-0.2

2C = 2-tissue-compartment, 4-rate constant model graph-
ically displayed in Figure 3A.

(Fig. 4B). Therefore, a 1C;o model (Fig. 3B) was implemented on
a subset of the data (10 min), where K; represents the net influx of
verapamil from plasma delivery to tissue, and the ratio K,/k, (Vd)
would estimate the overall distribution volume of verapamil in the
brain. Model parameters included delay, K;, and Vd. As in the 2C
model, Vb was measured using !'C-CO and applied as a fixed
parameter in the model.

Noncompartmental Modeling Methods

Model-independent estimates of verapamil retention before and
during CsA administration were assessed by several techniques.
The SUV was determined from the activity in each region
obtained from the 5- to 25-min summed verapamil image and
normalized by the injected dose and the subject’s weight.

The graphical method described by Logan (24) to assess
receptor-binding characteristics from dynamic PET data produces
an estimation of the distribution volume (Vdpog.n) of a receptor-
bound radioligand. The Logan analysis requires 2 assumptions
after tracer injection: that the tracer equilibrates rapidly in the first
few minutes as free and bound product and that there are no
metabolites in tissue or blood (24). Assuming no difference
between verapamil and metabolites of verapamil, this method
has previously been applied to verapamil dynamic datasets to
generate a model-independent measure of the Vdy ogq, in the brain
(5), with the following formulation,

/ ROI(t)dt/ROI(r) = Vd ., / Cy(t)dt/ROI(7) + C, Eq. 2
0 0

where ROI(t) and Cy(7) represent tissue and arterial blood
radioactivity, respectively, at time T; Vdiogn is the slope, an
estimation of the distribution volume of the tracer; and C is the
axis intercept. The Logan plot becomes linear after initial tracer
transport and tracer washout, with a slope (Vdy oeaq) that approx-
imates the steady-state distribution volume of the retained tracer
(Fig. 4C).

Model Simulations and Analysis

To guide verapamil compartment modeling, we performed
simulations and model characterization, as performed in prior
analyses for other models (25,26), to estimate parameter identifi-
ability and estimated precision (data not shown). This analysis
suggested that K; and overall metabolic flux (Ki) could be reliably
estimated; however, it was difficult to estimate k5 or k, indepen-
dently. Sensitivity functions for Vb and K; early after injection
were similar, suggesting that it would be difficult to estimate these
parameters independently, especially at the higher K, values seen
after P-gp inhibition. These results, therefore, focused our com-
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FIGURE 4. (A) Brain time—activity curves for ''C-verapamil before and after CsA treatment illustrate differences in uptake after

administration of CsA. (B) A representative brain time-activity curve (C;) was fitted using a simple 1C model with 45 min of data
(1C4s), the initial 10 min of data (1C4¢), and the 2C model. (C) Logan plot analysis is the brain time-activity curve normalized for
blood activity, where the slope (Vdio4an) is the ratio of integral tissue activity over integral blood activity similar to AUCR analysis

(tissue AUC/blood AUC).

partmental analysis on the estimate of K; and the macropa-
rameters Vdr, (Vdro, = (Ki/ksy) + [(K; X k3)/(ky X k4)]) and flux
(Ki = (Ky X k3)/(ky + k3)).

Statistical Analysis

Variations in parameter values after CsA administration were
determined as percentage change and were tested for significance
by the paired ¢ test. A value of P less than 0.05 was required for
statistical significance. Conventional correlations of model pa-
rameters to other measures of verapamil retention were performed
in JMP (SAS Institute). To determine how well the model fit the
data, the corrected AIC was calculated as described by Akaike (27).

RESULTS

Subject Studies

Plasma (C,) had higher radioactivity concentrations than
did blood (Cg) in measurements determined from 456 arterial
samples (mean * SD, 10.4% = 13.3%) collected between
1 and 45 min, and the difference was statistically significant
(paired 7 test, P < 0.001). An example of the fractional
activity determination in plasma of verapamil and verapamil
plus D617 used in the determination of the arterial input
functions from 1 subject is presented in Figure 2. Time—
activity curves of a brain region before and during CsA
infusion from this subject appear in Figure 4A. PET images
of "'C-verapamil before and during CsA injection and
conventional MRI scans from the same subject are presented
in Figure 5. Plasma CsA concentrations reached a stable
average of 2.8 wmol/L (range, 2.1-3.2 wmol/L, n = 12)
shortly after initial administration and were maintained at
this level throughout the second verapamil imaging study.
Plasma analysis revealed a steady decline of the parent
compound to an average value of 37% * 9% of radioactivity
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at 45 min after injection (n = 24). No statistical difference in
the fraction of parent ''C-verapamil plasma activity concen-
trations after CsA treatment (P = 0.76, n = 76) was observed.
The correction for vascular space activity in brain tissue
ROIs, Vb, was fixed in the verapamil models to values
measured directly from the blood volume analysis using
1C-CO PET. The average Vb for the brain was 0.044 mL/g
(range, 0.037-0.055 mL/g).

Changes After CsA Treatment
Brain blood flow increased a small amount (13% * 18%,

n = 12) after the infusion of CsA, whereas verapamil

transport (K;) estimated with the 1C;y model or the 2C
model increased 69% and 73%, respectively, in the pres-
ence of CsA and was significantly greater than blood flow
(P < 0.001, n = 12). K,/k, for the 2C model rose but did

Ar ~

FIGURE 5. T1-weighted MR image (A) from representative
subject and corresponding T2-weighted MR image (B)
provide anatomic reference. (C) ''C-verapamil uptake image
(SUV) before CsA treatment was acquired between 5 and 25
min after injection. (D) ''C-verapamil uptake image after 1 h
of CsA infusion shows general increase in verapamil uptake
in all areas of brain after inhibition of P-gp by CsA. Color
scale reflects SUV as shown by thermometer.
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not change significantly; therefore, as dictated by equi-
librium considerations, k, also rose during P-gp inhibi-
tion. Both Vd for the 1C model and Vdry, for the 2C
model significantly increased after P-gp inhibition. The
blood flow—normalized verapamil transport (2C K,/F)
increased 55% = 21% (n = 12). The verapamil SUV
and the AUCR also exhibited significant increases after
P-gp inhibition (30%, P < 0.001, and 88%, P < 0.001,
respectively; n = 12). Individual brain regions, such as
gray and white matter, showed similar changes after CsA
treatment. Parameter estimates appear in Table 2, and
the percentage changes after CsA treatment are listed in
Table 3.

Estimates of P-gp activity (K;) were highly correlated
between the 1C;y and the 2C models (r = 0.99, n = 24),
and their corrected AIC values were similar (1C AIC,,
60 = 11, and 2C AICys, 65 = 17). A direct AIC comparison

is not valid because the number of model parameters and
number of data points differ; however, a similar AIC may
indicate that the models account for the data to a similar
degree (27).

Parameters that estimate the tissue distribution volume
such as the K;/k, ratio for the 1C model (Vd) and the 2C
Vdr, increased (70% and 67% increase, respectively).
Differences were observed in the correlations of selected
parameters before CsA and during CsA treatment. Before
CsA modulation, the parameter pairs exhibiting a high
degree of correlation were AUCR versus Vd ggan (r = 0.89)
and the 1C;y K; versus 2C K; (r = 0.99). After CsA
modulation of P-gp, 2C model correlations were observed
between K; and Vdr, (r = 0.71) but marginally for K;
versus AUCR (r = 0.58), and none of the selected param-
eters correlated to Vdy e.n €xcept AUCR (r = 0.96). An
example Logan plot appears in Figure 4C.

TABLE 2. Verapamil Model Parameters in Human Brain

K Ki/ko K3 kq Vdrot Ki ko vd Vd\ogan
Model/input  (mL/g/min) (1/min) (1/min) (1/min) (mL/g) (mL/g/min) (1/min) (1/min) (mL/g)
2C,4P: ver*
Pre-CsA 0.064 0.39 0.127 0.054 1.28 0.027
mean
Pre-CsA 0.039-0.089 0.235-0.807 0.092-0.179 0.035-0.069 0.68-2.16 0.016-0.039
range
Post-CsA 0.109 0.45 0.255 0.064 2.00 0.051
mean
Post-CsA  0.064-0.159 0.256-0.774 0.109-0.47 0.042-0.089 1.42-2.88 0.034-0.088
range
Change (%) 73 27 103 25 67 97
P 0.001 0.329 0.006 0.036 0.001 0.001
1C,2P: vert
Pre-CsA 0.06 0.106 0.59
mean
Pre-CsA 0.038-0.081 0.058-0.166 0.35-0.94
range
Post-CsA 0.099 0.097 0.98
mean
Post-CsA  0.056-0.135 0.073-0.119 0.63-1.53
range
Change (%) 69 =3 70
2 0.001 0.552 0.003
Logan plot:
CB*
Pre-CsA 0.76
man
Pre-CsA 0.53-0.96
range
Post-CsA 1.46
mean
Post-CsA 1.0-1.87
range
Change (%) 93
P 0.001

*45 min of data.
10 min of data.

Vdror = (Ki/ko) + [(Kq X ka)/ (ko X ka)]; Vd = (K1/ko); VdLogan = (Kalka); Ki = (K X k3)/(ko + k3). 2C,4P = 2-compartment, 4-parameter
model; 1C,2P = 1-compartment, 2-parameter model; ver = verapamil model input function.
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TABLE 3. Change in Verapamil Retention After CsA
Treatment

Method Brain* Gray White
Blood flow (F) 13% 11% 11%
SuUV 30% 26% 30%
AUCR (9) 88% 84% 85%
AUCR/F 70% 69% 68%
1C K;4 69% 55% 54%
1C vd 70% 67% 91%
1C K4/F 51% 42% 40%
2C K4 73% 70% 60%
2C k3 103% 215% 98%
2C Vdrot 67% 135% 42%
2C flux 97% 115% 86%
2C Ky/F 55% 56% 47%
Vdiogan 93% 90% 78%

*Brain regions comprise approximately 50% gray and 50%
white matter.

DISCUSSION

Several methods of analysis, including simple ratio
techniques and multicompartmental kinetic modeling, in-
dicated that the effect of blocking P-gp activity in healthy
human subjects using CsA increased !'C-verapamil trans-
port across the BBB into the brain by approximately 70%.
The increased ''C-verapamil transfer after CsA adminis-
tration was greater than the nominal changes in measured
blood flow accompanying CsA infusion. Estimates of
verapamil transport require normalization to independent
estimates of blood flow to differentiate flow effects from
P-gp activity using verapamil.

In vivo verapamil imaging without the modulating effect
of CsA produces little net forward transport of verapamil
(low K;), even transiently, within the time resolution of
PET, which is consistent with P-gp activity preventing
transit across the BBB into the brain (28,29). Given the
severe limitation on initial transport, prolonged retention of
verapamil would not be readily apparent. Our results
suggest, however, that when forward transport is increased
by the inhibition of P-gp, trapping becomes apparent, and
the 2C model was required to fit 45-min PET data obtained
during P-gp inhibition. We performed additional simula-
tions (data not shown), confirming that estimations of k3
were unreliable and that k3 might not be apparent in the
absence of P-gp inhibition but readily seen after the nearly
100% increase in K; produced by CsA inhibition of P-gp.
Under these conditions, kinetic parameters that rely on
tracer retention versus transport may suffer from low
accuracy in PET and would include SUV, Vdi ogan, Vdro,
ks, and Ki. Multicompartmental modeling has the unique
advantage over nonmodeling methods of allowing the
separation of initial transport rates (Kj, k,) from the rate
constants associated with verapamil retention (ks, k4). After
CsA administration, a uniform, significant increase in early
verapamil uptake and transport was observed, resulting in a
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net increase in brain AUCR. Compartmental modeling
results suggested that the increased verapamil uptake after
CsA inhibition was primarily an effect of increased trans-
port (K;) across the BBB, not explained by blood flow and
not accompanied by a significant change in Vd. The
apparent effect on transport is consistent with the vacuum
cleaner hypothesis for P-gp at the BBB and other observa-
tions demonstrating the efficiency of BBB P-gp in prevent-
ing passage of excluded substance into brain parenchyma
(28,29). The 2C analysis using model simulations demon-
strated good sensitivity and precision for estimating K; and
Ki but had difficulty independently estimating other 2C
model parameters such as k; and Vdr,, which reflect
verapamil trapping. Monte Carlo error analysis showed a
larger coefficient of variation for parameters other than K,
and Ki. Two-compartment simulations showed accurate
estimates of K; and Ki, with little bias and SEs of less than
15% over a realistic range of values.

For imaging times out to 45 min, the fit of a 1C model
was significantly poorer than a 2C model that included
trapping (Fig. 4B). The biologic nature of verapamil trap-
ping in brain tissue is unknown but likely reflects processes
other than P-gp activity, such as calcium channel or protein
binding (29). However, curiously, we found a correlation
between changes in K| and parameters that may be depen-
dent on trapping, such as SUV, Vd ogan, Vdro, k3, and Ki.
An examination of parameter estimates from data during
CsA treatment with the 2C model in Table 2 shows that k3
is considerably larger than K, suggesting that trapping may
act as a sink for verapamil and contribute to the concor-
dance of these kinetically distinct measures. The agreement
of these measures may help explain the similarity of results
in the literature analyzed by methods with considerably
different approaches (3,5,9,10,12—-14) and may help explain
why methods focused on forward transport yield results
similar to those measuring apparent distribution volumes.

Our analyses provide insights into this dilemma. The
sharp increase in transport (K;) with P-gp inhibition sug-
gests that the activity of P-gp at the BBB is associated with
the initial transfer of verapamil from blood to brain. Tissue
trapping of verapamil unmasked by the higher K; values
observed during P-gp inhibition may not be related to P-gp
activity. Therefore, estimates of verapamil retention (Ki,
Vdry, Vdiogan, AUCR) may provide information on drug
distribution, but may potentially be an estimate of P-gp
activity. However, because the mechanism of trapping is
incompletely understood, measures such as Ki, Vdr,, and
Vdogan that are affected by tracer retention may give
misleading results if trapping is affected by drug interven-
tion or other effects.

Because verapamil transport is not influenced by tissue
trapping, K; poses as a more robust and appropriate
measure to indicate P-gp function at the BBB. The corre-
spondence of verapamil K; changes after P-gp inhibition to
measures of verapamil tissue distribution, such as Vdrey,
suggests that these other measures can also serve as an
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indication of P-gp function and might enable simpler
image-analysis methods such as Logan analysis. However,
the better precision associated with K; estimates and
uncertainty regarding the mechanism of verapamil reten-
tion suggest that K| provides a more suitable measure of
P-gp function at the BBB, especially for testing the effects
of P-gp inhibitors. This may not be the case for somatic
tissues, into which verapamil transfer appears to be rela-
tively high, even in the absence of P-gp inhibition, and in
which P-gp function may be manifest as tracer efflux (k)
rather than blood-to-tissue transport (K7).

Our analysis and prior reports (/0,12) suggest that the
potentially confounding effects of verapamil trapping and of
blood metabolites can be avoided using a 1C model applied to
the early time course of data. This approach yielded estimates
of verapamil K; that were highly correlated to K; estimates
using the 2C model applied to the full 45 min of data, and
their average values were within 10% of each other. The 1C
modeling protocol shortens the scanning period, greatly
simplifies the analysis using a simpler model without the
need for blood metabolite assays, and can identify P-gp
activity before significant retention (/2), which therefore
provides an attractive approach for using verapamil PET to
measure P-gp function at the BBB.

Our tracer studies differ from the studies of others
(10,20,30) in that we used racemic (R plus S) verapamil
rather than a pure enantiomer (R). Both racemates are
substrates of P-gp, and only the metabolite fraction will
change with the enantiomeric ratio, so it is unlikely that
racemic verapamil makes a significant difference in the
estimation of kinetic parameters. Although the metabolism
of racemic verapamil was more rapid (37% parent com-
pound at 45 min) than that of (R)-''C-verapamil (57%
parent compound at 40 min (/0)), profiles of the metabolic
byproducts of verapamil in plasma were measured for every
subject, resulting in individualized model input functions
minimizing the effect of verapamil metabolism on kinetic
analysis.

Lubberink et al. (/0), who also supported a 1C model for
verapamil, suggested that k, or Vd provides the best marker
of P-gp activity. However, our data suggest an alternative
interpretation of P-gp activity at the BBB represented by its
effect on the K; parameter, in which P-gp efflux kinetics at
the plasma—-BBB barrier are rapid relative to the time scale
of PET and result in a small apparent net K;. Estimates of
verapamil trapping (Ki, Vdry, Vdiogan, AUCR) made
apparent during CsA inhibition may explain the correspon-
dence between the results; however, trapping could also
confound these estimates, decreasing their reliability.

CONCLUSION

Inhibition of P-gp by CsA yields a significant increase in
forward verapamil transport across the BBB, K| in com-
partmental models. These changes were not explained by
the changes in blood flow observed during CsA treatment.
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P-gp inhibition by CsA also revealed the apparent trapping
of verapamil, requiring a 2C model to fit tissue uptake data
obtained out to 45 min after injection. A 1C model applied
to the early time course (10 min) of PET data closely
approximated K; values from a 2C model using 45 min
of data, including studies conducted both before and during
P-gp inhibition. These results suggest that a 1C model with
a short scanning sequence, which avoids complications
such as labeled metabolite redistribution and the effect of
tracer retention on model estimations of P-gp activity,
provides an accurate estimation of P-gp activity at the
BBB and is therefore preferred.
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