European Journal of Nuclear Medicine and Molecular Imaging (2021) 48:837-850
https://doi.org/10.1007/500259-020-05007-2

ORIGINAL ARTICLE

®

Check for
updates

Clinical feasibility and impact of fully automated multiparametric PET
imaging using direct Patlak reconstruction: evaluation of 103
dynamic whole-body '2F-FDG PET/CT scans

André H. Dias' ® - Mette F. Pedersen’ - Helle Danielsen’ - Ole L. Munk 2@ - Lars C. Gormsen 2

Received: 22 May 2020 / Accepted: 18 August 2020 / Published online: 7 September 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020, corrected publication 2021

Abstract

Purpose Functional imaging by standard whole-body (WB) '*F-flurodeoxyglucose (FDG) positron emission tomography (PET)
is an integrated part of disease diagnostics. Recently, a clinical dynamic whole-body (D-WB) FDG PET/CT scanning protocols
has been developed allowing for quantitative imaging of tissue metabolic rate of FDG (MRgpg). It was the purpose of this
retrospective study to evaluate whether MRgpg imaging is feasible in a clinical setting and whether it improves lesion
detectability.

Methods One hundred nine patients representing a broad range of referral indications for FDG PET/CT were invited to undergo a
D-WB FDG PET/CT scan. Two sets of images were produced: parametric images and standard static SUV images. Both sets of
images were reviewed visually, and 310 individual lesions were quantitatively analysed using the target-to-background (TBR)
and contrast-to-noise (CNR) metrics.

Results One hundred three out of 109 patients completed the D-WB FDG PET/CT scan. There was no difference in the number
of pathological lesions identified visually on the MRgpg and the SUV images, whereas MRgpg images yielded 4 fewer false
positives than the SUV images. Quantitatively, MRgpg TBR was significantly higher than SUV TBR in 299/310 lesions, and
better MRgpg CNR was found to facilitate the challenging reading of lesions with low SUV TBR.

Conclusion D-WB FDG PET/CT is feasible in a clinical setting and produces MRgpg images of good visual quality and superior
lesion contrast. In addition, MRgpg images complement the standard SUV images providing better quantification and enhanced
image reading. However, although MRgpg also reduced the number of false-positive findings, no additional malignant lesions
were identified. The technique therefore appears to be best suited for select patient groups or possibly treatment response
evaluation.
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Introduction

Functional imaging by '*F-flurodeoxyglucose (FDG) positron
emission tomography (PET) is an integrated part of diagnos-

Ole L. Munk and Lars C. Gormsen contributed equally to this work.

This article is part of the Topical Collection on Oncology - General

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00259-020-05007-2) contains supplementary
material, which is available to authorized users.

>4 Lars C. Gormsen
lars.christian.gormsen @clin.au.dk

Department of Nuclear Medicine & PET Centre, Aarhus University
Hospital, Palle Juul-Jensens Boulevard 165, DK-8200 Aarhus
N, Denmark

Department of Clinical Medicine, Aarhus University,
Aarhus, Denmark

tics and follow-up of several malignant and non-malignant
diseases [1-3]. FDG is a glucose analogue and therefore well
suited to image glucose- and thus energy-consuming process-
es such as malignancy or activated inflammatory cells.
Current FDG PET/CT imaging guidelines [4] advocate acqui-
sition of static whole-body (WB) FDG PET/CT scan at a
predefined time point, usually 60 min after tracer administra-
tion. PET/CT images are reviewed qualitatively for FDG up-
take deemed pathological by thresholds set out in disease-
specific guidelines or by local nuclear medicine physician
experience. At times, a purely visual evaluation of FDG avid-
ity may be supplemented by the standardized uptake value

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-020-05007-2&domain=pdf
https://orcid.org/0000-0003-3184-3468
https://orcid.org/0000-0002-7232-5088
http://orcid.org/0000-0002-0144-1305
https://doi.org/10.1007/s00259-020-05007-2
mailto:lars.christian.gormsen@clin.au.dk

838

Eur J Nucl Med Mol Imaging (2021) 48:837-850

(SUV), a semi-quantitative measure of glucose uptake [5].
This practice is logistically simple and has ensured a certain
inter-observer and inter-institution reproducibility in produc-
ing and reading FDG PET/CT scans. However, although
steadily increasing the use of static FDG PET/CT in diagnos-
tic workups attests to the general usefulness of this approach,
several methodological issues still inhibit the correct interpre-
tation of the FDG PET/CT scans.

First, static FDG PET/CT represents a snapshot of accumu-
lated tracer 60 min post-injection. Any information contained
within the blood clearance of tracer or tissue tracer buildup is
therefore by design lost and a lesion may appear more FDG
avid solely due to delayed timing of the scan. Similarly, SUV
images are dependent on many factors such as scanner cali-
bration, non-perfect injections and the subject’s body compo-
sition. From a clinical perspective, this is particularly prob-
lematic when FDG PET/CT is performed as part of treatment
response evaluation [6, 7]. Second, static FDG PET imaging
captures not only FDG-6-P retained in glucose consuming
tissue but also a substantial background of unbound FDG in
tissue and circulation. This may complicate the PET/CT eval-
uation of vascularized organs such as the liver, where lesions
may not be visible above the background activity [8]. Third,
although blood glucose levels should ideally be kept below
11 mmol/l at the timing of the FDG PET/CT injection [4],
blood glucose excursions between 5 and 11 mmol/l may still
impact on tissue radioactivity due to competitive uptake of
endogenous glucose and FDG. This is most evident in the
brain [9, 10] but may also affect FDG uptake by, e.g. tumours
[11]. Collectively, these pressing issues concerning static
FDG PET/CT warrant studies of how to optimize the imaging
modality for clinical purposes. In this context, dynamic
whole-body FDG PET/CT imaging of patients referred to
PET/CT as part of diagnostic workup or treatment response
evaluation is particularly appealing.

The use of dynamic imaging in PET is obviously not a
novel concept [12] with literally thousands of published stud-
ies involving a wide range of tracers and analytical ap-
proaches. Traditionally, dynamic PET examinations were
confined to a single-bed position with limited axial field-of-
view and concurrent labour-intensive invasive blood sam-
pling. Thus, despite the massive use in research settings, dy-
namic PET protocols have not translated into clinical oncolo-
gy, where high-throughput WB PET/CT examinations are re-
quired for the assessment of disseminated disease. However,
recent advances in PET scanner technology and software
packages are about to change that [13]. The use of multi-pass,
multi-bed PET acquisition has been used to perform dynamic
WB (D-WB) imaging [14, 15] covering the entire body. The
method acquires data non-continuously with time gaps be-
tween passes that is suitable for kinetic modelling using the
linear Patlak analysis [16, 17] for estimation of the net irre-
versible uptake rate. It has been shown that invasive arterial
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input blood sampling can be image-derived from voxels with-
in the aorta or left ventricle [18]. Furthermore, new reconstruc-
tion algorithms [19] allow the creation of parametric images
directly from PET sinogram data faster and with lower noise
than traditional image-based methods.

While standard static FDG PET/CT produces a single SUV
image, D-WB FDG PET/CT produces an additional output of
two parametric images: the MRgpg images, representing the
metabolic rate of FDG into the tissue, and the DVgpg images,
representing the distribution volume of free FDG in the re-
versible compartments and the fractional blood volume.
Whereas SUV images sum the entire FDG signal, the para-
metric images essentially allow for differentiation between
free FDG and bound FDG-6-P.

So far, however, the clinical impact of D-WB PET scans
has only been the subject of few studies, of which the largest
included 118 lesions in 18 patients [20]. It is therefore still
largely unexplored whether the introduction of D-WB with
associated parametric images adds clinical information above
and beyond what can be obtained by standard static FDG
PET/CT. This information is of paramount importance since
the replacement of a simple clinical method with a more labo-
rious procedure should carry significant benefits to patients.

We performed both D-WB and static PET/CT’s in a range
of patients referred to FDG PET/CT on various indications. It
was our goal with this review of 101 patients referred for a
broad range of indications to evaluate (1) whether the acqui-
sition of D-WB FDG PET is feasible in a clinical setting, (2)
whether MRypg images are quantitatively superior to SUV
images assessed by lesion target-to-background and contrast-
to-noise measurements and (3) to determine if the acquisition
of D-WB FDG PET/CT translates into clinical value in terms
of improved lesion detection.

Materials and methods
Patient population

This was a retrospective study designed to evaluate D-WB
FDG PET/CT and static FDG PET/CT lesion detection capa-
bility in patients referred to FDG PET/CT. Due to the retro-
spective nature of the study, individual patient consent was
waived by the local ethics committee (Region Midtjylland).
Access to patient files was granted by the Danish Patient
Safety Authority (31-1521-59).

Patients were scheduled for the D-WB protocol if they
were deemed fit to lie still for 70 min while in the PET/CT
scanner. We attempted to scan a wide variety of patients and
pathologies (see Table 1).

In total, we performed 103 complete D-WB PET/CT scans
in 101 patients, and 310 lesions were evaluated. Two patients
were scanned twice, at two different dates, when referred for
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Table 1 Scan indications and demographic distribution of patient population
Scan indication Number of patients Age distribution*

Total Male Female Total Male Female
Breast cancer 1 0 1 61 - 61
Cancer of unknown primary origin 6 3 3 62 [31-77] 56 [51-77] 68 [31-73]
Gynaecologic cancer 1 0 1 16 - 16
Head and neck cancer 3 2 1 55 [48-58] 51.5 [48-55] 58
Infection and inflammation 22 11 11 65 [18-91] 65 [47-91] 65 [18-72]
Lower digestive cancer 8 4 4 59 [55-78] 64 [55-78] 59 [56-71]
Lung cancer 36 18 18 67.5 [46-77] 67.5 [54-77] 67.5 [46-77]
Lymphoma 18 13 5 56.5 [22-77] 56 [22-77] 57 [41-73]
Testicular cancer 1 1 0 29 29 -
Upper digestive cancer 3 2 1 54 [53-55] 53.5 [53-54] 55
Urologic cancer 2 2 0 70.5 [70-71] 70.5 [70-71] -
Total 101 56 45 65 [16-91] 65 [22-91] 65 [16-77]

*Values presented as median [range]

follow-up scanning according to standard PET clinical indica-
tion protocols in use at the hospital. Lesion pathology was
verified by biopsy, other imaging modalities or clinical fol-
low-up.

Data acquisition and image reconstruction

The patients were scanned using a fully automated
multiparametric PET acquisition protocol (FlowMotion
Multiparametric PET, Siemens Healthineers, Knoxville,
USA) on a Siemens Biograph Vision 600 PET/CT scanner
(Siemens Healthineers, Knoxville, USA) with 26.2-cm axial
field-of-view.

Patients were informed about the prolonged examination
procedure and comfortably placed in the scanner using posi-
tioning aid and supporting pillows [21]. Blood glucose level
was measured, and an Intego PET Infusion System
(MEDRAD, Inc., Warrendale, PA, USA) was connected to a
peripheral venous catheter in the patient’s arm. First, a low-
dose WB CT (25 Ref mAs, 120 kV, CareDose4D, CarekV,
Admire level 3) was performed. Then, the 70-min
multiparametric PET acquisition protocol was started at the
time of injection of FDG (4 MBq/kg). This protocol consisted
of (1) a 6-min dynamic scan with the bed fixed at the chest
region including organs as heart, liver and most importantly
aorta and (2) a 64-min dynamic WB PET scan consisting of
16 continuous bed motion passes. For the first 60 patients, the
bed speed of the WB passes was set to have 9 X 2-min passes
followed by 4 x 10-min passes, and for the next 49 patients,
the WB passes were set to have 7 x 2-min WB passes follow-
ed by 9 x 5-min WB passes. The total PET scan time includ-
ing bed motion between the craniocaudal WB passes was
70 min. The process of data acquisition is shown in Fig. 1,

and the protocol generates both our standard-of-care static
SUV image and additional parametric images.

Our standard-of-care static clinical PET images were re-
constructed using PET software version VG76A and list-
mode data from 60 to 70 min (reconstruction parameters:
TrueX+TOF, 4 iterations, 5 subsets, 440 matrices, 2-mm
Gaussian filter and relative scatter correction). The SUV im-
ages were normalized to body weight.

After PET data acquisition, the automated multiparametric
scan protocol automatically identified aorta on the low-dose
WB CT scan [22] and placed a VOI (1.6 mm? cylinder) from
which an arterial image-derived input function (IDIF) was
extracted from the full dynamic PET series of the chest region,
i.e. the first 6 min, combined with the chest region of the
subsequent WB passes. The automated aorta landmarking
failed in one patient, and we had to manually outline the aorta
VOI.

The multiparametric scan protocol generates parametric
images based on the Patlak model that assumes a single arte-
rial input function, any number of reversible compartments
and an irreversible compartment where tracer remains bound.
The Patlak model is only valid after some time when the free
tracer has reached a steady state between blood and tissue. The
parameters are the Patlak slope (K;), which is the rate of irre-
versible uptake, and the Patlak intercept (DV), which is the
apparent distribution volume of non-metabolized tracer [16,
17]. In this study, we used the patient’s measured blood glu-
cose to obtain the metabolic rate of FDG, MRypg = K; x blood
glucose. Parametric images of MRgpg and DVgpg were gen-
erated using the nested direct Patlak reconstruction method
[23] using list-mode data from the 6 last passes, i.e. 40—
70 min, and the automatically generated IDIF (reconstruction
parameters: TrueX+TOF, 8 iterations, 5 subsets, 30 nested
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Fig. 1 All patients were scanned
using a 70-min D-WB PET/CT
protocol consisting of 6-min dy-
namic PET scans of the chest re-
gion followed by a 64-min D-WB
PET scan. Low-dose CT scans
were acquired before and after the
PET scans. The combination of
the full aorta input curve, (red
curve in graph a) with the late
tissue activity curves (black
curves in graph a), allows the use
of the Patlak linearization (b) for
multiparametric imaging (c).
SUV images are reconstructed
using D-WB data from 60 to

70 min, whereas the parametric
images of MRgpg and DVgpg are
reconstructed using D-WB data
from 40 to 70 min. Note on graph
a how SUV values at 60 min are
similar for the lesions in the upper
arm and lung, whereas the time-
activity curves are markedly dif-
ferent, which is revealed in the
multiparametric images. This re-
sults in a false-positive finding on
SUV (thin arrows) in the right
upper arm of a patient with lung
cancer (thick arrows). Further in-
vestigation with ultrasound and
biopsy did not identify any ma-
lignancy in the area, as was sug-
gested by MRFDG and DVFDG
images

loops, 440 matrices, 2-mm Gaussian filter and relative scatter

correction).
Image analysis

Visual

Parametric Patlak images of MRgpg and DVgpg were
visually compared with standard 60-min static SUV
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images using Hermes® (V0413) (Hermes Medical

Solutions AB, Stockholm, Sweden). Visual comparisons
(sharpness of contours, noise and lesion detectability)
were performed by two nuclear medicine physicians
(AHD with 6 years of PET experience and LCG with
12 years of PET experience). The semi-quantitative anal-
ysis and analysis of dynamic images were performed by

AHD using PMOD® 4.0 (PMOD Technologies Ltd.,
Ziirich, Switzerland).
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Quantitative

In all D-WB studies, representative target lesions were
selected by AHD. A VOI was drawn around the respec-
tive regions and PMOD’s isocontour tool was used
(threshold set to 50% of max) to obtain the final target
region. Background regions were manually drawn in ad-
joining tissue. Lesion detectability by a human observer is
a complex task depending on signal, background, noise,
shape, size, location and experience. We used target-to-
background ratio (TBR) and contrast-to-noise ratio (CNR)
as two objective metrics for quantitative assessment of
image quality in terms of “lesion detectability”. TBR for
mean and max is given as:

_ MEAN(target signal)
TBR 1) =
MEAN (signal) MEAN (background signal)

. MAX (target signal)
TBR 1) =
wax(signal) MEAN (background signal)

which we measured on SUV images, TBRypan(SUV) and
TBRyMax(SUV), and on parametric MRgpg images,
TBRMEAN(MRFDG) and TBRMA)((MRFDG). Detectable le-
sions must have a TBR > 1, and higher TBR indicates better
lesion detectability except in special cases with low-target
signal combined with extremely low background signal.
CNR is the lesion contrast (target signal — background
signal) divided by noise (standard deviation in the back-
ground, Opackground)- CNR for mean and max is given as:

CNRMEAN (signal)

_ MEAN(target signal)-MEAN (background signal)
Obackground

CNRpax (signal)

_ MAX(target signal)-MEAN (background signal)
Obackground

which we measured on SUV images, CNRypan(SUV) and
CNRyax(SUV), and on parametric MRgpg images,
CNRpMean(MREpg) and CNRyax(MRepg). Higher CNR in-
dicates better lesion detectability.

A total of 310 target regions (VOIs) were analysed. Target
areas were visually assessed from PET images and classified
into benign, equivocal benign/malign or malign. This visual
evaluation was afterwards compared with reference standards,
such as results from biopsy, evaluation and evolution of the
lesions in complementary imaging techniques and with clini-
cal information and follow-up.

Statistical analysis

The statistical and graphical analysis of the extracted data
were performed using Stata 16 and Graphpad Prism 8.4.2.
Comparison of TBRypan(MRrpG)/ TBRyEAN(SUV) ra-
tios between disease categories was done by Kruskal-
Wallis (for group comparisons of more than two) or the
Mann-Whitney test (for post hoc non-paired compari-
sons). CNRyean(MREpG)/CNRyean(SUV) ratios were
tested against a median of 1 using the Wilcoxon signed-
rank test for each individual group. Spearman’s rank cor-
relation was used to assess the relationship between SUV
and K;. In all the tests, a p value <0.05 was considered
significant.

Results
Clinical feasibility of D-WB scanning

D-WB PET scans were scheduled for the first patient slot
of the day. Thus, the long examination time did not delay
the daily schedule as participating patients were simply
injected while placed in the scanner instead of in a bed
in the designated “uptake” room. Thorough scan proce-
dure information and careful patient handling and posi-
tioning were crucial to make patients feel comfortable
and enable the prolonged 70-min examination [21]. The
first 30 patients were scanned with arms down, but sub-
sequent patients were scanned with their arms above the
head. Of the first 109 multiparametric scans, 103 were
successful (and analysed in this paper), and 6 failed (2
patients became ill, 3 patients had to visit the restroom
and the Intego injector failed once). In all 6 cases, where
the multiparametric scan had to be interrupted, the pa-
tients were able to receive the standard-of-care 60—
70 min static WB PET scan after a short break.

Biopsy results

Ninety-seven out of 103 PET scans had areas considered
of interest by the study researcher, including both benign
and malignant areas. Six scans were without areas of
pathological FDG uptake on the SUV images or signal
above background on the MRppg images and no VOIs
were consequently drawn on these. A total of 310 VOIs
(lesions) were analysed, of which 120 lesions were of
benign appearance, 17 lesions of equivocal appearance
(benign or malign) and 173 lesions suspect of malignan-
cy. Verification (biopsy, imaging or clinical) of these 310
lesions is presented in Table 2.
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Visual appearance of the scans

All D-WB PET images were rated of visual good quality
(resolution, sharpness of contours, noise, presence of arte-
facts) by both reviewers and were comparable with standard

static SUV images as shown in the examples below (Fig. 2a—
d). In general, MRgpg images were by design characterized
by absent or sharply reduced signal in vascularized tissues
(liver, mediastinum, spleen, large vessels and renal pelvises)
and with a tendency towards slightly increased signal intensity

Table 2  Distribution of VOIs by visual assessment of PET images and subsequent confirmation by reference standards

Scan indication Total of patients ~ Visual PET assessment of VOIs  Biopsy Imaging Clinical No follow-up Total VOI total
Breast cancer 1 Benign - - - - - 4
Benign/malign - - - - -
Malign 4 - - - 4
CUPO* 6 Benign 1 - 3 - 4 12
Benign/malign - - - - -
Malign 7 - - 1 8
Gynaecologic cancer 1 Benign - - 1 - 1 3
Benign/malign - - - - -
Malign 2 - - - 2
Head and neck cancer 3 Benign 1 3 - - 4 6
Benign/malign - - - 1 1
Malign 1 - - - 1
Infection and inflammation 22 Benign 5 1 53 - 59 61
Benign/malign - - 1 - 1
Malign - - 1 - 1
Lower digestive cancer 8 Benign - 3 5 - 8 29
Benign/malign - 1 - - 1
Malign 18 2 - - 20
Lung cancer 36 Benign 1 6 15 - 22 127
Benign/malign 4 4 2 2 12
Malign 86 6 - 1 93
Lymphoma 18 Benign 4 2 14 - 20 56
Benign/malign 1 1 - - 2
Malign 27 6 - 1 34
Testicular cancer 1 Benign - - - - - 1
Benign/malign - - - - -
Malign 1 - - - 1
Upper digestive cancer 3 Benign - - 1 - 1 7
Benign/malign - - - - -
Malign 3 2 - 1 6
Urologic cancer 2 Benign - - - - 1 4
Benign/malign - - - - -
malign 3 - - 1 3
Total 101 170 37 96 8 310

*CUPO, cancer of unknown primary origin
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Fig. 2 a Example of enhanced detectability of hepatic lesions caused by
reduced vascular background. The patient suffered from relapsing colon
cancer with single liver metastasis (arrow). The MRgpg image shows
better TBR than the SUV image. b Example of significant free FDG in
the malignant lesions clearly visible on the DVgpg image. The patient
was diagnosed with adenocarcinoma of the lung. PET showed
disseminated disease with multiple pulmonary, lymph node and bone
metastases. Note on MRgpg images the improved mediastinal lymph
nodes target-to-background when compared with the SUV image but also
the marked signal in the bone metastases on the DVgpg image. ¢ Example
of almost exclusively irreversible FDG uptake by malignant lesions.

£
£
£
=
s
£
5

0.000

0

i Ol

15
£
£
£
=
s
£
i

Lesions are clearly visible on the MRgpg image and to a large extent
absent on the DVgpg image. The patient suffered from an adenocarcino-
ma of the rectum with soft tissue metastases in the pelvis as well as
dissemination to mediastinal lymph nodes, the lungs and the liver (arrow).
d Example of a patient with non-malignant disease. The patient was
referred to suspicion of malignant lymphoma and the PET scan revealed
avid FDG uptake in multiple enlarged lymph nodes in the mediastinum
and a conglomerate of lymph nodes on the right side of the abdomen.
Biopsy from the abdominal conglomerate showed only granulomatous/
inflammatory changes, and the patient is currently being treated for sar-
coidosis with good clinical response
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Fig. 2 (continued)
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from the gastric ventricle and intestines. The DVgpg images
were characterized by high-signal intensity in the vascularized
organs not visible on the MRrpg images but also by some
signal from both benign and malignant lesions.

Visual lesion detection

Overall, visual lesion detection in terms of the number of
identified lesions was almost identical in MRgpg images and
SUV images, with a few notable exceptions. In four patients,
SUV images revealed FDG avid foci in soft tissue or adjoining
vessels, which could not confidently be written off as arte-
facts. In one patient with pulmonary cancer, shown in Fig. 1,
several biopsies were made to ensure that a subcutaneous
SUV image FDG avid focus was not a metastasis. These foci
were completely absent from the MRgpg images and visible
on the DVgpg images indicating (correctly) that the SUV
image FDG avidity was due to free tracer. However, although
the absence of background activity in, e.g. the liver and the
mediastinum facilitated easier reading of the MRypg images,
no additional pathological lesions were identified.

We next evaluated whether lesions deemed “benign” or
“malignant” appeared qualitatively different on the MRypg
images than on SUV images. This was not the case: as seen
in Fig. 2b, malignant metastases from pulmonary cancer ap-
peared with the same signal intensity on SUV and MRgpg
images and correspondingly, no visual difference was ob-
served in the appearance of benign granulomatous lesions
(Fig. 2d).

Figure 3 shows the relation between quantitative (Kj nean)
and semi-quantitative (SUV ,eqan) measurements of lesion me-
tabolism. As seen, there was generally an excellent correlation
between SUV and K; (Spearman » = 0.93) with a few malig-
nancies deviating from the line of identity. Of interest and as
expected, fast-growing and cell-rich malignancies such as

lymphomas and histiocytic sarcomas had K; values above
the line of identity, whereas vascularized malignancies such
as sarcomatoid tumours had K; values below the line of
identity.

Quantitative lesion target-to-background analysis

As seen in Fig. 4, the observed lesion TBR was superior in the
MRgpg images as indicated by the location 0f 299/310 lesions
above the line of identity. The most pronounced difference in
lesion TBR between MRypg images and SUV images was
observed in metastases from pulmonary cancer and lympho-
ma lesions where TBR for MRgpg images were as high as
150. In the lower range of TBR, where lesions may be more
difficult to discriminate from a background (Fig. 4c), there
was no apparent pattern in the distribution of malignant and
benign lesions. The 11 lesions with higher SUV TBR than
MRgpg TBR were predominantly benign lesions.

We next evaluated whether lesion TBR distribution was
influenced by the histology of lesions. This was done by di-
viding TBRypan(MRgpg) with the TBRypan(SUV) and
comparing this index between disease groups. Any value
above 1 indicates more intense lesions in the MRgpg images.
As seen in Flg 5, TBRMEAN(MRFDG)/TBRMEAN(SUV) ratio
was significantly higher in some malignant lesions (notably
GI cancers and pulmonary cancers) than in the inflammatory
and infectious (benign) lesions. Also, when comparing all
malignant lesions with benign lesions, TBRypan(MRgpg)/
TBRMpeaAN(SUV) ratio was significantly higher (right panel).
However, although TBRypan(MREpg) thus appeared to be
predominantly higher in the malignant lesions on a group
level, there was a significant overlap on individual lesion lev-
el. In short, TBR levels cannot be used to distinguish between
benign and malignant lesions.

Fig. 3 Correlation of SUV yean 0.157 Bulk tumor in pt. with Spearman r =0.9320
and K; mean- Insert containing the B-cell lymphoma  ®
lower range of SUV ,can. The 4
false-positive outliers were re- ' )
moved from this plot a7 P
p Ovarian cancerg B-cell lymphomae lymphoma
01 0- ® Squamous cell tumor of the
c lung
4] LN metastasis from >
dE.) histiocytic sarcoma™~, o ° ® Esophageal tumor, low differentiated
(same patient) o
! ° L 0.03
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Fig. 4 Distribution of analysed volumes of interest by classification into
“benign”, equivocal “benign/malign” and “malign” showing a clear
predominance of lesions favouring MRgpg imaging. Graph a with the

Finally, we explored whether quantitative image quality
represented by CNR differed between D-WB and static PET
(the ratio between CNRyean(MREpg) and CNRyean(SUV).
This can be considered a measure of the “image readability”
and the value 1 represents equality between the two ap-
proaches. We did this under four different and challenging
clinical circumstances: (1) low background/low TBR
(representing, e.g. adenocarcinoma of the lungs), (2) low
background/high TBR (representing, e.g. squamous cell car-
cinoma of the lungs), (3) high background/low TBR (e.g.
splenic marginal zone lymphoma), (4) high background/high
TBR (hepatic metastasis). We chose a mean SUV =2 and
TBRMEan(SUV) =2 as the cutoff between high and low
background and TBR. As seen in Fig. 6, groups 1 and 3 had
CNRpEaN(MREDG)/CNRyEaAN(SUV) significantly above 1,
and group 3 had CNRyax(MRgpG)/CNRyAx(SUV) signifi-
cantly above 1, indicating that lesions characterized by a low
TBR are more easily detected on the MRgpg images.
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distribution of all VOIs (N=310), b with zoom on area 25 x 25 TBR
(N=262), ¢ with zoom on area 5 x5 TBR (N=67)

Representative examples of lesions in group 3 and plots of
CNR(MRgpg) vs CNR(SUV) are shown in the supplemental
material.

Discussion

This retrospective study demonstrates that fully automated
multiparametric WB FDG PET imaging is feasible in a clin-
ical setting as demonstrated by our 103/109 successful scans.
The resultant MRgpg images are of visual good quality in
terms of sharpness, background noise and resolution, and
quantitative lesion TBR(MRgpg) is superior to TBR(SUV).
In addition, parametric imaging of “free” tracer by the
DVipg images allows for correct identification of small
SUV image foci as artefacts increasing the specificity of
FDG PET/CT. However, the quantitative superiority in le-
sion detection by MRgpg imaging does not translate into the
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Fig. 5 TBRyeaN(MREpG)/ TBRMEAN(SUV) comparison between
individual disease subtypes as well as between the visual classification
categories of “benign”, equivocal “benign/malign” and “malign” lesions.
Comparison of TBRypan(MRppG)/ TBRyEAN(SUV) ratios between
disease categories was done by Kruskal-Wallis (for group comparisons
of more than two) or the Mann-Whitney test (for post hoc non-paired
comparisons). Comparison between visual classification categories was
done by the Mann-Whitney test

detection of more lesions, i.e. the sensitivity of MRgpg im-
aging is equal to SUV imaging, at least in a patient cohort
containing a significant proportion of oncological staging
scans. Also, although MRypg imaging generally produces
greater lesion TBR in malignant than in benign lesions, le-
sion TBR alone cannot be used to distinguish between be-
nign and malign lesions. There may be several explanations
for our observed comparable clinical performance of stan-
dard SUV and multiparametric FDG PET imaging. As
shown in Fig. 3, we observed an excellent correlation be-
tween SUV and K;. The benefit of parametric images is es-
sential that they allow for differentiation between reversible
free FDG in the blood (DVgpg) and the irreversible uptake in
the form of FDG-6-P (MRgpg), whereas SUV represents the
combined signal. Thus, a signal in the MRypg image is al-
ways associated with a SUV signal (and not the other way
around). Whether the SUV value is recognized as a signal of
pathology largely depends on the background activity, i.e.
the free unbound FDG. In this regard, it is of interest that our
patient cohort was characterized by a large fraction of pa-
tients suffering from pulmonary cancers and thoracic inflam-
matory diseases, where the pathological lesions were primar-
ily located in tissue devoid of free background FDG activity.
In these patients, the comparable lesion detectability was
therefore foreseeable.

Similar deliberations have previously led others to suggest
a more targeted approach to the use of parametric imaging.
Karakatsanis et al. [14, 24] divided oncology FDG PET
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Flg. 6 CNRMEAN(MRFDG)/CNRMEAN(SUV) ratios (a) and
CNRpax(MREpG)/CNRyAx(SUV) ratios (b) divided into groups under
four different and challenging clinical circumstances based on SUV: (1)
low background/low TBR, (2) low background/High TBR, (3) high
background/low TBR, (4) high background/high TBR. We chose a mean
SUV =2 and also TBR =2 as the cutoff between high and low back-
ground and TBR. Displayed p values represent the result of the
Wilcoxon signed-rank test for each individual group against a median
of 1. The four open circles are false positives. The CNRypan plot (a)
shows 151 points over 1 and 159 points under 1. The CNRy;ax plot (b)
shows 182 points above 1 and 128 points below one. Thus, contrast-to-
noise was better for MRgpg than SUV in around half of the lesions, which
indicate that the D-WB examination (with both SUV and MRgpg images)
leads to improved detection of these lesions
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studies into three categories: (a) high-uptake tumours
surrounded by high and constant background activity, (b)
low-uptake tumours surrounded by low background activity
and (c) high-uptake tumours surrounded by low background.
According to Karakatsanis et al., MRgpg is most likely of
additional value in the case of high-uptake tumours
surrounded by high background activity, whereas it is less
likely that MRgpg adds further useful clinical information in
the case of low-uptake tumours—even when background ac-
tivity is low. Of interest and in line with our findings, they also
observed negligible value of MRgpg in pulmonary cancers
compared with standard SUV imaging.

However, even in patients with fast-growing malignancies
characterized by metastases to the liver (corresponding to
group a in the above), we observed no additional lesions on
the MRgpg images. As depicted in Fig. 2a and c, patients with
hepatic metastases from colorectal cancers had lesions clearly
visible on SUV images despite significantly poorer TBR than
in the MRgpg images. Colorectal malignancies are generally
fast growing reflected by a high Ki-67 index [25] and conse-
quently, glucose and FDG uptake by hepatic metastases is
considerable with corresponding SUV values well above
background activity, even in the liver. We therefore believe
that the most optimal use of MRgpg imaging may be in pa-
tients with less fast-growing hepatic pathologies such as low-
malignant lymphomas (e.g. splenic marginal zone lymphoma)
or even inflammatory diseases (sarcoidosis or infection). As
we observed in our CNR analysis (Fig. 6), conditions of high
background SUV coupled with low TBR(SUV) were associ-
ated with superior MRgpg readability. However, we also ob-
served quantitatively superior image readability in lesions
with low background SUV and low TBR(SUV).

Other factors may also contribute to the similar lesion de-
tectability between multiparametric and standard SUV imag-
ing. Although our MRgpg images were of visual good quality
and lesion TBRs were better than in the SUV images, the D-
WB PET imaging is still a nascent technique. It is conceivable
that a novel noise pattern and the authors’ relative unfamiliar-
ity with reading MRppg images may have obscured lesion
detection in the MRypg images. Lesions and surrounding nor-
mal tissues in different organs can reach steady state between
blood and tissue at different time scales, and the tissues can

Table 3  Advantages and disadvantages of D-WB FDG PET/CT

exhibit varying degree of reversible kinetics with considerable
rates of dephosphorylation, as in liver tissue, which can lead to
biased MRypg estimates. Additionally, we found that noise
and artefacts, e.g. caused by lesion motion, can affect SUV,
MRgpg and DVgpg differently. Thus, optimal visual reading
of the combined set of SUV, MRypg and DVgpg images is a
challenging task. In this context, it should be noted that the
image reconstruction parameters for 60—70-min SUV imaging
have been thoroughly optimized, e.g. using experience from
phantom experiments, whereas parameters for
multiparametric imaging, such as reconstruction parameters
and the timing of the WB passes, could potentially be adjusted
to obtain better contrast-to-noise.

Some limitations of the study must be acknowledged. First,
patients were selected primarily based on a quick evaluation
of whether they were deemed fit to lie still in the PET scanner
for the 70-min duration of the scan. The composition of the
patient cohort in terms of referral indications is therefore not
as diverse as we would have preferred and results are conse-
quently not immediately applicable to any clinical setting. In
particular, we would have liked to include patients with poorly
controlled diabetes to observe, whether MRrpg may add to
lesion detectability under conditions of high background ac-
tivity caused by hyperglycaemia. It is possible that
TBR(MRgpg) is better than TBR(SUV) in patients with poor-
ly controlled diabetes and corresponding high blood glucose
levels. Finally, the patient cohort represents our first experi-
ences with positioning the patients, and movement artefacts
were therefore a problem in the MRypg images. Shorter D-
WB MRgpg protocols will probably overcome this problem.

In this study, MRgpg images were calculated from 30-min
PET data as compared with 10-min SUV images. Thus, the
standard static examination is clearly faster and simpler to
perform with higher throughput in the daily clinic than the
fully automated D-WB protocol. However, our study shows
that it is possible to incorporate a D-WB protocol as part of the
daily clinic, where we routinely scan several patients weekly.
Still, the D-WB PET examination time could be shortened to
only include the final passes needed for multiparametric re-
construction, which can be accomplished by replacing the
image-derived (aorta) input function with a population-based
input function scaled to the late time points in the aorta. This

Advantages

Disadvantages

* Contains both the static SUV image and multiparametric images
(MRgpg, DVEpg) in the same examination

* Potential for more precise quantification of tumour metabolism
and treatment response

* Improved image readability due to better TBR and CNR

* Fewer false-positive findings

* Longer acquisition protocol

* Increased sensitivity to patient movement

* Altered overall PET image appearance and lesion-to-background
patterns necessitating training of reading physicians

» New technology that still needs further optimization (scan protocol,
image reconstruction) and validation for different patient
groups and radiotracers
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will be a major aim of the ongoing optimization of the tech-
nique. It is our belief that we will be able to shorten the current
D-WB PET scan protocol to 30 min—and with the sensitivity
of contemporary PET scanners, useful D-WB protocols could
probably be as short as 20 min. Further studies are needed to
address whether the use of population-based input functions is
robust and applicable to all patient groups. A short 20-min
scan protocol is more likely to be tolerated by all patients
and would be less prone to motion artefacts in the
multiparametric images caused by organ and lesion move-
ment between WB passes during extended examinations.
Ideally, further development of multiparametric PET imaging
should include motion compensation to allow completely
aligned images of SUV, MRrpg and DVgpg. Taken togeth-
er, the D-WB FDG PET/CT is more time-consuming than a
standard static clinical scan and therefore less comfortable
to the patients, and it will reduce the total patient through-
put if applied to more than the first patient of the day. Thus,
based on our findings, we do not think that D-WB should be
used in a broad clinical context, but rather as a technique to
accurately monitor treatment response or in select patient
groups, where the trade-off between the longer scan time
and the benefits to patients is justified. D-WB MRgpg im-
aging may allow for robust treatment response evaluation
by PET, which is today largely confined to malignant lym-
phomas and experimental protocols. In malignant lympho-
mas, FDG activity in residual tissue is rated as pathological
if lesion radioactivity (the SUV,,,,) is above liver activity
[26]. In essence, this is still a subjective and visual
evaluation based on measurements of SUV in lesions and
often ill-defined areas and volumes of the liver. In addition,
lesion and liver SUV ;. may differ substantially according
to the scanning and image reconstruction preferences of
individual PET institutions [27]. As a result, patients may
be classified differently depending on how and where they
are PET scanned. Multiparametric PET imaging contains
more information about tracer kinetics and is therefore less
susceptible to signal differences arising from these limita-
tions related to static SUV imaging. An actual threshold for
what constitutes pathological FDG uptake may therefore be
established. These advantages of D-WB MRypg imaging as
well as the disadvantages outlined above are summarized in
Table 3.

To conclude, D-WB FDG PET/CT imaging is feasible in a
clinical setting and produces MRgpg images that are charac-
terized by superior lesion target-to-background ratio, fewer
false-positive findings and good lesion contrast-to-noise when
compared with standard SUV images. However, acquiring the
full data set in D-WB PET is more laborious than convention-
al SUV FDG PET/CT imaging and MRgpg revealed no addi-
tional malignant lesions in our mixed cohort of patients re-
ferred to FDG PET/CT. Until the D-WB FDG PET/CT exam-
ination has been shortened, it should probably be reserved for

select indications such as slow-growing pathologies and pos-
sibly treatment response evaluation, where MRgpg images
complement the standard SUV images, enhance image read-
ing and provide robust quantification.
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