:' frontiers ‘ Frontiers in Physiology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Ciprian Catana,

Athinoula A. Martinos Center for
Biomedical Imaging, Department of
Radiology, Massachusetts General
Hospital, Harvard Medical School,
United States

REVIEWED BY
Nikos Efthimiou,

Athinoula A. Martinos Center for
Biomedical Imaging, Department of
Radiology, Massachusetts General
Hospital, Harvard Medical School,
United States

Katrin H Preller,

University of Zurich, Switzerland

*CORRESPONDENCE
Rupert Lanzenberger,
rupert.lanzenberger@meduniwien.ac.at

These authors have contributed equally
to this work

SPECIALTY SECTION
This article was submitted to Medical
Physics and Imaging,

a section of the journal

Frontiers in Physiology

RECEIVED 24 October 2022
AcCeEPTED 06 March 2023
PUBLISHED 22 March 2023

CITATION

Reed MB, Godbersen GM, Vraka C,
Rausch |, Ponce de Ledon M, Popper V,
Geist B, Nics L, Komorowski A,
Karanikas G, Beyer T, Traub-Weidinger T,
Hahn A, Langsteger W, Hacker M and
Lanzenberger R (2023), Comparison of
cardiac image-derived input functions for
quantitative whole body [**FIFDG imaging
with arterial blood sampling.

Front. Physiol. 14:1074052.

doi: 10.3389/fphys.2023.1074052

COPYRIGHT

© 2023 Reed, Godbersen, Vraka, Rausch,
Ponce de Ledn, Popper, Geist, Nics,
Komorowski, Karanikas, Beyer, Traub-
Weidinger, Hahn, Langsteger, Hacker and
Lanzenberger. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology

TvPE Original Research
PUBLISHED 22 March 2023
pol 10.3389/fphys.2023.1074052

Comparison of cardiac
Image-derived input functions for
quantitative whole body [*®FIFDG
Imaging with arterial blood
sampling

Murray Bruce Reed', Godber Mathis Godbersen™,

Chrysoula Vraka?, Ivo Rausch?®, Magdalena Ponce de Leon?,
Valentin Popper?, Barbara Geist?, Lukas Nics?,

Arkadiusz Komorowski!, Georgios Karanikas?, Thomas Beyer?,
Tatjana Traub-Weidinger?, Andreas Hahn!, Werner Langsteger?,
Marcus Hacker? and Rupert Lanzenberger ® **

Department of Psychiatry and Psychotherapy, Medical University of Vienna, Vienna, Austria, 2Department
of Biomedical Imaging and Image-guided Therapy, Division of Nuclear Medicine, Medical University of
Vienna, Vienna, Austria, *QIMP Team, Center for Medical Physics and Biomedical Engineering, Medical
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Introduction: Dynamic positron emission tomography (PET) and the application
of kinetic models can provide important quantitative information based on its
temporal information. This however requires arterial blood sampling, which can
be challenging to acquire. Nowadays, state-of-the-art PET/CT systems offer fully
automated, whole-body (WB) kinetic modelling protocols using image-derived
input functions (IDIF) to replace arterial blood sampling. Here, we compared the
validity of an automatic WB kinetic model protocol to the reference standard
arterial input function (AIF) for both clinical and research settings.

Methods: Sixteen healthy participants underwent dynamic WB [*®FIFDG scans
using a continuous bed motion PET/CT system with simultaneous arterial blood
sampling. Multiple processing pipelines that included automatic and manually
generated IDIFs derived from the aorta and left ventricle, with and without motion
correction were compared to the AIF. Subsequently generated quantitative
images of glucose metabolism were compared to evaluate performance of the
different input functions.

Results: We observed moderate to high correlations between IDIFs and the AIF
regarding area under the curve (r = 0.49-0.89) as well as for the cerebral
metabolic rate of glucose (CMRGlu) (r = 0.68-0.95). Manual placing of IDIFs
and motion correction further improved their similarity to the AlF.

Discussion: In general, the automatic vendor protocol is a feasible approach for
the quantification of CMRGIlu for both, clinical and research settings where
expertise or time is not available. However, we advise on a rigorous inspection
of the placement of the volume of interest, the resulting IDIF, and the quantitative
values to ensure valid interpretations. In protocols requiring longer scan times or
where cohorts are prone to involuntary movement, manual IDIF definition with
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additional motion correction is recommended, as this has greater accuracy and

reliability.

KEYWORDS

arterial input function, positron emission tomography (PET), image-derived input function,
kinetic modelling, [**F12-fluoro-2-deoxy-D-glucose ([**FIFDG)

1 Introduction

Positron emission tomography (PET) imaging combined with
['*F]2-fluoro-2-deoxy-D-glucose (['*F]FDQG) is a widely used tool in
research settings and clinical diagnostics (Fletcher et al., 2008; Gupta
et al., 2011; Rischka et al., 2018; Hahn et al., 2020). The most
common semi-quantitative metric that can be derived from static
PET acquisitions is the standard uptake value (SUV), which is used
as a surrogate of glucose metabolism for quantifying FDG uptake.
Nevertheless, significant limitations of the accuracy of SUV remain.
One of these limitations stems from the fact that SUV cannot
provide a reliable measure of the tissue kinetics and does not
account for the tracer levels in plasma (Huang, 2000; Boellaard,
2011).

Dynamic PET imaging provides spatio-temporal metabolic
characteristics when combined with kinetic modelling methods
and may exhibit greater robustness than simplistic SUV measures
(Patlak et al., 1983; Wu et al., 2001; Cheebsumon et al., 2011). A full
kinetic analysis comprises the solving of differential equations and
on the voxel-level variance can be high due to increased noise which
leads to less reliable parameter estimates and thus an inconsistent
kinetic model. Therefore, graphical methods such as Patlak analyses
are being widely used in both clinical and research settings due to its
robustness and simplicity. This is particularly feasible for ["*F][FDG
as the radiotracer exhibits almost irreversible kinetics within a
common scan time of less than 60 min. Furthermore, studies
have shown that glucose metabolism estimated with the Patlak
plot represents a more accurate and robust index of glucose
metabolic rate when compared to SUV (Freedman et al., 2003).

Another
requirement of invasive blood sampling to produce an accurate

disadvantage of modelling procedures is the
arterial plasma input function (AIF). Image derived input functions
(IDIFs) represent a promising non-invasive alternative, aiming to
extract the AIF from a suitably large region containing a robust
blood pool in PET images and may be supplemented with venous
blood to improve accuracy to the IDIF (Hahn et al., 2012, 2013). To
date, whole body (WB) PET scans were acquired using a multibed,
multipass protocol whereby each bed position requires scan times of
2-5min (Boellaard et al., 2015). This however decreases temporal
resolution greatly and thus affects the accuracy of kinetic modelling.
The introduction of WB continuous bed motion (CBM) protocols
utilizing state-of-the-art PET/CT systems offer a promising solution
to these issues. Here, dynamic PET data can be acquired with
increased spatio-temporal resolution while still keeping the
kinetic information intact (Osborne et al., 2015; Osborne and
Acuff, 2016). This is achieved by combining a short dynamic
scan over the cardiac region to automatically acquire the IDIF
and subsequent multiple WB sweeps (van Sluis et al., 2021).
Combined with a high temporal resolution at the start of the
protocol this further mitigates spillover effects. This then
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disseminates to improved estimation of the input function and
outcome parameters (Viswanath et al., 2020) and thus better
quantitative images (Wang et al, 2020; Zhang et al, 2020;
Dimitrakopoulou-Strauss et al., 2021). Another option used in
brain activation studies would be using a reference region to
normalize the PET image; this however is only semi-quantitative,
thus limiting accuracy (Clark et al., 1985; Dukart et al., 2010; Hua
et al., 2015).

In theory, such an approach would represent a clinically feasible
protocol, which provides quantitative estimates of glucose
metabolism and high subject throughput.

In this work, we aim to validate the automatically generated
IDIFs derived from the aorta and left ventricle using a Biograph
Vision Edge (Siemens Healthineers, Germany) PET/CT system and
included vendor-specific software with its recommended settings to
the reference standard AIF (https://www.siemens-healthineers.com/
molecular-imaging/options-and-upgrades/software-applications/
flowmotion-multiparametricpet-suite). Furthermore, IDIFs were
also extracted manually and images were corrected for motion.
Finally, brain glucose metabolism was computed with the Patlak plot
using the automatic vendor-based approach as well as manually
generated IDIFs and AIFs.

Although the validity of the IDIF, using various blood pools and
tracers, has already been assessed (Van der Weerdt et al,, 2001; Hahn
et al, 2012, 2013; Sari et al,, 2021), the comparison of a vendor
specific, fully automated IDIF software has yet to be evaluated. As
PET/CT scanners become more advanced and image quality
improves, automatic quantification software solutions will
become more commonplace. Therefore, it is paramount to assess
the strengths and limitations of this type of solution. If the vendor
specific software were proven to accurately match the AIF, it would
greatly improve accessibility to molecular imaging research and
reduce labor needed in a clinical setting. This comparison study aims
to provide arguments to what extent the fully automated IDIF
software is suitable for absolute quantification in both clinical
and research settings. We used the cerebral metabolic rate of
glucose (CMRGlu) and WB net influx constant Ki to assess the
effects each input function has on tissue quantification.

2 Materials and methods
2.1 Participants and study design

Seventeen healthy participants were included in this study
(mean age = 25 * 4years, 6 female) and underwent a single
PET/CT scan. All participants underwent a standard medical
examination at the initial screening visit, which included blood
tests, electrocardiography, neurological testing and the Structural
Clinical Interview for DSM-IV performed by an experienced
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psychiatrist. Female participants also underwent a urine pregnancy
test at the screening visit and before the PET/CT scan. Exclusion
criteria included current and previous (12 months) somatic,
neurological or psychiatric disorders, current and previous
substance abuse or psychotropic medication, current pregnancy
or breast feeding and previous study-related radiation exposure
in the past 10 years. After a detailed explanation of the study
protocol, all participants gave written informed consent and were
financially reimbursed for their participation. The study was
approved by the Ethics Committee (ethics number: 2054/2020) of
the Medical University of Vienna. Procedures were carried out in
accordance with the Declaration of Helsinki.

2.2 PET/CT data acquisition

Synthesis of the radiotracer ["*F]FDG was carried out as described
previously (Rischka et al., 2018). The radiotracer was injected via the
cubital vein as a bolus (5.1 MBqg/kg in 10 mL over 1 min) using a
perfusion pump (Syramed pSP6000,
Switzerland) and was kept in a wolfram shield to minimize

Arcomed, Regensdorf,

radiation exposure. PET and CT data was acquired using a Siemens
Biograph Vision 600 Edge (Siemens Healthineers, Germany); (axial
FOV: 26.1 cm, sensitivity: 16.4 kcps/MBq, TOF resolution: 210 ps (van
Sluis et al, 2019)), using a modified Siemens FlowMotion
Multiparametric PET protocol. In detail, PET acquisition was started
simultaneously with the intravenous bolus of ["*FJFDG (mean + std
activity: 304 + 142 MBq).

During the first 5 min, a cardiac region single-bed list-mode
acquisition was attained (frames: 24 x 55, 6 x 10s, 4 X 305s) to
determine the IDIF from 3 volumes of interest (VOIs) [left ventricle
(LV), thoracic aorta and liver as control region]. Afterwards, a CMB
WB PET scan was started ranging from head to middle intestines
with the following frames: 8 x 120 s and 7 x 300 s, with a bed speed
of 5.43 mm/s and 2.17 mm/s respectively. Both the single-bed list-
mode acquisition and the WB PET data were reconstructed using
the scanners reconstruction software with default settings: 3D-TOF
OP-OSEM with 4 iterations, 5 subsets and no filtering into a 220 x
220 image matrix with a voxel size of 3.3 X 3.3 x 4 mm.

Low-dose CT scans (tube voltage: 120 kVp, tube current 20 mA,
CareDose4D, CarekV) were acquired after expiration and breath-
holding commands. The CT images were reconstructed with a voxel
size of 0.98 x 0.98 x 4 mm.

A T1-weighted image was also acquired using a Siemens Prisma 3T
MR system equipped with a 64-channel head coil with the following
parameters: TE/TR = 2.95/2,300 ms, TI =900 ms, flip angle = 9", GRAPPA
2, 240 x 256 mm field of view, 176 slices, 1.05 x 1.05 x 1.20 mm.
Coefficients of variation were estimated for multiple VOIs to determine
the homogeneity of the activity in both cardiac and whole-body sequences.

2.3 Processing pipelines

Pipeline 1 (P1) represents the reference standard where the AIF was
used to estimate CMRGlu values. Pipeline 2 (P2) represents the fully
automatic vendor pipeline including image derived input function
extraction from the left ventricle and descending thoracic aorta. WB
Patlak slope and intercept generation were also performed by the
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vendor software. Pipeline 3 (P3) represents the semiautomatic
processing pipeline where the automatic vendor derived input
function was used for further manual Patlak modelling of CMRGlu.
Pipeline 4 (P4) signifies a fully manual processing pipeline with a
motion correction step applied before input function extraction. Here
manual VOIs were placed as similar as possible to P2. Outcome
estimates from each pipeline were compared to each other to assess
differences between them, see Figure 1 for a graphical overview of each
pipeline. There were no differences in preprocessing of the PET images.
The quantification of the WB images for all participants was
exemplarily restricted to the brain and subsequent brain regions to
allow for a more accurate comparison between the pipelines.

2.4 Arterial blood sampling and AlF

During the first 5 min, blood was automatically sampled from
the radial artery (4 mL/min Allogg, Mariefred, Sweden). Thereafter,
manual samples were taken at 5, 10, 20, 40, 60 min. In these samples,
plasma was separated from whole blood and activity of both was
measured in a gamma counter (Wizward2, 3”, Perkin Elmer). To
compute the AIF, the activities of the automatic and manual samples
were combined and multiplied with the average plasma to whole-
blood ratio, similar to (Hahn et al., 2020).

For the calculation of the area under the curve (AUC), the AIF was
filtered to decrease noise levels present at the end of the automatic
arterial blood sampling. In detail: from the start until the half-maximum
value of the descending peak no data was filtered. Afterwards, a static
average of 3 s was applied (Feng et al., 1993). Finally, the final samples
corresponding to the manual ones were not changed.

For the quantification of CMRGlu, the AIF was modeled with
the sum of three exponentials from the peak onwards in PMOD 4.2
(PMOD Technologies Ltd., Zurich, Switzerland; www.pmod.com).

2.5 Automatically generated Patlak protocol

As part of the Siemens FlowMotion Multiparametric PET protocol,
three IDIF’s were automatically generated via Siemens deep learning
software Automatic landmarking and parsing of human anatomy
(ALPHA) by using the participants CT to define VOISs: left ventricle,
descending thoracic aorta and liver as a control region, see
Supplementary Figure S1 for the placement. These VOIs are then
applied to the combined dynamic cardiac series to create input
functions and subsequently generate the WB images of the net
influx constant Ki (ie., the slope resulting from the Patlak plot).
Here by default, the scanner software uses the aorta VOI as the
input function. Therefore, all quantified data was done using the
aorta VOI and subsequently derived IDIF to reduce bias. The brain
was extracted from the WB Ki image and spatial preprocessing was
done in SPM12 build 7771 (The Wellcome Centre for Human
Neuroimaging, www.fil.ion.ucl.ac.uk) using default parameters unless
otherwise specified. Spatial preprocessing included co-registering the
averaged extracted brain data to the T1-weighted image. Since the
normalization procedure of SPM12 is optimized for MRI data the T1-
weighted image was normalized to MNI-space and the resulting
transformation matrices, (co-registration and normalization) were

applied to the dynamic PET brain data (Gryglewski et al., 2017).
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FIGURE 1

(*) Includes head extraction, realignment and coregistration to T1 and TAC generation.

(**) Include Area Under the Curve, Peak Values and Delay in Peak.

Graphical Overview of each processing pipeline used. Pipeline 1 represents the reference standard where arterial blood samples were used to
generate cerebral metabolic rate of glucose (CMRGlu) values. Pipeline 2 represents the vendor implemented pipeline including image derived input
function extraction and Patlak slope and intercept generation. CMRGlu was subsequently estimated manually. Pipeline 3 shows the semiautomatic
processing pipeline where the automatic vendor derived input function was used to manually process CMRGlu estimates (the IDIF here is the same

as in P2). Pipeline 4 includes manually placed volumes of interest used to extract the image derived input function. Whole-body images were then
corrected for movement using a least squares approach and a 6 parameter rigid body spatial transformation as implemented in SPM12 and further
calculation were done on both movement corrected data and compared to the arterial input function. Outcome estimates from each pipeline were
compared to each other to assess similarity. Yellow boxes represent all manual processing steps, Green boxes represent all automatic vendor processing

steps and purple signifies the pipeline outcome parameters.

2.6 Manual extraction and movement
correction

A volume of interest (VOI) (175 x 726 x 212 mm) was placed
around the heart and surrounding structures and were extracted
from each PET frame. These dynamic frames were then motion
corrected using a least squares approach and a 6-parameter rigid
body spatial transformation to the first acquired WB image in the
series as implemented in SPM12. Thereafter, manually specified
VOIs were positioned in the descending thoracic aorta and left
ventricle with the participants CT's as a reference. Each VOI had
the same dimensions and was placed in approximately the same
position to the automatically generated VOIs for a more accurate
comparison. In the case of the automatic VOIs being misplaced,
the manual VOIs’ position was correctly placed in the middle of
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the blood pool to avoid any IDIF extraction biases. The VOIs
were made as large as possible to avoid partial volume effects,
spillover effects and interfering with the aortic/ventricle wall. The
aorta VOI was created using a cylinder shape with a diameter of
3.3mm and a length of 12mm. The left ventricle VOI was
extracted using a sphere VOI with a diameter of 9.9 mm. The
mean activity in each VOI was extracted for each time point,
representing the IDIFs.

2.7 Quantification of cerebral glucose
metabolism

For comparison with the automatically generated metabolic
images, all manual calculations of CMRGlu were also done using
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FIGURE 2

Overview of all input functions before motion correction: Comparison of raw (A) peak values, (B) area under the curve and (C) peak delay metrics in
both the arterial and image derived input functions from the automatic vendor pipeline.

the aorta as input. Time activity curves (TACs) were extracted for
10 regions of the Harvard-Oxford atlas (frontal, temporal, parietal,
occipital, cingulate, somatosensory, thalamus, striatum, amygdala/
hippocampus and cerebellar gray matter). The Patlak plot as
implemented in PMOD 4.2 was used for the quantification of Ki
for the AIF, the manually derived IDIF and the automatically
obtained IDIF CMRGlu was then calculated for all Ki outputs as
follows:

CMRGlu = Ki* Plasma Glucose;
Lumped Constant

Where the lumped constant was set to 0.89 (Graham et al.,
2002).

Whole-body glucose metabolic rates were calculated voxel-wise
using the Patlak model with the AIF or IDIF as obtained from the
vendor software (i.e., automatically extracted from the aorta) as well
as a manually extracted IDIF from the left ventricle or aorta.

2.8 Statistical analysis

The similarity of both the automatically and manually generated
IDIFs as compared to the gold standard of the AIF was assessed via
regression analysis and spearman correlations. Here both the AUC
and peak values were evaluated. Peak values and CMRGlu extracted
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from both IDIFs and AIF were compared to each other using the
Wilcoxon signed rank test. Furthermore, the agreement between the
automatically generated CMRGlu images was compared to the
manually quantified ones using regression analyses. All statistical
tests were performed using MATLAB R2018b and the significance
level was set to p < 0.025 (two tailed). To correct for the number of
regions in the Harvard-Oxford atlas, all tests were adjusted for
multiple comparisons via the Bonferroni procedure. Mean absolute
percentage errors of all voxels in the WB Ki images were estimated
and compared between the manually and automatically extracted
IDIFs to the AIF.

3 Results

Out of the seventeen participants recruited, one was dropped
due to a failure in arterial sampling. Furthermore, the vendor-based
automatic generation of all three VOIs was successful for only
15 participants. Visual inspection of the automatic vendor
generated VOIs showed a suboptimal placement of both the
aorta and LV regions. The center of the aorta VOI was
frequently located in the aortic wall, whereas the LV was seen
over the ventricle wall. Furthermore, the peak value in the
automatically generated aorta IDIF was on average lower than
that of the AIF and manually placed VOIs. The LV had higher
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Temporal Overview of Input Functions
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FIGURE 3

Temporal overview of each input function: (A) Mean and standard deviation time course of the image derived input function before and after
movement correction in comparison to the arterial input function of all participants. The aorta shows a stable and concurrent input function compared to
arterial blood both before and after movement correction. (B) Mean and standard deviation time course extracted from the left ventricle for all

participants (C—D) Shows the input functions of two participants affected

by movement problems. Towards the end of the measurement, the

variance increases due to movement which is indicated by the dotted box. This was corrected by applying movement correction. Time course extracted

from the left ventricle of two very movement intense participants and how
function.

peak values than AIF, but not statistically significantly, (p r.v/blood =
0.45 and p aortablood = 0.27, Figure 2A), while the AUC of both
scanner generated IDIFs were lower than the AIF (Figure 2B).
Finally, the LV IDIF peaked on average 15s + 5s earlier than
the AIF. Similarly, the aorta IDIF peaked on average 12 s £ 6 s earlier
to the AIF, see Figure 2C. Supplementary Table SI shows the
coefficient of variance for organs of interest.

3.1 Comparison of input functions

Figures 3A, B shows a visual comparison of the time course
of all input functions of the aorta and LV for both the first 5min
and the entire measurement. Figures 3C, D highlight the LV
IDIF from P2 of two participants’ that were affected by both
involuntary and voluntary motion. After motion correction
(P4) was applied the LV IDIF more closely resembled that of
the AIF.
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motion correction counters these effects, to better match the arterial input

AUC of the ATF displayed a moderate similarity with the LV IDIF
from P2 (r = 0.49, p = 0.06) but strong agreement with the aorta IDIF
from P2 (r = 0.89, p < 0.001, Figure 4A). After motion correction the
similarity improved for the left LV IDIF from P3 (r = 0.97, p < 0.001) but
had little effect on the aorta IDIF from P3 (Figure 4B). Similarly to the
AUC, peak values between the AIF and aorta IDIF from P3 (r=0.77, p <
0.001) and LV (r = 0.78, p < 0.001) showed a good agreement after
movement correction (Figures 4C, D). Table 1 shows an overview of all
comparisons between IDIF vs. AIF before (Table 1a), after (Table 1b)
movement correction and a direct differentiation between IDIFs before
and after movement correction (Table 1c).

3.2 Quantification with different input
functions

The CMRGlu estimated for each brain region using the AIF (P1) was
generally lower but not significantly different (pponferroni > 0.1) than that
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Regression Analysis of Input Functions
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Analysis of the different aorta input functions. Regression analysis comparing peak values and area under the curve (AUC) of the arterial input
function (gold standard) to an image derived input function (IDIF) placed in the aorta before and after movement correction. (A) AUC analysis of the
automatic vendor generated IDIF in the aorta before movement correction vs. the AlF. (B) AUC analysis of the manually placed volume of interest (VOI) in
the aorta after movement correction vs. the AIF. (C) As in (A), regression analysis of peak values in the automatic vendor generated VOI vs. AlF before

and (D) in the manually created VOI after correcting for movement vs. AIF. The source of the discrepancy between the IDIF and AIF method for the two
outliers stem from misplaced VOIs when leading to discrepancies in the IDIF, where movement correction had no effect, due to it being incorrectly

placed from the beginning.

of the manually estimated with PMOD (Figures 5A, C) (P3). Both IDIFs
showed similar CMRGlu values (Figure 5B) (P2 and P3). When
comparing CMRGlu values derived from the automatic vendor
generated IDIF (P2) to the AIF (P1), gray matter CMRGlu values
were greater in P1 than in P2. Specifically in the cingulate, frontal
and temporal significant regional differences (pPponferroni < 0.001), see
Figure 5D. An overview of correlation and regression analyses between
the automatic LV and aorta IDIF from P2, aorta IDIF from P3 and AIF
can be found in Table 2. Manually defined IDIFs from P4 had a lower
error compared to the AIF for both left ventricle and aorta than the
automatically extracted IDIF from the aorta (P2) in both high and low
movement participants, see Table 3 and Figure 6 for detailed information.

4 Discussion

The purpose of this study was to assess the validity of a fully
automatic IDIF and the resulting quantitative values of CMRGlu
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and WB Ki using a WB CBM [**F]FDG PET/CT protocol to the
reference standard of AIF. We observed that the vendor generated
VOIs were not always optimally placed, resulting in suboptimal
input function extraction. The left ventricle VOI was more
susceptible to motion artifacts stemming not only from its
cardiac function but also body movement. However, once
corrected from above mentioned artifacts, it showed the best
agreement to the AIF (Figure 3). Nevertheless, both quantitative
values derived from IDIFs and the IDIFs themselves indicated a
good match to the AIF. Furthermore, a simple solution to correct for
motion which was applied after the scan resolves uncertainties in
IDIF generation, which may represent an important benefit for long
scan protocols and patient groups more prone to movement
(Figures 3, 4; Table 2).

Firstly, the similarity between the automatically vendor
generated IDIFs, namely, (aorta and left ventricle) were
compared to the AIF. Overall, we observed a good agreement
in both AUC and the peak values from all three sources. Both
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TABLE 1 Overview of correlation and regression parameters between each
input function. (A) Shows comparisons using peak values and area under the
curve of both image derived input functions to the arterial function before and
(B) after movement correction. (C) Indicates a direct comparison between peak
values and area under the curve before and after movement correction. The
best correlation values before and after movement correction are depicted in
bold. P3 was not included as the IDIF is the same as in P2.

(a) Original vendor derived (P2)

Comparison  Variable Intercept Slope

Aorta vs AIF peak values —-15.8588 1.1374 | 0.7668 0.0009
Left ventricle peak values 14.1014 0.8284 | 0.7801 0.0006
vs AIF

Aorta vs AIF AUC -36.9029 0.9146 | 0.8878 <0.0001
Left ventricle AUC 47.9609 0.9779 | 0.4897 0.0639
vs AIF

(b) Manual VOI Placement including motion correction (P4)

Comparison  Variable Intercept Slope r p-value
Aorta vs AIF peak values 22.0767 0.8362 | 0.7900 0.0005
Left ventricle peak values 13.3300 0.8480 | 0.7775 0.0006
vs AIF

Aorta vs AIF AUC 50.5049 0.8247 | 0.8228 0.0002
Left ventricle AUC 41.4682 0.8838 | 0.9660 <0.0001
vs AIF

(c) Movement correction (before vs. after)

Comparison  Variable Intercept

Slope r

p-value

Left ventricle peak values 17.8204 0.8908 | 0.8936 <0.0001
;Aorta peak values 27.6595 0.7143 | 0.9714 <0.0001
Left ventricle AUC 686.7625 0.1867 | 0.4075 0.1316
Aorta AUC 46.5555 0.9473 | 0.9737 <0.0001

IDIFs displayed an earlier peak onset when compared to the AIF,
which most probably emerges from anatomical distance between
the heart and the radial artery. Furthermore, we observed that the
IDIFs derived from the LV had a higher variance than those
derived from the aorta. This can be attributed to the motion
intense physiological left ventricular function of the heart as well
as potential spillover effects from the adjacent myocardium. Peak
values derived from the scanner-generated aorta IDIF were
generally lower than both the LV and AIF but more stable
than the LV. The differences between the automatic pipeline
when compared to the other 3 could be in part attributed to the
automatic misplacement of both the aorta and LV VOlIs.
However, this was not the case for the manually derived aorta
IDIF. Previous studies suggest that the aorta is a more robust
option for the IDIF (Sari et al., 2021), which is also supported by
our observations (Table 1c) as it is less susceptible to movement
artifacts. Visual inspection of the automatic vendor generated
VOI placement revealed sub-optimal placement for both the
aorta and LV, which influences not only IDIF extraction but
also the quantitative values generated. Similar peak and onset
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values extracted from the aorta and LV IDIFs were also found
when using the new high-performance uEXPLORER scanner
(Zhang et al., 2020). Zhang et al. also show that cardiac
motion in the LV affects the TAC extraction, in their analysis
the aorta was selected as the TAC extraction was not as affected
by motion. They further compare smaller VOIs like the carotid,
brachial and femoral arteries and show that these VOIs are
affected by dispersion and partial-volume effects due to their
size (Zhang et al., 2020).

Subject motion during scans can severely affect the placement of
regions used for IDIF extraction, which in turn will affect modelling
outcomes. For graphical analysis using the Patlak plot an incorrectly
defined IDIF will affect the area under the curve and thus directly bias
CMRGlu values (Yao et al., 2021). This can be seen in our results where
we compared the CMRGlu values derived from both the manually and
automatically defined IDIFs. Therefore, it is imperative to either choose
a VOI less prone to motion artifacts or correct for such motion. One
option to overcome this is to use a population derived input function,
which by definition is not affected by motion (Rahmim et al., 2019;
Naganawa et al., 2020; van Sluis et al., 2021). This method however is
also not optimal as the input function is only scaled by the participants’
blood which must be extracted venously or arterially during the scan
(Brock et al., 2005; Vriens et al., 2009). This can lead to bias (Zanotti-
Fregonara et al., 2012; Naganawa et al., 2020) and may not account for
individual as well as pathological variations in the shape of the input
function. The low correlations between the LV and AIF AUC before
movement correction are indicative of either misplaced VOIs or
movement during the scan. This can also be seen when analyzing
the IDIFs of individual subjects. We found manually placing the VOIs
for each individual considerably improved the robustness of the IDIFs,
as we were able to adjust for each individuals varying anatomy. By
further correcting for movement artifacts, the LV IDIF displayed a
better match to the AIF than the aorta. However, it is acknowledged that
this may not be feasible in clinical settings. Similarly, using rigid-body
transformations to correct for motion in the areas where the IDIF was
extracted, the agreement between the IDIF and AIF further improved.
Thus, the combination of manually placed VOIs and motion correction
yielded the best results.

Since the peak values and AUC of the aorta IDIF were on
average lower than that of the AIF, the CMRGlu was higher for both
the scanner-generated and manually drawn aorta IDIF when
compared to the AIF. Nevertheless, a high correlation between all
three CMRGIu estimates was found (De Geus-Oei et al., 2006;
Naganawa et al., 2020) and especially CMRGlu estimates for the
grey matter were in line with previous literature (Liu et al., 2021; Sari
et al,, 2021). Of note, there were only a few exceptions to this,
showing unphysiologically high Ki values. In most cases this can be
corrected by reprocessing the data, which would require a trained
technician to check each step of processing. This is time consuming
and not feasible in many clinical scenarios. These problems did not
appear when using manually drawn IDIFs or the AIF.

While dynamic PET imaging yields not only a more accurate
picture but
characteristics i.e., metabolic rate and distribution volume. This

clinical also more spatio-temporal metabolic
however comes with a cost, comprising prolonged scan time,
complex protocols, longer image reconstruction times and
invasive arterial blood sampling, which might not be tolerable for

certain patient populations e.g., dementia patients. Therefore, static
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Comparison of kinetic modelling outputs: Quantification of glucose metabolism with different input functions. (A) Boxplots show overall cerebral
metabolic rate of glucose (CMRGlu) values for the different input functions modelled either manually or automatically via the vendor software. (B—C)
Regression analyses comparing CMRGlu obtained from the automatically generated aorta IDIF with (B) those from the manual aorta IDIF definition,
modelling and motion correction (P4) and (C) the AIF. Subplot (B—C) plots include values across all regions and subjects. (D) Regional CMRGlu
uptake comparison between the AIF and IDIF(Aorta). Here the different colors represent each participant, and each symbol represents the regions of

interest, listed in the legend.

TABLE 2 Overview of correlation and regression parameters from kinetic modelling. Comparison of regional cerebral metabolic rate (CMRGlu) uptake of all
participants derived from automatic (vendor) to manual and arterial input functions. The best correlation values before and after movement correction are

depicted in bold.

Automatic vs. semiautomatic input function derived quantitative values

Comparison Variable

Intercept

Slope

Manual IDIF(Aorta) vs AIF CMRGlu —-0.3842 1.1906 0.9551 <0.0001
Manual IDIF(LV) vs AIF CMRGlu -0.1822 1.0036 0.6788 <0.0001
Vendor IDIF(Aorta) vs Manual IDIF(Aorta) CMRGlu 1.7340 0.9362 0.9278 <0.0001
Vendor IDIF(Aorta) vs AIF CMRGlu 1.9083 1.0771 0.8684 <0.0001

PET imaging utilizing SUV as a surrogate for metabolic rates has
been used to reduce the workflow requirements of complex dynamic
PET imaging. SUV is affected by several factors, including patient

Frontiers in Physiology

habitus, blood glucose levels and uptake time. All of these factors
greatly reduce the information available for diagnosis (Braune et al.,

2019).
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TABLE 3 Mean absolute percentage error of voxel-wise whole-body quantified ['*FIFDG data for both automatic vendor image derived input function (IDIF) and
the manually extracted IDIFs (P4) when compared to the gold standard: arterial input function for both a high and low movement participant.

Mean absolute percentage error [in %]

Low movement participant

High movement participant

Vendor Aorta 24.07 38.00
Manual Aorta 1.03 2.16
Manual Left Ventricle 0.66 2.20
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Low Movement Participant
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Qualitative comparison of whole-body quantitative outputs. Maximum intensity projections of whole-body quantified net influx constant (Ki) images
derived from different input functions for a representative high and low movement participant. Quantified images were derived using (from left to right):
arterial input function (gold standard, P1), automatic vendor image derived input function (IDIF) extracted from the aorta (P2), manually extracted aorta

IDIF and left ventricle (P4).

We would like to acknowledge certain limitations of our work.
Even though the AIF can be used as an input to the vendor pipeline,
this data must be acquired from an external third party device. Thus,
the comparison the AIF as an input for the automatically generated
Ki the
interpretability of the intrinsic, vendor specific quantification

images was not analyzed, consequently limiting
algorithm. Furthermore, as the vendor software comes as is, it
was only possible to partly recreate a similar extraction and
quantification pipeline, thus also limiting comparability between
not only the IDIF’s but also the Ki image generation. In these
instances, the vendor software was substituted with PMOD’s kinetic
modelling software. Future development and validation of
abovementioned approaches would greatly assist in WB group
comparisons.

To summarize, for clinical use where the aim is to keep
additional effort to a minimum, the automatic scanner
protocol has many advantages. However, the shortcomings of

such an automated method need to be taken into account before
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choosing the type of input function used and should clearly be
stated to provide readers with a clear picture of possible
limitations. We herein validate the use of absolutely quantified
values of glucose metabolism directly obtained from a state-of-
the-art PET system with the arterial input function reference
standard. When using the automatic vendor software, an
inspection of VOI placement, IDIF and quantitative image
estimates should be done before further use. Finally, when
using protocols that require longer scan times or patient
VOI
and manual

cohorts prone to involuntary movement, manual
additional

modelling for results yield more reliable and robust results.

definition, movement correction

Data availability statement

Due to data protection laws processed data is available from the

authors  upon  reasonable  request.  Please  contact

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1074052

Reed et al.

rupert.lanzenberger@meduniwien.ac.at with any questions or

requests.

Ethics statement

The studies involving human participants were reviewed and
approved by Medical University of Vienna Ethics Committee. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

MR:  Methodology,  formal
writing—original draft. GG: Formal analysis,

analysis,  investigation,
investigation,
writing—original draft. CV: Resources, writing—review and
editing. MP:

Methodology, formal analysis, resources, writing—review and

editing. IR: Resources, writing—review and
editing. VP: Resources, investigation, writing—review and editing.
BG: Resources, writing—review and editing. LN: Resources,
writing—review and editing. AK: Resources, investigation,
writing—review and editing. GK: Resources, writing—review and
editing. TB: Resources, writing—review and editing. TT-W:
Resources, writing—review and editing. AH: Conceptualization,
methodology, formal analysis, investigation, writing—review and
editing. WL: Resources, writing—review and Editing. MH:
Conceptualization, and editing,

resources, writing—review

supervision. Rupert Lanzenberger: Conceptualization,
methodology, writing—review and editing, supervision, project

administration, funding acquisition.

Funding

This research was funded in whole, or in part, by the Austrian
Science Fund (FWF) (KLI 1006, PI: RL; KLI 610, PI: AH) and the
WWTF Vienna Science and Technology Fund (CS18-039, Co-PI:
RL). For the purpose of open access, the author has applied a CC
BY public copyright license to any Author Accepted Manuscript
version arising from this submission. MB. MR is a recipient of a
DOC fellowship of the Austrian Academy of Sciences at the
Department Medical

of Psychiatry and Psychotherapy,

University of Vienna.

References

Boellaard, R., Delgado-Bolton, R., Oyen, W. J. G., Giammarile, F., Tatsch, K., Eschner,
W., et al. (2015). Fdg pet/ct: EANM procedure guidelines for tumour imaging: Version
2.0. Eur. J. Nucl. Med. Mol. Imaging 42, 328-354. doi:10.1007/s00259-014-2961-x

Boellaard, R. (2011). Need for standardization of 18F-FDG PET/CT for treatment
response assessments. J. Nucl. Med. 52, 935-1008S. doi:10.2967/jnumed.110.085662

Braune, A., Hofheinz, F., Bluth, T, Kiss, T., Wittenstein, J., Scharffenberg, M., et al.
(2019). Comparison of static and dynamic 18F-FDG PET/CT for quantification of

pulmonary inflammation in acute lung injury. J. Nucl. Med. : official Publ. Soc. Nucl.
Med. 60, 1629-1634. doi:10.2967/jnumed.119.226597

Brock, C. S., Young, H., Osman, S., Luthra, S. K., Jones, T., and Price, P. M. (2005).
Glucose metabolism in brain tumours can be estimated using [18F]2-
fluorodeoxyglucose positron emission tomography and a population-derived input

Frontiers in Physiology

11

10.3389/fphys.2023.1074052

Acknowledgments

We thank the graduated team members and the diploma
students of the Neuroimaging Lab (NIL, headed by RL) as well
as the clinical colleagues from the Department of Psychiatry and
Psychotherapy of the Medical University of Vienna for clinical and/
or administrative support. In particular, we would like to thank
J. Unterholzner for his clinical support, L. Rischka and C. Wotawa
for their technical support and V. Ritter for her administrative
help. The scientific project was performed with the support of the
Medical Imaging Cluster of the Medical University of Vienna.

Conflict of interest

RL received investigator-initiated research funding from
Siemens Healthcare regarding clinical research using PET/MR.
He is a shareholder of the start-up company BM Health GmbH
since 2019. MH received consulting fees and/or honoraria from
Bayer Healthcare BMS, Eli Lilly, EZAG, GE Healthcare, Ipsen, ITM,
Janssen, Roche, and Siemens Healthineers. IR received a research
grant from Siemens Healthineers not related to this study.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The handling editor CC declared a past co-authorship with the
authors TB and IR.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1074052/
full#supplementary-material

function scaled using a single arterialised venous blood sample. Int. J. Oncol. 26,
1377-1383. doi:10.3892/ij0.26.5.1377

Cheebsumon, P., Velasquez, L. M., Hoekstra, C. J., Hayes, W., Kloet, R. W., Hoetjes,
N. J,, et al. (2011). Measuring response to therapy using FDG PET: Semi-quantitative
and full kinetic analysis. Eur. J. Nucl. Med. Mol. Imaging 38, 832-842. doi:10.1007/
500259-010-1705-9

Clark, C., Carson, R,, Kessler, R., Margolin, R., Buchsbaum, M., DeLisi, L., et al.
(1985). Alternative statistical models for the examination of clinical positron emission
tomography/fluorodeoxyglucose data. J. Cereb. Blood Flow Metabolism 5, 142-150.
doi:10.1038/jcbfm.1985.18

De Geus-Oei, L. F., Visser, E. P., Krabbe, P. F. M., Van Hoorn, B. A., Koenders, E. B.,
Willemsen, A. T, et al. (2006). Comparison of image-derived and arterial input

frontiersin.org


mailto:rupert.lanzenberger@meduniwien.ac.at
https://www.frontiersin.org/articles/10.3389/fphys.2023.1074052/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2023.1074052/full#supplementary-material
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.2967/jnumed.110.085662
https://doi.org/10.2967/jnumed.119.226597
https://doi.org/10.3892/ijo.26.5.1377
https://doi.org/10.1007/s00259-010-1705-9
https://doi.org/10.1007/s00259-010-1705-9
https://doi.org/10.1038/jcbfm.1985.18
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1074052

Reed et al.

functions for estimating the rate of glucose metabolism in therapy-monitoring 18F-
FDG PET studies. J. Nucl. Med. 47, 945-949.

Dimitrakopoulou-Strauss, A., Pan, L., and Sachpekidis, C. (2021). Kinetic modeling
and parametric imaging with dynamic PET for oncological applications: General
considerations, current clinical applications, and future perspectives. Eur. J. Nucl.
Med. Mol. Imaging 48, 21-39. doi:10.1007/s00259-020-04843-6

Dukart, J., Mueller, K., Horstmann, A., Vogt, B., Frisch, S., Barthel, H,, et al. (2010).
Differential effects of global and cerebellar normalization on detection and
differentiation of dementia in FDG-PET studies. Neurolmage 49, 1490-1495. doi:10.
1016/j.neuroimage.2009.09.017

Feng, D., Huang, S.-C., and Wang, X. (1993). Models for computer simulation studies
of input functions for tracer kinetic modeling with positron emission tomography. Int.
J. Bio-Medical Comput. 32, 95-110. doi:10.1016/0020-7101(93)90049-C

Fletcher, J. W., Djulbegovic, B., Soares, H. P., Siegel, B. A., Lowe, V. ], Lyman, G. H.,
et al. (2008). Recommendations on the use of 18F-FDG PET in oncology. J. Nucl. Med.
49, 480-508. doi:10A2967/jnumed.107.047787

Freedman, N. M. T., Sundaram, S. K., Kurdziel, K., Carrasquillo, J. A., Whatley, M.,
Carson, J. M., et al. (2003). Comparison of SUV and Patlak slope for monitoring of
cancer therapy using serial PET scans. Eur. J. Nucl. Med. Mol. Imaging 30, 46-53. doi:10.
1007/500259-002-0981-4

Graham, M. M., Muzi, M., Spence, A. M., O’Sullivan, F., Lewellen, T. K., Link, J. M.,
et al. (2002). The FDG lumped constant in normal human brain. J. Nucl. Med. 43,
1157-1166.

Gryglewski, G., Rischka, L., Philippe, C., Hahn, A., James, G. M., Klebermass, E., et al.
(2017). Simple and rapid quantification of serotonin transporter binding using [11C]
DASB bolus plus constant infusion. NeuroImage 149, 23-32. doi:10.1016/j.neuroimage.
2017.01.050

Gupta, T., Master, Z., Kannan, S., Agarwal, J. P., Ghsoh-Laskar, S., Rangarajan, V.,
et al. (2011). Diagnostic performance of post-treatment FDG PET or FDG PET/CT
imaging in head and neck cancer: A systematic review and meta-analysis. Eur. J. Nucl.
Med. Mol. Imaging 38, 2083-2095. doi:10.1007/s00259-011-1893-y

Hahn, A., Breakspear, M., Rischka, L., Wadsak, W., Godbersen, G. M., Pichler, V.,
et al. (2020). Reconfiguration of functional brain networks and metabolic cost converge
during task performance. eLife 9, €52443. doi:10.7554/eLife.52443

Hahn, A., Nics, L., Baldinger, P., Ungersbck, J., Dolliner, P., Frey, R,, et al. (2012).
Combining image-derived and venous input functions enables quantification of
serotonin-1A receptors with [carbonyl- 11C]WAY-100635 independent of arterial
sampling. NeuroImage 62, 199-206. doi:10.1016/j.neuroimage.2012.04.047

Hahn, A, Nics, L., Baldinger, P., Wadsak, W., Savli, M., Kraus, C,, et al. (2013).
Application of image-derived and venous input functions in major depression using
[carbonyl-11C]WAY-100635. Nucl. Med. Biol. 40, 371-377. doi:10.1016/].
NUCMEDBIO.2012.12.011

Hua, C., Merchant, T. E.,, Li, X,, Li, Y., Shulkin, B. L., Fazekas, F., et al. (2015).
Establishing age-associated normative ranges of the cerebral 18F-FDG uptake ratio in
children. J. Nucl. Med. : official Publ. Soc. Nucl. Med. 56, 575-579. doi:10.2967/jnumed.
114.146993

Huang, S. C. (2000). Anatomy of SUV. Standardized uptake value. Nucl. Med. Biol. 27,
643-646. doi:10.1016/S0969-8051(00)00155-4

Liu, G., Xu, H., Hu, P., Tan, H,, Zhang, Y., Yu, H., et al. (2021). Kinetic metrics of 18F-
FDG in normal human organs identified by systematic dynamic total-body positron
emission tomography. Eur. J. Nucl. Med. Mol. Imaging 48, 2363-2372. doi:10.1007/
500259-020-05124-y

Naganawa, M., Gallezot, J. D., Shah, V., Mulnix, T., Young, C., Dias, M., et al. (2020).

Assessment of population-based input functions for Patlak imaging of whole body dynamic
18F-FDG PET. EINMMI Phys. 7, 67. doi:10.1186/s40658-020-00330-x

Frontiers in Physiology

12

10.3389/fphys.2023.1074052

Osborne, D. R., Acuff, S., Cruise, S., Syed, M., Neveu, M., Stuckey, A., et al. (2015).
Quantitative and qualitative comparison of continuous bed motion and traditional step
and shoot PET/CT. Am. J. Nucl. Med. Mol. imaging 5, 56-64.

Osborne, D. R, and Acuff, S. (2016). Whole-body dynamic imaging with continuous
bed motion PET/CT. Nucl. Med. Commun. 37, 428-431. doi:10.1097/MNM.
0000000000000455

Patlak, C. S., Blasberg, R. G., and Fenstermacher, J. D. (1983). Graphical evaluation of
blood-to-brain transfer constants from multiple-time uptake data. J. Cereb. Blood Flow
Metabolism 3, 1-7. doi:10.1038/jcbfm.1983.1

Rahmim, A., Lodge, M. A, Karakatsanis, N. A., Panin, V. Y., Zhou, Y., McMillan, A.,
etal. (2019). Dynamic whole-body PET imaging: Principles, potentials and applications.
Eur. J. Nucl. Med. Mol. Imaging 46, 501-518. doi:10.1007/s00259-018-4153-6

Rischka, L., Gryglewski, G., Pfaff, S., Vanicek, T., Hienert, M., Klobl, M., et al.
(2018). Reduced task durations in functional PET imaging with [18F]FDG
approaching that of functional MRI. NeuroImage 181, 323-330. doi:10.1016/j.
neuroimage.2018.06.079

Sari, H., Hong, J., Eriksson, L., Shi, K., Conti, M., Alberts, I, et al. (2021). Kinetic
modelling of dynamic 18F-FDG datasets from long axial field-of-view PET scanner.
J. Nucl. Med. 62.

Van der Weerdt, A. P, Klein, L. J., Boellaard, R., Visser, C. A., Visser, F. C., and
Lammertsma, A. A. (2001). Image-derived input functions for determination of MRGlu
in cardiac 18F-FDG PET scans. J. Nucl. Med. 42, 1622-1629.

van Sluis, J., de Jong, J., Schaar, J., Noordzij, W., van Snick, P., Dierckx, R., et al.
(2019). Performance characteristics of the digital Biograph vision PET/CT system.
J. Nucl. Med. 60, 1031-1036. doi:10.2967/jnumed.118.215418

van Sluis, J., Yaqub, M., Brouwers, A. H., Dierckx, R. A. J. O., Noordzij, W., and
Boellaard, R. (2021). Use of population input functions for reduced scan duration
whole-body Patlak 18F-FDG PET imaging. EINMMI Phys. 8, 11. doi:10.1186/s40658-
021-00357-8

Viswanath, V., Pantel, A. R., Daube-Witherspoon, M. E., Doot, R., Muzi, M., Mankoff,
D. A, et al. (2020). Quantifying bias and precision of kinetic parameter estimation on
the PennPET explorer, a long axial field-of-view scanner. IEEE Trans. Radiat. Plasma
Med. Sci. 4, 735-749. doi:10.1109/trpms.2020.3021315

Vriens, D., De Geus-Oei, L. F., Oyen, W.]. G, and Visser, E. P. (2009). A curve-fitting
approach to estimate the arterial plasma input function for the assessment of glucose
metabolic rate and response to treatment. J. Nucl. Med. 50, 1933-1939. doi:10.2967/
jnumed.109.065243

Wang, G., Rahmim, A., and Gunn, R. N. (2020). PET parametric imaging: Past,
present, and future. IEEE Trans. Radiat. Plasma Med. Sci. 4, 663-675. doi:10.1109/
trpms.2020.3025086

Wu, H., Dimitrakopoulou-Strauss, A., Heichel, T. O., Lehner, B., Bernd, L., Ewerbeck,
V., et al. (2001). Quantitative evaluation of skeletal tumours with dynamic FDG PET:
SUV in comparison to Patlak analysis. Eur. J. Nucl. Med. 28, 704-710. doi:10.1007/
5002590100511

Yao, S., Feng, T., Zhao, Y., Wu, R, Wang, R., Wu, S, et al. (2021). Simplified protocol
for whole-body Patlak parametric imaging with 18F-FDG PET/CT: Feasibility and error
analysis. Med. Phys. 48, 2160-2169. doi:10.1002/mp.14187

Zanotti-Fregonara, P., Hines, C. S., Zoghbi, S. S., Liow, J. S., Zhang, Y., Pike, V. W,
et al. (2012). Population-based input function and image-derived input function for
["'C](R)-rolipram PET imaging: Methodology, validation and application to the study
of major depressive disorder. Neurolmage 63, 1532-1541. doi:10.1016/j.neuroimage.
2012.08.007

Zhang, X,, Xie, Z., Berg, E., Judenhofer, M. S., Liu, W., Xu, T, et al. (2020). Total-body
dynamic reconstruction and parametric imaging on the uEXPLORER. J. Nucl. Med. 61,
285-291. doi:10.2967/jnumed.119.230565

frontiersin.org


https://doi.org/10.1007/s00259-020-04843-6
https://doi.org/10.1016/j.neuroimage.2009.09.017
https://doi.org/10.1016/j.neuroimage.2009.09.017
https://doi.org/10.1016/0020-7101(93)90049-C
https://doi.org/10.2967/jnumed.107.047787
https://doi.org/10.1007/s00259-002-0981-4
https://doi.org/10.1007/s00259-002-0981-4
https://doi.org/10.1016/j.neuroimage.2017.01.050
https://doi.org/10.1016/j.neuroimage.2017.01.050
https://doi.org/10.1007/s00259-011-1893-y
https://doi.org/10.7554/eLife.52443
https://doi.org/10.1016/j.neuroimage.2012.04.047
https://doi.org/10.1016/J.NUCMEDBIO.2012.12.011
https://doi.org/10.1016/J.NUCMEDBIO.2012.12.011
https://doi.org/10.2967/jnumed.114.146993
https://doi.org/10.2967/jnumed.114.146993
https://doi.org/10.1016/S0969-8051(00)00155-4
https://doi.org/10.1007/s00259-020-05124-y
https://doi.org/10.1007/s00259-020-05124-y
https://doi.org/10.1186/s40658-020-00330-x
https://doi.org/10.1097/MNM.0000000000000455
https://doi.org/10.1097/MNM.0000000000000455
https://doi.org/10.1038/jcbfm.1983.1
https://doi.org/10.1007/s00259-018-4153-6
https://doi.org/10.1016/j.neuroimage.2018.06.079
https://doi.org/10.1016/j.neuroimage.2018.06.079
https://doi.org/10.2967/jnumed.118.215418
https://doi.org/10.1186/s40658-021-00357-8
https://doi.org/10.1186/s40658-021-00357-8
https://doi.org/10.1109/trpms.2020.3021315
https://doi.org/10.2967/jnumed.109.065243
https://doi.org/10.2967/jnumed.109.065243
https://doi.org/10.1109/trpms.2020.3025086
https://doi.org/10.1109/trpms.2020.3025086
https://doi.org/10.1007/s002590100511
https://doi.org/10.1007/s002590100511
https://doi.org/10.1002/mp.14187
https://doi.org/10.1016/j.neuroimage.2012.08.007
https://doi.org/10.1016/j.neuroimage.2012.08.007
https://doi.org/10.2967/jnumed.119.230565
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1074052

	Comparison of cardiac image-derived input functions for quantitative whole body [18F]FDG imaging with arterial blood sampling
	1 Introduction
	2 Materials and methods
	2.1 Participants and study design
	2.2 PET/CT data acquisition
	2.3 Processing pipelines
	2.4 Arterial blood sampling and AIF
	2.5 Automatically generated Patlak protocol
	2.6 Manual extraction and movement correction
	2.7 Quantification of cerebral glucose metabolism
	2.8 Statistical analysis

	3 Results
	3.1 Comparison of input functions
	3.2 Quantification with different input functions

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


