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ABSTRACT

Dynamic Single Photon Emission Computed Tomography (SPECT) has the potential to quantitatively estimate
physiological parameters by fitting compartment models to the tracer kinetics. The generalized linear least square
method (GLLS) is an efficient method to estimate unbiased kinetic parameters and parametric images. However, due to
the low sensitivity of SPECT, noisy data can cause voxel-wise parameter estimation by GLLS to fail. Fuzzy C-Mean
(FCM) clustering and modified FCM, which also utilizes information from the immediate neighboring voxels, are
proposed to improve the voxel-wise parameter estimation of GLLS. Monte Carlo simulations were performed to generate
dynamic SPECT data with different noise levels and processed by general and modified FCM clustering. Parametric
images were estimated by Logan and Yokoi graphical analysis and GLLS. The influx rate (K;), volume of distribution
(V) were estimated for the cerebellum, thalamus and frontal cortex. Our results show that (1) FCM reduces the bias and
improves the reliability of parameter estimates for noisy data, (2) GLLS provides estimates of micro parameters (K;-k,)
as well as macro parameters, such as volume of distribution (¥;) and binding potential (BP; & BP,) and (3) FCM
clustering incorporating neighboring voxel information does not improve the parameter estimates, but improves noise in
the parametric images. These findings indicated that it is desirable for pre-segmentation with traditional FCM clustering
to generate voxel-wise parametric images with GLLS from dynamic SPECT data.
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1. INTRODUCTION

Static SPECT provides images of the relative 3D distribution of the radiotracer and does not provide absolute estimates
of physiologic function, such as blood flow in ml/min/g or metabolic rate in mmol/min/g. By fitting a compartment
model to quantitative dynamic SPECT data, absolute physiological or biochemical parameter estimations can be
achieved, which not only allow regional, but also global changes in function, such as upregulation of receptors, to be
assessed. Traditionally, physiological parameters are estimated from tissue time activity curves (TTACs) derived from
regions of interests drawn over relevant structures. Visualization is substantially enhanced by the generation of
parametric images, where each voxel in the images is calibrated in terms of the absolute physiological parameter of
interest. Parametric image generation thus requires fitting of tissue time activity curves from each voxel in the 3D data
set to a kinetic model for a given input function (IF). The traditional nonlinear least square (NLS) curve fitting method
can give parameter estimates with low bias and is regarded as the gold standard. However, it requires considerable
computation time, depends on the quality of initial parameter estimates and can be trapped in local minima. Estimation
of parameters with graphical methods such as Patlak[1], Logan[2] and Yokoi[3] plots only requires a linear least square
curve fit and thus they are computationally inexpensive and are relatively insensitive to noise. However, they can only
provide a limited number of parameters (typically 2) and make assumptions about the underlying model, which, if not
valid for a particular application, may result in biased estimates. The generalized linear least square method (GLLS) has
been shown to provide fast and computationally efficient compartment model parameter estimation [4]. GLLS has been
successfully applied to PET data in the brain [4, 5], heart [6] and liver [7]. However, the high noise associated with the
low sensitivity of SPECT can cause the parametric image generation by GLLS to fail due to unsuccessful fits, resulting
in non-physiological parameter estimates, for a substantial fraction of the voxels in the image data.
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One of the major goals of clustering is to partition a data set into subsets such that the data in each subset are similar to
each other whereas data in different clusters are dissimilar. Clustering has been applied to neuroimaging to facilitate
analysis of data obtained from PET[8] as well as functional MRI[9]. We have previously demonstrated that clustering
can reduce the effect of noise and improve the signal to noise ratio (SNR) in physiological parameter estimation from
dynamic PET data[10]. We thus investigated the potential of GLLS with fuzzy C-Mean (FCM) clustering method[11] as
a means of achieving reliable parametric image generation from noisy SPECT data. Traditional FCM does not inherently
consider information contained in neighboring voxels when classifying a particular voxel. The additional information
contained in neighboring voxels may improve the clustering of voxels, particularly those voxels, which due to noise
differ substantially from surrounding voxels. The effect of including information from neighboring voxels in the FCM
clustering was thus also investigated.

2. METHODS
2.1 Simulation data

High-count Monte Carlo simulations of the Zubal mathematical brain phantom[12] were performed using the Simset
package[13] with the kinetics of the nicotinic receptor tracer 5-['>*I]-iodo-A-85380. A parallel hole collimator and an
energy window of 20% centered around 159keV for '>’I were assumed. The detector module specified a simple Gaussian
energy blurring model for a flat SPECT detector with an energy resolution of 10% full-width at half maximum (FWHM).
Scatter and photon attenuation effects were included in the simulations. TTACs were generated from the estimated rate
constants (Table 1) and the plasma time activity curve (PTAC) from the experimental data[14]. As different brain
structures can have different kinetics, each brain structure was simulated separately. The composite sets of dynamic
projections for all brain structures were generated by multiplying the projections of individual structures with the
corresponding values from TTACs at the selected time frames. The simulated scan duration was three hours in total,
divided into 36 frames: 15x1-min frames, 9x5-min frames and 12x10-min frames. The composite dynamic projection
data were then scaled to typical counts which were obtained from experimental studies in order to add different realistic
noise levels. The scale factor was defined as count,,/countg.,,, where count,,, denotes the maximum count for a 5
minute frame in experimental study and it ranges from 30 to 50 and countg;,,,; denotes the count of a similar 5 minute
frame in the simulated dynamic projection. Poisson noise was then added to these scaled projection data. The noise level
will be represented by the count,,, in this study and hence noise50 is low noise (high count) data and noise30 is high
noise data. Typical noisy TTACs for the 3 noise levels are shown in Figure 1 for a voxel in the cerebellum. Twenty (20)
sets of dynamic projection data were generated at each noise level to allow assessment of the reliability of the parameter
estimates. The dynamic projection data sets were reconstructed by the iterative OS-EM algorithm with 20 subsets and 2
iterations and without any post reconstruction filtering [15]. Attenuation correction was also applied in the iterative
reconstruction. Scatter correction and compensation of detector-collimator response function were not included in the
data analysis.

Table 1 Rate constants for various brain regions of interest used to simulated the dynamic SPECT data

Cortex K; k, ks ky
Cerebellum 0.275  0.063  0.029  0.035
Frontal 0277 0059 0038  0.037
cortex

Thalamus 0.284 0.061 0.143 0.041
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(a) Noise50 (Low noise) (b) Noise40 (c) Noise30(High Noise)
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Fig.1. Typical simulated noisy curves derived from a voxel in the cerebellum for noise levels (a) count,,,,=50, (b)
count,,,=40 and (c) count,,,,=30. Noisy curves are represented by solid line whereas the noiseless curve is represented
by the dashed line.

2.2 FCM clustering algorithm

Fuzzy c-means (FCM)[11] is a data clustering technique in which each data point is associated with every cluster by the
means of fuzzy membership function. This is in contrast to hard clustering approaches where each data point belongs to
one and only one cluster. In our experiment, FCM is based on the minimization of the weighted Euclidean distance
function given by equation 1a. In equation la, X;is the TTAC for the i-th measured voxel, ¢; is the j-th centroid, n denotes
the n™ time frame and wy, is the weight factor which equals the frame duration divided by the total scan time. Therefore,
longer frames, which are more reliable, contribute more towards the distance function. In equations 1b and 1c, m>1 is
the fuzziness parameter, u;jis the membership value of x; belonging to the cluster c;. Fuzzy partitioning is carried out
through an iterative optimization of the objective function with the update of membership u;; and the cluster centroid c; as
shown in equation 1b and equation 1c.

The seeds for clusters were selected randomly. Memberships and centroids are then updated according to equations 1b
and lc, respectively, at the end of each iteration. The number of iteration was fixed at 7 and a fuzziness parameter m=1.1
was selected. Since our objective is to improve the quality of parameter estimation, the number of clusters is not critical
and was empirically chosen to be C=16. The weighted Euclidean distance function (la), membership update (1b) and
centroid update equation (1c) for FCM are shown below.

N
D{xi’cj}: zan xin _Cjn ’ (la)
n=1
1 C
u; = - Zuik =1 Vi
i[D{x,.,cj }}ml = (1b)
k=1 D{xi’ck}
N
25X,
c; = HH— (lc)

The modified distance function shown in equation 2a was used to include information from neighboring voxels in the
FCM clustering. Two regions of neighboring voxels were examined: (a) the 6 directly connected voxels (3D), and (b) the
26 voxels surrounding the target voxel in a cube, with the target voxel located at the center. In equation 2, Ny is the
number of neighboring voxels. In addition we introduced a weighting function, wy, for neighboring voxel contributions
as shown in equation 2b. The weighting function increases with FCM iteration number, p, and is defined as ab®, where a
was chosen as 0.1, b as 1.7. Since a fixed number of 7 iterations is used, wy ranges from 0.17 for the 1% iteration to 4.10
for the 7™ iteration. The idea behind this weighting function is that the initial clustering results are potentially less
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reliable and the distance function should rely more on the voxel itself. As the results become more reliable after each
iteration, the weight increases correspondingly.

D’{xi,cj}zD{xl.,cj}+L ZD{xk,cj} (2a)

k keNeighbor

D'{xi,cj}z D{xi,cj}Jr& ZD{xk’cj} where W, =ab” (2b)

k keNeighbor

2.3 Kinetic analysis

The traditional Logan and Yokoi graphical plots[3, 16] were performed to estimate parametric images of the influx rate
constant, K;, and the volume of distribution (V,) for two-compartment model with and without FCM clustering. GLLS
was applied assuming a three-compartment and four-parameter model as shown in Fig. 2 to estimate the micro-
parameters, K; to ky, as well as macro-parameter, V4, with FCM clustering. The definitions of V4 for the two
compartment model and three compartment model are shown in equation 3a and 3b, respectively.

The high noise intrinsic in SPECT data, especially for the voxel-wise TTACs, can result in unsuccessful estimation or
physiologically meaningless parameter estimates, such as negative rate constants, with GLLS as well as other algorithms.
Voxels with unsuccessful fits were set to zero.

K[ kg
Free 5-['*I]-iodo-A- Free 5-['*I]-iodo-A- Bound 5-['**I]-iodo-
85380 in plasma i 85380 in tissue ; A-85380 in tissue
2 4

Fig. 2. A three compartment four parameter model for the tracer 5-['*’I]-iodo-A-85380

K
Vy=-—"+ (3a)
d k2
V,= ﬁ(l +£j (3b)
Kk,

Regions of interest, derived from the original Zubal phantom were placed on the parametric images generated by the
methods under investigation for the 3 noise levels (count,,,,=30 ,40 and 50). For each structure of interest (cerebellum,
frontal cortex and thalamus), the mean values from the ROIs superimposed on the parametric images were compared to
the known values used to simulate the data to assess bias. The reliability of the estimates was assessed by computing the

standard deviations for the 20 simulated data sets at each noise level. The mean (F ) and standard deviation (SD ) were

derived to estimate the percentage bias (4a) as well as the coefficient of variation (CV) (4b) according to the reference
values (Pry) in Table 1.

Bias = PT”‘E_PX100% (4a)
True
SD5 .
CV; = ‘13‘ X100% (4b)
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2.3.1 Logan plot and Yokoi plot

The Logan and Yokoi plots linearize the differential equation describing the tracer kinetics through suitable
integration and rearranging. Equations 5a and 5b represent the Logan and Yokoi plot equations, respectively. In
these equations, Cy(¥) is the tissue concentration of the tracer, while Cp(¢) is the tracer plasma concentration. The
volume of distribution (V) can then be estimated from the slope of the Logan plot (equation 5a), while K; is
given by the intercept of the Yokoi plot (equation 5b). Thus V4 from the Logan plot and K, from the Yokoi plot
were used to assess the performance of the graphical techniques and the effect of FCM on estimating parametric
images from the graphical analysis.

[ ", (n)dt [ "o (ndt]
0 — Vd 0 o
C(T) C(T) k,

(5a)

“I (g J, e +K (5b)

[ ¢, ’ [ ¢,

2.3.2 Traditional 3-compartment-4-parameter GLLS

The basic theory and derivation of the unbiased GLLS for a 3-compartment and 4-parameter kinetic model has
been discussed in [4]. Initial values required by GLLS are provided by linear least square (LLS) fitting.
Theoretically, the measured TTAC is composed of the true TTAC and of white noise i.e.:

CT(t) = CT(Measured)(t) - e(t) (6)

where e(t) represents white noise

The second order differential equation is:
CT(Measured) (t) = Ple (t) + PZCp (t) + P3CT(Measured) (t) + P4CT(Measured) (t) (7)
where P]:K], PZZK](k3+k4), P3: k2+k3+k4, P4: k2 k4.

For LLS, integrating the equation (7) gives,

t t et 2 t t et 2
CT(Measured )(t) = IDIJ.O Cp(t)dt + P2 J.O-[O Cp(t)dt + P3J.0 CT(Measured )(t)dt + P4 J‘O J‘O CT(Measured )(t)dt (8)
Digitizing equation (8) at t, (n=1,2,...,N) leads to the sampled equation which can be expressed as:

Y=X8 5 3c4p 9
where

i noeh 4 horh
er(t)) [fc,@d [M'C,0d* [ Cromumar @t [ Crisanea ()l

0

1 bt 2 ol
= .CT(IZ) X = J.U Cp(t)dt J.U J.U Cp(t)dtz J. CT(Mea.\'ured )(t)dt L .[0 CT(Mea.\'ured )(t)dtz

0

e (t,) [Me,wa [T C,@d [ Criuuna  OdE [ [ Crissarea (D

0
snd '9LLS-3C-4P:[PIs P, Ps, P4,]T-
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Since the measured TTACs contain measurement noise, the estimates from (9) are biased even though the direct
measurement noise is white because there exist linear combinations of the integrations of white noise in the
matrix X. Thus, the noise is colored.

GLLS can offer unbiased estimation, as follows:
Taking Laplace Transform of (7) and rearranging gives,

(sP+P5)C,(s)
Criveaswrea) (8) = ; (10)
T (s =sP=P)
Substituting (10) to (6) and rearranging gives,
§’C,(8) = SBC, () + BC,(s) + sPC,(5) + B,Cy(s) — (s* = sP, = P E(s) (a1

As can be seen in equation (10), the noise term is colored even though the direct measurement noise itself is
white. Consequently, it is necessary to whiten the colored noise in order to obtain unbiased estimation.

If P, = Pyand P, = P,, where P,and P, are the estimated P, and P, from previous iteration respectively, the

colored noise will be whitened and the estimates obtained are unbiased.

SCs) ARG RG() | sPC() . RC(s) (S -sP-P)

= = = =~ = = = = = = = = = N
(7 sh-B) (7 s B (7 sb B (& sB-B) (7 sh-B) (s 5B, B

Rearranging the above as below (for simplicity, the filtered noise term is not rewritten),
sP,C,(s) . BC,(s)  SRC,(s) . P,C,(s) L sBCs) RC(s)
(s*=sP,=P) (s =sP,—P) (s=sP—P) (s"=sP,—P) (s’=sP,—P) (s’=sP,—P)

Cr(s)+

Taking inverse Laplace transform and the 3-compartment and 4-parameter GLLS can be solved as follows,

1
Soris-3c-ar = [ZTZT Z'r (12)
where, ¢, t5, ..., t, are the corresponding times for sampling frame, @ ¢115.3c.0=[P1, P2, P, P4,]T,
er(t) + Py, ® ¢, (1) + Py, ®c, (1) vi®c,(t) v, ®cp(t) v ®c(t) v, ®cr(t)

_|er @)+ Py ®c (b)) + Py, ®cr (1) |, _| Vi ®cr(t) v2®c,p(t) v ®cr(ty) v, @ci(ty)

(1) + Py, ®c,(t,) + Py, ®c,(t,) yi®cp(t,) v, ®cp(t,) v, ®cr(t,) v, ®cp(t,)

_ _ _ _ ~ " ~
Ao — Qe e M —eg ! 1 >+ P +4P,
v, = W, = 12 =
ﬂ*z_/ll ﬂ'z_/ll

where P, and P, are estimated parameters from the previous iteration and their initial values are obtained by linear
least square (LLS) fitting [4].
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3. RESULTS AND DISCUSSIONS

3.1 GLLS with FCM

The percentage bias and CV for parameter estimates of K; and Vy are listed in Table 2 and Table 3. The plots of
parameter estimates of K; for thalamus and V4 for cerebellum were shown in the Figure 3. There is a clear improvement
in bias and CV with FCM. While without FCM clustering, the bias and CV varied considerably between the parameter
estimation methods, consistent results are obtained across the methods when applied to FCM clustered data.

Unlike Logan and Yokoi plots, which are limited to estimating two parameters, GLLS applied to these data assumes a 3
compartment, 4 parameter model. Thus it is not surprising that the increased number of parameter to be estimated with
GLLS leads to a higher number of unsuccessful fits for the original raw data, which is reflected by the high bias and CV
for GLLS without FCM. Clustering with FCM allows GLLS to be successfully and reliably applied. This allows the
appropriate, 3-compartment model to be used for the tracer and allows all the rate constants (K; to ky) to be estimated as
well as macro parameters, such as binding potential and V.

Table 2 (a)Percentage Bias, (b) Percentage CV of parameter estimates for low noise data

Bias For Parameter Estimates (%) CV For Parameter Estimates (%)
NoiseS0 | V" (V™ | Var [Vars| KA [Kid | Ky* Ky Noise50 (Vo' [Va™| Vg [Var*|Kya Kt (K [+
Cerebellum |-28.2(-17.7|-52.6]-17.9(-52.4|-34.3(-81.8|-31.0 Cerebellum 0302 [244] 02 [3.2] 1.0 (46| 04
Frontal Cortex|-56.2|-49.1]-75.8(-49.0|-69.0(-50.6|-92.4]-48.7 Frontal Cortex|0.4| 0.5 | 25.7 0.5 |43 1.2 |64 0.6
Thalamus (-59.9]-60.7]-66.2(-61.0|-61.4(-23.7|-93.9]-18.4 Thalamus |[1.0( 3.0 |188.1 2.9 |11.0 2.2 |18.6] 1.2

Table 3 (a)Percentage Bias, (b) Percentage CV of parameter estimates for high noise data

Bias For Parameter Estimates (%) CV For Parameter Estimates (%)
Noise30 | V" [ V™ | va* [Vare| Ko [KitA| Ky* (K Noise30 (V¥ (V™| v [Var= KA KA K [+
Cerebellum |-31.3(-20.1 (-74.5[-20.1]-54.1(-38.3]-92.2(-33.6 Cerebellum |0.4] 0.7 [37.0] 0.7 |44 1.9 (11.9] 0.8
Frontal Cortex|-58.4(-49.5-|-90.0|-49.3|-71.8|-52.3|-97.2]-49.5 Frontal Cortex|0.5( 0.2 [32.2] 0.3 | 4.2 2.0 [13.2] 1.0
Thalamus |-63.6]-65.0 [-85.3|-65.1]-62.3|-31.3]-97.3]-25.2 Thalamus |0.9( 2.3 [108.0] 2.2 |11.7] 2.3 |23.5| 1.4

# Logan without FCM; ## Logan with FCM; ~ Yokoi without FCM; " Yokoi with FCM;
* GLLS without FCM; ** GLLS with FCM

Fig.3 % Bias for parameter estimates, (a) V, for cerebellum, (b) K; for thalamus, at different noise levels.

Noise level ‘ Noise level
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8 ;gi?m S 60 -6~ GLLS+FCM
m m — g —a
-60 80
.\.\.
80 - -100 - . o
(a) Vd Bias (%) (b) K1 Bias (%)
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3.2 GLLS with FCM and neighborhood information

Fig. 4a and Fig.4b present parametric images for K, generated by GLLS+FCM without taking neighboring pixels into
account (Fig. 4a) and using 26 neighboring pixels (Fig 4b). As can be seen from the figures, inclusion of neighboring
pixels reduces noise and the number of spurious pixels, especially at boundaries. Table 4 and Table 5 list the percentage
bias and the percentage CV of GLLS+FCM with the various neighboring pixel methods studied. Percent bias is not
significantly affected by inclusion of information from neighboring pixels in the clustering. CV for the cerebellum and
frontal cortex are also not affected by inclusion of neighboring voxels, but CV is increased for the thalamus with the
neighboring voxel cluster methods. Even without including neighboring voxels, the CV for the thalamus is higher than
that for the other structures. This is likely due to the fact that the thalamus region is quite small with high K; and V4
values compared to surrounding structures, thus inclusion or exclusion of peripheral voxel to the cluster can have a
marked effect on the value obtained for the cluster. As more surrounding voxels can potentially contribute with the
neighboring voxel clustering techniques, it is not surprising that CV increases for these techniques.

Fig.4 Parametric images for K; from GLLS+FCM (a) without
neighboring, (b) with 26 neighboring voxels

(a) (b)

Table 4 (a) Percentage Bias, (b) Percentage CV of parameter estimates obtained by GLLS and FCM with different
numbers of neighboring voxels for low noise data. The number of neighboring voxels is shown in the superscript.
#: Modified weight function (Wy) used

Bias For Parameter Estimates (%) CV For Parameter Estimates (%)

Noise50 Vo | V& | Ve [ V¥ K | K¢ | K26 | K Noise50 |V | Ve[V V¥ KK, | K[ K,

Cerebellum |-17.9|-18.3]-18.8|-18.3|-31.0[-30.7)-30.8|-30.4 Cerebellum [0.210.3]10.610.4]0.4/0.9|0.9 (1.1

Frontal Cortex(-49.0(-49.5(-49.5(-49.6(-48.7(-49.0(-49.5(-49.1 Frontal Cortex|0.5(0.6(0.8 (0.7 [0.6({0.6({0.9]0.9

Thalamus [-61.0(-60.0(-58.6(-59.6(-18.4(-19.7(-23.1(-20.7 Thalamus (2.9(8.9|9.9|8.1|1.2(1.6]3.7(3.2

Table 5 (a) Percentage Bias, (b) Percentage CV of parameter estimates obtained by GLLS and FCM with different
numbers of neighboring voxels for high noise data. The number of neighboring voxels is shown in the superscript.
#: Modified weight function (Wy) used

Bias For Parameter Estimates (%) CV For Parameter Estimates (%)

Noise30 Vo | V& | Ve [ V¥ K | Ko | K26 | K Noise30 |V | Ve[ Va® V¥ KK, | K[ K,

Cerebellum |-20.1|-20.2)-20.6|-20.4|-33.6(-33.1|-33.3|-33.2 Cerebellum [0.7/0.6]0.80.4]0.8/0.9| 1.0 (1.1

Frontal Cortex|-49.3(-50.0(-49.5(-50.3(-49.5(-49.7(-49.8(-50.0 Frontal Cortex|0.3(0.4(0.8 (0.4 (1.0{0.8(1.0]1.2

Thalamus [-65.1(-65.1(-64.9(-65.0(-25.2(-24.6(-25.8(-24.6 Thalamus (2.2(4.9|42 34 |1.4(1.4|18(2.2
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4. NEW WORK TO BE PRESENTED

As can be seen from the data in the tables, FCM clustering reduces bias in parameter estimation and improves the
reliability. The Logan plot was found to be least sensitive to noise and could reliably estimate V4 even without the
application of FCM clustering. However, estimation of K; by either Yokoi or GLLS benefited substantially from the
noise reduction afforded by FCM clustering. Further, FCM clustering allowed successful application of the higher order,
more general model with GLLS to provide the full set of parameter information contained in the dynamic data. While the
modified FCM, which included information from neighboring voxels, did not reduce the bias further, it visible reduced
the noise and spurious voxels in the parametric images.

5. CONCLUSIONS

FCM clustering and GLLS have been successfully applied to dynamic SPECT simulation data. With FCM followed by
GLLS, it is possible to estimate micro parameters K;-k;, volume of distribution (V4) and binding potential
simultaneously with reduced bias. Thus, the potential of parameter estimation with dynamic SPECT has been
demonstrated. We have also tested GLLS+FCM with various neighboring settings and found that inclusion of
information from neighboring voxels during clustering does not reduce the bias further, but visibly improves the quality
of the parametric images.

This work has not been submitted elsewhere.
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