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Shortened duration whole body 18F‑FDG PET 
Patlak imaging on the Biograph Vision Quadra 
PET/CT using a population‑averaged input 
function
Joyce van Sluis1*  , Johannes H. van Snick1, Adrienne H. Brouwers1, Walter Noordzij1, Rudi A. J. O. Dierckx1, 
Ronald J. H. Borra1, Adriaan A. Lammertsma1, Andor W. J. M. Glaudemans1, Riemer H. J. A. Slart, 
Maqsood Yaqub2, Charalampos Tsoumpas1 and Ronald Boellaard1,2 

Abstract 

Background: Excellent performance characteristics of the Vision Quadra PET/CT, e.g. 
a substantial increase in sensitivity, allow for precise measurements of image-derived 
input functions (IDIF) and tissue time activity curves. Previously we have proposed a 
method for a reduced 30 min (as opposed to 60 min) whole body 18F-FDG Patlak PET 
imaging procedure using a previously published population-averaged input function 
(PIF) scaled to IDIF values at 30–60 min post-injection (p.i.). The aim of the present 
study was to apply this method using the Vision Quadra PET/CT, including the use of a 
PIF to allow for shortened scan durations.

Methods: Twelve patients with suspected lung malignancy were included and 
received a weight-based injection of 18F-FDG. Patients underwent a 65-min dynamic 
PET acquisition which were reconstructed using European Association of Nuclear 
Medicine Research Ltd. (EARL) standards 2 reconstruction settings. A volume of interest 
(VOI) was placed in the ascending aorta (AA) to obtain the IDIF. An external PIF was 
scaled to IDIF values at 30–60, 40–60, and 50–60 min p.i., respectively, and parametric 
18F-FDG influx rate constant (Ki) images were generated using a t* of 30, 40 or 50 min, 
respectively. Herein, tumour lesions as well as healthy tissues, i.e. liver, muscle tissue, 
spleen and grey matter, were segmented.

Results: Good agreement between the IDIF and corresponding PIF scaled to 
30–60 min p.i. and 40–60 min p.i. was obtained with 7.38% deviation in Ki. Bland–Alt-
man plots showed excellent agreement in Ki obtained using the PIF scaled to the IDIF 
at 30–60 min p.i. and at 40–60 min p.i. as all data points were within the limits of agree-
ment (LOA) (− 0.004–0.002, bias: − 0.001); for the 50–60 min p.i. Ki, all except one data 
point fell in between the LOA (− 0.021–0.012, bias: − 0.005).

Conclusions: Parametric whole body 18F-FDG Patlak Ki images can be generated non-
invasively on a Vision Quadra PET/CT system. In addition, using a scaled PIF allows for 
a substantial (factor 2 to 3) reduction in scan time without substantial loss of accuracy 
(7.38% bias) and precision (image quality and noise interference).
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Introduction
Non-invasive positron emission tomography integrated with computed tomography 
(PET/CT) imaging using 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) provides both 
metabolic and anatomic information [1] and is widely used in oncology [2–4] and many 
other clinical indications. In oncology, PET/CT has become part of the daily clinical rou-
tine including initial diagnosis, staging, prognosis, radiation therapy planning, and mon-
itoring response to treatment [4–6].

The semi-quantitative standardised uptake value (SUV) of 18F-FDG, derived from 
static images obtained at 60 min post-injection (p.i.), is most commonly used as a sur-
rogate of metabolic activity for tumour uptake quantification [5]. Following standardisa-
tion methods such as the European Association of Nuclear Medicine (EANM) procedure 
guidelines for tumour imaging regarding patient preparation, PET image acquisition and 
reconstruction settings, and analysis methods can mitigate SUV variability to a great 
extent [5, 7, 8]. However, these standardisation methods are not able to account for 
changes in plasma kinetics, due to, for example, treatment, and no distinction between 
specific and nonspecific uptake possibly causing a dissociation between inaccurate SUV 
measurements and actual tumour metabolic activity [9–11].

In contrast, dynamic PET imaging, both single-bed or whole body dynamic (e.g. via 
multi-bed or continuous bed motion modes) [12, 13], is able to include this information 
as it allows spatiotemporal activity concentration measurement, providing voxel-wise 
metabolic information after applying full kinetic- or Patlak analyses [13–15].

Fully quantitative whole body parametric PET imaging for non-invasive quantification 
of 18F-FDG kinetics throughout the body is now possible using a long axial field of view 
(LAFOV) Siemens Biograph Vision Quadra PET/CT system (Siemens Healthineers, 
Knoxville, TN, USA) (hereinafter referred to as Vision Quadra). Its 106  cm long axial 
coverage captures the heart and all other organs of interest, including possible tumour 
lesions, simultaneously and continuously within a single bed position. However, the 
large axial field of view (FOV) (including the CT part) hampers easy access to the (radial) 
blood vessels to perform blood sampling, the gold standard to obtain the plasma input 
curve. The excellent performance characteristics of the Vision Quadra, such as a sub-
stantial increase in sensitivity [16], allows for precise measurements of image-derived 
input functions (IDIF) and tissue time activity curves (TAC). However, in order to gen-
erate whole body parametric PET images, the slow kinetics of 18F-FDG require scanning 
for at least 45–60 min [17]. This longer scan duration reduces patient throughput and 
comfort, whereas improvements in PET technology [3] and the large axial FOV actually 
enable acquisition of whole body static images at substantially reduced scan durations, 
thereby providing the potential of increasing patient throughput.

The use of a population-averaged input function (PIF) could obviate the need to 
acquire 18F-FDG tracer distribution information immediately following injection, 
thereby minimizing whole body dynamic imaging to an interval of 30–60 min p.i. [18–
22]. Moreover, in the case of sufficient increase in signal-to-noise ratio achieved with the 
Vision Quadra, Patlak analyses could provide accurate voxel-wise metabolic information 
with fewer dynamic time frames. The feasibility of the current approach as previously 
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described by van Sluis et al. [23] has been investigated in [22] for the 2 m LAFOV uEX-
PLORER PET/CT system (United Imaging Healthcare, Houston, TX, USA), with a sen-
sitivity of 174 kcps/MBq measured at the centre of the FOV [24], but has not yet been 
explored for the 106 cm Vision Quadra, measuring a sensitivity of 82.6 kcps/MBq in the 
centre of the FOV [16]. In our current study, we aimed to assess if the lower sensitivity 
of the Vision Quadra compared to the uEXPLORER would still allow to perform short-
ened Patlak imaging with sufficient image quality and quantitative performance. Other 
described methods for reduced scan duration whole body Patlak imaging, investigated 
for the uEXPLORER and Vision Quadra, include dual time point dynamic acquisition 
[25, 26]. Our proposed method is based on a single time point shortened dynamic scan, 
which might be a more practical approach regarding patient scheduling in a busy clinic.

Previously, data simulations were performed to evaluate a method for reduced 30 min 
whole body 18F-FDG Patlak PET imaging using an external PIF, obtained by arterial 
blood sampling, scaled to IDIF values at 30–60 min p.i. [23]; the PIF was obtained dur-
ing baseline scans, prior to any treatment, in a comparable patient cohort. The aim of 
the present study was to apply this method using clinically acquired patient data on the 
Vision Quadra. A secondary aim was to assess whether even shorter scan time intervals 
could be used given the high sensitivity of the Vision Quadra system.

Materials and methods
Oncology patients with suspected lung malignancy (lung cancer or lung metastases), 
referred for clinical diagnosis, were included in this study. The local Medical Ethics 
Review Committee of the University Medical Center Groningen waived the need for 
formal ethical review (waiver number METc2020/554). Following the standardised pro-
cedure guidelines for tumour imaging, patients were instructed to fast for at least 6 h 
prior to 18F-FDG injection and blood glucose levels were no higher than 8.3 mmol/L. All 
patients received a standard weight-based (3 MBq/kg) injection of 18F-FDG.

Scans were acquired on a Vision Quadra PET/CT [16]. Each patient underwent a low 
dose CT from the vertex to the mid thighs (X-ray tube current 35  mAs, tube voltage 
of 100 kV, and spiral pitch factor of 1.1) which was used for both anatomical informa-
tion and PET attenuation correction. After a delay of 10 s following automated 18F-FDG 
bolus injection using a MEDRAD Intego PET infusion system (Bayer Pharmaceuticals, 
Berlin, Germany) and a saline flush of 30 mL, 65 min listmode dynamic PET data were 
acquired. Data were binned over 31 frames using the following frame durations: 6 × 10, 
3 × 20, 6 × 30, 5 × 60, and 11 × 300 s. In addition, the last 10 min dynamic frames were 
summed to obtain a conventional static scan at 60 min p.i.

Dynamic PET images were reconstructed using European Association of Nuclear 
Medicine Research Ltd. (EARL) standards 2 reconstruction settings to obtain data 
that complied with European guidelines for multicentre PET image quantification 
and harmonisation [27]. These EARL standards 2 reconstruction settings were a 
three-dimensional (3D) ordered-subset expectation maximisation (OSEM) algo-
rithm with 4 iterations, 5 subsets and a matrix size of 220 × 220 × 708 with a voxel 
size of 3.3 × 3.3 × 1.5   mm3, time of flight (ToF), resolution modelling (PSF), and a 
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5 mm full width at half maximum Gaussian filter. PET data were corrected for ran-
dom, scatter, attenuation, and radioactive decay.

For each dynamic PET dataset, a volume of interest (VOI) was placed in the 
ascending aorta (AA) [28] to derive an IDIF using in-house developed software. The 
VOI in the AA consisted of 2 × 2 voxels in 6 axial slices in the lumen of the large 
artery. To determine  the 18F-FDG influx rate constant (Ki) and the total blood dis-
tribution volume V  , the measured TAC and input function (IF) serve as input for a 
voxel-wise Patlak analysis according to Eq. 1 [29]:

where C(t) is the measured TAC at each voxel, CP(t) the IDIF or PIF, and tn with 
n = 1 . . .N  representing the mid-time points for the N  dynamic PET frames. For the 
calculations, a t * of 30, 40 or 50 min was used as the time after which relative kinetic 
equilibrium between blood and reversible compartment is assumed, i.e. when the Patlak 
plot becomes linear. Subsequently, a previously published PIF [30], see Additional file 1: 
Fig. S1, was scaled to IDIF values at 30–60, at 40–60, and at 50–60 min p.i., respectively, 
corresponding with the t* values mentioned above. This resulted in 4 IFs per dataset: 
one IDIF obtained at the scan time interval from 0 to 60 min (IDIF), one scaled PIF to 
the IDIF at the scan time interval from 30 to 60 min (PIF_30), one PIF scaled to the IDIF 
at the scan time interval from 40 to 60 min (PIF_40), and one PIF scaled to the IDIF at 
the scan time interval from 50 to 60 min (PIF_50). For each IF, parametric 18F-FDG Ki 
images were generated. In these Ki images, tumour lesions were segmented using a semi-
automated segmentation method (50% of  SUVpeak isocontour) using the in-house devel-
oped software tool quAntitative onCology moleCUlaR Analysis suiTE (ACC URA TE) 
[31]. In addition, the semi-automated segmentation method was also used to segment 
grey matter, a 3-cm-diameter spherical VOI was placed in the liver and 2-cm-diameter 
spherical VOIs were placed in the upper thigh muscle and spleen to assess Ki in healthy 
organs with clearly different Ki values.

Agreement between lesion Ki obtained using the IDIF and corresponding PIF 
scaled at 30–60, 40–60, and at 50–60  min p.i., respectively, was assessed using 
Bland–Altman plots. The coefficient of determination (R2) was obtained to explore 
the extent to which variability in lesion Ki obtained using the scaled PIFs can be 
related to variability in the IDIF. Bland–Altman plots were also used to assess agree-
ment between normal tissue Ki obtained using the IDIF and the various scaled PIFs.

To assess the effect of scan duration on noise levels, the standard deviation (SD) in 
Ki derived from the liver VOI using the IDIF and PIF scaled to the IDIF at 30–60 min 
p.i. was compared with Ki obtained using the PIF scaled to the IDIF at various short-
ened scan time intervals. Moreover, healthy tissue Ki measured in liver, muscle tis-
sue, spleen, and grey matter obtained using the IDIF versus the corresponding scaled 
PIF at various shortened scan time intervals p.i. were compared using boxplots and 
ANOVA repeated measures. These analyses were performed using SPSS Statistics, 
version 27.0 (IBM corp., Armonk, NY, USA).

(1)C(tn)

CP(tn)
= Ki

tn

0
CP(τ )dτ

CP(tn)
+ V , tn > t∗, n = 1 . . .N
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Results
In total, 12 oncology patients (8 men, 4 women; age 71 ± 4 y [mean ± SD]) with sus-
pected lung malignancy referred for a clinical 18F-FDG PET acquisition for initial 
diagnostic purposes were included in this study. Patients received a standard weight-
based (3 MBq/kg) 18F-FDG injected activity (weight: 90.2 ± 22.1 kg [mean ± SD]; activ-
ity: 272.0 ± 73.3 MBq [mean ± SD]). A total of 20 tumour lesions were segmented and 
the obtained results are described below. Patient demographics and specific injec-
tion parameters can be found in Table 1. Example Ki images illustrating image quality 
obtained using both the measured IDIF and the scaled PIF at various shortened scan 
time intervals p.i. are shown in Fig. 1. Figure 2 shows an example IDIF and the PIF scaled 
towards the example IDIF at various shortened scan time intervals p.i.

Figure 3 illustrates the bias in Ki that is found when using the PIF scaled to the IDIF 
at scan time intervals p.i. of 30–60 min, 40–60 min, and 50–60 min. The slopes of the 
linear regression fits, with intercept set to 0.0, indicate that using a PIF overestimates Ki 
in all cases. Linear regression slope equations for scan time intervals p.i. of 30–60 min, 
40–60 min, and 50–60 min: y = 1.0738x, y = 1.0518x, and y = 1.2405x. More specifically, 
scaling the PIF onto the IDIF at 30–60 min p.i. induces a slight bias in Ki (7.38%). At the 
shortened scan time interval of 40–60 min p.i., scaling of the PIF onto the IDIF reduces 
this Ki bias to 5.18%. In cases of scaling the PIF onto the IDIF at the shortest scan time 
interval of 50–60 min p.i., bias in Ki increases to > 24%. The coefficients of determina-
tion (R2) between the IDIF and the corresponding scaled PIF at 30–60, at 40–60, and at 
50–60 min p.i. were 0.999, 0.998, and 0.901, respectively.

Bland–Altman plots (see Fig. 4 and Additional file 1: Fig. S2) to assess the agreement 
between Ki obtained using the IDIF and the PIF scaled to 30–60 min p.i. showed lower 
and upper LOA of − 0.005–0.002 and a bias of − 0.002. For the agreement between Ki 
obtained using the IDIF and the PIF scaled to 40–60  min p.i., upper and lower LOA 
were − 0.004–0.002 and the bias was − 0.001. When scaling the PIF to the IDIF at the 
shortest scan time interval of 50–60 min p.i., upper and lower LOA were − 0.021–0.012 
and the bias was − 0.005. When scaling the PIF to the IDIF at 30–60 min p.i. as well as 

Table 1 Patient demographics and activity values

Pt Disease Sex
(M/F)

Age
(years)

Weight
(kg)

Activity @ scan 
start (MBq)

Glucose 
level 
(mmol/L)

1 Lung cancer M 64 134 402.3 6.2

2 Lung cancer M 76 69 208.6 6.0

3 Lung cancer F 73 89 268.0 5.3

4 Lung cancer F 68 69 211.0 6.2

5 Lung cancer M 70 80 245.5 6.7

6 Lung cancer M 72 85 241.4 5.8

7 Lung cancer M 75 74 206.1 6.5

8 Lung cancer M 68 136 443.4 6.8

9 Diffuse large B cell lymphoma F 80 89 256.0 6.4

10 Lung cancer M 69 100 308.0 6.0

11 Diffuse large B cell lymphoma M 65 70 221.9 4.9

12 Lung cancer F 72 87 251.9 5.9
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40–60 min p.i., all 20 lesion data points were located in between the LOAs. With regard 
to scaling of the PIF towards IDIF at the 50–60 min p.i. scan time interval, all but one 
data point were located in between the LOAs. With regard to assessment of agreement 
between obtained healthy tissue Ki using the IDIF and PIF scaled to various shortened 
scan time intervals p.i., Bland–Altman analysis results are summarised in Table 2.

Fig. 1 Example Ki images obtained using the IDIF from the AA (top row) and scaled PIF (bottom row). 
From left to right Ki images are shown that were generated using 30–60, 40–60, and 50–60 min uptake 
time intervals p.i., respectively. The same interval was used for scaling the population-averaged curve as to 
simulate actual shortened PET acquisitions of the same intervals

Fig. 2 Example IDIF and the PIF scaled towards the example IDIF at various shortened scan time intervals p.i
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In Fig. 5, SD in Ki derived from the liver VOI generated using the IDIF and scaled PIF 
at various shorter scan time intervals p.i. are shown to indicate the increase in noise lev-
els as scan time is reduced.

Comparison of healthy tissue Ki of liver, muscle tissue, spleen and grey mat-
ter obtained using the IDIF versus the corresponding scaled PIF at various shortened 
scan time intervals p.i. are shown in Fig.  6. ANOVA repeated measures show signifi-
cant differences in liver Ki obtained using the IDIF and the PIF at 40–60  min (confi-
dence interval (CI) (0.002–0.004), P < 0.001) and at 50–60 min scan time interval p.i. (CI 
(0.003–0.00, P < 0.001). Significant differences were also found between liver Ki obtained 
using the PIF at 30–60 min p.i. scan time interval and the PIF at shortened time intervals 
of 40–60 min (CI (0.002–0.003), P < 0.001) and 50–60 min (CI (0.003–0.005), P < 0.001). 
For muscle tissue, ANOVA repeated measures showed significant differences in Ki 
obtained using IDIF and the PIF scaled to the IDIF at 40–60 min p.i. (CI (0.000–0.001), 
P < 0.001) and between Ki obtained using the PIF at 30–60 min versus 40–60 min (CI 
(0.000–0.001), P < 0.001. With regard to the spleen, significant differences were found in 
Ki obtained using the IDIF and the corresponding shortened PIF scaled to 40–60 min p.i. 
(CI (0.001–0.003), P < 0.001) and scaled to 50–60 min p.i. (CI (0.001–0.004), P < 0.001). 
Analysis of grey matter Ki showed a significant difference in Ki obtained using the IDIF 
and the PIF scaled to 30–60 min p.i. (CI (− 0.002–0.001), P = 0.001).

Discussion
Over the last decade, improvements in detector technology [3, 32] and higher demands 
for clinical application have led to the development and recent introduction of LAFOV 
PET systems [32, 33]. Apart from the Vision Quadra PET/CT, other LAFOV PET sys-
tems that have been introduced recently are the uEXPLORER (United Imaging Health-
care, Houston, TX, USA) with a LAFOV of 194 cm [24, 34] and the PennPET Explorer 
(University of Pennsylvania, Philadelphia, PA, USA) with a LAFOV of 64 cm [35, 36]. 
Due to the large axial FOV of these systems, access to arteries for arterial sampling to 
obtain the arterial IF to allow full quantitative kinetic analysis is challenging. Because 
of the substantial increase in sensitivity with regard to conventional PET systems (with 

Fig. 3 Scatter plots of lesion Ki obtained using the IDIF versus lesion Ki obtained using the PIF scaled to the 
IDIF at 30–60 min p.i. (PIF _30) and the PIF scaled to the IDIF at shortened scan time intervals p.i. (PIF _40 and 
PIF _50). Dashed lines represent linear regression fits (with intercept set to (0.0)
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Fig. 4 Bland–Altman plot of lesion Ki differences obtained with the IDIF minus the PIF scaled to the scan 
time interval at 30–60 min p.i. (PIF_30) (a), and the PIF scaled to the IDIF at shorter scan time intervals p.i. 
(PIF_40 and PIF_50) (b, c). To illustrate differences between the comparisons, the scales on the vertical axes 
are matched in the subfigures. For readability purposes, these Bland–Altman plots with modified axes are 
shown in Additional file 1: Fig. S2
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Table 2 Healthy tissue Ki Bland–Altman analysis results

LOA, limit of agreement

Tissue Comparison Lower LOA Upper LOA Bias Data points 
between LOAs 
(N = 12)

Liver IDIF-PIF_30 − 0.0014 0.0020 0.0003 11

IDIF-PIF_40 0.0006 0.0048 0.0027 11

IDIF-PIF_50 0.0021 0.0065 0.0043 12

Muscle IDIF-PIF_30 − 0.0005 0.0005 − 0.0000 11

IDIF-PIF_40 − 0.0001 0.0011 0.0005 12

IDIF-PIF_50 − 0.0004 0.0018 0.0007 12

Spleen IDIF-PIF_30 − 0.0008 0.0010 0.0001 11

IDIF-PIF_40 0.0004 0.0034 0.0019 12

IDIF-PIF_50 0.0011 0.0044 0.0028 12

Grey matter IDIF-PIF_30 − 0.0026 0.0002 − 0.0012 11

IDIF-PIF_40 − 0.0087 0.0060 − 0.0013 11

IDIF-PIF_50 − 0.0073 0.0038 − 0.0018 10

Fig. 5 Bar plots of  Ki SD obtained from the liver VOI (as indication for Patlak image noise) per patient (a) and 
for all patients (b) generated with IDIF and various PIF at shorter scan time intervals p.i
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a more limited axial FOV) and the corresponding lower noise levels, LAFOV systems 
allow for non-invasive whole body dynamic 18F-FDG Patlak imaging methods using 
an IDIF (validated against the gold standard arterial blood sampling in [37]). However, 
whereas improvements in PET technology allow whole body parametric imaging, these 
also enable acquisition of whole body static images at substantially reduced scan dura-
tions for increased patient throughput. Hence, the assessment of non-invasive whole 
body 18F-FDG Patlak imaging using a PIF for acquisition at shortened scan time inter-
vals to reduce scan time for whole body parametric imaging as conducted in this study, 
will be a useful and compatible method to apply with these LAFOV PET systems.

The current study shows that non-invasive whole body 18F-FDG Patlak imaging to be 
feasible using a representative PIF scaled to the IDIF obtained from the AA at 30–60 min 
p.i. An even shorter scan time interval of 40–60 min p.i. may also be a good compromise 
between overall scan duration and quantitative robustness of tumour Ki values, although 
it is associated with an increase in noise and a slight deterioration in image quality. In 

Fig. 6 Healthy tissue Ki obtained using the IDIF compared with Ki obtained with the PIF scaled to the IDIF at 
scan time interval 30–60 min p.i. (PIF_30), 40–60 min p.i. (PIF_40), and 50–60 min p.i. (PIF_50). Mild outliers are 
marked with a circle and are data points that fall outside quartile1 (Q1)− 1.5 ∗ interquartile range (IQR) or 
Q3+ 1.5 ∗ IQR . Extreme outliers are marked with an asterisk and fall outside Q1− 3 ∗ IQR or Q3+ 3 ∗ IQR . 
For readability, axes were scaled differently for liver, spleen, and muscle Ki (a) with respect to grey matter Ki (b)
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the present study, Ki estimates deviated marginally (7.38%) when using the PIF scaled 
to the IDIF at 30–60 min p.i. with respect to using the IDIF itself. The observed devia-
tion agrees well with those as published before [23]. An accuracy level of 7.38% is well 
within the tumour SUV quantification repeatability levels of 10–15% [38–40]. Although 
Viswanath et al. also studied an abbreviated whole body dynamic 18F-FDG imaging pro-
tocol for the Vision Quadra, they recommend 20  min total scan time subdivided into 
10–15 min p.i. and 5 min at 60 min p.i., which could be less pragmatic for routine clini-
cal implementation. For example, the dual time point approach would require each sub-
ject to be positioned on the system twice, which may add to dead time in the use of the 
system, requires additional patient handling, and consequently hamper a busy clinical 
workflow. In addition, a second CT acquisition is required which increases total radia-
tion exposure. Finally, both image datasets need to be coregistered carefully, possibly 
requiring non-rigid transformations.

When using the PIF scaled to the IDIF at 40–60 min, Ki bias decreased, but the SD in 
Ki obtained from the liver increased, indicating a trade-off between image quality (Fig. 1) 
and shorter scan duration at the expense of increased noise. Ki bias increases to > 24% 
when using even shorter scan duration, i.e. 50–60 min (see Figs. 3 and 4), which is no 
longer clinically acceptable. In addition, this shorter scan interval was associated with 
substantial increase in noise. Moreover, for some organs 18F-FDG may show reversible 
kinetics, such as liver and spleen. The latter explains the change or decrease in Ki with 
later t* values and for these organs, generalised Patlak analysis or spectral analysis is 
more appropriate [12, 13, 17, 41]. For tumours other than hepatocellular carcinoma [42], 
this phenomenon is unseen and use of Patlak with t* = 30 or 40 min, and thus analysis 
time intervals of 30 to 60 min or 40 to 60 min, did not introduce bias while maintaining 
sufficient precision (Figs. 3 and 4).

Benefits of incorporating shorter scan times are not only patient throughput, but also 
patient comfort. A short 20 to 30 min (dynamic) scan protocol at the interval of 40–60 
or 30–60 min p.i. is more likely to be tolerated with respect to the standard (at least) 
65 min that is necessary for a full whole body dynamic Patlak acquisition. In addition, 
parametric images obtained using 20 or 30 min scan duration are less prone to motion 
artefacts [43, 44].

With regard to clinical advantages of whole body dynamic Patlak imaging over con-
ventional static scans, parametric images can provide complementary information to 
standard SUV images, or rather filter information by deleting intravascular contribu-
tions to the PET signal, enabling easier detection and classification of small 18F-FDG 
avid lesions, particularly in high background uptake regions, such as the liver [43, 45]. 
However, even with the possibility to reduce scan duration to 20 min, including the low 
dose CT and patient positioning, examination time will increase up to 30 min. LAFOV 
systems allow standard whole body static scan durations of less than 2 min [36, 46, 47], 
including patient positioning and CT this could lead to a total examination time of ∼ 10 
to 15 min, which is a factor 3 to 2 less with respect to the shortest feasible whole body 
Patlak acquisition procedure. Based on these findings and the specific aims regarding 
patient throughput at different PET centres, dynamic whole body Patlak imaging may 
not be suitable for all patient studies; for diagnostics and staging, a simple static scan 
would do. However, for select patient groups, additional information to more accurately 
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monitor treatment response may be required, especially when comparing to a baseline 
scan. In those cases 18F-FDG blood clearance changes may affect SUV based quantifica-
tion [9, 30, 45, 48, 49].

Limitations

We did not validate the IDIF against the gold standard, arterial sampling for determining 
the arterial input curve. However, using the AA for the IDIF allowed us to define a large 
VOI to provide us data with good statistical properties without risk of spill-over from 
potentially high uptake tissues like the myocardium [28]. Furthermore, the standard Pat-
lak model was used in the current study, assuming an irreversible 2-tissue compartment 
tracer kinetic model. However, several studies have reported non-negligible 18F-FDG 
uptake dephosphorylation in some healthy tissue organs as well as in hepatocellular car-
cinoma [50], causing the standard Patlak model to underestimate Ki [13]; in these cases 
the generalised Patlak model is recommended for a more accurate model fit [13, 41]. 
Nonetheless, in [41] it was shown that in healthy tissue organs such as the liver, the R2 of 
the standard Patlak plot fit fell between 0.85 and 0.95 and an acceptable linear trend was 
seen. Reversibility of 18F-FDG tracer uptake in lung carcinoma or lymphoma has never 
been shown, and therefore, we assume the standard irreversible 2-tissue compartment 
model to be valid to use in the current study. Nonetheless, using the generalised Patlak 
could have resulted in more accurate results for organs and regions showing reversible 
kinetics which would be of interest to explore in future whole body dynamic studies.

Conclusion
Our study shows that parametric whole body 18F-FDG Patlak Ki images can be obtained 
non-invasively (e.g. without the need for blood sampling) using a Vision Quadra PET/
CT system. In addition, using a PIF scaled to the IDIF allows for a factor 2 to 3 reduction 
in scan time, from 65 min to a scan time interval of 30–60 or 40–60 min p.i., without 
substantial loss of accuracy (7.38% bias at most) and precision (image quality and noise 
interference).

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s40658- 022- 00504-9.

Additional file 1: Fig. S1. Plot of population-averaged input function. The y-axis is in logarithmic scale. Fig. S2. 
Bland–Altman plot of lesion Ki differences obtained with the IDIF minus the PIF scaled to the scan time interval at 
30–60 min p.i. (PIF_30) (A), and the PIF scaled to the IDIF at shorter scan time intervals p.i. (PIF_40 and PIF_50) (B and 
C). For readability, the scales have been adjusted per subfigure.

Acknowledgements
Not applicable.

Author contributions
JS, RB, and MY contributed to the conception and design. JS, JHS, AWJMG, RHJAS, and WN contributed to the data 
generation. JS, MY, RB, and CT contributed to data analysis and interpretation. JS and RB contributed to the manuscript 
preparation. JS, MY, AHB, WN, RAJOD, RJHB, RHJAS, AAL, AWJMG, RB, and CT contributed to the manuscript review and 
editing. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The data that support the findings of this study are available on request from the corresponding author JS. The data are 
not publicly available because they contain information that could compromise research participant privacy/consent.

https://doi.org/10.1186/s40658-022-00504-9


Page 13 of 14van Sluis et al. EJNMMI Physics            (2022) 9:74  

Declarations

Ethics approval and consent to participate
The medical ethics review board of the University Medical Center Groningen waived the need for formal ethical review 
for validation and optimisation purposes using the Vision Quadra (waiver number METc2020/554).

Consent for publication
Not applicable.

Competing interests
The authors declare they have no conflict of interests.

Received: 1 July 2022   Accepted: 21 October 2022

References
 1. Townsend DW. Dual-modality imaging: combining anatomy and function. J Nucl Med. 2008;49:938–55.
 2. Bastiaannet E, Groen B, Jager PL, Cobben DCP, van der Graaf WTA, Vaalburg W, et al. The value of FDG-PET in the 

detection, grading and response to therapy of soft tissue and bone sarcomas; a systematic review and meta-analy-
sis. Cancer Treat Rev. 2004;30:83–101.

 3. Slomka PJ, Pan T, Germano G. Recent advances and future progress in PET instrumentation. Semin Nucl Med. 
2016;46:5–19.

 4. Hsu DFC, Ilan E, Peterson WT, Uribe J, Lubberink M, Levin CS. Studies of a next-generation silicon-photomultiplier–
based time-of-flight PET/CT system. J Nucl Med. 2017;58:1511–8.

 5. Boellaard R, Delgado-Bolton R, Oyen WJG, Giammarile F, Tatsch K, Eschner W, et al. FDG PET/CT: EANM procedure 
guidelines for tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging. 2014;42:328–54.

 6. Boellaard R, Oyen WJG, Hoekstra CJ, Hoekstra OS, Visser EP, Willemsen AT, et al. The Netherlands protocol for stand-
ardisation and quantification of FDG whole body PET studies in multi-centre trials. Eur J Nucl Med Mol Imaging. 
2008;35:2320–33.

 7. Weber WA. Use of PET for monitoring cancer therapy and for predicting outcome. J Nucl Med. 2005;46:983–95.
 8. Shankar LK, Hoffman JM, Bacharach S, Graham MM, Karp J, Lammertsma AA, et al. Consensus recommendations for 

the use of 18F-FDG PET as an indicator of therapeutic response in patients in National Cancer Institute Trials. J Nucl 
Med. 2006;47:1059–66.

 9. Freedman NMT, Sundaram SK, Kurdziel K, Carrasquillo JA, Whatley M, Carson JM, et al. Comparison of SUV and Patlak 
slope for monitoring of cancer therapy using serial PET scans. Eur J Nucl Med Mol Imaging. 2003;30:46–53.

 10. Huang SC. Anatomy of SUV. Nucl Med Biol. 2000;27:643–6.
 11. Lammertsma AA, Hoekstra CJ, Giaccone G, Hoekstra OS. How should we analyse FDG PET studies for monitoring 

tumour response? Eur J Nucl Med Mol Imaging. 2006;33:S16-21.
 12. Zaidi H, Karakatsanis N. Towards enhanced pet quantification in clinical oncology. Br J Radiol. 2018;91:20170508.
 13. Karakatsanis NA, Zhou Y, Lodge MA, Casey ME, Wahl RL, Zaidi H, et al. Generalized whole-body patlak parametric 

imaging for enhanced quantification in clinical PET. Phys Med Biol. 2015;60:8643–73.
 14. Karakatsanis NA, Lodge MA, Tahari AK, Zhou Y, Wahl RL, Rahmim A. Dynamic whole body PET parametric imaging: I. 

Concept, acquisition protocol optimization and clinical application Nicolas. Phys Med Biol. 2014;49:1012–6.
 15. Patlak CS, Blasberg RG. Graphical evaluation of blood-to-brain transfer constants from multiple-time uptake data. 

Generalizations. J Cereb Blood Flow Metab. 1985;5:584–90.
 16. Prenosil GA, Sari H, Fürstner M, Afshar-Oromieh A, Shi K, Rominger A, et al. Performance characteristics of the bio-

graph Vision Quadra PET/CT system with long axial field of view using the NEMA NU 2-2018 standard. J Nucl Med. 
2021;63:476–84.

 17. Karakatsanis NA, Casey ME, Lodge MA, Rahmim A, Zaidi H. Whole-body direct 4D parametric PET imaging employ-
ing nested generalized Patlak expectation-maximization reconstruction. Phys Med Biol. 2016;61:5456–85.

 18. Naganawa M, Gallezot J-D, Shah V, Mulnix T, Chen M-K, Smith A, et al. Assessment of population-based input func-
tions for the Patlak plot using whole body 18F-FDG PET imaging. EJNMMI Phys. 2020;7:67.

 19. Karakatsanis N, Zhou Y, Lodge M, Casey M, Wahl R, Subramaniam R, et al. Clinical Whole-body PET Patlak imaging 
60–90min post-injection employing a population-based input function. J Nucl Med. 2015;56(suppl 3):1786.

 20. Karakatsanis N, Lodge M, Casey M, Wahl R, Subramaniam R, Zaidi H, et al. Novel multi-parametric SUV/Patlak FDG-
PET whole-body imaging framework for routine application to clinical oncology. J Nucl Med. 2015;56(suppl 3):625.

 21. Yao S, Feng T, Zhao Y, Wu R, Wang R, Wu W, et al. Simplified protocol for whole-body Patlak parametric imaging with 
18 F-FDG PET/CT : feasibility and error analysis. Med Phys. 2021;48:2160–9.

 22. Wu Y, Feng T, Shen Y, Fu F, Meng N, Li X, et al. Total-body parametric imaging using the Patlak model: feasibility of 
reduced scan time. Med Phys. 2022;49:4529–39.

 23. van Sluis J, Yaqub M, Brouwers AH, Dierckx RAJO, Noordzij W, Boellaard R. Use of population input functions for 
reduced scan duration whole-body Patlak 18F-FDG PET imaging. EJNMMI Phys. 2021;8:11.

 24. Spencer BA, Berg E, Schmall JP, Omidvari N, Leung EK, Abdelhafez YG, et al. Performance evaluation of the uEX-
PLORER total-body PET/CT scanner based on NEMA NU 2–2018 with additional tests to characterize PET scanners 
with a long axial field of view. J Nucl Med. 2021;62:861–70.

 25. Wu J, Liu H, Ye Q, Gallezot JD, Naganawa M, Miao T, et al. Generation of parametric Ki images for FDG PET using two 
5-min scans. Med Phys. 2021;48:5219–31.

 26. Viswanath V, Sari H, Pantel AR, Conti M, Daube-Witherspoon ME, Mingels C, et al. Abbreviated scan protocols to 
capture 18F-FDG kinetics for long axial FOV PET scanners. Eur J Nucl Med Mol Imaging. 2022;49:3215–25.



Page 14 of 14van Sluis et al. EJNMMI Physics            (2022) 9:74 

 27. Boellaard R. New Developments of EANM Oncology PET/CT Guidelines and Update of the EARL Accreditation 
Standards Presentation. 2018. https:// eanm- earl- wordp ress. esh. netkey. at/ wp- conte nt/ uploa ds/ 2021/ 04/ EARL_ 18F_ 
stds2_ PPP_ Boell aard_ Oct20 18-1. pdf

 28. Van Der WAP, Klein LJ, Boellaard R, Visser CA, Visser FC, Lammertsma AA. Image-derived input functions for determi-
nation of MRGlu in cardiac 18 F-FDG PET scans. J Nucl Med. 2001;42:1622–9.

 29. Patlak CS, Blasberg RG. Graphical evaluation of blood-to-brain transfer constants from multiple-time uptake data. J 
Cereb Blood Flow Metab. 1983;5:584–90.

 30. Cheebsumon P, Velasquez LM, Hoekstra CJ, Hayes W, Kloet RW, Hoetjes NJ, et al. Measuring response to therapy 
using FDG PET: Semi-quantitative and full kinetic analysis. Eur J Nucl Med Mol Imaging. 2011;38:832–42.

 31. Boellaard R. Quantitative oncology molecular analysis suite: ACC URA TE. J Nucl Med. 2018;59(suppl 1):1753.
 32. Vandenberghe S, Moskal P, Karp JS. State of the art in total body PET. EJNMMI Phys. 2020;7:35.
 33. Surti S, Pantel AR, Karp JS. Total body PET: why, how, what for? IEEE Trans Radiat Plasma Med Sci. 2021;4:283–92.
 34. Badawi RD, Shi H, Hu P, Chen S, Xu T, Price PM, et al. First human imaging studies with the explorer total-body PET 

scanner. J Nucl Med. 2019;60:299–303.
 35. Karp JS, Viswanath V, Geagan MJ, Muehllehner G, Pantel AR, Parma MJ, et al. PennPET explorer: design and prelimi-

nary performance of a whole-body imager. J Nucl Med. 2020;61:136–43.
 36. Pantel AR, Viswanath V, Daube-witherspoon ME, Dubroff JG, Muehllehner G, Parma MJ, et al. PennPET explorer: 

human imaging on a whole-body imager. J Nucl Med. 2020;61:144–51.
 37. De Geus-Oei LF, Visser EP, Krabbe PFM, Van Hoorn BA, Koenders EB, Willemsen AT, et al. Comparison of image-

derived and arterial input functions for estimating the rate of glucose metabolism in therapy-monitoring 18F-FDG 
PET studies. J Nucl Med. 2006;47:945–9.

 38. De Langen AJ, Vincent A, Velasquez LM, Van Tinteren H, Boellaard R, Shankar LK, et al. Repeatability of 18F-FDG 
uptake measurements in tumors: a metaanalysis. J Nucl Med. 2012;53:701–8.

 39. Weber WA, Gatsonis CA, Mozley PD, Hanna LG, Shields AF, Aberle DR, et al. Repeatability of 18F-FDG PET/CT in 
advanced non-small cell lung cancer: prospective assessment in 2 multicenter trials. J Nucl Med. 2016;56:1137–43.

 40. Kramer GM, Frings V, Hoetjes N, Hoekstra OS, Smit EF, De Langen AJ, et al. Repeatability of quantitative whole-body 
18F-FDG PET/CT uptake measures as function of uptake interval and lesion selection in non-small cell lung cancer 
patients. J Nucl Med. 2016;57:1343–9.

 41. Gu F, Wu Q, Wu J, Hu D, Zu T, Cao S, et al. Feasibility of standard and generalized Patlak Models for dynamic imaging 
of multiple organs using the uEXPLORER PET scanner. J Nucl Med. 2022;63(suppl. 2):3185.

 42. Torizuka T, Tanizaki Y, Kanno T, Futatsubashi M, Yoshikawa E, Okada H. Single 20-second acquisition of clinical feasibil-
ity for lung cancer. J Nucl Med. 2009;50:1579–84.

 43. Dias AH, Pedersen MF, Danielsen H, Munk OL, Gormsen LC. Clinical feasibility and impact of fully automated mul-
tiparametric PET imaging using direct Patlak reconstruction: evaluation of 103 dynamic whole-body 18F-FDG PET/
CT scans. Eur J Nucl Med Mol Imaging. 2021;48:837–50.

 44. Hoekstra CJ, Hoekstra OS, Stroobants SG, Vansteenkiste J, Nuyts J, Smit EF, et al. Methods to monitor response to 
chemotherapy in non-small cell lung cancer with 18 F-FDG. J Nucl Med. 2015;43:1304–10.

 45. Hoekstra CJ, Hoekstra OS, Stroobants SG, Vansteenkiste J, Nuyts J, Smit EF, et al. Methods to monitor response to 
chemotherapy in non-small cell lung cancer with 18F-FDG PET. J Nucl Med. 2002;43:1304–9.

 46. Alberts I, Hünermund J, Prenosil G, Mingels C, Bohn KP, Viscione M, et al. Clinical performance of long axial field of 
view PET / CT : a head-to-head intra-individual comparison of the Biograph Vision Quadra with the Biograph Vision 
PET / CT. Eur J Nucl Med Mol Imaging. 2021;48:2395–404.

 47. Hu P, Zhang Y, Yu H, Chen S, Tan H, Qi C, et al. Total-body 18 F-FDG PET / CT scan in oncology patients: how fast 
could it be ? Eur J Nucl Med Mol Imaging. 2021;48:2384–94.

 48. Doot RK, Pierce LA, Byrd D, Elston B, Allberg KC, Kinahan PE. Biases in multicenter longitudinal PET standardized 
uptake value measurements. Transl Oncol. 2014;7:48–54.

 49. Lammertsma AA. Forward to the past: The case for quantitative PET imaging. J Nucl Med. 2017;58:1019–24.
 50. Torizuka T, Tamaki N, Inokuma T, Magata Y, Sasayama S, Yonekura Y, et al. In vivo assessment of glucose metabolism 

in hepatocellular carcinoma with FDG-PET. J Nucl Med. 1995;36:1811–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://eanm-earl-wordpress.esh.netkey.at/wp-content/uploads/2021/04/EARL_18F_stds2_PPP_Boellaard_Oct2018-1.pdf
https://eanm-earl-wordpress.esh.netkey.at/wp-content/uploads/2021/04/EARL_18F_stds2_PPP_Boellaard_Oct2018-1.pdf

	Shortened duration whole body 18F-FDG PET Patlak imaging on the Biograph Vision Quadra PETCT using a population-averaged input function
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Results
	Discussion
	Limitations

	Conclusion
	Acknowledgements
	References


