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Abstract Purpose: The aim of this study was to in-
vestigate the feasibility of evaluating the pharmacoki-
netics of radiolabeled anti-cancer drugs using spectral
analysis, a non-compartmental tracer kinetic modeling
technique, and positron emission tomography (PET).
Methods: Dynamic PET studies were performed on pa-
tients receiving tracer doses of 5-fluorouracil (5-["*F]-
FU) and two developmental drugs — ['! C]-temozolomide
and [''C]-acridine carboxamide. Spectral analysis was
then used to (a) determine individual and group average
pharmacokinetics, (b) predict tumour handling in re-
sponse to different drug administration regimens, and (c)
produce functional parametric images describing re-
gional pharmacokinetics. Results: Spectral analysis
could distinguish tumour kinetics from normal tissue
kinetics in an individual ['!C]-temozolomide study and
demonstrated a markedly greater volume of distribution
(VD) in glioma than in normal brain, although there was
no appreciable difference in mean residence time.
Analysis of pooled acridine carboxamide data (n = 22)
revealed a relatively large VD (and prolonged retention)
in the liver and spleen and a markedly lower VD (and
initial uptake) in the brain. Continuous infusion of 5-
['"8F]-FU was predicted to achieve a concentration in
colorectal metastases in liver approximately 10 times
that achieved in plasma at 10 h after commencement of
the infusion. Conclusions: We conclude that spectral
analysis provides important pharmacokinetic informa-
tion about radiolabeled anti-cancer drugs with relatively
few model assumptions.
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Introduction

Recent advances in molecular biology have identified
specific cellular targets for cancer therapy, leading to
novel strategies for drug design. However, the evalua-
tion of new anti-cancer drugs in humans continues to
rely on serial plasma measurements of drug concentra-
tion and clinical indicators of response and toxicity.
Tumour and normal tissue kinetics are either inferred
from plasma measurements or extrapolated from animal
models. However, plasma data cannot reliably predict
regional pharmacokinetics, and extrapolation from an-
imal models may be inappropriate due to species speci-
ficity, particularly in relation to new drugs with novel
mechanisms of action. Positron emission tomography
(PET) offers a significant advance with its ability to
follow directly the time course of radiolabeled drug in
human tumours and normal tissues in vivo [24, 26].
The full potential of PET is realised when the ob-
served time course of labeled drug in tissue can be re-
lated to the tracer concentration in plasma via an
appropriate model. This enables the determination of
rate constants of exchange between plasma and the tis-
sue(s) of interest. The conventional approach is to con-
struct a compartmental model, with each compartment
representing a particular tissue space or chemical form
of the compound. This requires some prior knowledge of
the biological fate of the compound in vivo. Such models
are highly constrained, with the number of compart-
ments and the relationships between them being fixed. If
the assumptions of the model are correct, the rates of
exchange between compartments can be estimated, from
which pharmacokinetic variables are derived. However,
compartmental models are prone to bias and/or a poor
fit to the measured data if the assumptions are incorrect.
This is especially the case for heterogeneous tissues such
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as human tumours. Furthermore, sufficient a priori
knowledge is often unavailable when developmental
drugs are studied in humans, especially at the phase 1
stage.

Spectral analysis is a general modeling approach that
enables the determination of pharmacokinetic variables
with relatively few model assumptions [8]. The observed
time course of labeled drug is fitted with a linear com-
bination of possible tissue response curves representing a
wide range of expected kinetic behaviour. No assump-
tion is made about the number of compartments present
or the relationships between them. The technique allows
kinetic components present in the measured data to be
readily identified and, as a result, is less prone to bias
than the more highly constrained compartmental mod-
els. Therefore, we believe that spectral analysis is ideally
suited to the study of radiolabled novel anti-cancer
drugs with PET. However, to data the technique has not
been applied to this problem, nor have its limitations
been defined.

In this paper we investigate the utility of spectral
analysis and PET for pharmacokinetic evaluation of
novel anti-cancer drugs in vivo. We first present the
principles of spectral analysis and compare this tech-
nique with the more conventional compartmental
modeling approach. We then describe the use of spectral
analysis for (a) determination of individual and group
average pharmacokinetics in tumours and normal tis-
sues, (b) prediction of tumour handling in response to
different drug administration regimens and (c) produc-
tion of functional parametric images describing regional
pharmacokinetics. The implementation, interpretation
of results and limitations of the technique are discussed.

Materials and methods

Spectral analysis

The image data produced from a kinetic PET study comprise a
sequential time series of tomographic images, typically acquired
over 60-90 min. Each pixel value indicates the tracer concentration
averaged over the interval (frame) during which the image was
acquired. Tissue response or time-activity curves can be con-
structed by plotting of pixel values, or the mean of several pixels
contained within a user-defined region of interest (ROI), against
frame times. In addition to the PET images, the tracer concentra-
tion in arterial plasma is measured throughout the study. The
problem, then, is to relate the tissue response curves, Cyg(?), to the
tracer concentration in arterial plasma, C,(¢), using an appropriate
tracer kinetic model. In the spectral analysis method, C is
modeled as a positive linear combination of basis functions, each of
which is a single exponential in time convolved with C,:
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where ® denotes convolution, NV is the maximal number of basis
functions allowed in the model (typically 100), A is the decay
constant of the radioisotope and #;(i = 1, T) values are the frame
times. The B values are chosen to cover the spectrum of expected
kinetic behaviour, from the slowest possible clearance (L) to the

fastest measurable dynamic (e.g. 1 s™!). Cy and C, are not cor-
rected for radioactive decay; hence, irreversible binding results in
an apparent clearance of A. Thus, the problem becomes one of
determining the values of o that best fit the measured data given
predefined B values (spaced logarithmically) on the interval [A, 1].
We investigated alternative mappings and found parameter esti-
mates to be relatively insensitive to the spacing of [ values.
Equation 1 can also be written in matrix notation as:

% = 4% (2)

where Cy;, is the measurement vector, o is the solution vector, 4 is
a T x N matrix (T=number of time points) whose elements are
given by:
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Equation 2 can be solved for o using the non-negative least-squares
(NNLS) algorithm [15], which is based on the weighted least-
squares criterion:

Minimise ®(a) = (:g — C,m> Tz(ég — %)7 a>0 ()

In practice, W is diagonal with w; = var ~![Cy(#)] since PET
measurements at each time point can be considered independent.
Typically, only a small number of non-zero o values are obtained in
the solution vector, corresponding to the smallest number of ex-
ponentials that adequately describe the data. For example, most
PET data are adequately described by, at most, three spectral
components due to noise and finite temporal sampling.

The fitted values of o, together with the corresponding chosen
values of P, define the tissue unit impulse-response function:

h(t) = oyexp(—(B, — 1)), (5)

J=1

from which pharmacokinetic parameters can be calculated as fol-
lows:

Ki=h(0) =Y o (6)
j=1
VD = / h(t)dt = Z} B,-OE . (7)
0 =
VD
MRT = X (8)

where K is the rate constant for transport from plasma to tissue
(equivalent to regional flow x extraction), VD is the fractional
volume of distribution (i.e. the steady-state ratio of tracer con-
centrations in tissue and plasma) and MRT is the mean residence
time of the tracer in the sampled tissue. Such parameters can be
calculated for individual pixels, enabling the generation of func-
tional parametric images that demonstrate both the kinetic be-
haviour and the spatial distribution of the drug [16]. In addition,
images representing the impulse response at specified points in time
can be produced, which are useful for describing the delivery or
retention phases of drug uptake in tissue, depending on the chosen
time point [10].

Assuming linear kinetics, it is also possible to predict the tissue
response to any desired input by convolution of the given arterial
input function with the unit impulse-response function. For ex-
ample, it may be useful to predict the tissue response to a constant
drug infusion. In this case, convolution of the impulse response
function with a constant value is equivalent to integration of 4(¢)
with respect to time:
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where R is the constant infusion rate [C,(¢) = R]. This approach is
valid provided that the drug concentration in tissue remains suffi-
ciently low that saturation of any of the observed kinetics does not
occur.

©)

Interpretation of results

Interpretation of results obtained with spectral analysis is best il-
lustrated with an example using simulated kinetic data. A tissue
curve was simulated by convolution of a typical arterial input
function with the following function:

u(t) = 0.001 exp(—0.01¢) 4 0.001 exp(—0.001¢), (10)

and adding noise typical of a PET time-activity curve assuming
Poisson statistics. Figure 1a shows the simulated noisy tissue curve

Fig. 1 a Simulated PET time-activity curve with Poisson noise
added. b Unit impulse-response function obtained by spectral
analysis of the curve shown in a. ¢ The corresponding spectrum of
kinetic components

concentration (arbitrary units)

185

and the model fit obtained by spectral analysis. Once one has de-
termined the values of o that best fit the data (given predefined
values of B), the results can be presented either as a unit impulse-
response function (Fig. 1b) or as a spectrum of kinetic components
(Fig. 1c). The impulse response function describes the time course
of labeled compound that would be expected if it were possible to
deliver the tracer instantaneously to the tissue. The spectrum re-
veals the number of kinetic components that adequately describe
the data, with the speed of the dynamics increasing from left to
right. In this case, two peaks were identified, corresponding ap-
proximately in position and amplitude to the fast and slow expo-
nentials in the function of Eq. 10 (Fig. 1c¢).

The number of peaks appearing in the spectrum corresponds to
the number of discrete tissue compartments that the PET technique
can resolve. A peak appearing at the far left of the spectrum in-
dicates complete trapping of the tracer in tissue, corresponding to
B=2x(=10733 s 7! for ''C). A peak appearing at the far right
indicates kinetics indistinguishable from the arterial input function,
which may occur if blood vessels are included in the sampled ROI.
Intermediate peaks represent tissue compartments that exchange
reversibly either with plasma or with other tissue compartments.
Thus, the spectrum provides an objective means of interpreting
kinetic data and may be used to construct a specific compartmental
model for further biological testing and analysis.

Comparison with compartmental modeling

Tracer kinetics for a two-compartment system were simulated and
analysed with both the spectral analysis method and conventional

e tissue curve
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compartmental modeling. Tissue curves were generated by convo-
lution of a typical arterial input function with the following impulse
response function:

u(t) = 0.01 exp(—0.011¢) + 0.005 exp(—0.0035¢). (11)

The resulting simulated tissue concentration curve was then aver-
aged within each of 21 discrete intervals ranging from 5 s at the
beginning to 600 s at the end. In all 100 such curves were generated,
each time with the addition of Poisson noise with a different ran-
dom seed, such that the noise level in each curve was 5% of the
maximal signal, which is typical for a time-activity curve derived
from a PET study acquired in the two-dimensional (2-D) mode.
The curves were then analysed using spectral analysis with N = 100
basis functions and non-linear least-squares fitting, with the num-
ber of a priori tissue compartments being fixed at 2. The parameters
Ky, VD and MRT were estimated by both methods for all 100 noisy
curves, allowing evaluation of the accuracy and precision of pa-
rameter estimates.

Drugs investigated

The anti-cancer drugs chosen for this study included 5-fluorouracil
(5-['"*F]-FU), a well-established anti-cancer drug in current routine
clinical practice, and two developmental drugs being investigated
by the UK Cancer Research Campaign (CRC): temozolomide
(8-carbamoyl-3-methylimidazol[5,1-d]-1,2,3,5-tetrazin-4-(3H)-one)
and acridine carboxamide {N-[2-(dimethylamine)ethyl]acridine-4-
carboxamide}. Temozolomide is an oral cytotoxic prodrug that
degrades in physiological solution to form the reactive methyla-
ting species MTIC [5-(3-methyltriazen-1-yl)imidazole-4-carbox-
amide], which is thought to achieve anti-tumour activity by
binding to DNA guanine bases [23]. Temozolomide was labeled
with ''C in the 3-N-methyl position [5]. PET studies were con-
ducted in parallel with a phase II clinical trial by the CRC. Ac-
ridine carboxamide is a third-generation drug that stimulates
DNA cleavage by both topoisomerase I and topoisomerase II
inhibition and is reported to be active against lung-tumour cell
lines [1]. The drug was labeled with ''C in the N-methyl position
[4]. PET scans were performed in advance of phase I clinical trials
by the CRC. All PET studies were approved by the Royal Post-
graduate Medical School Research Ethics Committee and in-
formed consent was obtained from each patient prior to inclusion
in the study.

Data collection

[''C]-Temozolomide studies were performed on a brain tomograph
(ECAT 953B, Siemens/CTI, Knoxville, Tenn.) operated in the 3-D
mode [22], whereas 5-['®F]-FU and ['!C]-acridine carboxamide
studies were performed on a whole-body tomograph (ECAT 931,
Siemens/CTI, Knoxville, Tenn.) operated in the 2-D mode [21]. For
[''C]-temozolomide and ['!C]-acridine carboxamide studies, dy-
namic imaging continued for 90 min from the time of injection,
whereas for 5-['®F]-FU the study duration was 60 min. The image
sequence comprised 21 frames for ['!C]-temozolomide studies
(ranging from 5 to 600 s duration), 30 frames for 5-['*F]-FU (30—
300 s) and 32 frames (20600 s) for [!!CJ-acridine carboxamide.

Radioactivity in blood was measured at 1-s intervals through-
out the PET studies via a radial artery catheter using a bismuth
germanate counting system [19]. In addition, up to 12 discrete 5-ml
blood samples were withdrawn from the same catheter at regular
intervals. These were later analysed using high-performance liquid
chromatography (HPLC) to determine the contribution of labeled
metabolites to the total plasma radioactivity. The partitioning of
radioactivity between plasma and whole blood was also determined
by separate counting of plasma and whole blood in an Nal(TI) well
counter. The on-line arterial measurements were corrected for
plasma-to-whole-blood partitioning and the presence of labeled
metabolites to obtain the plasma input function for spectral anal-
ysis.

Image reconstruction

Because of the increased contribution of scattered coincidences to
3-D PET measurements, the [''C]-temozolomide data were cor-
rected for scatter prior to image reconstruction [2]. Both 3-D and 2-
D data were also corrected for attenuation of photons in the body
using a %®Ge/Ga transmission scan performed in the 2-D mode
before tracer injection. The 2-D scans performed with 5-["*F]-FU
and [''C]-acridine carboxamide were reconstructed using conven-
tional filtered back-projection [18] to form 15 transaxial image
planes spaced 6.75 mm apart. The 3-D ['!C]-temozolomide data
were reconstructed using 3-D filtered back-projection [14] to form
31 transaxial image planes spaced 3.375 mm apart. For the 3-D
studies the reconstructed spatial resolution is approximately 6 mm
in the transverse plane (within slices) and 5 mm in the axial plane
(between slices). For the 2-D studies the spatial resolution is ap-
proximately 8 mm in both the transverse and axial planes.

Applications of spectral analysis
Assessment of tumour and normal tissue pharmacokinetics

To illustrate the use of spectral analysis to assess pharmacokinetics
in an individual, the technique was applied to data obtained from a
[''C]-temozolomide study performed on a 65-year-old woman with
a high-grade astrocytoma. The patient was scheduled to receive
oral temozolomide at therapeutic dose but was off treatment at the
time of the PET scan. A 239-MBq (1.2-pg) dose of [''C]-
temozolomide was given intravenously. Following data collection
and image reconstruction, regions of interest (ROI) were drawn
over the tumour rim and an area of normal cortical grey matter on
the contra-lateral side. Time-activity curves were calculated for
each ROI and fitted with the spectral analysis model using the
metabolite-corrected arterial input function. This allowed the unit
impulse-response functions for tumour and normal brain tissue to
be derived, from which pharmacokinetic variables were calculated.

Group average pharmacokinetics

PET scans were performed on 22 patients receiving between 175
and 667 MBq (mean 465 MBq) of ['!Cl-acridine carboxamide in-
travenously, corresponding to drug doses of 4.6-18.5 pg. This dose
range can be compared with the phase 1 starting dose of
18 mg m~—2. The scan data were acquired and images reconstructed
as described above. Then, ROIs were defined on the images for a
range of normal tissues and tumours and corresponding time-ac-
tivity curves were calculated. These were fitted with the spectral
analysis model using the metabolite-corrected arterial input func-
tion. The spectra were grouped according to common tissue types
and averaged across patients by calculation of the mean amplitude
for each dynamic in the spectral range A < f < 1. These average
spectra define average impulse response functions for each of the
tissues sampled, which allows the determination of group-average
pharmacokinetic variables.

Predicting drug handling by tumours

Previous work suggests that the pharmacokinetics of 5-['8F]-FU
are linear when the drug is given as a slow infusion [7, 11].
Therefore, it is feasible to extrapolate the results obtained by
spectral analysis of a 5-['F]-FU tracer study to the case of a
prolonged venous (constant) infusion of 5-['®F]-FU. The patient
studied was a 54-year-old woman with liver metastases from a
colorectal primary tumour. A 349-MBq dose of 5-['8F]-FU (13.8
mg) was given intravenously to the patient as a bolus. Following
data collection and image reconstruction, an ROI was defined over
a tumour in the liver. The unit impulse response was determined
using spectral analysis and the metabolite-corrected arterial
input function. The estimated parameters of the impulse response
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Table 1 Parameter estimates
obtained using spectral analysis
and compartmental modeling

Nominal value

Spectral analysis 2-Compartment

model

1-Compartment
model

K (s7h 0.015
VD 2.34
MRT (s) 156

0.0159 £ 0.0025
2.33 £ 0.07
149 £ 19

0.0154 £ 0.0016
2.34 £ 0.03
153 £ 14

0.0130 £+ 0.0007
2.30 £ 0.04
178 + 10

function were then substituted into Eq. 9 for determination of the
tumour handing in response to a constant drug infusion.

Parametric images of pharmacokinetic variables

To illustrate the use of spectral analysis at an image pixel level,
parametric images were calculated for the [''C]-temozolomide
study described above. Parametric images of VD and the impulse
response at an early (1 min) and late (60 min) time point were
calculated. The VD image was calculated by integration of the im-
pulse response curve between time zero and the end of the PET
study rather than extrapolation to infinity as the definition of VD
requires. This is because the impulse response becomes increasingly
unreliable for time points extrapolated beyond the end of the scan,
resulting in noisy estimates of VD. Similarly, the 1-min time point
was chosen to avoid problems in estimating the zero intercept of
the impulse response function due to noise and vascular effects.

Results
Comparison with compartmental modeling

The mean and standard deviation of parameter esti-
mates obtained with spectral analysis and compartment
modeling of the simulated noisy tissue curves are given
in Table 1. There was good agreement between esti-
mated and nominal parameter values for both spectral
analysis and the two-compartment model, although the
bias in estimating K; and, hence, MRT was slightly
higher for spectral analysis (6% versus 3%). The preci-
sion of parameter estimates was also slightly worse for
spectral analysis. However, both the bias and the pre-
cision of parameter estimates with spectral analysis are
acceptable, given that the model makes no assumption
about the number of compartments present, whereas the
compartmental model is more highly constrained. It
should be noted that in the case of compartmental
modeling this experiment represents an idealised situa-
tion where the number of tissue compartments are ex-
actly known in advance. In practice the number of
compartments may be unknown, particularly in the case
of labeled developmental drugs, or may be obscured by
the mixture of heterogeneous kinetics with an ROI.
Therefore, it is pertinent that one also compare the results
obtained when a single tissue compartment is assumed
instead of two, shown in the last column of Table 1. In
this case the bias in estimation of K; becomes —13%.

Assessment of tumour and normal tissue
pharmacokinetics

A representative image of the cumulative [''C]-
temozolomide uptake over 90 min is shown in Fig. 2a,

together with the derived time-activity curves generated
for plasma, normal cortical grey matter and tumour rim
(Fig. 2b). The spectra suggest that there are three expo-
nentials present in tumour kinetics, whereas temozolo-
mide uptake in normal brain is adequately described by
just two exponentials (Fig. 2¢). Reversible compartments
are present in both tumour and normal brain, as indi-
cated by the peaks lying near logPp=—1.5 and
log p = —2.5, asis a nearly irreversible compartment that
is very similar in position and amplitude for tumour and
normal brain. Note that completely irreversible ligand
binding would result in a peak at logp = —3.3, corre-
sponding to radioactive decay of ''C (A = 0.00056 s7!).
The impulse response functions suggest that the main
differences in drug handling by the brain and tumour
occur in the first 15 min of uptake (Fig. 2d). This is re-
flected in the K, estimates for the two tissues, which in-
dicate approximately 7-fold greater uptake from plasma
into tumour than into normal brain (Table 2). After
approximately 30 min the kinetic behaviour of
temozolomide in tumour and normal grey matter is al-
most indistinguishable. Consequently, the terminal half-
clearance (t1)5,) values are very similar, although a
slightly prolonged clearance from tumour (approx. 20%)
can be noted. This analysis suggests that the increased
accumulation of temozolomide into tumour as compared
with normal brain tissue is mainly due to increased drug
delivery. This is probably due to breakdown of the
blood-brain barrier [3]. Small differences in drug binding
between tumour and normal brain may also exist.

Group average pharmacokinetics

Average spectra and corresponding impulse response
functions for the phase I drug acridine carboxamide in
normal tissue (lung parenchyma) and various tumours
are shown in Fig. 3. Pharmacokinetic parameter esti-
mates for all tissues sampled are given in Table 3. The
spectra of Fig. 3a suggest three reasonably distinct ki-
netic components for lung parenchyma — two reversible
compartments and one irreversible or very slowly
clearing compartment (also seen in the impulse response
function of Fig. 3c). The tumour spectrum (Fig. 3b) is
more heterogeneous, reflecting the range of tumours
sampled. However, there is nonetheless a strong sug-
gestion of an irreversible or very slowly clearing com-
partment and, possibly, two reversible compartments.
The peak adjacent to the blood volume component at
log B = 0 is most likely due to delay and/or dispersion of
the measured input function relative to the actual arte-
rial blood supply.



188

(a)

0.015
——normal brain
--------- tumour rim
.L”, 0.010
()
©
2
g
& 0.005
0'000 ::ﬂ §| L A EI 1 L
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

log frequency (s™ ')

(c)

Fig. 2 a Image taken from a [''C]-temozolomide PET study,
showing the accumulated drug (at tracer levels) detected in tumour
and normal brain over a 90-min period. b Time-activity curves
corresponding to tumour rim, normal brain and arterial plasma. ¢
Spectrum of kinetic components obtained by spectral analysis of
the curves shown in b. d Corresponding impulse response functions

Table 2 Pharmacokinetic parameter estimates for the [''C]-temo-
zolomide study

Normal grey matter Tumour
VD 6.97 54.4
K (s 0.003 0.024
MRT (s) 2141 2236
12, (8) 1598 1932

Estimated pharmacokinetic parameters for this pop-
ulation sample reveal that acridine carboxamide has a
large volume of distribution in the liver, kidney and
spleen and prolonged retention in the liver and spleen as
compared with other organs, as indicated by increased
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MRT and ¢,/,. values. By comparison, this drug has a
markedly lower volume of distribution in the brain
versus other organs, mainly due to low initial uptake
(K1) and only moderate retention. Tumour uptake is
initially low but retention is relatively prolonged.

Predicting drug handling by tumours

The predicted tumour handling in response to a constant
infusion of 5-['"*F]-FU is shown in Figs. 4a and 4b. The
graphs indicate that 5-['*F]-FU does not reach steady
state in the tumour within the period of the PET study
(90 min). Our analysis indicates that it takes approxi-
mately 10 h for the drug concentration in the tumour to
reach a plateau value, and at that time it achieves an
approximately 10-fold higher concentration of 5-['*F]-
FU than does plasma. By definition, this is the fractional
volume of distribution of the drug in tumour. However,
these results give only an indication of the time required
to reach steady state and an approximate value for the
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Fig. 3 a Average of lung parenchyma spectra obtained from 24
individuals undergoing ['!C]-acridine carboxamide PET studies. b
Average of 20 tumour spectra obtained from the same population
of patients. ¢ Impulse response functions representing the average
expected kinetic behaviour of ['!C]-acridine carboxamide in lung
and tumour

volume of distribution, since parameter estimates be-
come increasingly unreliable when extrapolated beyond
the duration of the PET study (see Discussion).

Table 3 Group-average pharmacokinetic parameter estimates for ['

2700 4500 5400

time (s)

(c)

Parametric images of pharmacokinetic variables

3600

Images of the impulse response at 1 and 60 min and of
VD are shown for the [!' C]-temozolomide study in Figs.
Sa, 5b, and Sc, respectively. The 1-min image indicates
markedly increased uptake of tracer from plasma by the
tumour rim as compared with the surrounding grey
matter. The late image shows that despite the marked
differences in tracer delivery, retention of [''C]-
temozolomide in the tumour is very similar to that in the

!Cl-acridine carboxamide

Liver Kidney Spleen Lung Brain Tumour
n="7 n=29 n =175 (n = 24) n =4 (n = 20)
VD 858 630 804 131 20.6 203
K (s 0.007 0.017 0.015 0.011 0.004 0.007
MRT (s) 120741 40654 55208 11628 4792 31247
t1)22 (S) 2443 221 1230 71.2 734 1376
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Fig. 4 a Predicted drug handling by a tumour in response to a
constant infusion of 5-FU. b The same tumour response curve
shown with an expanded time axis, indicating that 5-FU takes up
to 10 h to reach steady state in the tumour

surrounding grey matter, suggesting a similar degree of
binding. It follows, then, that the VD image is dominated
by the delivery phase of tracer uptake. The parametric
images are in good agreement with the ROI analysis of
the same study shown in Fig. 1.

Together, the ROI analysis and the parametric im-
ages suggest that factors affecting the initial uptake of
temozolomide from the plasma pool may be important
determinants of the efficacy of the drug in human brain
tumours. There is also a suggestion (ROI analysis), of
prolonged retention in tumour, but this cannot be con-
cluded from a single-patient study.

Discussion

In this report we describe the use of spectral analysis of
PET data for the pharmacokinetic assessment of labeled
anti-cancer drugs. Spectral analysis produces parameter
estimates with slightly higher bias and variance than
does an idealised compartmental model, but without
assuming a fixed number of tissue compartments. We
also demonstrate that spectral analysis provides useful

Fig. Sa—¢ Functional paramet-
ric images of ['' C]-temozolo-
mide, demonstrating a the
impulse response at 1 min (ap-
proximately equivalent to K;), b
the impulse response at 60 min
(indicating drug binding) and ¢
the volume of distribution
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kinetic information about new drugs when applied to
either an individual PET study or pooled data. The
technique can also be used to predict tissue handling in
response to different drug administration protocols,
provided that the assumption of linear kinetics holds
(see below), and to produce functional parametric im-
ages describing the kinetic and spatial distribution of a
labeled drug in vivo. It should be emphasised that sim-
ilar kinetic information about the developmental drugs
used in this study cannot easily be obtained by con-
ventional techniques due to the lack of prior knowledge
about drug handling in vivo.

The use of fewer assumptions in the spectral analysis
technique gives rise to some important advantages over
conventional approaches for analysis of tracer kinetic
data, particularly in tumours. For example, compart-
mental models assume homogeneous tissue kinetics
within the sampled ROI, which is unlikely to be the case
in tumours, resulting in biased parameter estimates [12,
20]. The spectral analysis model is not restricted by this
assumption. Indeed, it was originally explored as a po-
tential tool for assessment of kinetic heterogeneity in
PET studies [9]. In the presence of a heterogeneous mix
of tissues the estimated unit impulse response (and any
derived parameter, such as volume of distribution) is the
average of all tissues sampled in the ROI, weighted by
their relative contributions. However, in the interpre-
tation of spectra it must be recognised that, as a result of
heterogeneity, the number of peaks may not correspond

(b) (©



to the number of discrete tissue compartments. For ex-
ample, the presence of three peaks in the tumour spec-
trum obtained for [''C]-temozolomide (Fig. 2c) may
indicate heterogeneity of kinetic behaviour rather than
three physiological compartments. Alternatively, there
may actually be three compartments for both tumour
and normal brain, but due to the noise and similarity of
kinetics in two of the three compartments in normal
brain, these dynamics cannot be resolved.

Although the examples presented in this report in-
volve compounds labeled with positron emitters, the use
of spectral analysis is not restricted to PET data. Tracer
studies are commonly performed using single-photon
emitters, and recent advances in chemistry and instru-
mentation make it feasible to perform quantitative la-
beled-drug studies using single-photon tomography.
Spectral analysis is equally applicable to such studies.
The technique is also applicable to non-imaging studies
such as measurements of plasma drug clearance. Indeed,
the technique originally derived from an approach to the
analysis of enzyme binding potentials in vitro [25].

Limitations of spectral analysis

Although spectral analysis has many useful applications
in tracer kinetics studies, there are some limitations to
the technique that may affect interpretation of the re-
sults. It is noteworthy, however, that these problems are
germane to most modeling techniques, including com-
partmental modeling, and are not unique to spectral
analysis. The main limitations are due to (a) statistical
noise, (b) errors in the measured arterial input function
and (c) non-linear kinetics.

Noise

The presence of statistical noise in the measured data
can give rise to spurious peaks, particularly at the ex-
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Fig. 6 Average of 1000 spectra individually obtained by spectral
analysis of the simulated time-activity curve shown in Fig. la, but
with different noise being added each time
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treme ends of the spectrum. This is demonstrated in
Fig. 6, which shows the average of 1000 spectra indi-
vidually produced by analysis of the same simulated
tissue curve shown in Fig. la, but with different noise
being added each time. The build-up towards either end
of the spectrum occurs when the NNLS algorithm at-
tempts to fit the noise in the data. Therefore, the pres-
ence of peaks in these regions should be interpreted with
caution. The problem also manifests as increased errors
in estimation of the intercept and terminal slope of the
unit impulse-response function, which mainly affects
estimates of K; and MRT. In addition, parametric im-
ages, such as the ones calculated for temozolomide (Fig.
5), are more susceptible to noise than is fitting of ROI
data. This is because the signal-to-noise ratio in a given
ROI sample decreases approximately as the square of
the number of pixels in the ROI (and a single pixel is the
smallest possible ROI). Despite this, it is possible to
obtain useful spatial as well as kinetic information with
the pixel-by-pixel fitting approach. In some cases, de-
pending on the particular tracer involved and on the
counting efficiency of the tomograph, it may be neces-
sary to apply a penalty term to the cost function of Eq. 4
to obtain good-quality parametric images [6, 10]. For
example, one can penalise values of o that occur in parts
of the spectrum that are relatively more sensitive to
noise, such as the extrema. This was not necessary in the
temozolomide case. The problem of estimating kinetic
parameters from noisy data is compounded by the use of
"C in many PET studies because of its relatively short
half-life (20.4 min). This results in a poor signal-to-noise
ratio in measurements taken towards the end of the
study and limits the time course over which data can be
recorded. This, in turn, affects the ability of spectral
analysis and other modeling techniques to estimate re-
liably parameters relating to tracer retention.

Input function errors

Problems can occur if the measured arterial input
function is different from the actual input seen by the
tissue of interest. For example, the delivered bolus takes
approximately 15 s longer to reach the sampling point at
the radial artery catheter than it does to reach the tissue
of interest and is often somewhat more dispersed [13].
Although the delay is small, it can cause problems in
estimation of fast dynamics and a poor fit to the early
uptake phase of the time-activity curve. This may ex-
plain the secondary peak adjacent to the blood volume
peak at the extreme right of the average spectrum ob-
tained for [!'C]-acridine carboxamide (Fig. 3b). How-
ever, delay and dispersion can be accounted for in the
model and have minimal impact on intermediate and
slow dynamics, which are often of greater interest. In
some cases the input function may be different for dif-
ferent organs in the field of view. For example, the liver
takes its blood supply from both portal vein and the
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hepatic artery, whereas other tissues, including liver
metastases, receive mainly arterial blood. Thus, the use
of an arterial input function may result in biased pa-
rameter estimates for the liver.

Further problems occur if the chosen input function
does not accurately reflect the presence of labeled com-
pounds that freely exchange with the tissue space and
when significant concentrations of labeled metabolites
contribute to the PET signal. These problems arise be-
cause of the inability of PET to distinguish different
chemical forms of the labeled compound (parent versus
metabolite, free versus protein-bound), which is one of
the main drawbacks of the PET technique. For example,
[''C]-acridine carboxamide is highly protein-bound
(>95% [17]), which may explain the long tail we typi-
cally observe in these input functions. However, only
‘free’ parent can cross the capillary membranes to enter
the tissue space, suggesting that this tail should not be
used. If the tail does indeed represent protein-bound
drug, then its inclusion in the input function would cause
an underestimation of the terminal half-lives in our
analysis. Another possible source of error occurs in the
case of 5-['"8F]-FU, where all the label in plasma is at-
tributed to labeled fluorobeta-alanine (FBAL) after a
few minutes. Hence, it is likely that ['*F]-FBAL is a
major contaminating factor. However, as the initial in-
crease in tissue signal occurs during the period when
FBAL has not yet appeared in plasma and as the me-
tabolite is not expected to be taken up into cells, it is
anticipated that the main contribution to the PET signal
in tumour is that of labeled 5-['*F]-FU. Hence, we be-
lieve that 5-['"®F]-FU in plasma is the most appropriate
input function in this case. However, the exact choice of
input function may be tissue-dependent, as FBAL may
be taken up into some cells such as renal parenchyma.
Similarly, the labeled parent drug is used for the input
function in temozolomide studies, as the main metabo-
lite detected in plasma is more polar than temozolomide
and, therefore, less likely to cross the blood-brain barrier
(BBB). However, this assumption may break down
when BBB disruption occurs in brain tumours. It should
be noted that these problems are common to other
methods of analysis such as compartmental modeling.

Non-linear kinetics

The 5-['"*F]-FU example demonstrates the use of spectral
analysis to predict drug handling in response to any
given input function and extrapolation to therapeutic
dose levels. However, this is valid only under the as-
sumption of linear kinetics. If there are saturable pro-
cesses involved in the uptake and retention of the drug in
tissue, the rates of exchange between compartments are
no longer constant but vary with time, depending on the
availability of binding sites and/or metabolising en-
zymes. In these circumstances the assumption of linear
kinetics breaks down and the results obtained with a
tracer study cannot be extrapolated to therapeutic levels.

It may, however, be possible to model saturation ki-
netics within the spectral analysis framework using an
alternative set of bases to exponentials, but we did not
explore this possibility in the present work. It is also
important that one note potential problems in extrapo-
lation of data beyond the duration of the PET study as
illustrated in the 5-['®F]-FU example. Clearly, the fur-
ther data are extrapolated beyond the last measurement,
the less reliable they become. This should be borne in
mind in the interpretation of predicted tissue responses,
including impulse response functions. In other words,
estimates of VD (and, hence, MRT) and the time taken to
reach steady state are reliable if steady state is achieved
during the PET study but are less so for more slowly
equilibrating tissues.

The problems mentioned above mainly affect the in-
terpretation of individual spectra, whereas the estimated
unit impulse-response function provides a reasonably
robust description of regional tissue kinetics, provided
that the input function is a good approximation to that
seen by the tissue of interest as discussed above. Fur-
thermore, whereas the interpretation of individual pa-
tients spectra is affected by heterogeneity, noise and
transient vascular effects, conclusions can be drawn
from average spectra with reasonable confidence as
demonstrated by the acridine carboxamide data. Thus,
the group average approach is a useful way to charac-
terise the kinetic behaviour of a drug in vivo and may
provide sufficient information for construction of a
compartmental model for more detailed analysis.

In summary, spectral analysis provides a relatively
straightforward means of obtaining kinetic information
similar to that obtained by more highly constrained
models. Furthermore, because the technique makes rel-
atively few assumptions, it can be applied to a wide
variety of labeled compounds and is less prone to bias
than the traditional compartmental modeling approach.
Therefore, spectral analysis will be an important tool in
the evaluation of novel anti-cancer drugs using PET.
The technique is being further refined to improve the
reliability of parameter estimates in the presence of noise
and to improve the signal-to-noise of functional para-
metric images.
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