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Noninvasive Estimation of the Input Function for
Dynamic Mouse *F-FDG MicroPET Studies

Wei Mu, Zhe Chen, Xiaoqian Dai, and Jie Tian*, Fellow, IEEE

Abstract—A new noninvasive estimation method for the plasma
time-activity curve, i.e., input function (IF) of the tracer Kinetic
model in dynamic '8 F-FDG microPET mouse studies, is proposed
and validated. This estimation method comprises of four steps.
First, a novel constraint nonnegative matrix factorization segmen-
tation algorithm was applied to extract the left ventricle (Lv) and
myocardium (Myo) time activity curves (TACs). Second, we mod-
eled the IF as a seven-parameter mathematical equation and con-
structed a dual-output model of the real TAC in Lv and Myo ac-
counting for the partial-volume and spillover effects. Then, we fit
the image-derived Lv and Myo TACs to the dual-output model to
estimate the parameters of the IF. Finally, the IF was validated by
comparing it to the gold standard IF while considering the delay
and dispersion effects. Our method was verified based on 20 mice
datasets from the Mouse Quantitation Program database, provided
by UCLA. The error of the areas under the curves between the de-
layed and dispersed estimated IF and the gold standard IF was
7.237% =+ 6.742% (r = 0.969), and the error of the '*F-FDG in-
flux constant Ki of the Myo was 4.910% + 6.810% (r = 0.992).
The results demonstrated the effectiveness of the proposed method.

Index Terms—Bayesian penalty term, constraint nonnegative
matrix factorization (CNMF), delay and dispersion effects, input
function, partial-volume and spillover effects.

I. INTRODUCTION

HE tracer kinetic modeling techniques are widely applied
T in positron emission tomography (PET) '8 F-FDG imaging
for the quantitative glucose metabolism estimation, in which the
8F_.FDG plasma time-activity curve (PTAC) and tissue time-
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activity curve (TTAC) are required as the input function (IF) and
output function (OF) to fit certain tracer kinetic model parame-
ters, i.e., the meaningful physiological parameters. Typically, to
obtain the gold standard of the IF, the radioactivity of the arte-
rial plasma samples is measured by the insertion of the catheter
into the arterial lines with subsequent collections. However, it
is invasive, which limits its routine use in research, especially
for small animals such as in mouse studies because of the small
size of blood vessels and the limited blood volume [1]. Many
alternative methods to estimate the IF noninvasively have been
proposed as a result. Those methods can be divided into four
categories. The first approach extracts the IF from the image
by drawing regions of interest (ROIs) over the major vascular
structures [2], [3], such as the left ventricle (Lv) and the abdom-
inal aorta, whereas this method was more challenging by using
a mouse due to the small size of the mouse and partial-volume
and spillover effects. The second approach standardizes the IF
over a large population under the assumption that the individual
IF has an identical curve shape and can be approximated by
scaling the standard IF to a proper scale with one or two blood
samples [4]. However, this method does not account for the
variety of curve shapes and has not been validated for small ani-
mals, which influences its accuracy. The third approach attempts
to extract the IF using a statistical analysis, such as the factor
analysis [5] and independent component analysis (ICA) [6]-[8],
while the extracted blood vessel component that reveals the IF
cannot completely eliminate the spillover and partial-volume
effects, especially for mice. The fourth approach models the IF
by a mathematical equation, whose parameters can be simul-
taneously estimated by fitting the IF to several specific organs
data [1], [9]. So far, this method gives the most accurate re-
sults, but requires two or three late blood samples in the fitting
process.

In this study, we proposed and validated a novel noninva-
sive method that belongs to the fourth approach. The proposed
method consisted of four major steps (shown in Fig. 1): first, ex-
tract TACs of Lv, myocardium (Myo) and liver; second, model
the IF and OFs by taking into account the partial-volume and
spillover effects; third, construct the objective function and si-
multaneously estimate the IF and OFs parameters; finally, val-
idate the estimated IF compared with gold standard IF based
on the consideration of the delay and dispersion effects. In step
1, a constraint nonnegative matrix factorization (CNMF)-based
method was proposed to automatically extract TACs of Lv and
Mpyo since it is difficult and complicated to draw their ROIs man-
ually. The partial-volume and spillover effects were corrected
in step 2 by introducing two mixing coefficients and modeling
the outputs of Lv and Myo as a linear combination of blood
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Step 1: Step 2:
Extract the time activity Model the input function
curves (TACs) of Left and output function (correct
Ventricle (LV), Myocardium for the partial-volume and
(Myo) and Liver spillover effects)

Step 4:

Step 3 L i Validate the established
Estab.llsh the objective .functlon, —NIF ¢ ompared with gold
and simultaneously estimate the standard IF (correct for
parameters of the input function delay and dispersion
and output functions effects)

Fig. 1. Overall flowchart of the proposed method.

and tissue activities. Since it has been indicated by Tantawy and
Peterson that the scaled TAC of the liver at a later time can be
used as an approximation of the cardiac whole-blood TAC [10],
we utilized this approximated whole-blood TAC in step 3 to
construct a Bayesian (a priori) penalty term and incorporate it
into the objective function, in which three adaptive weighing
factors were introduced and estimated during the optimization
process in order to improve accuracy. The parameters of the
IF and OFs were then estimated by fitting the Lv and Myo
TACs to their corresponding compartment outputs. The delay
and dispersion effects were finally taken into consideration by a
two-compartment model. We tested the proposed method with
20 mouse studies to demonstrate its effectiveness.

II. METHOD

A. TACs Extraction of the Liver, Lv and Myo

Liver VOI was manually drawn on the summed slice since
the liver could be clearly visible, and then the liver TAC was
generated. However, because of the small size of Lv and Myo
as well as the partial-volume and spillover effects, an accu-
rate definition of their VOIs was difficult, which would affect
the subsequent TACs extraction. We proposed a CNMF-based
method to automatically extract the TACs of Lv and Myo.

1) Constraint of Nonnegative Matrix Factorization: The
nonnegative matrix factorization (NMF) method was proposed
by Lee and Seung in [11]. In general, NMF factorizes a non-
negative matrix into two nonnegative matrix factors W, .1
and Hpy,(k < n,k < m) while minimizing the object func-
tion f(W,H) = ||V — WH ||*:

V=WH. @)
The multiplicative updates for NMF are given by
wTv VHT
H—HO ——=, WW06 —== 2
“Hogryg VeV oyggr @

where © means dot product, and % means dot divide, i.e.,
[A] — Ay
Blij = Bij"®
When applying NMF to dynamic cardiac PET data
ViVoxelxnFrame (1Voxel represents the number of the voxels of
each frame and nFrame represents the number of the frames),
Vi VoxelxnFrame, Which can be regarded as dynamic cardiac PET
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Fig. 2.

Iustration of NMF decomposition on dynamic cardiac PET data.

images, and this is a linear combination of three tissue (Lv, right
ventricle (Rv), and Myo, i.e., k = 3) concentrations under the
assumption that the tissue TAC is the same during the whole
acquisition inside the same tissue, while different tissues be-
have differently. W), voxelx3 can be regarded as the probability
distribution map matrix of the three tissues; and Hj3.pFrame
can be regarded as their corresponding tissue TACs matrix. An
illustration of the decomposition is shown in Fig. 2.

Even if NMF is physically intuitive and has been used as a
method capable of finding the underlying part-based structure
of the complex data, the solution of NMF is not unique, and not
necessarily localized [12]. Thus, more constraints are needed to
confine the factorization solution.

Two constraints were applied as follows.

1) Orthogonality Constraint: Different tissue maps (W)
should be orthogonal, so as to minimize redundancy be-
tween different tissue maps (i.e., different tissues should
not be overlapped)

wWiw =1.

2) Scale Constraint: The sum of the probability of a given
voxel belonging to different tissues should be equal to 1,
so as to rescale W and H to a proper scale

k
ZVVU =1 ,for all rows 7 .
j=1
For the first constraint, the multiplicative updates can be given
by [12]:

Wy VHT
Y WeWwWeo—m— 3
wrwa VW O wavtw - ©

For the second constraint, suppose a = [a1, ag, a3]!, and

H+— HG®

W, =W, ® «, for all rows 7

H,
H, = —7];, for all columns [
@

then, we have the solution

nVoxel
o= ( > m) wrw)=t. (4)

i=1
2) Subalgorithm Flowchart: The proposed methodology to

extracted TACs of Lv and Myo is shown in Fig. 3. A detailed
description of the steps is given as follows.
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Fig. 4. Spatial and temporal specificity profiles of tissue TACs.

1) Masking of the Mouse Cardiac Region: The mouse heart
was segmented based on Otsu [13] to exclude the back-
ground and tissues with lower activity. With this masking,
only three cardiac tissue components (Lv, Rv, and Myo)
were separated. After masking, the masked dynamic car-
diac PET images were reorganized into its vector form
XnVoxcl xnFrame-

2) Smoothing and denoising: X, voxelxnFrame Was then
smoothed and denoised by means of the discrete cosine
transform [14], and was denoted by V,voxelxnFrame-

3) Separation of cardiac tissue components: Then, CNMF
was applied to decompose V), voxelxnFrame 1NtO tWo ma-
trices: three tissue probability distribution map matri-
ces (Wyvoxelxs) and their corresponding TACs matrix
(H3 xnFrame ) .

4) Distinction of each tissue component: After the decompo-
sition, since the CNMF decomposition order was unfixed,
we utilized the spatial and temporal specificity of the tis-
sue TACs to distinguish each tissue component. The tissue
TACs’ spatial and temporal specificity means that the '8 F-
FDG concentration reaches the peak value first in Rv, then
in Lv, and at last accumulates in Myo, as shown in Fig. 4;
see [15] for more details. Then, the TACs of Lv (PET}y,,)
and Myo (PET\y, ) were obtained from H3 ., Frame.

B. Modeling the IF and OF's

We used the well-established two-tissue compartment model
here to describe the rates of changes in concentration in the

3105

mouse heart
d
&Cg (t) = KiCp 1y (t) — (k2 + k3)Ce(t) + ks Cpy (2)
d
ﬁCm (t) = k3C.(t) — ks Cyy ()

(%)
where C), 1v(t),Ce(t), and C,,(t) are the ideal '*F-FDG
plasma TAC in Lv, the ' F-FDG concentration and the phospho-
rylated '*F-FDG ('*F-FDG-6P) concentration in Myo tissue,
respectively. K, ko, k3, and k4 are the transfer rate constants
between compartments. The metabolic rate of glucose can be
calculated by

Cglu . - Cgln . Kl kd
LC ' LC ky+ ks
where Cy1, is the glucose concentration in blood, LC is the
lumped constant, and K is the '*F-FDG influx constant.
Because of the partial-volume and spillover effects, the mea-
sured TACs of Lv (PETY,, ) and Myo (PET\y, ) were modeled
as a linear combination of tissue activities, i.e., the Myo uptake
(Ce(t) + Cy, (t)) and the ideal TAC in Lv (C, 1. (t)):
{ mry = a,Lv(t) +a X (Ce (t) + Om (t)) %)
MMiyo = b x Ca,Lv(t) + (Ce (t) + Cm (t))
where my,, and myy, are the model-predicted outputs of TACs
of Lv and Myo, respectively. The mixing coefficients a and b are
within the range [0 1]. C, 1 (t) is the **F-FDG whole-blood
TAC in Lv, and can be modeled as [15]:
0,if t<t
[Ar(t —7) — Ay — Ag] M1 177) 4 Ay (77)

+Age*(=7)  otherwise.

MRGlu =

(6)

Ca _Lv (t) -

®)

The IF that indicates the 'SF-FDG plasma TAC in Ly, i.e.,
C)p 1v(t) can be calculated by [16] :

OpJ_lV (t) = Oa,LV(t) X RPB (9)

where Rpp is the ratio of the plasma to the whole-blood TAC
as a function of blood-sampling time (in minutes) after tracer
injection, and Rpp = 0.386e-191* + 1.165.

C. Simultaneous Estimation

1) Objective Function: The parameters of the IF and OFs
can be estimated by fitting the Lv and Myo TAC: to their corre-
sponding compartment outputs, that is to solve the minus value
of the objective function as

nFrame

Z [(m1v.i —PETLy ;)* +(Matyo.i —PETMyo i )?].
i—1

O(p)=

(10)

However, since this objective function is insufficient to ob-
tain accurate parameter values, traditionally two2 or three 3
extra blood samples at a later time were incorporated into the
objective function to ensure the estimation accuracy. However,
it is still invasive. To overcome this drawback, we utilized the
liver TAC to construct the Bayesian (a priori) penalty term to
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Fig. 5. Relationship between the arterial blood samples and liver TAC.
TABLE I
MEAN AND SD OF THE RATIOS
Imin  10min  20min 30 min 40 min
Meang  1.2653 1.5257 1.4782 1.1304 0.8749
SD, 0.1475 0.2550 0.2909 0.2491 0.3847

be incorporated into the objective function, since it has been
reported that the liver has relatively low '*F-FDG retention be-
cause it is highly vascularized and the liver TAC at a later time
can be used as an approximation of the whole-blood TAC [10].
Fig. 5 illustrates the relationship between the arterial blood sam-
ples and the liver TAC, which shows that the liver TAC has an
exponentially decaying part similar to that of whole-blood TAC.

Based on the relations between the arterial blood samples and
the liver TAC, we define a random variable 6:

0; = Co(tj)/PEThiver, j = 1,2,. .. 1)

Here, 6 can be assumed to be subordinate to the normal distri-
bution according to the Bayesian probability theory. The mean
and the standard deviation (SD) of # were calculated using five
randomly chosen studies (m10438, m10660, m17437, m17464,
and m17822) as the training datasets at five time points (see
Table I) in this study.

The Bayesian penalty term can be given by [17]:

S

m 2

Ca Lv(tﬁ) — PETliver ;X Meang.

Bay(C, 1) = — -/ L.
ay(Carv) = 3 [ PETjiver; x SDy,

j=1
12)
The reason it uses ratios in multiple time points but not a uni-
fied ratio to construct the Bayesian penalty term is: the tested
mice datasets from MQP database were collected over a period
of several years. Due to changes in the experimental environ-
ment, large differences existed among individuals, which made
a unified ratio less accurate.
Incorporating the Bayesian penalty term into the objective
function, the objective function can be expressed as

nFrame )
O(p)=wi »_ (myy;—PETL,;)
i=1
nFrame

+wy Y (maryoi — PETwyo) + ws Bay(Cury) (13)
i=1
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TABLE II
INITIAL VALUES AND BOUNDS FOR ALL PARAMETERS TO BE ESTIMATED

Parameters 4, 4, A A Ay A3 T K,

MBg/min/mL) (MBg/mL) (MBg/mL

(MBa/mi ) (MBg/mL) (MBy/mL) (min?) (min?) (min') (min') (min™)
Initial value ~ 5703.27 4.9953 2.7580 -1442 -13.62 -0.034 0.080 0.5
upper bound 20000 20 5 0 0 0 3 1
lower bound 1000 0 0 -300 -20 -0.1 0.150  0.001
Parameters ky ky kg

a b , @, o
(min™") (min™) (min™")

Initial value 0.5 0.5 0.001 0.1 0.1 1.68 133 0.66
upper bound 2 1 0.001 1 1 10 10 1
lower bound 0.001 0.0001 0.0001 0 0 0.1 0.1 0.001

where wq,ws, and wsindicate the self-adaptive weighing fac-
tors corresponding to the three terms of the objective func-
tion. The values of the weighing factors are also estimated
during the optimization process by the nonlinear least-squares
method. Thus, the parameters to be estimated are noted as
P = [T7Al,AQ,Ag,)\.l,)\.27)\.37K1,k2,k'g,k4,a,b,u)1,u]2,u)3].

2) Initialization: The initial value and bound for p influence
the iterative speed and computation complexity; therefore, it is
important to choose suitable initial values.

For each dataset, the initial values of the parameters of IF,
ie., Ay, Ay, Az, A1, ho, A3, T, were acquired by fitting an ap-
proximate curve of Cy v (t) (Cy_rv_approx(t)) to the whole-
blood TAC model. First, C, 1,y _approx (t) Was constructed with
the image-derived Lv TAC (PET},,) and the average values
of the real arterial blood samples of the training datasets. The
early time (the first 30 s) points of the approximate curve were
obtained by the interpolation of PET},, while the later part
was acquired by averaging the interpolated real arterial blood
samples of five randomly chosen training datasets at a later
time (after 60 s). Then, we utilized the Cy_rv_approx(t) to
fit the parameters of the whole-blood TAC model, described
in (8), to obtain the initial values of the parameters, i.e.,
Ay, Ay, A3, A1, Ao, A3, 7 which could help to reduce compu-
tational complexity and avoid falling into the local minimum
during optimization. Taking m17919 for example, the initial val-
ues of Ay, As, Ag, A1, A2, A3, 7, were 5703.27 MBqg/min/mL,
4.9953 MBg/mL, 2.7580 MBg/mL, —144.2 min~!, —13.62
min~—!, —0.034 min—!, 0.080 min respectively. We did not give
the general initial values of these parameters in Table II, for they
vary with datasets.

Initial values for parameters K, ko, ks, ky,a,b, listed in
Table II, were manually set according to the estimated results
in [9], and used for all the tested microPET images in our study.

Additionally, in order to acquire the initial values of the self-
adaptive weighing factors (w;,ws,ws), we performed many
trials for each of the aforementioned five chosen training
datasets with a series of different initial values. For each of
the training dataset, we set a series of different weighting
values as the initial values of (w;,ws,ws), and completed
the optimization of the objective function [described in (13)].
The values of (w;,ws,ws), that minimized the value of the
objective function were the proper values for this dataset. Then,



MU et al.: NONINVASIVE ESTIMATION OF THE INPUT FUNCTION FOR DYNAMIC MOUSE ! & F-FDG MICROPET STUDIES

~ 15 T
2 ~ Real IF
E = Blood Samples
= 10 1
=]
L
£ st
=
-]
Q
=]
=]
O 9 e L )
10 10~ 10° 10
Time (min)
Fig. 6. Real IF in Lv and the blood samples during the whole scan.
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Fig. 7. Two-compartment model to describe the delay and dispersion effects.

we used the average of the five corresponding proper values for
(w1,ws,ws) as the initial values for the weighing factors. The
initial values of weighing factors listed in Table II were used for
all the tested microPET images in our study.

3) Optimization: The Compartment Model Kinetic Analysis
Tool (COMKAT) [18], [19] was used to solve the models and
estimate parameters.

D. Input Function Validation

Following the optimization process after the parameters
Ay, Ay, As, M, A2, A3, T were obtained, the IF can be calcu-
lated from (9).

When comparing the estimated IF (EIF) with the gold stan-
dard blood samples, the delay and dispersion effects should be
considered. Because the blood samples were drawn from the
right femoral artery and not directly from the Lv cavity, there
was a time interval between the peak of Lv and the femoral
artery, as shown in Fig. 6. We constructed a two-compartment
model to describe these effects (shown in Fig. 7)

dCy(1)

dt

where k) is the dispersion rate constant and At indicates the
time delay. Five datasets with the most abundant early-time
(<1 min) blood sample data were used as training sets to cal-
culate mean values of both & and At. Then, these mean values
were applied for all datasets. Finally, the delayed and dispersed
EIF (DDEIF) is compared with the gold standard IF.

=K Cpiy(t —At) — kL Cy(t) (14)

III. EXPERIMENTAL RESULTS
A. Data Acquisition

The tested microPET images were downloaded from
the Mouse Quantitation Program (MQP) database [20]
(http://dragon.nuc.ucla.edu/mqgp/index.html), as provided by
UCLA. These microPET images were obtained by about a 60-
min PET scan (microPET Focus 220; Siemens Medical Solu-
tions USA, Inc.,) immediately after the injection of ISE_FDG
(tail vein bolus) into the mouse. The typical frame rates were:
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16 x05s, 1 «2s,1x4s,1x6s,1%15s,3%x30s,1 %
60s,1 *2min, 3 * 3 min, and 5 * 15 min, and each frame of
the image data was reconstructed by FBP with 128 % 128 x 95
voxels. Several blood samples (5-22) were taken from a femoral
catheter to obtain the wholeblood TACs. Blood-to-plasma con-
version was performed as described in (9). Twenty fasted or
nonfasted C57/BL6 mice datasets randomly chosen from the
database were used to verify our method.

B. Evaluation Criteria

The extracted TACs of Lv and Myo were validated by calcu-
lating the area under curves error

(AUCE) and the root mean square error (RMSE), and com-
paring them with TACs extracted from manually drawn ROIs as
the standard reference.

To evaluate the performance of our proposed estimation
method, both the direct and indirect comparisons between
DDEIF and gold standard blood samples were conducted in
terms of visual comparison, such as the AUCE and the '*F-FDG
influx constant K;. Three kinds of influx constants K; solved
by two different widely used methods were compared, that is,
K pprir and K; s were calculated with the gold standard IF
and DDEIF by the Patlak method, and K node1 Was computed
by the model-based method (K nodel = k’jfk‘: ). The Patlak
method is preferred to be used for its efficiency in computa-
tion and easy implementation; while the model-based method
is well known for the fact that it can estimate all of the trans-
fer rate constants. By comparing the K; pprrr and K; ¢s, we
could validate the accuracy of EIF directly, while by compar-
ing the K nodel to Kj gs, we could validate the accuracy of
individual transfer rate constants (K7, ko, ks, k), and prove
the correctness of the estimated IF indirectly. By both compar-
isons, we could verify our proposed estimation method more
comprehensively.

C. Results

1) Extraction of Lv and Myo TACs: The extraction of proba-
bility distribution maps (Lv, Rv, and Myo) and their TACs with
our proposed CNMF method was satisfactory in all of the 20
normal mouse studies. Fig. 8 shows the segmentation results (the
probability distribution maps, PDM) and corresponding TACs
extracted using the traditional NMF method and the CNMF
method in one sample study (m10610). It can be observed that
the CNMF method provided more localized, part-based prob-
ability distribution maps and more reasonable TACs than the
traditional NMF.

In order to get insight into the robustness of our proposed
CNMF method, both qualitative and quantitative comparisons
of TACs were performed. Fig. 9 demonstrates the differences
of TACs extracted by the traditional NMF method, our CNMF
method, and the standard reference. It can be noted that the
TAC:s of our proposed CNMF method were much closer to the
standard references than the traditional NMF method, especially
for those of the Lv and Myo. Quantitative comparisons of the
AUCE and RRMSE between the traditional NMF method, our
CNMF method, and the standard reference with 20 datasets are
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TABLE IIT
MEAN AND STANDARD DEVIATION OF AUCE AND RMSE OF TACs FoRr 20
DATASETS EXTRACTED BY NMF AND CNMF COMPARED WITH THE
STANDARD REFERENCE

LvTAC MyoTAC RvTAC
AUCE (NMF) 0.1197£0.0995 0.0479+0.0597 0.1048+ 0.0788
AUCE (CNMF) 0.0281+0.0180 0.0345+0.0214 0.0301+0.0174
RMSE(NMF) 0.3008+0.2312  0.1397+0.0688 0.1009+0.0581
RMSE(CNMF) 0.0310£0.0179 0.0422+0.0206 0.0339+0.0153

shown in TABLE III. We can see that our proposed CNMF
method produced an obviously smaller AUCE (2.8-3.5%) and
RRMSE (3.1-4.3%) for both Lv and Rv TACs than the NMF
method (4.8-12.0%, 10.1-30.1%, respectively), while for the

H_RVTAC

ROI_RvTAC H
H_LvTAC
25 | ROI_LvTAC |
H_MyoTAC
ROI MyoTACH

11| S .

L o

Concentration(MBg/mL)
B

0 “n_ - Lo il ——- ||||n|l\‘ A4 113yl 4
10 10 10° 1 10
Time (second)

(b)

Visual comparison of TACs extracted by NMF and CNMF (indicated by H_RvTAC, LvTAC, H_MyoTAC) with the standard reference (indicated by
ROI_RVTAC, ROI_LVTAC, ROI_MyoTAC), respectively. (a) NMF. (b) CNMFE.

Myo TAC, the proposed CNMF method did not have many
differences with the NMF method on the AUCE, but generated
a smaller RRMSE.

2) Validation of the Input Function: To compare our EIF
with the gold standard blood samples, the dispersion and delay
were considered. In this study, the five random datasets used
to calculate the average values of the dispersion factor &} and
the delay At using the delay and dispersion correction model
were m17385, m17437, m17464, m17709 and m17822. The
estimated mean values of &} and At were 84.034 and 0.079 min,
respectively.

Fig. 10 compares the plots of DDEIF and the gold stan-
dard blood samples with two sample datasets (1 unfasted+-1
fasted). Taken the delay and dispersion into account, the esti-
mated IF shows a good coincidence between the blood samples
and DDEIF. The width of the peak was very similar and the tail
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Fig. 10.

Estimation plots of the estimated IF for two sample studies (1 unfasted study + 1 fasted study). (a) and (b) are image-extracted Lv/Myo TACs and

model-fitted Lv/Myo TACs. (c) Comparison of the EIF (the ideal TAC in Lv cavity), the DDEIF and gold standard blood samples.

of the DDEIF coincided well. Fig. 12(a) plots the correlation
between the areas under curves (AUCs) of gold standard IFs and
DDEIFs, with a correlation coefficient of 0.969, and the average
value of AUCE was 7.237% =+ 6.742%.

Table IV shows parameters estimated for all 20 datasets as
well as three kinds of ;. It is noted that the average K; er-
ror between K; pprir and K; gs was 4.910% + 9.810%, and
10.621% == 13.121% between K; niodel and K; gs. The cor-
relation coefficients were 0.992 and 0.970, respectively (see
Fig. 11 (b) and (c) shows this correlation.) The results of the
t-test yielded a p > 0.05, indicating that the differences in the
K; estimates did not reach a level of statistical significance. All
of these results proved the correctness and effectiveness of the
proposed method.

IV. DISCUSSION

In this paper, we proposed a noninvasive estimation method of
the IF in dynamic mouse '*F-FDG microPET studies. Compar-
ing with the traditional simultaneous estimations in [1] and [9],
the innovation of our method could be summarized as follows:
1) the incorporation of the orthogonality and scale constraint in
NMF to extract LvTAC and MyoTAC automatically and accu-
rately; 2) the construction of the Bayesian (a priori) term based
on the strong correlation between the liver TAC and the whole-
blood TAC at a later time during optimization; 3) the introduc-
tion of three self-adaptive weighing factors for optimization;
4) the correction of the partial-volume, spillover, delay and dis-
persion effects to perform an accurate comparison between EIF
and the gold standard IF. Owing to the aforementioned innova-
tions, we estimated the IF noninvasively and accurately, which
could be helpful in the clinical application of dynamic PET.

The accurate extraction of the tissue TACs is the precondition
of the following fitting process and it affects the estimation
results. In order to analyze the issue clearly, we performed some
additional experiments by fitting the less accurate TACs, which
were constructed by multiplying the accurate TACs extracted
from manually drawn ROIs (standard references) by a series
of error factors (1.05, 1.1, and 1.2), to the objective function
and then acquired the kinetic parameters and DDEIF. When
the errors of TACs were small (the error factor was 1.05), the
average error between K; pprir and K; gs was 7.073% =+
5.844%, and 11.4 & 21.8% between K; viodel and K; gs. The
errors are relatively small, which means that small errors of
TACs do not have significant effect on the estimated parameters.
However, when the errors of TACs were larger, e.g., the error
factors were 1.1 and 1.2, the average errors between K; ppgir
and K; qg were 11.3% £ 8.69% and 18.0% + 16.4%, and
the average errors between K \ioqe1 and K; gs were 12.6 £
12.0% and 24.2 + 23.0%. This means the large error of TACs
affects the accuracy of the estimated parameters to a large extent.
Therefore, the accuracy of the tissue TACs is very important in
the estimation process.

Considering that the manual definition of the ROIs is sub-
jective and requires a lot of clinical experience, an automatic
segmentation and extraction method are quite necessary. Many
matrix decomposition-based methods have been proposed in
the segmentation of images, such as the Principal Component
Analysis (PCA) [21] and ICA [22]. However, these methods al-
low negative entries in the matrix factors W and H, even if the
elements of the initial input matrix element are positive. This
makes the combination of eigenvectors possibly be involved in
a complex cancellation between positive and negative numbers,
which means that many individual eigenvectors lack intuitive
meaning. On the contrary, NMF makes the nonzero elements of
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TABLE IV
ESTIMATED PARAMETERS AND STANDARD DEVIATION FOR ALL MOUSE STUDIES

St'-ldy KI kl k3 k4 T A] A2 A3 j’I A’Z A’} Ki,GS Ki,EIF Ki,ModeI
m09940 02141 0.5172 02322  6.94e-05 0.1090 25747 0.9430 0.8763 -102.82 -4.288 -0.0384 0.0650 0.0658 0.0663
ml0438  0.1361 4.19¢-04 0.1832 1.58¢-10 0.1299 8366.5 6.3721 3.4118 -107.36 -4.419 -0.0294 0.0856 0.0866 0.1358
ml0550 02017 0.0242 04831 2.86e-14 0.0632 4814.1 3.2020 24255 -88.758 -1.223 -0.0445 0.2120 0.1989 0.1921
ml0660  0.1361 2.67¢e-14 0.1170  8.97e-3  0.0925 3171.6 2.0729 13126 -94.998 -0.754 -0.0331 0.1304 0.1281 0.1361
ml0861  0.1105 1.55¢-05 02799 3.9le-4 0.0449 13841 7.3510 2.4045 -168.97 -7.114 -0.0239 0.1208 0.1206 0.1105
ml0911 02256 0.0190  0.3489 1.50e-10 0.0628 9799.2 5.0554 2.0709 -117.2 -1.478 -0.0292 0.2318 0.2301 0.2139
m10948 1.0028  0.7020 0.1405 2.26e-14 0.0551 77704 10338 1.6998 -113.54 -7.868 -0.0154 0.2029 0.2096 0.1673
m11043 0.3495  0.5044 0.3182 7.84e-5 0.0951 7941.2 10992 1.6940 -115.68 -8.601 -0.0200 0.1244 0.1246 0.1352
m11082 0.2922  0.4953 0.3756  4.07¢-10  0.0448 5201.6 2.7937 2.0144 -65.119 -0.823 -0.0482 0.1340 0.1475 0.1260
ml1122 0.1223  0.0249 0.4214 3.85e-6  0.0202 2997.9 10.522 2.1315 -108.04 -16.835 -0.0486 0.1421 0.1292 0.1155
m17437 0.0970  0.2907 0.1464 1.48e-4  0.0514 3093.8 6.1833 1.3249 -154.69 -14.845 -0.0087 0.0275 0.0287 0.0325
ml17709 0.3080  0.4282 0.2740 4.84e-5 0.0365 10952 8.0705 3.6975 -150.45 -8.556 -0.0289 0.1185 0.1197 0.1202
ml7822 04386 0.7157 02327 148e-4 0.0765 93920 5.8564 32208 -111.61 -5234 -0.0259 0.1333 0.1155 0.1084
ml7919 02442 0.6170  0.1159 2.23e-3  0.0864 6112.6 3.0841 1.0949 -187.48 -12.971 -0.0206 0.0386 0.0394 0.0386
ml7973 02572 09370 02535 7.78¢-14 0.1633 80287 2.5850 13787 -160.62 -3.124 -0.0167 0.0534 0.0524 0.0547
mi8482  0.1185 0.4547 03298 6.35e-03 0.1106 7458.8 5.8744 22416 -186.35 -10268 -0.0145 0.0418 0.0420 0.0498
mll1467  0.6804 03062  0.1949 3.00e-05 0.0431 2984.8 10.305 23365 -114.73 -13.487 -0.0417 0.2561 0.2584 0.2617
mi7332  0.0829 7.54e-06 0.1128  8.1le-3  0.0256 40132 22665 14189 -179.38 -14.058 -0.0320 0.0873 0.0862 0.0829
m17884 0.1732  0.6546 0.0757 2.06e-4  0.0555 2397.1 24751 2.0921 -60.161 -1.502 -0.0156 0.0182 0.0233 0.0179
ml18778 0.1639  0.6305 0.1842 1.46e-8  0.1414 3263.0 0.3607 2.7304 -73.025 -9.797 -0.0188 0.0363 0.0361 0.0370
K, Error - - - - - - - - - - - - 4.910+£9.810 10.62+13.12

Corr. Coef - - - - - - - - - - - - 0.9917 0.9701
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Fig. 11.

(a) Correlation plot of the AUCs of gold standard IFs versus the DDEIFs (r = 0.969, with AUCE = 7.237% =+ 6.742%). (b) Correlation plot of

K; pprir versus K; gs(r = 0.992, with the average error as 4.910% + 9.810%). (c) Correlation plot of K; aiode1 versus K; gs (r = 0.970, with the average

error as 10.621% + 13.121%).

W and H all positive with the connectivity constraints, which
leads to the parts-based eigenvectors with intuitive meaning,
for only additive combinations are allowed. Thus, only NMF-
based methods were used and compared in the extraction of the
tissue TACs. Based on the traditional NMF method, we added
both an orthogonality constraint and scale constraint to improve
the extraction of TACs in accuracy, which can be seen clearly
in Fig. 9 and Table III, especially for the Lv and Rv. For the
AUCE of the Myo, the two methods seem to have few differ-
ences, whereas from the RRMSE and Fig. 9, it is confirmed that
our method generated better segmentation results and thus had

more accurate TACs for Myo. The accuracy and robustness of
the proposed method could also be observed from the CNMF
method which gives localized and part-based probability distri-
bution maps and reasonable TACs in Table III. From Table III,
we can see that CNMF provides TACs automatically with suf-
ficiently small errors to accomplish the fitting process without
affecting the accuracy of the estimated parameters.

In order to simulate the actual process in vivo and apply the
kinetic model accurately, we modeled the TACs of Lv and Myo
by taking the partial-volume and spillover effects between the
two tissues into consideration. The reason why we did not take
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the effect of Rv into consideration was that we did not get better
results when the effects of Rv were added into the modeling,
possibly due to the introduction of more free variables. Besides,
it increased the complexity and reduced the efficiency during
the estimation.

In our experience, the impact of TACs was less than IF, for the
introduction of mixing coefficients a and b partially eliminated
the effects brought on by the inaccuracy of TACs. The inaccu-
racy of IF, especially the tail of IF, affected the estimation of the
kinetic parameters to a large extent. In our previous work about
the simultaneous estimation, at least 1 later blood sample was
required in the fitting process to improve accuracy [23]. In this
study, a Bayesian term utilizing the ratios (6) of the whole-blood
TAC and the liver TAC was constructed instead to calibrate the
EIF. In order to fulfill the completely noninvasive estimation of
the input function, we took the average value and variance of
the ratios # at multiple time points from five randomly chosen
studies as a priori knowledge to construct the Bayesian term.
After a large number of trials, the use of the five time points [1,
10, 20, 30, and 40 min] produced the most accurate estimation
of the whole-blood TAC. The inclusion of an additional time
point did not improve accuracy, but the removal of any time
point would reduce accuracy.

Furthermore, during the estimation, the choice of wy, w2, and
w3 became very important for the estimation. The larger w; and
wo are, the more accurate the EIF curve is at early time points,
while the larger ws is, the more accurate the EIF curve is at a
later time. Therefore, a compromise must be made to get the
best results for the EIF in both the early time and the later time.
For this purpose, we set the adaptive weighing factors during
the estimation. The AUC of the DDEIF and K; g are not only
highly correlated (correlation coefficients close to 1) to, but also
highly comparable (regression slopes close to 1 and intercepts
close to 0) with the AUC of the gold standard IF and K ¢s,
which can be seen in Figs. 10 and 11. Table IV shows that the
Ki as and K; ppgrr, as well as the K ¢ and K \odel1, did not
statistically detect the exception according to the results of the
t-test. All of these show that the DDEIF has a good coincidence
with the gold standard blood samples. Note that Table IV shows
that the error between K \iode1 and K; ¢s was approximately
10.62%, which was much larger than that between K; pprir
and Kj; gs. This is partly due to the assumption of k£, = 0 when
calculating K; ¢s and K; pprrr using the Patlak method. In
contrast, the nonlinear least-squares method was used for the
simultaneous estimation on condition of k4 # 0, which can be
seen in column k4 in Table IV. Additionally, in some studies, the
blood samples were so few that solving K; gs and K; pprir
using the Patlak method would generate errors. This may be
another reason for the large errors between K; pprrr and K; ¢,
and probably K nodel and K gs.

For the quantitative analysis of dynamic PET images, the '*F-
FDG PTAC that measured by frequent blood sampling, is gener-
ally required as the input function for the tracer kinetic modeling
technique. This invasive feature greatly limits its clinical appli-
cation. Our study provides an alternative noninvasive method
to quantify the metabolic rate of glucose and other meaningful
physiological parameters for dynamic *F-FDG PET studies.

3111

The calculation of the physiological parameters, especially the
metabolic rate of glucose, could aid the diagnosis of the ma-
lignancy, myocardial infarction, and are important for the de-
velopment of new drug research and development. This could
accelerate the clinical application for the dynamic PET.

V. CONCLUSION

In this paper, we first proposed a new CNMF-based method
to automatically segment dynamic mouse cardiac '* F-FDG Mi-
croPET images (Lv, Rv, and Myo) while simultaneously extract-
ing their TACs. The proposed CNMF method not only utilizes
tissue specificity, i.e., the time-dependent behavior is the same
inside the same tissue during the whole acquisition, while differ-
ent tissues behave differently, but also imposes the orthogonality
and scale constraints when applying the CNMF to dynamic PET
images. The orthogonality constraint minimizes redundancy be-
tween different tissue maps, and the scale constraint recovers
the original scale of TACs.

Based on the extracted TACs of Lv and Myo, we then pro-
posed a novel noninvasive input function estimation method via
the simultaneous estimation of kinetic model parameters in dy-
namic mouse '*F-FDG MicroPET studies. Since it has been re-
ported that liver TAC at a later time is strongly correlated with the
input function, a Bayesian penalty formulation was constructed
and incorporated into the optimization function. The proposed
estimation method also takes the partial-volume, spillover, de-
lay, and dispersion effects into consideration. Experimental re-
sults on 20 mouse datasets demonstrated the effectiveness and
robustness of the proposed method.
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