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The experimental data raise the question of whether the
suppression of baseline CBF and evoked CBF by NS-398 is due to
COX-2 inhibition or whether it is a side-effect of DMSO and/or
metabolites, which could provoke non-specific changes in other
biochemical pathways involved in the regulation of neurovascular
coupling. From the results of the comparative analysis between
control and COX-2 inhibition, we revealed that the baseline CBF
decreased within 1-h of infusion of NS-398, reaching a plateau
thereafter (dotted line in Fig. 4). Significant decreases in normal-
ized evoked CBF were detected after NS-398 infusion within 2.5~
3.5 h in spite of the non-suppression of neuronal activity (Figs. 6
and 7B), when the normalized evoked CBF after COX-2 inhibition
was comparable with that of the control measurement. Moreover,
we have reported in our previous study that the normalized evoked
CBF is not affected by a change in baseline CBF (Matsuura et al,,
2000). These observations suggest that NS-398 affects the
decreases in baseline CBF and evoked CBF due to COX-2 inhibition,
and that the decreases in baseline and evoked CBF were regulated
by separate mechanisms because of the difference in the duration
of NS-398 efficacy. Itis well known that the change in MABP should
not affect CBF due to the auto-regulation system in brain
circulation (Paulson et al., 1990). There is a possibility that COX-
2 affects the regulation of local CBF during neuronal activation in
rats although there are side-effects of solvent and/or metabolites.
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A new interpretation is proposed for stimulus-induced signal changes in diffusion-weighted functional MRI.
T,-weighted spin-echo echo-planar images were acquired at different diffusion-weightings while visual stimulation
was presented to human volunteers. The amplitudes of the positive stimulus-correlated response and post-stimulus
undershoot (PSU) in the functional time-courses were found to follow different trends as a function of b-value. Data
were analysed using a three-compartment signal model, with one compartment being purely vascular and the other
two dominated by fast- and slow-diffusing molecules in the brain tissue. The diffusion coefficients of the tissue were
assumed to be constant throughout the experiments. It is shown that the stimulus-induced signal changes can be
decomposed into independent contributions originating from each of the three compartments, After decomposition,
the fast-diffusion phase displays a substantial PSU, while the slow-diffusion phase demonstrates a highly reproducible
and stimulus-correlated time-course with minimal undershoot. The decomposed responses are interpreted in terms of
the spin-echo blood oxygenation level dependent (SE-BOLD) effect, and it is proposed that the signal produced by
fast- and slow-diffusing molecules reflect a sensitivity to susceptibility changes in arteriole/venule- and capillary-sized
vessels, respectively. This interpretation suggests that diffusion-weighted SE-BOLD imaging may provide subtle
information about the haemodynamic and neuronal responses. Copyright © 2009 John Wiley & Sons, Lid.

Keywords: ADC; biexponential signal decay; diffusion-weighting decomposition; functional MRI; spin-echo BOLD

INTRODUCTION are attenuated to a much smaller extent. Whether this
interpretation is adequately supported by experimental data is

There has been considerable interest recently in performing  Yet to be established.

diffusion-weighted functional MRI (DW-fMRI) studies. One reason In another work it was proposed that, at high b-value, changes

for this is that, with the application of diffusion-weighting (as in the ADC might reflect microstructural changes in neurons or

characterised by the b-value (1)), the motion of blood through the -

irregularly arranged vessels of a single voxel is known to suppress
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that stimulus-correlated signal changes likely reflect changes in
the cerebral blood volume (CBV), which are reportedly more
specific to smaller vessels nearest to the neural activation (6). The
authors of that study argued that at high b-values regions of Abbreviations used: ADC, apparent diffusion coefficient; BOLD, blood
negative activation, where the signal is decreased by an applied o'xygenc?tion level dependence; CBY, cgrebrql blood volume; DW-MRI, diffu-
stimulus, predominately correspond to CBV changes, whereas sion-weighted fMRI; EPI, echo-planar imaging; EV, extravascular; FDP, fast-
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changes. It was hypothesised that, as b increases the BOLD undershoot; ROJ, region of interest; SDP, slow-diffusion phase; SE, spin echo;
changes gradually decrease in magnitude while the CBV changes S, slow-iV.
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glia during neuronal activity (7). The ability to observe these
effects would provide much more precise information about the
spatial and temporal characteristics of neural events than
observation of the secondary haemodynamic response. Exper-
iments demonstrated that a small but significant and repro-
ducible transient decrease in the ADC is detectable during visual
cortex activation. More recently, the ADC change was reinter-
preted in terms of a two-phase functional diffusion model, where
the rate of diffusion in each phase is independent of time (8).
Within this model water molecules are said to undergo a slow
exchange between a slow-diffusion phase (SDP) and a
fast-diffusion phase (FDP), and the fMRI signal change is
understood as an expansion (contraction) of the SDP (FDP)
during the application of a stimulus. Hence, it was hypothesised
that measuring changes in the SDP expansion coefficient might
provide a method for directly observing neuronal activity with
fMRI.

Another recent study examined changes to the DW-fMRI signal
in the visual cortex of cats at 9.4 7T (9). The high in-plane spatial
resolution (=~0.3 mm) possible at 9.4 T allowed the authors to
separate the middle cortical region from the cortex surface where
large draining veins exist. From the data acquired at a range of
b-values and TEs, it was asserted that signal contributions from
the veins need only be considered for short TEs (520ms)
because the T, of venous blood is quite short (=6 ms) at 9.4T,
whereas the T5s of tissue and arterial blood are similar so that the
remainder of the signal is relatively insensitive to TE. The authors
concluded that at longer TEs, when the venous contribution is
negligible, and for low b-values, the ADC changes in the middle
cortical layer most likely originate from a functional increase in
arterial blood volume. Moreover, since the arterial contribution is
also negligible for b-values above 200 s/mm’ and there was no
ADC change detected in the midcortical region, it was argued
that the contribution of tissue to ADC change is minimal. n short,
the authors conclude that the ADC change originates from the
haemodynamic response rather than from changes within the
tissue. One shortcoming of this interpretation may be that it is
based upon monoexponential signal decay in tissue with respect
to b, an assumption that is inconsistent with many previous
studies of brain diffusion (10-18).

The aim of the present paper is to propose an alternative
method for interpreting the stimulus-induced changes in
DW-fMRI. Diffusion-weighting was applied during the acquisition
of T,-weighted spin-echo (SE) echo-planar images while
visual-stimulation was presented to human volunteers. Rather
than analysing in terms of changes to a single ADC, experimental
data are interpreted with a signal model having three
compartments, two of which are dominated by brain tissue.
Each tissue compartment is assumed to have a unique
time-independent diffusion constant, and the fMRI signal during
brain activation is decomposed into contributions from each
compartment. This technique may provide more precise
information about the haemodynamic and neural responses.

THEORY

As already noted in the Introduction section, it is widely accepted
that the motion of blood in the vessels enhances the attenuation
of IV signal when diffusion-weighting is applied (19). It has been
suggested that this behaviour may be characterised by a
single-exponential decay and a pseudo-diffusion coefficient of

order 107%-10""'mm?/s, which would indicate that the IV
contribution becomes negligible for b = 200 s/mm? (2). However,
experiments using perfluorocarbon blood substitutes find that
the IV signal decay is biexponential, with the signal from the
slower fraction {possibly corresponding to smaller veins where
the blood velocity is slowest) persisting for b-values of 600 s/mm?
and perhaps higher (20,21). Therefore, to allow for the possibility
that the IV signal is not completely attenuated by a b-value of
200 s/mm?, it is assumed that the IV signal consists of fast-lV (FIV)
and slow-IV (SIV) contributions, with the FIV signal at time t
modelled as

Srv(t, b) = {SFtv(f), b=0 o

0, b > 200

Note that this equation does not specify the functional form of
Sew (t, b) for 0 < b < 200 s/mm” because no data will be acquired
in that range. Also, consideration of the SIV contribution will be
taken up in the Discussion section.

Many studies of diffusion in brain tissue have suggested that, in
the resting state, for b-values greater than 1000s/mm? a
biexponential diffusion model may be used to describe the
attenuation of an NMR signal (10-18). Accordingly, it is proposed
here that for diffusion-weighting greater than 200s/mm? the
total fMRI signal may be decomposed into contributions from
two compartments with distinct diffusion coefficients (D > D)

S(t, b) = Spr(f)e ooy -+ SSDp(t)e-bD‘,

In writing down this equation it has been assumed that exchange
between the FDP and SDP is slow in comparison to the
measurement time-scale (typically 60-120ms in diffusion-
weighted SE echo-planar imaging (EPY), specifying that the rate
constants of the exponentials are equal to the diffusion
coefficients of the two compartments (22). However, present
knowledge of water diffusion in brain tissue is insufficient to
conclusively rule out the existence of exchange, When significant
exchange exists, the rate constants are much more complicated
functions of the diffusion coefficients, rate of exchange, gradient
strength and sequence timing parameters (22-24). That is, the
true diffusion coefficients of the water pools will differ from the
observed rate constants, Nevertheless, as the values of Dgand D;
to be used in the analysis are empirically obtained, the results of
this paper will be independent of any exchange that may be
taking place.

A further assumption used in eqn (2) is that the diffusion
coefficients are constant during neuronal activation so that the
time-dependence of the signal is entirely contained in Sgpp(t) and
Sspp(f). This assumption is based on the premise that the
activated state is a perturbation of normal brain function, It is
expected that changes to the viscosity and other intrinsic
physical characteristics affecting the motion of in vivo water will
be negligible during neural activity. Likewise, it is presumed that
deformation of tissue microstructure during activation is very
small so that changes to the diffusion coefficients via possible
restriction effects will also be insignificant.

b > 200 (2)

METHODS

A visual stimulation study was conducted on eight healthy
volunteers (seven males and one female, age 20-31 years). All
participants gave their informed written consent and the study
was approved by the Institutional Ethics Committee.
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DW-fMRI was performed on a whole-body 3T MRI system
(Excite HD, GE Medical Systems, Milwaukee, WI) equipped with an
eight-channel phased-array head coil and a 40 mT/m actively
shielded whole-body magnetic field gradient. An SE-EP)
sequence, sensitised to diffusion by the application of additional
gradient pulses along the readout axis on either side of the 180”
refocusing pulse, was used to obtain interleaved diffusion-
weighted images (1). Different b-values were obtained by varying
the gradient amplitude while keeping all other parameters
constant. The sequence alternated between two b-values during
acquisition to minimise the effects of motion. The b-value pattern
was either b= 1400, 0, 1400, 0, . .. s/mm? or b = 1400, 200, 1400,
200, ...s/mm?% with a value of 1400s/mm? used in both
examinations to improve the signal-to-noise ratio of images
acquired with the larger b-value, The echo-time was 71.2 ms, the
minimum value allowing a b-value of 1400 s/mm?. A repetition
time of 2 s was used for a total of 250 repetitions. Other imaging
parameters included a field-of-view of 240 mm x 240 mm, a slice
thickness of 5mm (gap =2 mm), matrix size 64 x 64, and EPI
acquisition time 23.4ms. A short series of gradient-echo
T;-weighted MR images (three cycles of 30s activation and
30 s rest) was obtained and a rapid analysis of the activated areas
was performed to determine the most appropriate slices for
DW-fMRI. Two axial slices were chosen. The activation task for
DW-fMRI consisted of four cycles of 40s with an alternating
black-and-white flickering checkerboard (8 Hz) followed by 805
of rest. Visual stimulation was delivered via a PC synchronised
with the fMRI acquisition using the Presentation software
package (Neurobehavioral Systems, Inc., Albany, CA).

Data postprocessing was performed with in-house software
written for Matlab (Mathworks Inc,, Natick, MA). After smoothing
(3 x 3 spatial + 3-point temporal box filters), five central time
points during stimulation (~20-40s after onset) and ten
post-stimulation points (~80-120s after onset) were selected
and a Student t test analysis was used to identify the activated
pixels. By simply comparing the signal levels during periods
where the signal change might be reasonably expected to be at
its maximum (i.e. the middle of the stimulus period and after the
return-to-baseline), this simple activation analysis has the
advantage that presumptions about the shape of the positive
stimulus-correlated response (PSCR) are minimised. Also, whether
the averaged time-courses contain a post-stimulus undershoot
(PSU) is not predetermined by the pixel selection criterion, Pixels
in the primary visual area with t-values of more than 4
(p < 0.0001, uncorrected for muiltiple comparisons) for both
the b=200 and 1400s/mm? images were designated as
activated. The activated set was further filtered by discarding
pixels that, by eye, clearly overlapped a sulcus or other region
containing a significant CSF fraction. Mean responses were
obtained for each subject by averaging the intensities of the
selected pixels across cycles and pixels. The mean responses were
then averaged across subjects to arrive at the final DW-fMRI
time-courses, For the purpose of evaluating the dependence of
the PSCR and PSU on b-value, the mean value of the baseline
interval 108-120's after stimulus onset was subtracted from the
mean values of the intervals 28-40s (PSCR) and 56-68s (PSU)
after stimulus onset.

The decomposition of the DW-fMRI time-courses into FIV, FDP
and SDP contributions was performed by assuming that at each
time point ¢,

S(tn, ) = Sewv(tn, b) + Seop(tn)e ™% + Sspp(ta)e ™2 (3)

describes the signal as a function of b, with the assumptions of
the three-compartment model stipulating that Sgy(t,, b) =0 for
b > 200 s/mm?, Explicit dependence of the signal on TE is not
included in the equation because all experiments in this work are
performed at the same echo-time. To minimise errors due to the
25 offset between images acquired with b=1400s/mm? and
those acquired with b =0 or 200 s/mm?, linear interpolation of
the time-courses was performed. That is, at times t,, where S(t,,, b)
was not explicitly acquired, S(t, b) was approximated by
[S(th—y,b) - S(tas1, b)]/2. As there were only three data points
(one corresponding to each b-value) from which to estimate the
three parameters of the model, the calculation is actually the
exact solution of a system of three equations rather than a fitting
procedure. Values for the parameters D¢ and D, were taken from
the literature rather than estimated from independent exper-
imental data because the NMR system was limited to b-values
below 2000s/mm? at the time when the experiments were
performed. Attempts to fit a biexponential function to resting-
state data did not agree well with previously published diffusion
coefficients. In previous work, it has been noted that the
deviation from single-exponential decay is subtle within the
range 0-2000s/mm?, and it is only with much higher b-values
(>>4000 s/mm?) that a reliable fit to a biexponential function is
achieved (23,25). A survey of the literature {16,23-27) found that
for humans D and D, varied between 1.01-1.74 x 107> and
0.11-0.37 x 107> mm?/s. The measurements from Reference (16),
De=1.21 %10 *mm?%s and D,=0.16 x 107> mm?/s, were close
to the median values of these ranges and therefore used as
estimates for the diffusion coefficients in the decomposition
procedure.

RESULTS

Across the eight subjects, a total of 308 pixels in the visual cortex
passed the criteria for activation. The mean fractional responses
are shown in Fig. 1a-c. The error bars were calculated as the
standard deviation between subjects. For the purposes of
comparison, the same three mean responses are plotted together
in Fig. 1d. The black horizontal bar denotes the period during
which the stimulus was applied.

Figure 2 presents the trends of the PSCR and PSU as a function
of b. Note that the PSU is relatively unaffected by a b-value of
200 s/mm?, but is substantially reduced when b=1400s/mm? is
applied. On the other hand, the PSCR is reduced by b=200s/
mm?, probably because of the significantly reduced FIV
contribution, but increases again for b= 1400s/mm? The
opposing trends of the PSCR and the PSU suggest that they
originate from disparate sources.

In Fig. 3a-c the stimulus-induced signal changes have heen
decomposed into FIV, FDP and SDP contributions normalised by
the observed response for b = 0, To demonstrate the fraction that
each compartment contributes to the total signal, each response
has been plotted with the mean baseline (as a fraction of the
b =0 baseline) for that compartment added. The mean baseline
for the FIV contribution (0.3 4 1.6%] is only a small fraction of the
total signal, consistent with the a priori assumption that it
originates from blood. Also, the baseline fractions for the FDP
{71.1 4 2.3%) and SDP (28.7 4 1.5%) are similar to those found in
previous studies of biexponential diffusion-weighted signal
decay in brain tissue. The error bars on the functional responses
were calculated as the standard deviation between subjects after
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Figure 1. Normalised mean fMRI time courses acquired for b-values of (a) 0s/mm?, (b) 200s/mm? and (c) 1400 s/mm?Z. The error bars indicate the
standard deviation across the eight subjects. (d) Comparison of the mean time-courses presented in (a)-(c). This figure is available in colour onfine at
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removing the baseline values and normalisation. Note that the
SDP is more consistent across subjects than the FIV and FDP
contributions. All three contributions are further displayed in
comparison to the b=0 response in Fig. 3d. An interesting
feature is that the SDP time-course shows a positive deflection
highly correlated with the stimulation while also having
negligible PSU, implying that it closely reflects the neural
response without contamination by confounding factors such as
the undershoot.

Signal changes (%)

R

-1

PSCR PSU

Figure 2. Trends of the positive stimulus-correlated response (PSCR) and
post-stimulus undershoot (PSU) with respect to b. The positive response
increases for high diffusion-weighting whereas the undershoot is signifi-
cantly diminished, The stars (3} denote significant differences calculated
by a standard analysis of variance (ANOVA) test with Bonferroni-Dunn
correction for multiple comparisons (p < 0.017 ~ 0.05/3, where 3 is the
number of comparisons).

NMR Biomed. 2009; 22: 770-778

Copyright © 2009 John Wiley & Sons, Ltd.

To determine whether the decomposition results were
sensitive to the choice of diffusion coefficients, other values
selected from the range of Dy and D measurements found in the
literature were inserted into the decomposition procedure.
Within these ranges, it was found that the decomposed
time-courses were not substantially altered. Most importantly,
it was verified that the SDP time-course is not an artefact that
arises from a fortunate choice of D¢ and D,.

DISCUSSION

Comments on the analysis

As already noted in the Methods section, the decomposition
into FIV, FDP and SDP contributions is the exact solution of a
system of three equations rather than the result of a fitting
procedure. Calculating a number of parameter estimates from
the same number of data points is equivalent to the assumption
that there is no additive noise and the model parameters
explain all variations present in the data. In that case, there is the
potential danger that the parameter estimates are meaningless
because of the influence of noise originating from sources other
than the true signal of interest. In this study, it has been
assumed that smoothing the raw-time courses in time and
averaging over stimulus trials and activated pixels sufficiently
reduced the influence of both spurious fluctuations and low
frequency drifts on the decomposition results. Hence, it was not
thought that the features of the FIV, FDP and SDP responses
were significantly distorted by the limitations of the estimation
procedure,

It should be noted that the time-courses displayed in Fig. 1
were calculated from pixels that all showed significant activation
and therefore the basic assumption was that those pixels
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response in Fig. 1a. Note however that the responses have been plotted with the mean baseline added so that the relative contribution of each
component to the total signal is evident from the vertical scale. The horizontal lines are drawn at the baseline level of each component. Baseline values are
0.3+ 1.6, 71.1 4 2.3 and 28.7 == 1.5% for the FiV, FDP and SDP components, respectively. Error bars illustrate the variation of the decomposed responses
over the eight subjects. (d) The baselines of the FIV, FDP and SDP responses have been subtracted so that they may be plotted in comparison tothe b=0
response from Fig. 1a. This figure is available in colour online at wwwi.interscience.wiley.com/journal/nbm

primarily contained grey matter. Care was also taken to avoid
pixels that clearly overlapped regions containing CSF, although it
is possible that some partial-voluming with CSF occurred. As the
diffusion constant for CSF has been estimated to be
~25x 103 mm?%/s {28), a possible CSF contribution would
probably be mapped to Sgy or Sgpp Moreover, as the vessels
running through CSF space have relatively large radii
(=100 um), it can be predicted from literature simulations
(29) that the corresponding SE BOLD signal change would be
<0.2% so that weighting on the net signal would be minor,
Therefore, it is not expected that CSF will contribute significantly
to the functional signal changes.

On a similar note, even though activation is expected to be
specific to grey matter, the large pixel-size (3.75 x 3.75 x 5 mm®)
of these experiments means that most of the pixels will contain
both grey and white matter. It is known that white matter has a
much higher degree of anisotropy than grey matter, and
therefore the resuits could be sensitive to the imaging plane
and direction in which the diffusion-weighting gradients are
applied. In fact, it has been noted in earlier work that white matter
estimates of D¢ and D, may differ from those in grey matter
(23,26,27). However, the difference is not large as the diffusion
coefficients for both types of tissue usually lie within the ranges
for Df and D; quoted at the end of the Methods section.
Furthermore, Inglis et al. have investigated signal decay in the
resting state with a biexponential tensor formalism, finding that
anisotropy of the tissue is not the cause of non-exponential
behaviour (17). It is therefore not thought that tissue anisotropy
affects the resuits of the decomposition process,

Remarks on previous DW-fMRI studies

The data presented in this paper indicate that the PSCR is
reduced for b=200s/mm? but increases again for b= 14005/
mm?, whereas the PSU is relatively unaffected for b= 200 s/mm?
but is substantially reduced when b = 1400 s/mm? is applied. In
previous DW-fMRI studies with b > 500 s/mm?, maximum atten-
tion was focused on the dependence of the PSCR on b-value,
Harshbarger and Song (6) (using gradient-echo spiral EPI with
human subjects at 4T) claimed a decrease in BOLD for the
b-value range 300-600 s/mm?, but uncertainty suggests that the
decrease is not significant. Le Bihan et al. (8) (dual SE, human, 3T)
noted a monatonic increase in the raw signal change as b was
increased from 600 to 2400 s/mm?. Likewise, Miller et al. (30) (dual
SE, human, 3T) observed a monotonic increase in signal change
(from ~1% to between 2 and 3%) with increasing b-value over
the range 0-2400 s/mm?, although a dip in the PSCR between 0
and 600 s/mm? cannot be ruled out as the measurements were
made in steps of 600 s/mm?Z. Jin et al. (9) (single and dual SE EP,
cat, 9.4 T) presented amplitude changes for both middle cortex
and surface regions of interest (ROIs). For the middle cortex ROI
the signal change decreased from 0 to 200 s/mm?, but remained
almost unchanged when increased to 800 s/mm?, For the surface
ROI, the trend from 0 to 200s/mm? is similar, but the signal
change increased when b = 800 s/mm?. Yacoub et al. (SE EP|, cat,
9.4 T) also presented results for midcortical and surface ROIs (31).
For the midcortical RO, the signal change decreased from b =0
to 1200 s/mm? but increased again at b = 2400 s/mm?, however
there was no clear tendency for the surface ROL It should also be
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noted that while none of the above studies quantified the
dependence of the PSU on b-value, a PSU appears to remain in
the b = 2400 s/mm? data of Miller et al. (30) and perhaps also that
of Yacoub et al. (31). Although the reasons for the different
experimental results are not known, some of the disagreement
might depend on the experimental setup through factors such as
the type of animal, imaging sequence, acquisition parameters,
field strength or stimulus paradigm.

The interpretation of DW-fMRI adopted for this paper is that
the signal is the weighted sum of contributions from three
independent compartments. Within this description, as the
b-value increases the relative contribution to the total signal from
a compartment with a large diffusion coefficient is decreased in
comparison to those from compartments with smaller rates of
diffusion. Eventually, at high b-values the contributions from
faster compartments will be negligible and the functional signal
change will be dominated by slow compartments. In previous
DW-fMRI studies, the time-dependent ADC estimated using a
single-exponential tissue-decay model has often been calculated
with pairs of diffusion-weighted images (see e.g. References
(7,9)). When a non-exponential-decay signal is analysed with a
single-exponential model, a discrepancy between the ADCs
calculated from two different b-value pairs occurs naturally. Since
non-exponential signal attenuation is a well-established fact, this
suggests that functional ADC changes cannot be said to generally
reflect CBV-weighting, as was proposed in earlier work (6,9).

The data presented in the present paper are consistent with
previous DW-fMRI results when analysed in terms of changes to
the ADC. Darquie et al. calculated ADCs by pairing images
acquired at b-values of 200 and ~1450 s/mm? (7). During
stimulation, there was a small but significant decrease in the ADC
followed by a slow return to the prestimulus baseline, When a
similar analysis was applied to the data in this paper {Fig. 4a), it
was realised that the delayed recovery of the ADC after
stimulation ceases is due to the PSU. In another work, Jin
et al. acquired images at three different b-values and
subsequently grouped them into a low b-value pair (2 and
200 s/mm?) and a large b-value pair {200 and 800 s/mm?) for the
analysis (9). To compare the present data with those results, it
must first be noted that the large pixel size in this study
(3.75 x 3.75 x 5mm°) does not allow the resolution of separate
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Figure 4. Analysis of the data from Fig. 1 in terms of ADC changes for
comparison with the results of Darquie et al. (7) and Jin et al. (9). (a)
Deviation of the ADC calculated from the b =200 and 1400 s/mm” data
sets. There is a small drop in ADC during the stimulus period followed by a
slow return-to-baseline after cessation. (b) Percentage change in ADC for
a low b-value pair (b=0 and 200s/mm?) and high b-value pair (b= 200
and 800 s/mm?). The b = 800 s/mm? time-course was estimated using the
FIV, FDP and SDP time-courses of Fig. 3 and eqns (2) and (3). Similar to the
results of Jin et al. there is a substantial positive change for the low b-value
pair, whereas there is only a very small negative change for the high
b-value pair.

surface and midcortical grey matter ROIs. Nor is it possible to
reliably separate the grey and white matters. Nevertheless, a
crude comparison between the two sets of results is possible if
the high TE (60 ms) results from Jin et al's surface and midcortical
ROIls are combined. For the low b-value pair, it is expected that
combining the surface and midcortical results would give an
overall increase in ADC. Doing the same for the high b-value pair
would probably reveal a small decrease in ADC during
stimulation. This is consistent with the ADCs calculated from
the data in the present paper (Fig. 4b).

Interpretation of the FDP and SDP signal changes

To date, the functional signal change in SE fMRI was thought to be
dominated by the BOLD effect, which under the assumption of
slow-exchange is often considered as the sum of IV and EV
contributions; that is, S(t, b) = Sgy(t, b) -+ Sy(t, b). Both the IV and
EV BOLD signal changes are generated by the haemodynamic
response to stimulation. Current theories of the EV SE-BOLD effect
are based on the diffusion of water molecules through the
blood-vessel-induced field gradients that extend into the
surrounding tissue (29,32). Regardless of whether there is an
applied stimulus or not, the diffusion of water molecules through
the non-uniform field near the vessels irreversibly broadens the
phase distribution so that a fraction of the signal is lost at the echo
time. When a stimulus is applied, the local cerebral blood flow,
cerebral metabolic rate of oxygen consurmption and CBV are altered
and the accompanying change in susceptibility of the blood causes
a small change in the field gradient around the vessels.
Subsequently, there is a small change in the local phase distribution
that, depending on the deoxyhaemoglobin concentration in the
local vasculature, is observed as an increase or decrease in the
signal by a few per cent.

The close connection between tissue diffusion and EV SE-BOLD
signal indicates that both the SDP and FOP time-courses must
contain SE-BOLD-related contributions. Afthough it has long
been recognised that the magnitude of the BOLD signal change
may vary as a function of the diffusion coefficient and vessel size
(33), the authors are unaware of any worl in the BOLD literature
that considers the existence of two independently diffusing
water pools in brain tissue. Nevertheless, by assuming
slow-exchange it is possible to use the results of existing
simulations to speculate on the interpretation of the FDP and SDP
responses as EV SE-BOLD time-courses (29,34,35). In Reference
(29) a scaling law, B = DTE/R?, was derived that allows a set of
results calculated for a specific diffusion constant (D) and vessel
radius (R) to be applied to a situation with the same 8 but
different D and R. Noting that the largest SE-BOLD signal changes
occur when f lies between 2 and 4 (29), it is possible to estimate
the range of vessel sizes that are most sensitive to the fast- and
slow-diffusion phases. Inserting TE=71.2ms, it is estimated that
vessels with radius in the range 1.6-2.3 um initiate the largest
signal changes for the slow-diffusing molecules, whereas vessels
with radii from 4.8 to 6.8 um do the same for FDP molecules.
Examining the distribution of vessel diameters published by
Cassot et al. {36), it was found that vessels of radii 1.6-2.3 um
correspond to the smallest capillaries in human cortex, while
those with radii 4.8-6.8 um are probably too large to be
capillaries and most likely correspond to arterioles or venules.
This simple calculation therefore suggests that the SDP time-
course is weighted by changes in capillary-sized vessels, whereas
the FDP reflects changes in larger vessels,

NMR Biomed, 2009; 22: 770-778

Copyright © 2009 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/nbm

334




J. KERSHAW ET AL,

it is easy to see that this simple interpretation would be
attractive for functional imaging research because it separates
the different dynamics of small and large vessels. However,
other factors, such as a substantial rate of exchange, might
complicate the situation. Another factor to consider is the SIV
contribution. According to published data, the rate that the SIV
signal is attenuated is similar to that of the FDP, making it
difficult to distinguish between these two contributions with
diffusion-weighted NMR. Alternatively, it is assumed here that
the SIV contribution is already accounted for as a small fraction
of the predominantly EV FDP signal. In the resting state, the
indistinguishability of the IV and EV contributions to the FDP is
not a major concern because the diffusion coefficient of the FDP
is empirically determined, and therefore it already includes the
effects of the SIV contribution. On the other hand, it may be
important in functional experiments because the blood signal
can contribute significantly to the functional signal change.
Finally, it should also be noted that even though a similar
decomposition into compartmental contributions would be
possible for gradient echo (GE)-BOLD imaging, the simple
interpretation outlined above does not apply because (unlike
the SE case) EV GE-BOLD signal changes do not peak as a
function of vessel size, meaning that both the SDP and FDP
responses would be weighted by larger vessel (>6um)
contributions.

Given the model's inability to distinguish between a shift in
volume fraction and changes to the relaxation properties of
each component, a non-BOLD contribution to the SDP time-
course cannot yet be excluded. The greater consistency of the
SDP response across subjects suggests that it is less sensitive to
small variations in local anatomy than the FDP response. This
presents the possibility that a stimulus-correlated process of
tissue origin also contributes to the SDP time-course. A possible
candidate is the signal change attributed to cell expansion in
Reference (8). In that work, the authors chose an imaging
sequence designed to minimise the effects of local susceptibility
inhomogeneities, whereby it was hoped that BOLD contribution
to the functional signal change would be removed so that only
cell-expansion effects would remain. Hence, a comparison with
the present results is difficult, but nevertheless there are a
number of similarities and differences worth noting. First of all
and as remarked earlier, Le Bihan et al. interpreted the observed
signal change during neural activity in terms of the transfer of
water between two phases with different rates of diffusion. The
model of eqns (1)-(3) similarly uses two water diffusion
coefficients to describe the signal attenuation with respect to
b. However, the present model also allows for possible
differences in the transverse relaxation of each phase and does
not require the transfer of water from one phase to the other to
realise a functional signal change. Secondly, the time-course of
the SDP expansion-coefficient presented by Le Bihan et al.
demonstrated a fast rise and return-to-baseline that always
preceded the (GE) BOLD response by 1.5-3.5s. This is in contrast
to the timing characteristics of the SDP response observed in
this paper, where no clear time-difference was apparent for the
SDP time-course and raw b=0 (no diffusion-weighting)
response, The onset of the SDP time-course occurred at about
the same time as the rise in the b=0 response, and the
return-to-baseline was relatively slow, taking ~20s in compari-
son to the ~105s of Le Bihan et al's SDP expansion coefficients, It
should also be noted that, using hypercapnia and a sequence
similar to that of Le Bihan et al, recent experiments suggested

that the high b-value functional signal change is largely due to
the haemodynamic response rather than neuronal cell-swelling
(30).

Tissue diffusion, non-exponential signal attenuation and
BOLD fMRI

The origin of the non-exponential signal attenuation in brain tissue
with respect to b-value remains obscure, Early studies posited the
existence of two distinct water compartments, possibly corre-
sponding to the extra- and intracellular spaces (10,12,15-18). Other
researchers have remarked that there may be a more subtle
separation of tissue water at a subcellular scale, where interactions
between water molecules and intracellular structures lead to the
formation of coexisting slow and fast diffusing phases (17,37,38). At
the same time, a number of models have been proposed where
non-monoexponential decay emerges without the need for a
classification of tissue water into two pools (e.g. References
(11,13,14,39-42)). In this case, the mechanism most commonly
used to explain the non-exponential decay is motion restricted or
hindered by tissue microstructure, As well as the free diffusion
coefficient of the diffusing medium, these models are usually
characterised by a number of parameters somehow related to the
dimensions of the impeding boundaries.

The model presented in eqns (1)-(3) is built upon a simple
system of two independent tissue-water pools, each with its own
unique diffusion coefficient. As proposed in the previous section,
the three time-dependent parameters of this model have a
relatively straightforward interpretation in terms of the BOLD
model, and diffusion-weighting can be used to decompose the
separate contributions. On the other hand, even though it stands
to reason that BOLD always contributes to SE DW-fMRI signal
changes, the correspondence between BOLD and the model
parameters is not immediately clear if a restricted-diffusion
model is used to describe the diffusion-attenuated signal from
brain tissue. As currently understood, EV BOLD signal changes are
calculated for water motion around vessels in an isotropic,
homogeneous medium characterised by a single diffusion
constant. If it is found that a compartmental mode! does not
sufficiently describe the signal attenuation, then some
re-evaluation of the BOLD model may be necessary so that it
is consistent with the properties of water diffusion in brain tissue.

Overall, it is not yet clear what determines the scales of
molecular motion in a brain tissue; that is, whether the diffusion
coefficients are determined by the physics of water at the cellular
scale, such as in the model discussed by Le Bihan et al. (8,38), or
whether water motion constrained by subcellular microstructure
is more important. Restricted or hindered diffusion must have
some influence on the NMR signal because there is a strong
correlation between diffusion-tensor imaging and the organis-
ation of white matter pathways. On the other hand, the different
behaviours of the PSU and PSCR as a function of b-value indicate
that there could be a distinct separation of tissue water motion
into fast and slow regimes, making a multipool description of
brain diffusion also possible. Whatever the case, a successful
tissue model must not only describe the non-exponential tissue
decay, but must also be consistent with the dependence of the
functional signal changes observed when diffusion-weighting is
applied. Understanding the roles of tissue structure and the
cell-level physics of water in causing the non-exponential signal
attenuation is important for applications of water diffusion as a
tool for functional brain imaging.
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CONCLUSIONS

The application of significant diffusion-weighting during the
acquisition of fMRI data found that the PSCR and PSU follow
different trends as a function of b-value, suggesting that they
originate from disparate sources. The functional response has
been interpreted in terms of a three compartment model. One
compartment is purely vascular (FIV) while the other two (FDP
and SDP) are dominated by brain tissue characterised by fast and
slow diffusion constants. Repeating fMRI experiments at different
b-values enables the decomposition of the stimulus-induced
signal changes into FIV, FDP and SDP contributions. The FDP
component demonstrated a substantial PSU, while the SDP signal
change was highly reproducible and correlated with the stimulus
uncontaminated by the undershoot. The FDP and SDP time-
courses have been interpreted in terms of EV SE-BOLD signal
changes. It was speculated that the SDP reflects EV SE-BOLD
changes in small capillaries while the FDP corresponds to EV
SE-BOLD changes in arteriole- or venule-sized vessels and/or an
IV BOLD contribution from smaller veins where the blood velocity
is slowest. A possible contribution to the SDP from the
cell-swelling effect cannot yet be ruled out.

LIST OF SYMBOLS

b diffusion-weighting in s/mm?

D arbitrary diffusion coefficient

Dy diffusion coefficient for the fast-diffusion phase

D diffusion coefficient for the slow-diffusion phase

R vessel radius

S total NMR signal originating from brain

Sev NMR signal originating from the extravascular compart-
ment

Seop NMR signal originating from the fast-diffusion phase

Sy NMR signal originating from the fast intravascular
compartment

Sw total NMR signal originating from the intravascular
compartment

Ssop NMR signal originating from the slow-diffusion phase

t time

T, transverse relaxation time

T apparent transverse relaxation time

B used in scaling law
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Abstract

Gefitinib (Iressa) is a selective inhibitor of epidermal growth factor receptor (EGFR) tyrosine kinase. Recent studies confirmed that
gefitinib interacted with the breast cancer resistance protein (BCRP) at submicromolar concentrations, whereas other multidrug transporters,
including P-glycoprotein (P-gp), showed much lower reactivity toward gefitinib. Recently, many tracers for positron emission tomography
(PET) have been prepared to study P-gp function in vivo; however, PET tracers had not been evaluated for both P-gp and BCRP modulation
in the brain. Therefore, we evaluated in vivo brain penetration-mediated P-gp and BCRP in mice using ["'C]gefitinib. Co-injection with
gefitinib (over 50 mg/kg), a nonspecific P-gp modulator cyclosporin A (50 mg/kg), and the dual P-gp and BCRP modulator GF120918 (over
5 mg/kg) induced an increase in the brain uptake of [''C]gefitinib in mice 30 min after injection. In the PET study of mice, the radioactivity
level in the brain with co-injection of GF120918 (5 mg/kg) was three- to fourfold higher than that in control after initial uptake. The
radioactivity level in the brain in P-gp and Berp knockout mice was approximately eightfold higher than that in wild-type mice 60 min after
injection. In conclusion, [''C]gefitinib is a promising PET tracer to evaluate the penetration of gefitinib into the brain by combined therapy
with P-gp or BCRP modulators, and into brain tumors. Furthermore, PET study with GF120918 is a promising approach for evaluating brain
penetration-mediated P-gp and BCRP.
© 2009 Elsevier Inc. All rights reserved.

Keywords: P-gp; BCRP; [''C]Gefitinib; GF120918; Cyclosporin A; Brain penetration

1. Introduction P-gp and MRP family have been extensively investigated.
Recently, BCRP was isolated from atypical multidrug-

ATP-binding cassette (ABC) transporters are membrane- resistant MCF-7 human breast cancer cells [3] and is a
embedded proteins that limit intracellular concentration of high-capacity efflux transporter with wide substrate specifi-
substrates by pumping them out of the cell through an active city recognizing molecules of either negative or positive
energy-dependent mechanism [1,2]. ABC Transporters that charge, molecules of organic anions and molecules of sulfate
confer multidrug resistance include P-glycoprotein (P-gp; conjugates [4]. BCRP is expressed in a variety of tissues with
gene symbol ABCBI1), multidrug resistance protein 1 highest levels in the placenta and lower levels present in the
(MRP1; gene symbol ABCC1), multidrug resistance protein liver, kidney, small intestine, brain, and ducts and lobules of
2 (MRP2; gene symbol ABCC?2) and breast cancer resistance the breast, thereby showing extensive overlap with the tissue
protein (BCRP; gene symbol ABCG2) [1,2]. Among them, distribution of P-gp [5-8]. This tissue localization indicates

that BCRP plays an important rule in absorption (small

intestine), distribution (placenta and blood—brain batrier)

This study was partially supported by consignment expenses from the and elimination (liver and small intestine) of drugs [9].
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E-mail address: kawamur@nirs.go.jp (K. Kawamura). microscopic analysis demonstrated the high level of
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expression of BCRP at the luminal surface of the microvessel
endothelium of the human brain [7]. This localization closely
resembles that of P-gp at the blood—brain barrier. Further-
more, the substrate specificity of BCRP shows considerable
overlap with that of P-gp [10], suggesting that BCRP has a
similar role to P-gp in the pharmacokinetics of substrate
drugs [11].

Gefitinib (Iressa, AstraZeneca, London, UK; Fig. 1) is a
selective inhibitor of epidermal growth factor receptor
(EGFR) tyrosine kinase and blocks the signal transduction
pathways implicated in the proliferation and survival of
cancer cells [12,13]. Recent studies confirmed that gefitinib
interacted with BCRP at submicromolar concentrations (half-
maximal inhibition of ABCG2-dependent Hoechst 33342
dye extrusion at about 400 nM [14]), whereas other multidrug
transporters, P-gp and MRP1, showed much lower reactivity
toward gefitinib [14]. Furthermore, gefitinib inhibits the
transporter function of BCRP and reverses BCRP-mediated
drug resistance both in vitro and in vivo [15,16}.

Several MDR-reversing agents are in various stages of
clinical development. First-generation modulators such as
verapamil and cyclosporine A required a high dose of drugs
to reverse MDR and were associated with unacceptable
toxicity. Third-generation MDR modulators including
GF120918 (elacridar; Fig. 1), XR9576 (tariquidar) and
LY335979 (zosuquidar) were developed specifically to
interact only with the P-gp [17-19]. Limitations to the use
of these modulators include multiple and redundant cellular
mechanisms of resistance, alternations in pharmacokinetics
of cytotoxic agents, and clinical toxicities. Among third-
generation MDR modulators, GF120918, an acridone
carboxamide derivative, is active at a concenfration of
around 20 nM, which is about 100-fold more potent than
cyclosporine A [17], and is also a potent BCRP modulator
with the concentration reversing 90% of BCRP-mediated
drug resistance of 50 nM [20-22]. Recently, GF120918 has
undergone Phase I studies as an MDR converter [23,24].

) jod
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Fig. 1. Chemical structures of [''C]gefitinib (A) and GF120918 (B).
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Unlike several first-generation P-gp modulators (e.g.,
verapamil and cyclosporine A), GF120918 inhibits P-gp in
vivo without significant toxicities or side effects [17].

Many tracers for positron emission tomography (PET)
have been prepared to study P-gp function in vivo [25-27].
These include alkaloids ([*' CJcolchicine) [28], antineoplas-
tic agents ([''Cldaunorubicin [29], ['®F]paclitaxel [30]),
modulators of L-type calcium channels (['!C]verapamil
[29,31]), p-adrenoceptor antagonists ([''C](S)-carazolol
[32], ['®F1(S)-1’-fluorocarazolol [32], [''C]carvedilol
[33]), serotonin S-HT;, receptor antagonists (['*FJMPPF
[34], [''CI(R)-(—)-RWAY [35]), opioid receptor antagonists
(["'Clloperamide [36]), ®*Cu-labeled copper complexes
[37,38] and ®®Ga-labeled complexes [39]. However, PET
tracers had not been evaluated for both P-gp and BCRP
modulation in the brain; therefore, we evaluated the in vivo
brain penetration-mediated P-gp and BCRP in mice using
[ C]gefitinib.

2. Materials and methods

2.1. Materials

Gefitinib was prepared in our laboratory as previously
described [40], as was GF120918 hydrochloride salt [41].
Cyclosporin A (Sandimmum) was purchased from Novartis
Pharma (Basel, Switzerland). A solution of gefitinib was
prepared in 10% hydroxypropyl-p-cyclodextrin solution and
5 mol/L HCI (adjusted to pH 5.0). A solution of GF120918
hydrochloride salt was prepared in distilled water. A solution
of cyclosporine A was diluted with distilled water. All
chemicals were from commercial sources.

[''C]Gefitinib was synthesized by methylation of O-
desmethyl gefitinib with [''C]methyl triflate as previously
described [42]. ['!C]Methyl iodide was prepared from ['!C]
carbon dioxide via [''C]methanol with an automated system
as previously described [43]. [''C]Methyl triflate was
prepared by passing [''C]methyl iodide through a glass
column containing silver triflate at 180°C with a nitrogen gas
flow. [''C]Methyl triflate was trapped in the solution of
acetone (0.3 ml) containing O-desmethyl! gefitinib (0.3 mg)
and 0.5 mol/LL. NaOH (2 pl) at room temperature. After
evaporating acetone, 1.0 ml of the mixture of acetonitrile,
water and triethylamine (25:25:0.1, v/v/v) was added, and
the reaction mixture was applied to preparative high-
performance liquid chromatography (HPLC), which was
performed on a J’sphere ODS-H80 column (10 mm i.d.x250
mm length) (YMC, Kyoto, Japan) with UV detection at 254
nm, and with a mixture of acetonitrile, water and
triethylamine (25:25:0.1, v/v/v) as the mobile phase at a
flow rate of 5 ml/min. The retention time of ['!C]gefitinib
was approximately 9 min. Specific activity was 40-85 TBq/
mmol at the end of synthesis, and radiochemical purity was
over 99%.

Male ddY mice (7-8 weeks old) were purchased from
Japan SLC, Inc. (Shizuoka, Japan). Male P-gp and Berp
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knockout (Mdrla/1b(~/—) and Abcg(—/—)) mice [44] and
male wild-type mice (FVB) were purchased from Taconic
(Hudson, NY, USA). The animals were maintained and
handled in accordance with recommendations by the US
National Institutes of Health and our guidelines (National
Institute of Radiological Sciences, Chiba, Japan). The animal
studies were approved by the Animal Ethics Committee of
National Institute of Radiological Sciences.

2.2. In vivo distribution studies in mice

[''C)Gefitinib (3.8—8.2 MBq/68—150 pmol) was intrave-
nously injected into ddY mice. The mice were sacrificed by
cervical dislocation 30 min after injection. Blood was
collected by heart puncture, and the tissues were dissected
and weighed. The "'C in samples was measured with an
automatic gamma counter (Wizard 3” 1480, PerkinElmer,
Waltham, MA, USA). The tissue uptake of ''C was expressed
as the percent injected dose per gram of tissue (%lD/g).

The effects of the carrier dose or the dual P-gp and BCRP
modulator GF120918 dose on the brain and blood were
investigated. Mice (n=3-4) were co-injected with [''C]
gefitinib and different amounts of cold gefitinib (5, 50 and
100 mg/kg). As in another study, mice (n=3—4) were treated
with intravenous injection of different amounts of GF120918
(5, 10, 30 and 50 mg/kg) 32—47 min prior to the [''C]
gefitinib intravenous injection.

The effects of pretreatment with P-gp and BCRP
modulators on tissue distribution were investigated. Mice
were treated with intravenous injection of one of the
following P-gp and BCRP modulators, gefitinib (50 mg/
kg), GF120918 (5 and 50 mg/kg) and cyclosporine A (50
mg/kg), 30—37 min prior to the injection. [''C]Gefitinib was
injected intravenously into control mice (#=7) and mod-
ulator-treated mice (n=3-5). The mice were sacrificed by
cervical dislocation 30 min after injection.

The effects of the co-injection of P-gp and BCRP
modulators on tissue distribution were investigated. [''C]
Gefitinib was intravenously injected into control mice
(n=7) and co-injected with one of the following P-gp and
BCRP modulators — gefitinib (50 mg/kg), GF120918 (5
mg/kg) and cyclosporine A (50 mgrkg) — into mice
(n=3-4). The mice were sacrificed by cervical dislocation
at 30 min after injection.

2.3. PET Study in mice

PET Measurement was performed in mice with an Inveon
dedicated PET scanner (Siemens Healthcare, Erlangen,
Germany). Mice were anesthetized with isoflurane (1.0%)
and fixed in a prone position on the bed of the scanner.
After a transmission scan to correct for attenuation, [''C]
gefitinib (16-36 MBg/0.30-0.61 nmol) was intravenously
injected into mice, and a time-sequential scan was
performed for 60 min (six frames per 10 s, four frames
per 15 s, five frames per 1 min, four frames per 2 min, three
frames per 5 min, three frames per 10 min).
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Three normal ddY mice (7-8 weeks old, n=3) and three
GF120918-treated ddY mice (7-8 weeks old, n=3) were
used in this PET study. One normal mouse and GF120918-
treated mouse were paired and scanned simultaneously on
the scanner. In the GF120918 treatment study, ['' C]gefitinib
was co-injected with GF120918 (5 mg/kg).

Three P-gp and Berp knockout mice (12—15 weeks old,
31-32 g, n=3) and three wild-type mice (12—15 weeks old,
28-35 g, n=3) were used in the PET study. One knockout
mouse and one wild-type mouse were paired and scanned
simultaneously on the scanner.

Decay-corrected radioactivity was expressed as the
standardized uptake value [SUYV, (tissue radioactivity/milli-
liter of tissue)/(injected radioactivity/gram of body weight)].
The area under the time—activity curve of the region of
interests in the brain (AUCpnin, SUV-minute) was per-
formed starting from 0 to 0.5 min, from 0.5 to 1 min, from 1
to 5 min, from 5 to 15 min, from 15 to 30 min and from 30 to
60 min, respectively.

2.4. Metabolite study in mice

["'C]Gefitinib (40-57 MBg/1.1-1.6 nmol) was intrave-
nously injected into ddY mice (»=3) and was intravenously
co-injected with 5 mg/kg of GF120918 into ddY mice (n=3).
They were sacrificed by cervical dislocation 30 min after
injection. Blood was removed by heart puncture using a
heparinized syringe and the brain was removed. The blood
was centrifuged at 12,000 rpm (Model 5500, KUBOTA,
Tokyo, Japan) for 3 min at 4°C to obtain plasma (0.2 ml),
which was deproteinized with the same volume of an ice-
cold acetonitrile. The mixture was then vortexed and
centrifuged at 15,000 rpm for 2 min, and the supernatant
was collected. The brain was homogenized in 0.5 ml of
saline. After adding the same volume of acetonitrile to the
homogenate, the mixture was vortexed and centrifuged at
15,000 rpm for 2 min, and the supernatant was collected. The
supernatants were analyzed by HPLC with a radioactivity
detector [45] on a Novapak C18 column (100x8 mm)
(Waters, Milford, MA, USA) contained within a radial
compression module (RCM-100, Waters) and eluted with
mobile phase (acetonitrile/50 mM sodium acetate buffer, 40/
60, v/v) at 2.0 ml/min. Radioactivity in the supernatants and
in the residual precipitates after centrifugation and the
radioactivity in the waste solution from HPLC were
measured in an automatic gamma counter. The percentages
of unchanged form were then determined.

2.5. Statistical analysis

Quantitative data are expressed as the mean+S.D. In the
in vivo distribution study, differences between control
groups and experimental groups were tested by one-way
analysis of variance (ANOVA) and Dunnett’s post hoc tests.
In the PET study, different AUCy,;, values between control
mice and GF120918 loading mice or between wild-type
mice and P-gp and Berp knockout mice were tested by
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Student’s ¢ tests with Welch’s correction. The analysis was
performed with GraphPad Prism 5 software (GraphPad
Software, La Jolla, CA, USA). Differences were considered
significant when P<05.

3. Results
3.1. In vivo distribution studies in mice

To determine the effective dose of cold gefitinib and the
dual P-gp and BCRP modulator GF120918, the dose effect of
the pretreatment with gefitinib or co-injected with GF120918
on the brain-to-blood ratio of [''C]gefitinib 30 min after
injection was investigated in mouse brain and blood (Fig. 2).
In the treatment with the lowest dose (5 mg/kg) of gefitinib,
the brain-to-blood ratio was little affected; however, in the
treatment with higher doses (50 and 100 mg/kg) of gefitinib,
the brain-to-blood ratio increased three- and fourfold,
respectively. Increasing doses of GF120198 caused a dose-
dependent increase in the brain-to-blood ratio and showed no
evidence of reaching a maximal effect at a 50 mg/kg dose of
GF120918 intravenous pretreatment. In the treatment with
the lowest dose (5 mg/kg) of GF120918, the brain-to-blood
ratio increased fivefold. Furthermore, the brain-to-blood ratio
in the treatment with the highest dose (50 mg/kg) of
GF120918 increased about 12-fold.

Effects of pretreatment or co-injection with P-gp and
BCRP modulators on the brain-to-blood ratio of radio-
activity 30 min after injection of [''Clgefitinib were
investigated in mice (Fig. 3). In the pretreatment with a
5 mg/kg and a 50 mg/kg dose of GF120918, and a 50 mg/kg
dose of cyclosporine A, the brain-to-blood ratio significantly
increased; however, in the pretreatment with a 50 mg/kg
dose of gefitinib, the brain-to-blood ratio was not affected.
In co-injection with all investigated modulators, the brain-
to-blood ratio significantly increased.

% ~® Treatment with GF120918

-0 Treatment with gefitinib

Brain-to-blood ratio

100

0 50
Injection dose (mg/kg)

Fig. 2. Effects of treatment of gefitinib dose or GF120918 dose on the brain-
to-blood ratio 30 min after injection of ["'CJgefitinib (3.8-8.2 MBq)
into mice.
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Fig. 3. Effects of pretreatment (A) or co-injection (B) with P-gp and BCRP
modulators on the brain-to-blood ratio of radioactivity 30 min after injection of
['Clgefitinib (3.8-8.2 MBq) into mice. Mean=S.D. (#=7 in control; 7=3~4 in
pretreatment studies; n=3-5 in co-injection studies). P<05 (one-way
ANOVA and Dunnett’s post hoc tests, compared with control).

Effects of pretreatment with P-gp and BCRP modulators
on the tissue distribution of radioactivity 30 min after
injection of [''C]gefitinib into mice are summarized in
Table 1. In the brain and muscle, pretreatment with all
investigated modulators, except for gefitinib (50 mg/kg),
induced a significant increase in uptake. In the blood and
heart, pretreatment with a 50 mg/kg dose of cyclosporine A
induced a significant increase in radioactivity. In the liver,
pretreatment with a 50 mg/kg dose of GF120918 induced a
significant increase in uptake. On the other hand, pretreat-
ment with a 50 mg/kg dose of GF120918 induced a
significant decrease of uptake in the lung. Also in the kidney,
pretreatment with a 50 mg/kg dose of gefitinib induced a
significant decrease in uptake.

Effects of co-injection with P-gp and BCRP modulators
on the tissue distribution of radioactivity 30 min after
injection of [''C]gefitinib into mice are summarized in Table
2. In the brain, co-injection with all investigated modulators
induced a significant increase in uptake. In the heart, co-
injection with a 50 mg/kg dose of gefitinib induced a
significant increase in uptake. In the liver, pretreatment with
a 50 mg/kg dose of GF120918 induced a significant increase
in uptake. In the muscle, pretreatment with a 5 mg/kg dose of
GF120918 and 50 mg/kg dose of cyclosporine A induced a
significant increase in uptake.

3.2. PET Studies in mice

Fig. 4 shows transaxial PET images of the brain using
["'C]gefitinib in mice. In control experiments (ddY and wild-
type FVB mice), the radioactivity level in the brain was
relatively low (Fig. 4A and C). By co-injection with
GF120918 (5 mg/kg), the radioactivity level in the brain
increased (Fig. 4B). In P-gp and Berp knockout mice, the
radioactivity level in the brain increased (Fig. 4D).
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Table 1
Effects of pretreatment with P-gp and BCRP modulators on the tissue distribution of radioactivity 30 min after injection of [11C]gefitinib into mice
Tissue Radioactivity level (%ID/g)*

Control Gefitinib (50 mg/kg) GF120918 (5 mg/kg) GF120918 (50 mg/kg) Cyclosporin A (50 mg/kg)
Brain 0.17+0.04 0.17+0.00 0.74+0.08* 1.80+0.13* 0.62+0.10*
Blood 0.69£0.13 0.68+0.05 0.6740.11 0.63£0.03 1.16+£0.40*
Heart 1.39+0.33 1.4240.15 1.78+0.17 1.74+0.18 2.26+0.26*
Lung 15.90+2.06 14.70+£5.79 18.27+1.39 7.85+1.74* 19.01+1.01
Liver 14.2742.03 14.11+1.44 14.44+1.52 17.39+0.89* 14.94+0.83
Kidney 7.39+1.38 4.20+0.24* 7.41£1.25 5.47+0.58 7.57£1.09
Small intestine 12.3244.67 7.34+2.69 8.93+3.10 7.30+0.66 13.26+3.38
Muscle 0.6240.13 0.7040.09 0.9840.15*% 0.90+£0.07* 0.98+0.12*

# MeanS.D. (n=7 in control; n=3—-4 in pretreatment studies).

* P<05 (one-way ANOVA and Dunnett’s post hoc tests, compared with control).

Fig. 5 shows the time—radioactivity curves of the brain
in mice using [!'C]gefitinib. In control experiments (ddY
and wild-type FVB mice), the radioactivity level in the
brain decreased immediately after initial uptake and
remained at constant level (Fig. SA and B). In co-injection
experiment with GF120918 (5 mg/kg), the radioactivity
level in the brain was three- to fourfold higher than that in
control experiment after initial uptake (Fig. 5A). After
initial uptake, the radioactivity level in the brain in P-gp
and Berp knockout mice increased gradually for 60 min
after injection (Fig. 5B). The radioactivity level in the
brain in P-gp and Berp knockout mice was approximately
eightfold higher than that in wild-type mice 60 min after
injection (Fig. 5B).

The area under the time—activity curve of the region of
interests in the brain (AUCyui,) values in control mice,
GF120918 loading (5 mg/kg) mice, wild-type mice and P-gp
and Berp knockout mice is summarized in Table 3. The
AUCain (0-0.5 min) value showed no significant difference
between control mice and GF120918 loading mice, or
between wild-type mice and P-gp and Berp knockout mice.
The AUCyni (0.5-1, 1-5, 5-15, 15-30 and 30-60 min)

Table 2
Effects of co-injection with P-gp and BCRP modulators on the tissue
distribution of radioactivity 30 min after injection of [' 'C)gefitinib into mice

values in GF120918 loading mice and P-gp and Bcerp
knockout mice were significantly higher than that in control
mice or wild-type mice.

3.3. Metabolite study in mice

The metabolite study in brain tissue and plasma of mice
30 min after injection of [''Cgefitinib was investigated. In
the brain, the percentages of unchanged form were 88+1.9%
(n=3) in control mice and 96£1.1% (n=3) in GF120918-
treated mice, respectively. In the plasma, the percentages of
unchanged form were 93+3.3% (»=3) in control mice and
89+4.8% (n=3) in GF120918-treated mice, respectively.

A B

Tissue Radioactivity level (%ID/g)®
Control Gefitinib GF120918 Cyclosporin A
(50 mghg) (5 mgkg) (50 mg/kg)

Brain 0.18+0.03  0.79+0.20%  1.140.12*  0.79+0.19*
Blood 0.69+0.09  0.85+0.14 0.77£0.09 0.75+0.08
Heart 1.44£031  2.0240.30*  1.76+0.26 1.93+0.48
Lung 14.89+£2.83  12.27+].18 16.38+2.57 17.47+£3.35
Liver 13.64+1.89 15.18£1.21 16.04+2.10  13.31£1.79
Isﬁdnlfy 12&323 gggfiig g;gi;gg gé?igg Fig. 4. Transaxial PET images of the brain using [''C]gefitinib of control

n.lat " ’ ' ) ' ’ ' ’ ’ mouse (injected radioactivity, 24 MBq) (A), GF120918 (5 mg/kg) loading
M::;:i: ine 0612014 0734038 0.96£0.09% 1.0040.23* mouse (injected radioactivity, 24 MBq) (B), wild-type mouse (injected

* Mean#S.D. (#=7 in control; n=3-5 in co-injection studies).
* P<05 (one-way ANOVA and Dunnett’s post hoc tests, compared
with control).

radioactivity, 32 MBq) (C), and P-gp and Berp knockout mouse (injected
radioactivity, 31 MBq) (D). PET Images were acquired for 30 min, starting
at 30 min after injection. Mice were anesthetized with isoflurane (1.0%) and
were fixed in a prone position on the bed of the scanner.
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Fig, 5. Time-radioactivity curves of the brain in control mice and GF120918 (5 mg/kg) loading mice (A), and wild-type mice and P-gp and Berp knockout mice

(B). Injected dose of [''Clgefitinib was 16-36 MBq.

The recovery of radioactivity in HPLC analysis was
essentially quantitative.

4, Discussion

In the present study, we evaluated P-gp and BCRP
modulation in mice brain using ['' C]gefitinib. Co-injection
or pretreatment with 50 mg/kg cyclosporine A, which is a
nonspecific modulator of P-gp, induced an increase in the
uptake of ['!'C]gefitinib. Furthermore, co-injection or
pretreatment with over 5 mg/kg of GF120918, which is a
dual inhibitor of P-gp and BCRP, induced an increase in the
uptake of ['! C]gefitinib. Co-injection with over 50 mg/kg of
gefitinib induced an increase in the uptake of [''C]gefitinib.
Although gefitinib inhibited BCRP more potently than P-gp
(10-fold) [14], it is considered that both transporters were

Table 3

The area under the time—activity curve of the region of interests in the brain
(AUC4in) values in control mice, GF120918 loading (5 mg/kg) mice, wild-
type mice, and P-gp and Berp knockout mice

Time AUChgin (SUV min)®
after  Control GF120918  Wildtype  P-gp and
injection loadin, Be

: g p
(min) (5 mg/kg) knockout
0-0.5 0.181+0.023  0.198+0.036 0.18320.047 0.276+0.023
0.5-1 0.073£0.013  0.191£0.016*  0.086+0.039  0.233+0.023*
1-5 0.421+0.052 1.52+0.065*  0.583+0.127 2.00+0.076*
5-15 1.06+0.065 3.81+£0.371* 1.34+0.307 6.07+£0.270*
15-30 1.66+0.123 5.96+0.614* 1.81+0.307 11.0£0.579*
30-60 3.22+0416 12.0+1.60* 3.61+0.755 24.6+0.709*

? Mean£S.D. (n=3).
* P<05 (Student’s ¢ tests with Welch’s correction, compared with
control or wild-type mice).
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modulated at an excess dose of gefitinib; therefore, these
results suggest that the brain penetration of ['!'C]gefitinib
relates to both P-gp and BCRP.

In the PET study using [''C]gefitinib, the time—
radioactivity curves of the ddY mouse and wild-type
FVB mouse brain showed fast washout from the brain
after initial uptake. This result is explained by the rule of
ABC transporters in limiting the brain penetration.
Additionally, the AUCypi, (0—0.5 min) value showed no
significant difference between control mice and GF120918
loading mice, or between wild-type mice and P-gp and
Berp knockout mice, although AUCy,i; (0.5-60 min)
values in GF120918 loading mice and P-gp and Berp
knockout mice were significantly higher than that in
control mice or wild-type mice. This results also suggests
that the PET study using [''Clgefitinib demonstrates the
rule of ABC transporter in limiting the brain penetration,
By co-injection with 5 mg/kg GF120918, the radioactivity
level in the brain was approximately three- to fourfold
higher than that in control mice after initial uptake, and the
AUCqy, value starting from 1 to 60 min was 3.7-fold
higher than that in control mice. Furthermore, the radio-
activity level in the brain in P-gp and Berp knockout mice
was approximately eightfold higher than that in wild-type
mice 60 min after injection, and the AUC,; value
starting from 15 to 60 min was 6.6-fold higher than that in
wild-type mice; therefore, we demonstrated that brain
penetration related to both P-gp and BCRP in the brain
PET study. Many PET tracers have been prepared to study
only P-gp function; however, some P-gp modulators, such
as cyclosporine A and tariquidar, have a slight micromolar
inhibitory concentration of BCRP [46]. Also, it was
suggested that P-gp and BCRP work together to limit
brain penetration [47]. It is considered that the function of
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both P-gp and BCRP may be important in evaluating brain
penetration in vivo.

In the present study, the effective dose of GF120918 for
P-gp and BCRP modulation was lower than that of
cyclosporine A. It was reported that GF120918 is a good
alternative to cyclosporine A administration in enhancing
the bioavailability of P-gp-mediated drugs [48]. Further-
more, GF120918 inhibits P-gp in vivo without significant
toxicities or side effects [17]; therefore, it seems that a
PET study combined with a clinically safe dose of
GF120918 is a promising approach to improve brain
penetration of PET probes for overcoming P-gp- and
BCRP-mediated drug resistance.

Previously, the brain uptake of [''C]verapamil, which is
a PET tracer for P-gp function, in mice showed the largest
increase by pretreatment with 50 mg/kg cyclosporine A 30
min before tracer injection [27]. In the present study,
although pretreatment with 50 mg/kg cyclosporine A
approximately 30 min before tracer injection induced a
3.6-fold increase in the brain uptake of ['!'C]gefitinib, co-
injection with 50 mg/kg cyclosporine A induced a 4.4-fold
increase in the brain uptake of [''C]gefitinib. Furthermore,
co-injection with 5 mg/kg GF120918 induced a 6.3-fold
increase in the brain uptake of [''C]gefitinib, although
pretreatment with 5 mg/kg GF120918 approximately 30
min before tracer injection induced a 4.4-fold increase in
the brain uptake of ['' C]gefitinib. Additionally, co-injection
with 50 mg/kg gefitinib induced a threefold increase in the
brain uptake of ['!C]gefitinib, although the brain uptake of
[''C]gefitinib was not affected by pretreatment with 50 mg/
kg gefitinib. This result may reveal that excess cold
gefitinib inhibits the brain uptake of [''Cgefitinib as an
interaction between EGFR and ligand, and cause ligand-
induced internalization of the EGFR [49-51]. It is
considered that pretreatment with excess gefitinib induces
a decrease in the brain uptake of [''C]gefitinib binding
EGFR by internalization and simultaneously induces an
increase in the uptake of ['!C]gefitinib by the modulation of
P-gp and BCRP. As a result, it seems that the total uptake of
[''Cgefitinib is little affected by pretreatment with excess
gefitinib; therefore, it is considered that co-injection
experiment with P-gp and BCRP modulators, such as
GF120918, is a potent assay method for evaluating brain
penetration-mediated P-gp and BCRP.

5. Conclusion

We demonstrated that the brain penetration of [''C]
gefitinib related to both P-gp and BCRP. From the results of
the present study, [ Clgefitinib is a promising PET tracer for
evaluating the effect of brain penetration of gefitinib by
combined therapy with P-gp or BCRP modulators and for
evaluating the penetration of gefitinib into brain tumors.
Furthermore, PET study with GF120918 is a promising
approach for evaluating the brain penetration-mediated P-gp
and BCRP.
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Analysis of cerebral perfusion and metabolism assessed
with positron emission tomography before and after
carotid artery stenting

Clinical article

SHUNJI MATSUBARA, ML.D., Pu.D.,! JunTA MoOROIL, M.D., PH.D.,!
Axarumi Suzuki, M.D., Pr.D.,! Masaairo Sasaki, M.D., Pu.D.,' KeN Nacata, M.D., Pu.D.,!
Iwao Kanno, Pr.D.,2 aNp SauicHI MIURA, PH.D.?

Departments of 'Strokology, and *Radiology and Nuclear Medicine, Research Institute for Brain and Blood
Vessels—Akita, Akita, Japan

Object. The authors analyzed cerebral perfusion and metabolism in patients with internal carotid artery stenosis
before and after carotid artery stenting (CAS).

Methods. Sixteen patients with internal carotid artery stenosis (> 70%) underwent PET scanning before CAS,
1-7 days after CAS, and 3—4 months after CAS to assess a variety of parameters related to cerebral perfusion and
metabolism.

Results. Cerebral blood flow at rest (CBE_,) significantly increased in the immediate postoperative stage before
returning to normal levels over the long term; this trend was also recognized on the contralateral side. In contrast,
there was gradual improvement in the rate of CBF variation on acetazolamide administration (% CBF,,). Cerebral
perfusion pressure (CBF/cerebral blood volume) increased rapidly during the acute stage and decreased in the long
term, and the oxygen extraction fraction decreased slightly during the acute stage before normalizing over the long
term. The cerebral metabolic rate of oxygen (CMRO,) increased slightly after stenting over both the short and long
term. The ratios of ipsilateral to contralateral values (asymmetry index) for CBE_,, % CBE,,, cerebral blood volume,
oxygen extraction fraction, and CMRO, tended to approach 1.0 over time.

Conclusions. Repeated PET scanning revealed improvements in CBF, perfusion pressure, and oxygen metabo-
lism after CAS. In particular, the vascular reserve tended to improve gradually, while CBF, cerebral perfusion pres-
sure, and CMRO, increased rapidly and peaked soon after CAS. These results suggest that a large discrepancy
between rapidly increased CBF, perfusion pressure, and a small increase in vascular reserve in the acute stage after
CAS could cause hyperperfusion syndrome. (DOI: 10.3171/2008.09.17663)

Key Worps ¢ carotid artery stenting *  cerebral blood flow  »

hyperperfusion + PET + vascularreserve

NTERNAL CA stenosis sometimes causes cerebral isch-
emia either due to hemodynamic hypoperfusion or an
artery-to-artery embolism. Although antiplatelet and/
or anticoagulant pharmacotherapies are standard initial
treatments for this disorder, CEA has been declared the
gold standard not only for symptomatic ICA stenosis (=
70%),26 but also for asymptomatic ICA stenosis (< 60%) .

Abbreviations used in this paper: CA = carotid artery; CAS = CA
stenting; CBF = cerebral blood flow; CBF,, = CBF after acetazol-
amide challenge; CBF,, = CBF at rest; CBV = cerebral blood vol-
ume; CEA = carotid endarterectomy; CMRO, = cerebral metabolic
rate of oxygen; CPP = cerebral perfusion pressure; ICA = internal
carotid artery; OEF = oxygen extraction fraction.

28

Carotid artery stenting was used in only a limited number
of patients until several years ago because of the risk of
intraoperative embolic cerebral ischemia. The recent de-
velopment of protective devices has markedly improved
treatment results,” and the current low rate of complica-
tions associated with CAS is mainly due to total protec-
tion systems such as PercuSurge GuardWire devices.!>*
In addition, data from the Stenting and Angioplasty with
Protection in Patients at High Risk for Endarterectomy
Study* have demonstrated that CAS with an embolus
protection device is not inferior to CEA in patients with
severe CA stenosis and comorbidities. However, inves-
tigators in another recent multicenter trial of the use of
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Positron emission tomography analysis in CAS
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Fia. 1. Images obtained in the 71-year-old woman in the represen-
tative case. Preoperative right carotid injection angiogram confirming
severe ICA stenosis (A). Right CA stenting was performed via the femo-
ral artery without neurological sequelae. Postoperative angiography
demonstrated no significant residual stenosis (B).

CAS with or without a protection device failed to prove
safety compared to CEA 3¢

With respect to cerebral perfusion, analysis of
SPECT data before and after CEA has revealed improve-

before CBF atrest CBFa

ments in postoperative vasoreactivity,>!>1634 but little is
known about alterations in cerebral perfusion before and
after CAS.>1720 No previous studies have examined cere-
bral perfusion and metabolism on PET, with the excep-
tion of a small number of case reports describing distal
ICA and basilar artery stenosis.>*3 The present study is
the first to describe alterations in cerebral perfusion and
metabolism on PET scans obtained before and after CAS
in patients with ICA stenosis.

Methods
Patient Population

Thirty-one patients with ICA stenosis = 70% under-
went CAS at our institution for a total of 34 lesions be-
tween April 2002 and March 2004. Positron emission to-
mography scanning was conducted before and after CAS
in 28 lesions. Patients with coexisting conditions such as
contralateral severe ICA stenosis or occlusion, or ipsilat-
eral middle cerebral artery or distal ICA stenosis were
excluded. Sixteen patients with 16 lesions participated in
this study, including 12 men and 4 women with a mean
age of 71.1 years (range 55-78 years) harboring 5 symp-
tomatic and 11 asymptomatic lesions.

Protocol for CAS
A PercuSurge GuardWire system (Medtronic) was
OEF

CMRO:2

Fic. 2. Series of PET studies.

Upper Row: Preoperative examinations detecting hypoperfusion and low vascular reserve
in CBF,, and CBF,,. No significant lateralities were noted in cerebral oxygen metabolism (OEF and CMRO,).

Middle Row:

Studies obtained on postoperative Day 2 demonstrating a marked increase in CBF ., and CBF,,, particularly on the affected

side. The CMRO, increased subtly on the affected side.

Bottom Row: Postoperative examination obtained 3 months after CAS

confirming the absence of laterality for CBF ., and improvements in CBF,,.
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