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A spectral analysis approach was used to estimate kinetic parameters of the L-[1-11C]leucine
positron emission tomography (PET) method and regional rates of cerebral protein synthesis (rCPS)
on a voxel-by-voxel basis. Spectral analysis applies to both heterogeneous and homogeneous
tissues; it does not require prior assumptions concerning number of tissue compartments.
Parameters estimated with spectral analysis can be strongly affected by noise, but numerical
filters improve estimation performance. Spectral analysis with iterative filter (SAIF) was originally
developed to improve estimation of leucine kinetic parameters and rCPS in region-of-interest (ROI)
data analyses. In the present study, we optimized SAIF for application at the voxel level. In measured
L-[1-11C]leucine PET data, voxel-level SAIF parameter estimates averaged over all voxels within a
ROI (mean voxel-SAIF) generally agreed well with corresponding estimates derived by applying the
originally developed SAIF to ROI time-activity curves (ROI-SAIF). Region-of-interest-SAIF and mean
voxel-SAIF estimates of rCPS were highly correlated. Simulations showed that mean voxel-SAIF
rCPS estimates were less biased and less variable than ROI-SAIF estimates in the whole brain and
cortex; biases were similar in white matter. We conclude that estimation of rCPS with SAIF is
improved when the method is applied at voxel level than in ROI analysis.
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Introduction

Functional quantification with positron emission
tomography (PET) is generally based on kinetic
modeling approaches that relate a particular biologi-
cal process of interest to measurements of activity in
blood and tissue following administration of a
radiolabeled tracer. Kinetic models used in PET are
necessarily simplified representations of tissue pro-
cesses, and one of the simplifying assumptions
frequently made is that tissue regions are kinetically

homogeneous, that is, rates of blood flow, delivery
and efflux of tracer to/from tissue, metabolism, and
incorporation into labeled products do not vary in the
tissue region. In the brain, these assumptions are
difficult to meet. At spatial resolutions approximately
an order of magnitude higher than PET, such as
achieved in autoradiographic studies, one clearly sees
heterogeneity of rates of blood flow, glucose metabo-
lism, and protein synthesis across the brain (Schmidt
and Smith, 2005). Not only are rates of these
processes different in gray and white matter, but
within gray matter structures themselves, for example
in cortical layers, rates of these processes can vary
considerably. At the relatively lower spatial resolu-
tion of PET scanning, therefore, activities measured in
the brain can be expected to originate from kinetically
heterogeneous mixtures of tissue. Application of
kinetic models designed for homogeneous tissues to
heterogeous tissues leads to errors in estimated rates
of cerebral blood flow and glucose metabolism, as
well as to errors in estimates of receptor binding
parameters (Schmidt and Turkheimer, 2002).
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Protein synthesis in the nervous system is a funda-
mental process essential for adaptive responses such
as long-term memory formation. With L-[1-11C]leu-
cine and PET, it is possible to fully quantify the
measurements of regional rate of cerebral protein
synthesis (rCPS) in human subjects (Schmidt et al,
2005; Smith et al, 2005). Quantification of rCPS with
the L-[1-11C]leucine PET method was initially carried
out at the region-of-interest (ROI) level and was
based on a kinetic model that assumes tissue ROIs
are kinetically homogeneous (Schmidt et al, 2005);
effects of tissue heterogeneity were not taken into
account.

We recently reported two approaches to address
effects of tissue heterogeneity on rCPS estimated in
[11C]leucine PET studies: reducing the size of
tissue regions by using a voxel-by-voxel analysis,
while retaining the tissue homogeneity assumption
(Tomasi et al, 2009) and, conversely, by keeping data
analysis at the ROI level, but employing a spectral
analytic approach that applies to heterogeneous as
well as homogeneous tissues (Veronese et al, 2010a).
Use of the voxelwise analysis reduced, but did not
entirely eliminate, effects of tissue heterogeneity
visible in model fits of measured tissue time-activity
curves (TACs) (Tomasi et al, 2009). The spectral
analytic approach, spectral analysis with iterative
filter (SAIF), detected heterogeneity in all ROIs
examined (Veronese et al, 2010a). Not all parameters
are identifiable in heterogeneous tissue, however,
without use of parameter constraints. Specifically,
determination of rCPS requires an estimate of the
fraction of unlabeled leucine in the precursor pool
for protein synthesis that is derived from arterial
plasma. This quantity is defined as l. In a homo-
geneous tissue, l can be calculated directly from
kinetic model or SAIF parameters, whereas in a
heterogeneous tissue values of l in different tissue
subregions are not individually identifiable. As a
first approximation, we introduced the constraint
that values of l in all tissue subregions are equal,
and on that basis l and rCPS in heterogeneous tissue
were estimated. Under this constraint, differences
between rCPS estimated with SAIF at the ROI level
and rCPS estimated by homogenous voxelwise ana-
lysis were small (mean relative difference B2%), but
rCPS determined with SAIF had a tendency to be
somewhat lower in the whole brain and cortical
regions, and higher in some subcortical and white
matter regions, than rCPS determined by voxel-
wise analysis (Veronese et al, 2010a). The equality
constraint on l was understood to be an imperfect
approximation, as parametric maps of l show some
spatial variation (Tomasi et al, 2009), but sensitivity
analysis suggested that the use of the constraint
should have only a small effect on calculated rCPS
(Veronese et al, 2010a).

In the current study, we investigated the possibi-
lity of adapting SAIF to estimate parameters of the
[11C]leucine kinetic model on a voxel-by-voxel basis.
Our aim was to develop a method to deal with

heterogeneity at the voxel level, the degree of which
may be dependent on the resolution of the PET
scanner. Reducing the size of the tissue volume
examined may also reduce effects arising from the
equality constraint on the ls in all subregions of
heterogeneous tissues. Due to vastly different signal-
to-noise ratios in voxel and ROI data, SAIF deve-
loped for ROI analysis could not be directly used
for voxelwise estimation. In the present study, the
SAIF method was optimized for high levels of
noise typical of voxelwise data, and simulations
were performed to assess precision and accuracy
of parameter estimates. We also investigated the
capacity of SAIF to correctly identify the number of
kinetic components in each voxel. The method was
then used to reanalyze data from previously acquired
L-[1-11C]leucine PET studies in six awake healthy
young men.

Materials and methods

Spectral Analysis Iterative Filter

The spectral analysis method is based on a single input–
single output model used to identify kinetic components
of tissue tracer activity (Cunningham and Jones, 1993;
Turkheimer et al, 1994). The system output, concentration
of radioactivity in tissue, Ctiss

* (t), is described by the
convolution of the input function, that is, plasma concen-
tration of parent tracer, Cp

*(t), with an exponential transfer
function that has real-valued, nonpositive exponents.
That is,

C�tissðtÞ ¼
XM
j¼0

C�pðtÞ � aje
�bj t ¼

XM
j¼0

aj

Zt
0

C�pðtÞe�bj t�tð Þdt ð1Þ

where aj and bj are assumed to be real-valued and
nonnegative. Not all compartmental models satisfy these
assumptions, but they are met by the kinetic models
used with many PET tracers (Schmidt, 1999) including
L-[1-11C]leucine (Veronese et al, 2010a). In spectral analy-
sis, the maximum number of terms to be included in the
model and the possible values of bj are preset, and the
aj are estimated from measured blood and tissue TACs
(Cunningham and Jones, 1993). The estimated spectrum
of kinetic components, together with knowledge of the
tracer’s biochemical and/or physiological properties, is
then related to the process of interest. The number of
compartments in the kinetic model of the tracer is also
obtained (Bertoldo et al, 1998).

From equation (1) one observes that ‘high-frequency’
components (bj very large) equilibrate rapidly with and
become proportional to Cp

*(t), whereas ‘low-frequency’
components (bjD0) are proportional to

R
Cp

*(t)dt and
account for trapping of tracer. Components with inter-
mediate values of bj reflect tissue compartments that
exchange material directly or indirectly with plasma; these
are referred to as equilibrating components. Noise in the
data greatly influences the accuracy with which very
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low- and high-frequency components can be detected, and
the problem is exacerbated when the method is applied
where the signal-to-noise ratio is low. In these cases,
application of numerical filters becomes essential. Spectral
analysis iterative filter, previously developed for estimat-
ing rCPS from region-of-interest data (Veronese et al,
2010a), was investigated in the present study for use with
voxelwise estimation. Spectral analysis with iterative filter
uses a passband filter [bL,bU] to separate trapping and blood
components from equilibrating components. The passband
lower limit bL represents the smallest exponent b for a
component that can be distinguished from trapping of
tracer, and the upper limit bU is the largest exponent of a
component that can be distinguished from blood in the
brain. The passband limits are determined based on prior
information on expected tracer kinetics, data sampling
schedule, and noise in the data. As in the previous study,
we utilized 100 logarithmically distributed values bj

between 0.0038 and 1.3 min�1 in the estimations (Veronese
et al, 2010a). Spectral analysis with iterative filter
conserves the main characteristics of spectral analy-
sis—it does not require any prior assumptions concerning
number of compartments in the system, and it can be
applied to heterogeneous as well as homogeneous tissues.
The added benefit of SAIF is that it improves estimates of

both a0 and
Pn
i¼1

ai whose accurate estimation is essential for

quantification of rCPS (Veronese et al, 2010a).

Leucine Kinetic Model

The model for L-[1-11C]leucine that explicitly allows for
tissue heterogeneity is shown in Figure 1A. The model
assumes that each tissue is composed of n subregions
(nX1), and the kinetics of L-[1-11C]leucine in each
subregion are described by the homogeneous tissue model
given in Schmidt et al (2005). Activity in the tissue as a
whole is a convex combination of activity in its subregions.
The model used to describe labeled leucine holds also for
unlabeled leucine (Figure 1B), except that unlabeled
leucine and protein are in steady state. Assuming no
isotope effect, rate constants for unlabeled and labeled
leucine are identical. The steady-state breakdown of
unlabeled protein is greater than zero.

When total activity in a brain region or voxel following
injection of L-[1-11C]leucine is written in terms of the
spectral analysis parameters (symbols are defined as
follows: CT*, total 11C concentration in volume (region or
voxel); Vb, fraction of volume occupied by blood; Cp*,
concentration of L-[1-11C]leucine in arterial plasma; Cb*,
total 11C concentration in whole blood; VD, brain:blood
equilibrium distribution volume of 11CO2 (fixed at 0.41);
Cc*, 11CO2 concentration in whole blood; K1i rate constant
in ith subregion for transport of leucine from plasma to
tissue; k2i, rate constant in ith subregion for transport
of leucine from tissue to plasma; k3i, rate constant in ith

subregion for the first two steps in leucine catabolism,
transamination, and decarboxylation, which yield 11CO2;
k4i, rate constant in ith subregion for leucine incorporation
into protein; wi, relative tissue weight of ith subregion; n,

number of homogeneous tissue subregions), we obtain
(Veronese et al, 2010a)

C�
T
ðtÞ ¼ð1� VbÞ � a0 �

Zt
0

C�pðtÞdt

8<
: . . .

þ aa �
Zt
o

C�pðtÞe�baðt�tÞdtþ ab �
Zt
o

C�pðtÞe�bbðt�tÞdtþ . . .

þan �
Zt
o

C�pðtÞe�bnðt�tÞdtþ VDCcðtÞ

9=
;þ VbCbðtÞ

ð2Þ

where

bi ¼ k2i þ k3i þ k4i ð3Þ

a0 ¼
Xn

i¼a

wiK1ik4i

k2i þ k3i þ k4i
ð4Þ

ai ¼
wiK1iðk2i þ k3iÞ
k2i þ k3i þ k4i

i ¼ a; b; . . . ;n: ð5Þ

Spectral analysis with iterative filter is used to estimate
n and the spectral analysis parameters a0, aa, ab, y, an, ba,
bb, y, bn, and Vb. From these parameters, the leucine
parameters of interest can be determined. The latter
include the weighted average influx rate constant for the

mixed tissue, K1 �
Pn
i¼1

wiK1i, which can be estimated as

K1 ¼ a0 þ
Xn

i¼1

ai: ð6Þ

The fraction of unlabeled leucine in the precursor
pool for protein synthesis in tissue subregion i that is
derived from arterial plasma, li�(k2i + k3i)/(k2i + k3i + k4i) is
identified for each subregion under the constraint that
la = lb =y= ln = l, as

l ¼ K1 � a0

K1
: ð7Þ

Finally, rCPS in the mixed tissue can be computed as

rCPS ¼ a0

l
Cp; ð8Þ

where Cp is the arterial plasma concentration of unlabeled
leucine.

Simulation Studies

Simulation 1: Spectral analysis with iterative filter pass-
band: Due to the large discrepancy in signal-to-noise ratio
between voxel and ROI TACs, the equilibrating component
passband optimized for ROI analysis may not be optimal
for voxelwise quantification. To define the passband
interval bounds [bL,bU], we followed a simulation strategy
similar to that used for application of SAIF at the ROI
level (Veronese et al, 2010a). The procedure consisted
of simulating noisy voxel-TACs that were subsequently
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Figure 1 (A) Heterogeneous tissue model for L-[1-11C]leucine. The heterogeneous tissue is composed of n kinetically homogeneous
subregions. The constants wa, wb, y, wn represent relative tissue weights of the subregions, where wa + wb +y+ wn = 1. In each
subregion i, K1i and k2i are the rate constants for transport of leucine from plasma to tissue and back, respectively. k3i is the rate
constant for the first two steps in leucine catabolism, transamination, and decarboxylation, which yield 11CO2. k4i and k5i are the rate
constants for leucine incorporation into protein and for the release of free leucine from proteolysis, respectively. Because of the long
half-life of protein in the brain (Lajtha et al, 1976), it is assumed that there is no significant breakdown of labeled product (Pi*)
during the experimental interval, that is, k5iPi*B0. Under the assumptions of negligible fixation of 11CO2 during the experimental
period (Siesjo and Thompson, 1965) and rapid equilibration of 11CO2 between the brain and blood (Buxton et al, 1987), the model
for each subregion reduces to two-tissue compartments (free L-[1-11C]leucine, CEi*, and L-[1-11C]leucine incorporated into tissue
protein, Pi*) plus the 11CO2 compartment in which the concentration is assumed known. In each subregion, the kinetics of leucine
are described by the homogeneous tissue model given in Schmidt et al (2005), which assumes that the concentrations of amino
acids, rates of blood flow, rates of transport and metabolism of amino acids, and rates of leucine incorporation into protein do not vary
within the subregion. Total tracer activity (C�TðtÞ) in the volume is given by

C�TðtÞ ¼ð1� VbÞ
waK1aðk2a þ k3aÞ
k2a þ k3a þ k4a

� �� Zt
0

C�pðtÞe�ðk2aþk3aþk4aÞðt�tÞdt

þ wbK1bðk2b þ k3bÞ
k2b þ k3b þ k4b

� �Zt
0

C�pðtÞe�ðk2bþk3bþk4bÞðt�tÞdtþ . . .

þ wnK1nðk2n þ k3nÞ
k2n þ k3n þ k4n

� �Zt
0

C�pðtÞe�ðk2nþk3nþk4nÞðt�tÞdt

þ waK1ak4a

k2a þ k3a þ k4a
þ wbK1bk4b

k2b þ k3b þ k4b
þ . . .þ wnK1nk4n

k2n þ k3n þ k4n

� �Zt
o

C�pðtÞdt

þ VDC�CðtÞ
�
þ VbC�bðtÞ;

where Vb is the fraction of the volume occupied by blood; Cb
* is the total 11C concentration in whole blood; VD is the brain:blood

equilibrium distribution volume of 11CO2; and Cc
* is the 11CO2 concentration in whole blood. VD is fixed at 0.41 (Smith et al, 2005;

Brooks et al, 1984). (B) Heterogeneous tissue model for unlabeled leucine. The model used to describe labeled leucine (A) also
holds for unlabeled leucine. Assuming no isotope effect, rate constants for labeled and unlabeled leucine are identical. The model for
unlabeled leucine in heterogeneous tissue is composed of n homogeneous subregions; in each homogeneous tissue the unlabeled
leucine (CEi) and protein (Pi) are assumed to be in steady state, and the steady-state breakdown unlabeled protein (k5iPi) is greater
than zero. Therefore, the weighted average of regional rate of cerebral protein synthesis (rCPS) is

rCPS ¼ waK1ak4a

k2a þ k3a
þwbK1bk4b

k2b þ k3b
þ . . .þwnK1nk4n

k2n þ k3n

� �
Cp;

where Cp is the concentration of unlabeled leucine in arterial plasma and the rate constants are defined above (Schmidt et al, 2005;
Veronese et al, 2010a). The fraction of unlabeled leucine in the precursor pool for protein synthesis in subregion i that is derived from
arterial plasma, li, can be expressed as

li ¼
k2i þ k3i

k2i þ k3i þ k4i
for i ¼ a; b; . . . ;n:

and the weighted average influx rate constant for the mixed tissue, K1, as

K1 ¼ waK1a þwbK1b þ � � � þwnK1n:
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analyzed by SAIF with different passband intervals.
The optimal passband was chosen as the one that provided
the best trade-off between precision and accuracy of the
estimates of rCPS and other parameters of interest.

Noise-free voxel-TACs were simulated according to a
heterogeneous kinetic model, with two equilibrating
components and one trapping component. Model para-
meters were generated by the random sampling of normal
distributions as follow: Vb = 0.064±0.009 (unitless),
a0 = 0.012±0.002 (mL g�1 min�1), a1 = 0.0096±0.0004
(mL g�1 min�1), a2 = 0.0197±0.0015 (mL g�1 min�1), b0 = 0
(min�1), b1 = 0.032±0.004 (min�1), and b2 = 0.15±

0.03 (min�1). These values are the intersubject mean
values±s.d. of spectra estimated with ROI-SAIF in whole
brain (Veronese et al, 2010a). One thousand noisy TACs
were simulated by adding to the noise-free simulated TACs
Gaussian noise with zero-mean and variance consistent
with the level of noise in voxel data, as estimated in Tomasi
et al (2009). Different passband intervals (bL = 0.005 to
0.06 min�1; bU = 0.1 to 0.6 min�1) were tested. To select the
best interval, performance indices percent bias (Bias%)
and percent root mean square error (RMSE%) were
computed as

Bias% ¼ 100 � 1

K

XK

r¼1

biasr

" #

¼ 100 � 1

K

XK

r¼1

ðpr � pTRUE;rÞ
pTRUE;r

" #
ð9Þ

and

RMSE% ¼ 100 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XK

r¼1

biasr � 1
K �
PK
s¼1

biass

� �2

K

vuuuut ð10Þ

where pr represents the rth SAIF parameter estimate, pTRUE,r

indicates the true parameter value for the rth simulated
TAC, biasr indicates bias for the rth simulated TAC, and K
indicates total number of simulated TACs. Any noise
realization that resulted in a negative entry in the
simulated TAC was discarded and replaced with a new
realization.

Simulation 2: performance of voxelwise spectral analysis
with iterative filter: Once the choice of passband was
made, a new simulation was performed to quantify the
effect of noise on estimated parameters of interest. In these
simulations, a bootstrap approach was used as an alter-
native to random noise generation with a Gaussian
model.

To simulate data as close as possible to that measured
in a previously acquired PET study, we proceeded as
follows:

(1) Using the optimal passband interval obtained in
Simulation 1, data measured in a representative slice
of an individual brain volume, masked to include brain
voxels only, were analyzed voxel-by-voxel with SAIF.
The set of parameters obtained became the reference,
or ‘true,’ parameter values used in the simulations.

Outliers and algorithm failures produced at this step
were excluded from the simulation.

(2) Noise-free TACs were generated by convolving the
original measured arterial input function of the subject
with the sum of exponential terms defined by the
reference parameters from step 1. In addition, for each
voxel, normalized residuals Ri(t) were computed as:

RiðtÞ ¼
C�T ;iðtÞ � TACiðtÞ

max C�T ;iðtÞ
h i i ¼ 1; 2; . . . ;K ð11Þ

where C�T ;iðtÞ represents total concentration of 11C in
the field of view of the PET camera for the ith voxel,
TACi(t) indicates the noise-free TAC for the ith voxel,
and K is the number of voxels in the chosen slice.

(3) Voxel noise was simulated using a bootstrap approach
(Efron, 1979) based on random resampling of normal-
ized residuals. With this approach, noise for the i-th
voxel (Ni(t)) was simulated as

NiðtÞ ¼ RjðtÞ �max TACiðtÞ½ �
i ¼ 1; 2; . . . ;K ; j 2 f1; 2; . . . ;Kg ð12Þ

where Rj(t) is the resampled normalized residual,
originally associated with the jth voxel, chosen by
random sampling with replacement from among all
brain voxels of the slice.

(4) Noisy voxel-TACs were generated by adding the
simulated noise to the noise-free TACs as

TACiðtÞnoisy ¼ TACiðtÞ þNiðtÞ i ¼ 1; 2; . . . ;K ð13Þ

The procedure was repeated 50 times, generating 50
different bootstrap-simulated slices. Note that the boot-
strap procedure used here differs from the usual approach
of normalizing each residual vector by its standard
deviation in order to assure that all resampled residuals
have equal variance. In this approach, the required
rescaling would be by the standard deviation in the target
voxel residual. In the current study, however, we do not
have good estimates of the variance in each individual
voxel due to the inherent high noise levels of voxel data.
Instead, we empirically chose normalization and rescaling
to the maxima of the TACs, as these scale factors have the
added advantage of preventing negative values in the
simulated noisy TACs. The sample variances of the original
and bootstrapped residuals were compared to check the
effect of the chosen scale factors.

All 50 bootstrap-simulated slices were analyzed with the
voxelwise SAIF approach. Spectral analysis with iterative
filter applied at the voxel level with the passband interval
optimized for voxel analyses will be referred to as voxel-
SAIF. We looked at three regions: the whole slice and two
ROIs placed on the slice (frontal cortex and corona radiata).
As in Simulation 1, to assess the quality of voxel-SAIF
results, for each region and each parameter of interest,
Bias% and RMSE% were computed. The number of voxels
with estimated parameter values considered to be outside
the normal physiological range, that is, those with
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K1 > 1 mL g�1 min�1, Vb > 1, or rCPS > 10 nmol g�1 min�1,
was recorded (all SAIF parameter estimates are already
restricted to be nonnegative by algorithm design), and
outlier voxels were excluded from bias and RMSE
statistics. For comparison, we also averaged voxel-TACs
in each bootstrap-simulated slice over the three regions to
obtain ROI TACs, which were then analyzed with SAIF
using the passband interval optimized for ROI data (ROI-
SAIF) (Veronese et al, 2010a).

We also investigated the capacity of voxel-SAIF to
correctly identify the number of kinetic components in
each voxel by comparing the number of tissue equilibrating
components in the reference data with the number
detected in bootstrap-simulated slices.

Positron Emission Tomography Studies

Data from previously reported studies (Bishu et al, 2008,
2009) of six healthy awake male subjects were reanalyzed
in the current study. Subject inclusion criteria and the PET
study procedure are described in detail in Bishu et al
(2008). Briefly, all subjects underwent 90-minute dynamic
L-[1-11C]leucine scan on a ECAT High-Resolution Research
Tomograph, with a spatial resolution of B2.6 mm full width
at half maximum (Wienhard et al, 2002). Images were
reconstructed and motion-corrected (Carson et al, 2003) as
42 frames of data (16� 15, 4� 30, 4� 60, 4� 150, 14� 300
seconds); voxel size was 1.21� 1.21� 1.23 mm3. Arterial
blood was sampled over the course of the study and
concentrations of unlabeled and labeled leucine in arterial
plasma and total 11C and 11CO2 activities in whole blood
were measured (Bishu et al, 2008). All subjects underwent a
T1-weighted brain MRI (magnetic resonance imaging) for
the ROI placement. The MRI was registered to the mean of
the 30 to 60 minutes PET leucine data, and ROI masks were
resliced on PET space (Tomasi et al, 2009).

The whole brain and 12 regions were evaluated in all
subjects. Estimates of Vb, K1, l, and rCPS were determined in
each ROI and in each voxel by using ROI-SAIF and voxel-
SAIF, respectively. Weights were inversely proportional to
the variance of decay-corrected measured activity in the
region, which was modeled assuming Poisson statistics as

varðC�TðtiÞÞ ¼ r
egti C�TðtiÞ

Dti
ð14Þ

(Wu and Carson, 2002), where g is the decay constant for 11C,
Dti is length of Frame i, and r is a proportionality coefficient
reflecting the noise level in the data estimated a posteriori
(Veronese et al, 2010a). For voxel-SAIF, weights were based
on whole brain activity; in ROI-SAIF, weights were based on
activity in the region itself. Tracer arrival delay was
calculated as in Veronese et al (2010a).

For all subjects, ROI-SAIF estimates were compared with
the mean of voxel-SAIF estimates in all voxels of the
region. To assess agreement between methods, we calcu-
lated the slope and intercept of the fitted regression line
with ROI-SAIF estimates and mean voxel-SAIF estimates
in each region and each subject as independent and
dependent variables, respectively. Pearson’s R2 values were
added as correlation measures.

We also visually examined the spatial distribution of
voxels found to be kinetically heterogeneous. The ‘hetero-
geneity map’ was constructed by fusing the MR image with
a map of the spatial distribution of voxels with two or more
SAIF-estimated equilibrating components.

Results

Simulation 1: Spectral Analysis with Iterative Filter
Passband

In simulations performed to find an appropriate
filter passband, rCPS bias ranged from 3% to 25%,
depending on the cutoff frequencies bL and bU. Root
mean square error ranged from 15% to 35% for rCPS
estimates, and from 8% to 38% for the other
parameters of interest, that is, K1, l, and Vb. Due to
the high level of noise typical of voxel-TACs, these
values were much higher than those obtained with
ROI-SAIF (bias in rCPS: 0.03% to 7%; RMSE 2.4%
to 21.5% (Veronese et al, 2010a)). For voxel-SAIF,
we chose 0.02 min�1 and 0.2 min�1 for bL and bU,
respectively, as a good compromise between preci-
sion and accuracy of rCPS (bias 3%; RMSE 18%) and
l (bias 2%; RMSE 8%). With this passband interval,
K1 and Vb displayed, respectively, 8% and 6% bias,
and 14% and 28% RMSE. This choice for the voxel-
SAIF passband interval differs from that made for
ROI-SAIF (bL = 0.03 min�1; bU = 0.3 min�1) (Veronese
et al, 2010a); when the optimal ROI passband was
applied to voxelwise analysis bias exceeded 5% for
all parameters of interest.

In the following text, voxel-SAIF refers to SAIF
applied at voxel level with its optimal passband
of [0.02, 0.2] min�1, and ROI-SAIF refers to SAIF
applied at the ROI level with its optimal passband
interval of [0.03, 0.3] min�1.

Simulation 2: Performance of Voxel-Spectral Analysis
with Iterative Filter

Less than 1% of brain voxels in the slice were
excluded from the bootstrap simulations due to
outlier parameter estimates or failure of the voxel-
SAIF algorithm to converge. Table 1 provides results
of the bootstrap simulations. Mean values and s.d.
of voxel-SAIF bootstrap estimates were in good
agreement with parameter mean values and s.d. of
the simulated reference values. Bias% and RMSE%
of voxel-SAIF estimates for Vb, K1, l, and rCPS
determined in 50 bootstrap simulations for three
ROIs are also provided. Bias ( < 2%) and RMSE
( < 8%) were both low in estimates of l. Estimates
of rCPS had limited biases (3.9% to 6.0%) and
variability consistent with the high level of noise
typical of voxel-TACs (RMSE 17.3% to 19.7%). Blood
volume, Vb, was also estimated with good accuracy
(maxBias% 6.2%) but not high precision (maxRMSE%

21.5%), particularly in corona radiata. Similar results
were obtained for K1 (maxBias% 9.2%; maxRMSE% 12.7%).
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Normalizing and rescaling led to a small reduction
(mean: 5%; range: 0% to 13%) in the standard deviation
of the resampled residual values compared to those of
the reference data set (see Supplementary Figure).

Table 1 also shows comparisons between voxel-
SAIF estimates for the parameters, averaged over
each ROI, and the corresponding parameters esti-
mated with ROI-SAIF. Estimates of l, Vb, and K1

show good agreement between voxel and ROI
methods. Regional rate of cerebral protein synthesis,
which has a small positive bias (p6%) when
estimated on a voxel-by-voxel basis, is underesti-
mated with ROI-SAIF in the whole slice and frontal
cortex by 8% and 11%, respectively. Variability of
estimates of l and rCPS among the 50 bootstrap
simulations is lower for the mean of the voxel-SAIF
estimates than those determined with ROI-SAIF.

Spectral Analysis with Iterative Filter Application to
Measured Positron Emission Tomography Data

In measured PET data, the percentage of voxels in a
given ROI in which voxel-SAIF either failed to
converge or produced nonphysiological estimates,

averaged over all subjects, ranged from 0.7% (Puta-
men) to 2.9% (Amygdala), depending on the brain
area. The mean fraction of outlier voxels over all
brain regions was 1.3%, and B0.2% of voxels were
excluded for failure to converge. The percentage of
voxels included in the analysis was > 95% for all
subjects and regions. In whole brain 0.5% of voxels
and in white matter 0.8% of voxels (mean over all
subjects) had rates of protein synthesis not detecta-
bly different from zero. Figure 2 shows parametric
maps for rCPS, l, and K1 in a representative trans-
axial slice at level of frontal cortex in one subject.
The subject’s MRI is also shown. In this slice, rCPS
was 1.73±0.96 nmol g�1 min�1 (mean±s.d. over all
brain voxels), 5th to 95th percentile range 0.04
to 3.01 nmol g�1 min�1. Regional rate of cerebral
protein synthesis shows the well-known pattern
with areas of white matter tending to have lower
rCPS than gray matter. Voxel-SAIF estimates of l
were 0.68±0.11 (mean±s.d.), corresponding to
intraslice variability of B16%. Although noisy, the
l image shows a tendency of higher values in white
than gray matter areas. The 5th to 95th percentile
range of K1 estimates was 0.023 to 0.064 mL g�1 min�1;
there is a clear spatial distribution of higher and

Table 1 Performance of SAIF algorithm in bootstrap simulationa

Regionb Vb (unitless) K1 (mL g�1 min�1) l (unitless) rCPS (nmol g�1 min�1)

Whole slice (11,081 voxels)
Simulated reference valuesc 0.068±0.050 0.048±0.017 0.68±0.14 1.68±0.92
Voxel-SAIF estimatesd 0.066±0.049 0.051±0.019 0.68±0.14 1.73±0.89
Voxel-SAIF Bias%e 0.1% 7.2% 0.9% 4.7%
Voxel-SAIF RMSE%f 17.2% 12.0% 7.4% 19.7%
Regional voxel-SAIF estimatesg 0.066±0.0001 0.051±0.0001 0.68±0.001 1.73±0.003
ROI-SAIF estimatesh 0.068±0.0002 0.049±0.0002 0.69±0.002 1.54±0.013

Frontal cortex (1,166 voxels)
Simulated reference valuesc 0.076±0.043 0.055±0.023 0.67±0.24 2.00±1.00
Voxel-SAIF estimatesd 0.074±0.042 0.059±0.025 0.67±0.24 2.04±1.00
Voxel-SAIF Bias%e �2.4% 6.5% 0.9% 3.9%
Voxel-SAIF RMSE%f 12.5% 10.9% 7.1% 17.3%
Regional voxel-SAIF estimatesg 0.074±0.0002 0.059±0.0002 0.67±0.001 2.04±0.007
ROI-SAIF estimatesh 0.075±0.0004 0.055±0.0004 0.69±0.004 1.78±0.025

Corona radiata (1,837 voxels)
Simulated reference valuesc 0.036±0.020 0.030±0.011 0.71±0.25 0.91±0.54
Voxel-SAIF estimatesd 0.038±0.022 0.033±0.013 0.71±0.25 0.96±0.47
Voxel-SAIF Bias%e 6.2% 9.2% 1.6% 6.0%
Voxel-SAIF RMSE%f 21.5% 12.7% 6.4% 19.2%
Regional voxel-SAIF estimatesg 0.038±0.0003 0.033±0.0001 0.71±0.001 0.96±0.005
ROI-SAIF estimatesh 0.041±0.0005 0.032±0.0004 0.71±0.008 0.94±0.028

rCPS, regional rate of cerebral protein synthesis; RMSE, root mean square error; ROI, region of interest; SAIF, spectral analysis with iterative filter; Vb, fraction of
volume occupied by blood.
aNumber of bootstrap realizations = 50.
bRegions were limited to particular slice used for the bootstrap simulation.
cValues are mean±intervoxel s.d. of the simulated voxel parameters within the region.
dValues are mean±intervoxel s.d. of the estimated SAIF-voxel parameters from bootstrap simulations.
eValues are mean values of SAIF-voxel parameter bias% calculated over the bootstrap simulations.
fValues are mean values of SIAF-voxel parameter RMSE% calculated over the bootstrap simulations.
gValues are mean±s.d. of the mean SAIF-voxel parameter estimates within the region, calculated over the bootstrap simulations.
hValues are mean±s.d. of the ROI-SAIF parameter estimates calculated over the bootstrap simulations.
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lower values concentrated in gray and white matter,
respectively.

Comparison of Voxel-Spectral Analysis with Iterative
Filter and ROI-Spectral Analysis with Iterative Filter
in Measured Positron Emission Tomography Data

Spectral analysis with iterative filter fits of ROI and
voxel-TACs are shown in Figure 3. Overall, good
agreement is seen when the mean of voxel-SAIF fits
is compared with the ROI-SAIF fit of ROI TAC
(Figure 3A). There are, however, small discrepancies:
the mean voxel-SAIF fit slightly overestimates the
measured activity between B2 and 30 minutes,
whereas the ROI-SAIF fit has a slight underestima-
tion B2 to 8 minutes and a very slight overestimation
from B15 to 25 minutes. After B30 minutes, fits of
the two methods are indistinguishable. The mea-
sured single voxel-TAC shown in Figure 3B illus-
trates the very high noise level present in voxel
data and the variability between individually fit

voxel-TACs (solid line) and the mean of all voxel-
TACs in the region (dashed line).

Table 2 compares regional mean voxel-SAIF
estimates with estimates determined with ROI-SAIF
in measured PET data. Mean values and standard
deviations for six subjects are reported for 12 ROIs
and whole brain. There was excellent agreement
between methods in estimates of Vb, K1, and l; mean
relative differences were 1%±4%, �1%±4%, and
�2%±2% (mean±s.d. among regions) for Vb, K1,
and l, respectively (Table 2). Except in corona
radiata, estimates of rCPS were somewhat higher
with voxel-SAIF compared with ROI-SAIF; the mean
percent difference between methods ranged from 2%
(putamen) to 16% (occipital cortex), with average
over all regions B7.7%. Differences between voxel-
and ROI-SAIF estimates of rCPS tended to be larger
in cortical than in subcortical or white matter
regions.

Figure 4 provides scatter plots that compare ROI-
SAIF estimates of Vb, K1, l, and rCPS with voxel-
SAIF estimates averaged over the same ROI. All ROIs
and all subjects are included. In each plot, the
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Figure 3 (A) Kinetic model fit of a region-of-interest (ROI) time-
activity curve (TAC). Open circles (J) indicate activity measured
in the whole brain region of one subject. Solid line represents
activity estimated by fitting the ROI TAC with spectral analysis
with iterative filter (SAIF). Dashed line represents mean of the
fitted voxel-TACs within the ROI. (B) Kinetic model fit of a single
voxel-TAC in the frontal cortex. Open circles (J) indicate activity
measured in a single brain voxel. Solid line represents activity
estimated by fitting the voxel-TAC with SAIF. Dashed line
represents mean of the fitted voxel-TACs within the ROI.

Figure 2 Magnetic resonance imaging (MRI) and parametric
maps of regional rate of cerebral protein synthesis (rCPS), l, and
K1 obtained with voxel-spectral analysis with iterative filter
(SAIF). Images are of a representative transaxial slice for one
subject. Red area in the MRI image represents the frontal cortex
region for the particular slice. A Gaussian filter (full width at half
maximum (FWHM) 1.7 mm) was employed to smooth each of
the parametric images in three dimensions before visualization.
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Table 2 Regional estimates of Vb, K1, l, and rCPSa

Voxel-SAIFb

Region Region size (number of voxels) Vb K1 (mL g�1 min�1) l rCPS (nmol g�1 min�1)

Whole brain 808,068±88,180 0.073±0.010 0.043±0.007 0.73±0.02 1.77±0.07
Cerebellum 75,640±6,080 0.094±0.013 0.053±0.009 0.72±0.02 2.21±0.10

Cortical
Frontal cortex 85,452±17,015 0.073±0.013 0.047±0.008 0.71±0.03 2.02±0.06
Temporal cortex 42,125±6,437 0.075±0.011 0.044±0.007 0.71±0.02 1.90±0.09
Occipital cortex 26,971±10,079 0.090±0.017 0.055±0.008 0.72±0.03 2.30±0.14
Parietal cortex 13,127±3,241 0.079±0.014 0.048±0.007 0.71±0.02 2.10±0.14

Subcortical
Thalamus 12,757±1,862 0.073±0.012 0.043±0.008 0.74±0.01 1.59±0.10
Caudate 6,038±784 0.050±0.009 0.035±0.007 0.76±0.02 1.12±0.11
Putamen 6,488±794 0.061±0.011 0.047±0.010 0.78±0.01 1.37±0.06
Hippocampus 3,709±1,080 0.088±0.014 0.034±0.006 0.69±0.03 1.68±0.19
Amygdala 3,522±516 0.069±0.012 0.031±0.004 0.68±0.03 1.60±0.12

White matter
Corona radiata 32,655±3,350 0.035±0.007 0.027±0.005 0.76±0.03 0.90±0.06
Cerebellar peduncles 9,554±1,227 0.054±0.010 0.036±0.007 0.75±0.02 1.25±0.10

ROI-SAIFc

Region Vb K1 (mL g�1 min�1) l rCPS (nmol g�1 min�1)

Whole brain 0.074±0.011 0.045±0.007 0.75±0.03 1.58±0.10
Cerebellum 0.095±0.012 0.056±0.010 0.75±0.02 2.00±0.18

Cortical
Frontal cortex 0.070±0.013 0.048±0.009 0.74±0.03 1.76±0.05
Temporal cortex 0.076±0.012 0.043±0.007 0.72±0.02 1.75±0.12
Occipital cortex 0.085±0.016 0.057±0.008 0.75±0.03 1.99±0.12
Parietal cortex 0.074±0.014 0.050±0.007 0.74±0.03 1.87±0.25

Subcortical
Thalamus 0.070±0.012 0.044±0.008 0.77±0.02 1.39±0.05
Caudate 0.051±0.009 0.033±0.007 0.77±0.03 1.07±0.07
Putamen 0.059±0.011 0.046±0.008 0.78±0.02 1.34±0.07
Hippocampus 0.089±0.014 0.032±0.006 0.68±0.03 1.59±0.24
Amygdala 0.073±0.012 0.030±0.004 0.68±0.04 1.51±0.12

White matter
Corona radiata 0.037±0.007 0.027±0.006 0.75±0.03 0.93±0.06
Cerebellar peduncles 0.052±0.009 0.039±0.007 0.78±0.03 1.16±0.18

Mean relative differenced and correlatione

Region Vb K1 l rCPS

mrd R2 mrd R2 mrd R2 mrd R2

Whole brain 0% 0.99 �4% 0.99 �3% 0.81 12% 0.51
Cerebellum �1% 0.99 �5% 1.00 �4% 0.89 10% 0.81

Cortical
Frontal cortex 4% 0.99 �1% 1.00 �4% 0.88 15% 0.73
Temporal cortex �1% 0.99 1% 0.99 �2% 0.68 9% 0.54
Occipital cortex 5% 1.00 �4% 0.99 �5% 0.97 16% 0.76
Parietal cortex 6% 0.99 �4% 0.99 �4% 0.60 12% 0.76

Subcortical
Thalamus 4% 1.00 �4% 0.99 �4% 0.85 14% 0.58
Caudate �1% 0.96 5% 0.98 0% 0.50 5% 0.79
Putamen 3% 0.99 2% 0.99 0% 0.62 2% 0.89
Hippocampus �2% 0.99 6% 0.99 2% 0.65 6% 0.90
Amygdala �5% 0.99 4% 0.92 1% 0.56 6% 0.82

White matter
Corona radiata �6% 0.98 0% 0.98 1% 0.89 �2% 0.56
Cerebellar peduncles 4% 0.98 �9% 0.99 �4% 0.87 8% 0.85

rCPS, regional rate of cerebral protein synthesis; ROI, region of interest; SAIF, spectral analysis with iterative filter; TAC, time-activity curve; Vb, fraction of
volume occupied by blood.
aValues are mean±s.d. for six subjects.
bVoxel-SAIF estimates based on voxel TACs and optimal voxel-SAIF filter; weights based on the whole brain TAC; parameters averaged over the volume of interest.
cROI-SAIF estimates based on the ROI TACs and optimal ROI-SAIF filter; weights based on the ROI TAC.
dFor each region, mean relative difference (mrd) based on the percent relative difference between voxel-SAIF and ROI-SAIF estimates, averaged among
subjects.
eRegional estimate correlation, between voxel-SAIF and ROI-SAIF, indicated by Pearsons’s coefficient (R2).
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equation of the estimated regression line and
Pearson’s correlation coefficient are reported. Vb,
K1, and rCPS show close correlation between voxel-
SAIF and ROI-SAIF estimates (R2 > 0.92). Estimates
of l are less tightly correlated (R2 = 0.67).

Heterogeneity Analysis

From analysis of the simulated reference and boot-
strap-estimated number of equilibrating components,
we evaluated the capacity of voxel-SAIF to correctly
determine the number of compartments in the tissue
voxel. In 72.3% of voxels, the number of equilibrat-
ing components estimated with voxel-SAIF agreed
with simulated reference values. In the remaining
27.7%, voxel-SAIF detected a lower (11.4%) or
higher (16.3%) number of equilibrating components
compared with the reference number. A trapping
component was correctly detected in 100% of
simulated voxel-TACs.

This behavior is similar to ROI-SAIF performance
in simulation, where the accuracy rate for correct
determination of number of equilibrating compo-
nents was 73.1%. In the ROI data, however, ROI-
SAIF detected a higher number of equilibrating
components in 26% of cases and a lower number
in only 1% of regions. As in the voxelwise analysis, a
trapping component was correctly detected in all
simulated ROIs.

In measured data, differences in the number of
detected tissue components were found between the

voxelwise and ROI-level analyses, as might be
expected. In ROI-SAIF one trapping component,
one blood component, and at least two equilibrating
components were detected in all regions and sub-
jects. With voxel-SAIF, one trapping and one blood
component were found in 100% of successfully
estimated voxels, but only 45% of them included
two or more equilibrating components. The finding
of more than one equilibrating component suggests
kinetic heterogeneity of the tissue in these voxels. In
the remaining voxels, only one equilibrating compo-
nent was detected, indicating the homogenous tissue
model was appropriate to describe 55% of brain
voxel-TACs.

Figure 5 illustrates the spatial distribution of
voxels in which two equilibrating components were
detected in a representative transaxial slice at the
cortical level. From the distribution it appears
that the concentration of kinetically inhomogenous
voxels is higher at the border between gray and white
matter than within the gray or white matter itself.
A similar pattern was found in all subjects and brain
slices.

Discussion

Before this study, voxelwise estimation of kinetic
model parameters of L-[1-11C]leucine could only be
performed by a method that assumes kinetic homo-
geneity of tissue within the voxel (Tomasi et al,
2009). Observed differences between measured and
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fitted TACs suggested that effects of tissue hetero-
geneity had not been entirely eliminated by perform-
ing analyses at the voxel rather than the ROI level
(Tomasi et al, 2009). The SAIF method (Veronese
et al, 2010a) was developed to specifically allow for
tissue heterogeneity in the kinetic model for leucine
used for rCPS quantification. In the present study, we
explored use of SAIF for quantification of rCPS from
L-[1-11C]leucine data at the voxel level to understand
the possible presence of kinetic heterogeneity at the
voxel level and its impact on rCPS estimates.

Setting the passband filter limits and assessing
performance of SAIF at the voxel level was carried
out in two simulations that used different noise
generation methods. To be consistent with the
strategy defined in Veronese et al (2010a) for selec-
tion of the passband, we used a Monte Carlo
approach, a standard method for noise generation
in simulation, widely used and easy to implement.
Due to the high noise levels, however, the Monte
Carlo approach led to simulated TACs in some voxels
with negative activity values. To avoid negative
activities in simulated TACs, we utilized bootstrap-
ping of residuals for noise generation in the simula-
tion to assess performance of voxel-SAIF. Negative
entries in simulated TACs were avoided by normal-
izing reference residuals and rescaling the resampled
residuals by the maxima of the associated TACs; this
choice of scale factors had only a modest effect on
noise variance. Results of the two types of simulation
were consistent: performance indices for rCPS and
other parameters were comparable. Of note, in addi-
tion to the assumption of equal residual variances
discussed previously, the bootstrap approach assumes
that residuals have zero-mean and are statistically

independent. The zero-mean assumption was easy to
verify (mean of voxel residuals: �0.002 nCi/mL). The
statistical independence assumption is known to be
incompletely met for voxel data: the process of PET
data reconstruction leads to spatial correlation bet-
ween nearby voxels, although correlation drops off
rapidly as distance between voxels increases (Pajevic
et al, 1998). Accounting for spatial correlation is a
difficult statistical problem beyond the scope of the
present study. Methods that perform kinetic modeling
in a transformed space, for example, in the wavelet
domain, can account for spatial correlation in the
data, but apply only to models in which the
estimation operator is linear in the data, such as a
Patlak plot or Logan analysis (Turkheimer et al,
2000). Further investigation is needed to determine
the performance of these methods with voxel-SAIF
analysis. We utilized here the routinely used
approach that treats each voxel-TAC as indepen-
dent from the others.

One remarkable outcome of the analysis was the
good performance of voxel-SAIF in estimation
of leucine kinetic parameters and rCPS. When
simulated reference values were compared with
bootstrap-estimated parameters, voxel-SAIF demon-
strated low bias and good precision. Moreover, voxel-
SAIF produced a low number of outliers. Essential to
the performance of voxel-SAIF was selection of an
appropriate passband whose role is to reduce the
influence of noise on parameter estimates. The
optimal voxel-SAIF passband filter differed some-
what from that used for ROI-SAIF. In particular, high-
frequency noise present in voxel data but attenuated
in the ROI data reduces the accuracy with which
high-frequency components can be estimated. The
upper bound for the voxel-SAIF passband filter was
more selective compared to the filter for ROI-SAIF
(0.2 min�1 instead of 0.3 min�1); this reduces the
impact of high-frequency noise. At the other end
of the spectrum, the less restrictive lower bound of
the voxel-SAIF passband (0.02 min�1 for voxel-SAIF;
0.03 min�1 for ROI-SAIF) has the effect of allowing
greater kinetic variability in low-frequency compo-
nents among individual brain voxels.

In measured data, when means of voxel-SAIF
estimates within a region were compared with
ROI-SAIF estimates, there was generally good agree-
ment between analysis methods. Unlike fixed com-
partmental model analyses, spectral analysis allows
the tissue ROI to be represented as a linear
combination of any number of tissue compartments.
Because the tissue ROI could be represented as a
linear combination of the compartments of each
voxel comprising the ROI, we could expect good
agreement between the ROI-SAIF estimates and
mean voxel-SAIF estimates of linear parameters of
the model. Indeed, the linear parameter Vb and the
parameter K1, which is the sum of the linear
coefficients ai, exhibit the best agreement (1%±4%
and 1%±4%, mean±s.d. of the difference between
ROI-SAIF and mean voxel-SAIF estimates of Vb and

MRI

Two or more
equilibrating components 

HETEROGENOUS VOXELS

Figure 5 Magnetic resonance imaging (MRI) and spatial
distribution of heterogeneous voxels. T1-weighted MR image
(left) and the same image fused with the spatial distribution of
voxels estimated to be heterogeneous (right). The red area
corresponds to those voxels in which voxel-spectral analysis with
iterative filter (SAIF) detects two or more equilibrating compo-
nents.
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K1, respectively) and highest correlation between
methods (0.97 for both Vb and K1).

In contrast to linear parameters, l and rCPS are
nonlinear combinations of parameters, and therefore
less agreement between ROI-SAIF and mean voxel-
SAIF estimates is to be expected. Estimates of l were
2%±2% higher with ROI-SAIF and correlation
between estimates provided by the two methods
was 0.67. Correlation between rCPS estimated with
the two methods was very high (R2 = 0.92), but
estimates were 8%±6% lower with ROI-SAIF.
Determination of l from the SAIF-estimated coeffi-
cients ai is based on the assumption that all l in the
subregions of a heterogeneous tissue are equal; this
constraint is likely to have a greater impact when
data are analyzed at the ROI level, where a uniform
value of l for the entire region is assumed, than when
data are analyzed at the voxel level and l can vary
among voxels within the region. The constraint
contributes to differences between ROI-SAIF and
voxel-SAIF estimates of l and, by extension (equa-
tion), estimates of rCPS.

Spectral analysis can also be used to provide
information on number of compartments in the
kinetic model of the tracer in tissue. For the tracer
L-[1-11C]leucine, each equilibrating compartment
corresponds to the precursor pool of L-[1-11C]leucine
in a kinetically homogeneous tissue that exchanges
with the plasma. Multiple exchangeable compart-
ments suggest that the tissue is kinetically hetero-
geneous. When applied to measured PET data, voxel-
SAIF found multiple equilibrating tissue compart-
ments in B45% of the brain voxels. In the remaining
voxels one equilibrating compartment, that is, a
homogeneous tissue model, was found to adequately
describe the data. Spectral analysis with iterative
filter accuracy in determining the correct number of
compartments was > 70%; in the remaining voxels
SAIF had a tendency to overestimate the number of
tissue equilibrating components, at the ROI as well
as at the voxel level. This is typical of spectral
analysis methods—since they are not constrained by
a fixed model, they tend to add extra components
into the model in order to provide a better fit of the
data, and this behavior is particularly evident at high
noise levels. The inclusion of extra compartments,
however, does not have a significant impact on
voxel-SAIF estimates, as evidenced by the good
performance statistics found in the bootstrap simula-
tion data.

Analysis of the spatial maps of heterogeneous
voxels, in which voxel-SAIF selected the heteroge-
neous kinetic model to describe the voxel-TACs,
suggests the presence of a distribution pattern: in our
scans heterogeneous voxels appear to be concen-
trated at the borders between gray and white matter.
This finding was somewhat surprising; we had
expected more gray matter voxels to be considered
heterogeneous due to inherent gray matter hetero-
geneity, for example, differences in rCPS among the
cortical layers, and partial volume effects arising

from the limited spatial resolution of the scanner.
The partial volume effects would be greater, and
therefore more voxels may be considered as hetero-
geneous, in lower-resolution scans. The present
results do, however, confirm that use of a homo-
genous kinetic model to describe voxel-TACs is not
appropriate for all voxels in brain, even on a high-
resolution scanner.

Use of the iterative filter implemented in SAIF
improved the robustness of the method to noise;
voxel-SAIF provided good estimates of leucine
kinetic parameters and rCPS, even at high noise
levels. Region-of-interest-based- and mean voxel-
based-rCPS estimates were highly correlated, but
ROI-based estimates were higher. Simulations
showed that mean voxel-level rCPS estimates had
lower bias than ROI-based estimates in whole brain
and cortex, had comparable bias in white matter, and
had lower variability in all regions. We conclude that
estimation of rCPS with SAIF is improved when the
method is applied at the voxel level. Voxel-SAIF may
also provide useful information about the spatial
distribution of voxel heterogeneity.
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