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Abstract: Brain pharmacokinetic parametric imaging based on dynamic positron emission tomography (PET) scan is valuable in the 
diagnosis of brain tumor and neurodegenerative diseases. For short-axis PET system, standard blood input function (BIF) of the descend-
ing aorta is not acquirable during the dynamic brain scan. BIF extracted from the intracerebral vascular is inaccurate, making the brain 
parametric imaging task challenging. This study introduces a novel technique tailored for brain pharmacokinetic parameter imaging 
in short-axis PET in which the head BIF (hBIF) is acquired from the cavernous sinus. The proposed method optimizes the hBIF within 
the Patlak model via data fitting, curve correction and Patlak graphical model rewriting. The proposed method was built and evaluated 
using dynamic PET datasets of 67 patients acquired by uEXPLORER PET/CT, among which 64 datasets were used for data fitting and 
model construction, and 3 were used for method testing; using cross-validation, a total of 15 patient datasets were finally used to test 
the model. The performance of the new method was evaluated via visual inspection, root-mean-square error (RMSE) measurements and 
VOI-based accuracy analysis using linear regression and Person’s correlation coefficients (PCC). Compared to directly using the cavern-
ous sinus BIF directly for parameter imaging, the new method achieves higher accuracy in parametric analysis, including the generation 
of Patlak plots closer to the standard plots, better visual effects and lower RMSE values in the Ki (P = 0.0012) and V (P = 0.0042) im-
ages. VOI-based analysis shows regression lines with slopes closer to 1 (P = 0.0019 for Ki) and smaller intercepts (P = 0.0085 for V). The 
proposed method is capable of achieving accurate brain pharmacokinetic parametric imaging using cavernous sinus BIF with short-axis 
PET scan. This may facilitate the application of this imaging technology in the clinical diagnosis of brain diseases.
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Introduction

Dynamic positron emission tomography (PET) of the brain, 
accompanied by pharmacokinetic parametric analysis 
derived from the acquired dynamic PET images, is pivotal 
for the early and precise diagnosis of brain cancers and 
neurological diseases [1-6]. To this end, one of the most 
widely used analytical methods is based on the Patlak 
graphical model [7-9], in which analyzers acquire the 
blood input function (BIF) from the vessels of the descend-
ing aorta in the reconstructed dynamic PET images [10-
12]. Patlak quantitative parametric imaging of the net 
metabolic flux, Ki, and the distribution volume of free mol-
ecules, V, are achieved based on the dynamic PET images 
as well as the extracted BIFs [13, 14].

However, for most PET imaging systems with short axial 
fields of view (FOVs), dynamic images of the beds of the 
lung and brain cannot be acquired in a single scan; under 
such conditions, pharmacokinetic parametric imaging of 
the brain must use the BIF extracted from the patient’s 

head region. However, as illustrated in Figure 1, Patlak 
graphical parametric imaging using a head BIF (hBIF) suf-
fers from limited accuracy, because 1) the time-activity 
curves (TAC) of the head vessel BIFs (carotid artery or  
cavernous sinus) have nonnegligible differences from 
those of the descending aorta BIFs (aBIF) (Figure 1B) and 
2) head vessels are smaller, and the limited number of 
effective voxels on the PET images leads to an extracted 
hBIF with an unsatisfactory signal-to-noise ratio. The lim-
ited accuracy of brain parametric imaging (Figure 1D) 
seriously hinders its clinical application in the diagnosis 
and analysis of brain diseases. For PET imaging systems 
with short axial FOVs, therefore, it is of great importance 
to explore methods for accurate Patlak graphical model-
based parametric imaging method using hBIFs.

Long-axis PET imaging systems such as the Siemens 
Biograph Vision Quadra, PennPET Explorer and UIH uEX-
PLORER are able to provide lung and head dynamic PET 
images in one scan [15-17], which facilitate investigations 
of Patlak parametric imaging methods using hBIFs. One 
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potential strategy involves creating a model that trans-
forms the hBIF to a standard aBIF by analyzing and com-
paring the morphological and statistical features, such as 
peak values, time to peak, averages, and exponential 
decay patterns, of the two BIFs when measured in a single 
dynamic PET scan. Another avenue is the application of 
machine learning models to directly derive an aBIF from a 
given hBIF. The above two ideas have a certain degree of 
feasibility; however, the validity of their statistical analysis 
or learning is highly dependent on the establishment of a 
large dynamic PET dataset. The feasibility will be dimin-
ished if the clinical whole-body dynamic PET database is 
not suitably large. Finding a method that is less depen-
dent on dataset size to achieve accurate Patlak graphical 
model-based parametric imaging based on hBIF would be 
of greater clinical importance.

The cavernous sinus consists of both arteries and veins, 
as well as some nervous tissues [18, 19], and its posi-
tional and morphological characteristics are easily recog-
nizable (as shown in Figure 1A). The current study explores 
a method to achieve accurate Patlak parametric imaging 
based on hBIFs extracted from the cavernous sinus. The 
proposed method is established based on the mecha-
nism of the Patlak graphical model. The key points include 
1) finding the integral value of the early-stage BIF curve 
via linear fitting; 2) correcting the late-stage curve of the 
hBIF based on the mean difference in BIFs; and 3) build-
ing a modified equation for the Patlak graphical model. 
The rest of this paper is organized as follows: Section 2 
presents the details of the proposed method, Section 3 
describes the parametric imaging experiments conduct-
ed in this study, and Section 4 shows the results of our 

Figure 1. Pharmacokinetic parametric imaging using a cavernous sinus BIF. A. The location and morphology of the cavernous sinus and 
descending aorta; B. Differences between the aBIF and cavernous sinus hBIF; C. Differences between Patlak plots acquired based on 
the hBIF and aBIF; D. Differences between Patlak parametric images acquired based on the hBIF and aBIF.
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parametric imaging experiments and related discussions. 
Finally, we give the conclusions of this study in Section 5.

Material and methods

Pharmacokinetic parametric imaging based on the 
Patlak graphical model

The classical Patlak graphic model is specifically used for 
pharmacokinetic parametric imaging of irreversible trac-
ers such as 18F-fluorodeoxyglucose (18F-FDG), which is 
currently the most common PET imaging agent for diag-
nosing cancer diseases in clinical practice [20-22]. The 
goal of Patlak parametric imaging is to acquire the Ki and 
V images that represent the net glucose metabolic flux 
and the distribution volume of the free glucose molecules, 
respectively. Based on the acquired dynamic PET imaging 
data, Ki and V are calculated by fitting the following 
equation:
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Where CT(t) and Cp(t) are the tissue time-activity concen-
tration curve (TAC) and BIF, respectively. Eq. (1) is also 
named the Patlak plot, in which the section correspond-
ing to the last 30-40 minutes of the dynamic PET scan is 
approximately linear and is used for linearly fitting Ki (that 
is, the slope of the linear plot) and V (the intercept of the 
linear plot), as shown in Figure 1C. By voxelwise calcula-
tion, one can acquire the parametric images that are reg-
istered to the original PET images.

To derive our proposed method, the Patlak model shown 
by Eq. (1) is modified to

( )
( )

( )

( )
# (2)C t

C t
C t

E C d
Ki V

p

p
t

t

*

p

T =
+

+:

x x#

Where E is the integral value of the early-stage BIF, 
namely,
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This section (0≤t≤t*) corresponds to the early stage of 
the PET scan, where t* is approximately 20-30 minutes; 
over this period, the Patlak plot is nonlinear. t* is the start 
time of the late stage of the PET scan, which yields a lin-
ear Patlak plot section.

Fitting the integral value of the early-stage BIF

The first step of the proposed method is to find the early-
stage integral value of the standard (descending aorta) 
BIF, Ea, based on the measured head (cavernous sinus) 
BIF integral value, Eh. We may reasonably assume a linear 
relationship between Ea and Eh:

Ea = k • Eh + b #(4)

Then, by collecting a certain number of data pairs, k and 
b can be acquired by simple linear fitting. The predicted 
integral value corresponding to a new Eh is acquired as 
follows:

Epred = k • Eh + b #(5)

Late-stage BIF correction

According to Eq. (2), after acquiring the early-stage inte-
gral value of the predicted BIF, we need only the late-
stage BIF corresponding to the linear section of the Patlak 
plot to calculate Ki and V. As shown in Figure 3B, there 
exists a marked difference between the late-stage sec-
tions of the hBIF, Cp,h, and those of the aBIF, Cp,a; there-
fore, we need a prediction process to achieve

Cp,h(t)|t≥t* ⇒ Cp,a(t)|t≥t* #(6)

Cp,h and Cp,a have similar tendencies in the phase of t≥t*; 
therefore, we may assume a simple relationship between 
them in this phase:

Cp,a(t)|t≥t* = Cp,h(t)|t≥t* + A #(7)

Constant A can be acquired by finding the mean differ-
ence (MD) between the late-stage Cp,h and Cp,a, namely,
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Where tend is the end time of the scan and N is the number 
of dynamic PET datasets used to find the MD. Based on 
Eq. (8), we have

Cp,pred(t)|t≥t* = Cp,h(t)|t≥t* + MD #(9)

Patlak parametric imaging using the new model

Based on Eq. (2), (5) and (9), the Patlak graphical model 
can be rewritten as
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According to Eq. (10), the Patlak plot used for fitting Ki and 
V is only displayed for data points corresponding to t≥t*. 
The global flowchart of the proposed parametric imaging 
method is shown in Figure 2. In summary, the calculation 
of Ki and V based on the head BIF, Cp,h(t), is carried out via 
the following steps: a) Estimating the early-stage aorta 
BIF integral value, Epred, via Eq. (5), with the coefficients, k 
and b, acquired from the previous data fitting; b) Correcting 
the late-stage BIF and acquiring the estimated Cp,pred(t≥t*) 
via Eq. (9), with MD obtained from the average of the late-
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Figure 2. Flowchart of the current study.

stage BIF deviations; c) Voxelwise calculation of the Patlak 
graphical model data based on Eq. (10) and acquisition of 
Ki and V images via linear fitting.

were divided and reconstructed into 56 frames (5 s × 12, 
10 s × 6, 30 s × 8, 60 s × 6 and 120 s × 24). PET images 
were reconstructed via the 3D time-of-flight (TOF) ordered-

Figure 3. Results of early-stage BIF integral value fitting and late-stage BIF mean dif-
ference calculation. A. Fitting result between Eh and Ea; B. Averaging the deviations 
between the late-stage hBIF and aBIF to calculate the MD.

Experiments

Clinical 18F-FDG dynamic PET data

Following approval by the committee of 
medical ethics of Henan Provincial 
People’s Hospital, the dynamic PET 
imaging data of 67 patients were used 
for brain pharmacokinetic parametric 
imaging experiments in this study. 
Dynamic PET images were acquired 
using the uEXPLORER PET/CT imaging 
system (United Imaging Healthcare Inc.). 
The dynamic scan lasted for approxi-
mately one hour after the injection of 
18F-FDG, and the resulting imaging data 
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3) Root-mean-squared-error (RMSE) measurement. RM- 
SEs are calculated for all the tested datasets to evaluate 
whether the proposed method can stably provide higher 
Ki and V imaging accuracies based on an hBIF. For every 
tested dataset, 30 slices that include the main intracere-
bral region are measured slice by slice and averaged to 
acquire the global RMSE. Paired t-test, one of the most 
widely understood, approved and used statistical analysis 
method to figure out the significance of difference 
between two groups of data or signal, is conducted to fig-
ure out the significance of that the new method brings 
RMSE reduction, p-value less than 0.05 indicates the sig-
nificance [24, 25]. In this process, parametric images 
acquired with the standard aBIFs are applied as the 
reference.

4) VOI-based accuracy measurement. 5 × 5 × 5 VOIs are 
extracted from the calculated Ki and V images using both 
the original model and the proposed method. 15 arbitrari-
ly selected intracerebral voxels, corresponding to the 15 
tested datasets, respectively, are assigned to be the VOI 
centers. The relative absolute error (RAE) of the VOIs with 
respect to the standard images are plotted in a voxelwise 
manner, and the linear regressions, as well as the Person’s 
correlation coefficients (PCCs) [26] between the Ki and V 
values in the VOIs yielded by the hBIFs and aBIFs, are dis-
played. Paired t-test is applied to the regression coeffi-
cients. The RAE is defined by
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Where VOI and VOIrefer are the VOIs extracted from the cal-
culated and reference Ki or V images, respectively. 
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denotes the mean of the VOI. σ and σrefer are the standard 
deviations of VOI and VOIrefer, respectively.

Results
In this section, we describe our experimental results using 
the proposed Patlak parametric imaging method with the 
cavernous sinus BIF. For convenience, the tested datas-
ets are labeled from #1 to #15. To provide a comprehen-
sive evaluation, we showcase results from various datas-
ets in this section. The result of the linear fitting between 
Eh and Ea, as well as the acquisition of MD, for one of our 
implementations are shown in Figure 3. According to 
Figure 3A, the acquisition of Epred relies more on the fitted 
intercept, b, while the slope, k, is close to 1. The acquired 
MD is positive, which means that the late-stage aBIF is 
likely to be of higher intensity than the aBIF. Taking both 
the facts that MD>0 and b>0, k>1 into consideration, we 

subset expectation maximization (OS-EM) method [23] 
with 3 iterations and 20 subsets. The included datasets 
contain neither remarkable motion-induced brain image 
artifacts nor framewise misalignments. Imaging experi-
ments were conducted using only 90 slices of images that 
covered the head region of the patients.

BIFs are acquired from the dynamic reconstructed PET 
images. A reference image frame temporally located at 
approximately 250 s post injection is used to sketch the 
regions of the descending aorta and cavernous sinus. 
This guarantees that the normally high uptake of brain 
region will not affect the proposed method since at the 
time point of 250 s post injection, FDG have not arrived 
the high metabolic level region.

Experiment implementations

The flowchart of the current study is given in Figure 2. The 
whole database established in this study contains 67 
dynamic PET series, in which the data of 64 patients (95% 
of the database) are used for fitting k and b (in Eq. (5)) and 
finding MD (in Eq. (8)). The remaining 3 datasets (5% of 
the database) are used for testing the established model 
shown by Eq. (10). The fitting-testing process was repeat-
ed 5 times; each time, the data were divided into the fit-
ting and testing sets randomly, and, therefore, the model 
was tested with a total of 15 patient datasets.

Based on visual observation of the generated Patlak 
plots, the time region corresponding to the linear section 
is defined as 24<t≤60 minutes after tracer injection, that 
is, t* = 24 minutes. In other words, the early stage of the 
dynamic scan is defined as the first 24 minutes of the 
scan, while the late stage refers to the later 36 minutes of 
the scan. According to the time protocol used in this study, 
this linear section corresponds to the last 18 frames of 
the dynamic PET images. The Patlak graphical pharmaco-
kinetic parameters are calculated in a voxelwise manner 
to acquire the Ki and V images, which are then registered 
to the reconstructed PET images.

Evaluation methods

In this study, we evaluated the proposed parametric 
method both qualitatively and quantitatively. The evalua-
tion methods include:

1) Voxel-level Patlak plot comparison. This method will 
show whether the cavernous sinus BIFs can yield Patlak 
plots that are similar to the standard plots and reveal how 
the proposed method helps improve the accuracy of 
Patlak graphical model fitting to acquire Ki and V.

2) Parametric image visual inspection. The pharma- 
cokinetic parametric images yielded by the proposed 
method and those directly calculated based on the origi-
nal Patlak graphical model using an hBIF are qualitatively 
compared.



Brain parametric imaging using cavernous sinus BIF

277	 Am J Nucl Med Mol Imaging 2024;14(4):272-281

Figure 4. Voxel-level Patlak plots within the linear section for four of the tested datasets. (A-D) correspond to tested datasets #5, #7, #10 
and #14, respectively. The corresponding voxel locations are indicated by the white arrows in the subfigures.

see that the hBIF extracted for the cavernous sinus is 
likely an underestimated BIF for pharmacokinetic para-
metric analysis using the Patlak graphic model, which 
results in overestimations in the intensities of the com-
puted Ki and V images.

Voxel-level Patlak plots

Voxel-level Patlak plots of four of the tested datasets 
(Datasets #5, 7, 10 and 14) are shown in Figure 4. Voxels 
are extracted from the intracerebral region, as depicted 
by the subfigures. Notably, using the cavernous sinus 
hBIFs, the proposed method is able to provide Patlak 
plots that align more closely to the standard cases than 
the original Patlak model. This is the mechanism of the 
proposed method for obtaining more precise Ki and V val-
ues for every single voxel and for further generating para-
metric images with higher accuracies.

Visual inspection of Ki and V images

The calculated Ki images of testing patient datasets #2, 6 
and 15 are shown in Figure 5, while the V images are 
shown for datasets #3, 8 and 12 in Figure 6. Using the 
hBIFs, the Patlak parametric images generated by the 

proposed method are qualitatively similar to the corre-
sponding standard images obtained with aBIFs. As previ-
ously discussed, the calculated Ki and V images are prone 
to have overestimated intensities when using a cavern-
ous sinus hBIF. Our method mitigates such overestima-
tions by adjusting the hBIFs within the Patlak graphical 
model, thereby achieving precise parametric imaging in 
the absence of a standard aBIF.

RMSE measurements

The global RMSEs of the calculated Ki and V images of all 
the tested patient datasets are given in Figure 7. These 
values are calculated from 30 image slices that cover the 
main intracerebral regions from among the 3D parametric 
images. According to Figure 7, for most of the tested data-
sets, the proposed method is able to provide lower global 
RMSE values, indicating the effectiveness of accurate 
Patlak graphical parametric imaging using a cavernous 
sinus hBIF of the proposed method (P = 0.0012 and 
0.0042 for Ki and V, respectively). However, due to the 
limited size of the fitting database, there are instances in 
which the new model cannot produce better Ki or V imag-
es in the testing process.
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Figure 5. Brain Ki images of tested datasets #2, #6 and #15 acquired by the original Patlak model and the proposed method using cav-
ernous sinus hBIFs. The reference images are the Ki images obtained with standard aBIFs.

Figure 6. Brain V images of tested datasets #3, #8 and #12 acquired by the original Patlak model and the proposed method using cav-
ernous sinus hBIFs. The reference images are the V images obtained with standard aBIFs.
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dard values. Ki and V imaging using a cavernous sinus BIF 
is therefore reliable if the accuracy is guaranteed.

Discussions

Size of the fitting database

In our research, we propose an approach to address the 
issue of inaccurate head BIFs by seeking a method based 
on simple data statistics to correct the BIF within the 
Patlak model. This article reports an initial study focused 
on this approach. Due to the limited availability of total-
body dynamic PET data, we used only 67 datasets (with 
64 used for data fitting, 3 for model testing, and cross-
validation for validation). Notably, the amount of data 
include in this study is insufficient to guarantee fully sta-
ble and accurate pharmacokinetic parameter imaging 
using the Patlak graphical model. From a theoretical 
standpoint, we can reasonably assume that our proposed 
method is less dependent on the dataset size than 
machine learning-based methods. However, the size of 
the fitting dataset still unavoidably affects the algorithm’s 
performance. Therefore, further expansion of the dataset 
is necessary to conduct a more comprehensive evalua-
tion of the proposed method and enhance its stability and 
reliability in clinical applications.

Influence of patient head motion

Movement of the patient’s head during the dynamic PET 
scan can affect the accuracy of brain parametric imaging, 
and in severe cases, it can lead to calculation failure. The 
method proposed in our study does not address this 
issue. In general, we pick up and sketch the cavernous 
sinus in one single frame (frame A) in the dynamic series, 
the acquire position and shape of the cavernous sinus 
would not be applicable in another frame (frame B) if head 
motion exist between the scanning timestamps of A and 
B, which lead to that the BIF signal acquired in frame B is 
not exactly from the cavernous sinus.

Therefore, for both the data fitting and testing processes, 
we needed datasets with no noticeable head motion and 
image framewise misalignment. This is an important rea-
son why the amount of data available for the current study 
is limited. However, in conditions of clinical short-axis PET 
dynamic imaging, if parametric imaging is used for brain 
diagnosis, clinical technicians will require the patients to 
minimize voluntary head movement during the scanning 
process. In this case, the impact of head motion on the 
accuracy of parametric imaging can be controlled to some 
extent.

Tracer types

The current proposes a new method to correct the BIF 
extracted from the cavernous sinus. To validate the meth-
od using different types of tracers such as PSMA and 
FAPI-based tracers is necessary before this method is 

VOI-based accuracy measurement

The VOI-based analysis is carried out to quantitatively 
evaluate the accuracy of the Patlak parametric images in 
more detail. The results for tested patient datasets #5 
and 14 are shown in Figure 8. The RAEs between the 
hBIF- and aBIF-based Patlak parameter values are calcu-
lated voxelwise in the 5 × 5 × 5 VOI. The central locations 
of the analyzed VOIs are indicated by the subfigures. The 
RAEs of the Ki and V values calculated by the new method 
are remarkably smaller than those obtained by the origi-
nal Patlak model, and the proposed method effectively 
decreases the error in the Ki and V calculations by using a 
cavernous sinus hBIF (Figure 8A, 8B, 8E and 8F).

The fitting results between the calculated and standard 
values also demonstrate the performance of the pro-
posed method. For the two showcased datasets, as illus-
trated in Figure 8C, 8D, 8G and 8H, the fitting slopes (k) 
derived from our method tend to be closer to 1 than those 
from the original model, and the intercepts (b) are notably 
reduced. This quantitatively demonstrates the higher 
accuracy in estimating Ki and V by using the proposed 
method. For the whole testing set, by using the proposed 
method, k values of the Ki VOIs are closer to 1 (P = 0.0019) 
and b values of the V VOIs are smaller (P = 0.0085). PCC 
values for all the cases are sufficiently large, indicating 
that the pharmacokinetic parameters calculated based 
on cavernous sinus BIFs are highly correlated to the stan-

Figure 7. Global RMSE values calculated between the hBIF and 
aBIF-based parametric images. (A and B) are for Ki and V im-
ages, respectively. The displayed values are acquired upon aver-
aging 30 slices that include the main intracerebral region.
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Clinical relevance of the proposed 
method

The proposed method for correcting 
hBIF acquire based on cavernous sinus 
is able to facilitate clinical brain pharma-
codynamic imaging and analysis. For 
many clinical institutes, PET scanners 
with long axial FOV (AFOV) are not 
equipped, under such case, it’s impossi-
ble to acquire a standard BIF for brain 
pharmacodynamic analysis based on 
dynamic PET imaging since the AFOV is 
locked at the head region. The proposed 
method is to help clinicians to acquire a 
standard BIF for FDG dynamic PET Patlak 
parametric imaging when only head 
dynamic PET data are collected.

Conclusion

In this study, we propose a method for 
accurate brain Patlak pharmacokinetic 
parametric imaging using a cavernous 
sinus BIF. This method is established 
based on estimating the early-stage 
integral value and late-stage curve of the 
standard descending aorta BIF from the 
cavernous sinus BIF within the Patlak 
graphical model. Parametric imaging is 
achieved based on a modified Patlak 
model equation. Compared with the 
direct use of the cavernous sinus BIF, 
the proposed method is able to effec-
tively improve the accuracy of Ki and V 
images of the brain and solve the prob-
lem of insufficient BIF accuracy under 
short-axis PET scanning conditions. The 
proposed method has high theoreti- 
cal interpretability, and by effectively 
expanding the size of the database, it 
can actually improve the clinical appli- 
cations of pharmacokinetic parametric 
imaging technology in the diagnosis of 
brain diseases.
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