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Abstract

Purpose—Kinetic parameters from dynamic 18F-fluorodeoxyglucose (FDG) imaging offer 

complementary insights to the study of disease compared to static clinical imaging. However, 

dynamic imaging protocols are cumbersome due to the long acquisition time. Long axial field-of-

view (LAFOV) PET scanners (> 70 cm) have two advantages for dynamic imaging over clinical 

PET scanners with a standard axial field-of-view (SAFOV; 16–30 cm). The large axial coverage 

enables multiorgan dynamic imaging in a single bed position, and the high sensitivity may enable 

clinically routine abbreviated dynamic imaging protocols.

Methods—In this work, we studied two abbreviated protocols using data from a 65-min dynamic 
18F-FDG scan: (A) dynamic imaging immediately post-injection (p.i.) for variable durations, and 

(B) dynamic imaging immediately p.i. for variable durations plus a 1-h p.i. (5-min-long) datapoint. 

Nine cancer patients were imaged on the Biograph Vision Quadra (Siemens Healthineers). Time-

activity curves over the lesions (N = 39) were fitted using the Patlak graphical analysis and 

a 2-tissue-compartment (2C, k4 = 0) model for variable scan durations (5–60 min). Kinetic 

parameters from the complete dataset served as the reference. Lesions from all cancers were 

grouped into low, medium, and high flux groups, and bias and precision of Ki (Patlak) and Ki, K1, 

k2, and k3 (2C) were calculated for each group.
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Results—Using only early dynamic data with the 2C (or Patlak) model, accurate quantification 

of Ki required at least 50 (or 55) min of dynamic data for low flux lesions, at least 30 (or 40) min 

for medium flux lesions, and at least 15 (or 20) min for high flux lesions to achieve both 10% bias 

and precision. The addition of the final (5-min) datapoint allowed for accurate quantification of Ki 

with a bias and precision of 10% using only 10–15 min of early dynamic data for either model.

Conclusion—Dynamic imaging for 10–15 min immediately p.i. followed by a 5-min scan at 

1-h p.i can accurately and precisely quantify 18F-FDG on a long axial FOV scanner, potentially 

allowing for more widespread use of dynamic 18F-FDG imaging.

Keywords

FDG; Dynamic imaging; 18F-FDG flux

Introduction

Dynamic imaging of [18F]-fluorodeoxyglucose (FDG) offers valuable information about 

the time course of uptake. The standardized uptake value (SUV) is a simplification of 
18F-FDG flux (Ki), implemented in the clinic to minimize scan durations, optimize clinical 

workflows, and simplify image reconstruction. SUV is a semi-quantitative metric and allows 

for consistent and reproducible clinical decision-making both within and across institutions 

[1–4]. Despite its widespread use, there are still valid concerns to using SUV as a metric 

to quantify 18F-FDG uptake in lesions. Standard-of-care (SOC) static images are typically 

acquired around 1 h post-injection (p.i.), when 18F-FDG uptake in lesions is often still 

changing [5]. This change in uptake over time is inherently accounted for in kinetic 

modeling, as is tracer availability in the blood, which is poorly accounted for in the SUV 

calculation. Additionally, kinetic analysis of 18F-FDG can estimate tracer delivery (K1) to 

tissues. Tseng et al. studied a group of locally advanced breast cancer patients and showed 

that while 18F-FDG flux decreased in both responsive and non-responsive groups, blood 

flow, as measured using 15O-water, increased in non-responsive groups and decreased in 

responsive groups [6]. Although the clinical utility of Ki and K1 has been well studied for 

breast cancer by researchers at the University of Washington [6–8], and some work has 

been done to correlate microparameters with cancer disease stages [9, 10], further work is 

necessary to understand the broader role of 18F-FDG kinetic parameters in clinical cancer 

management.

Despite its demonstrated value, dynamic imaging is still a challenging protocol for many 

patients and institutions. For 18F-FDG, the standard imaging duration is 1 h, which can 

be uncomfortable for patients, particularly for non-compliant or claustrophobic patients, 

resulting in motion during the scan. The long acquisition time negates the advantages of 

short duration scans using state-the-art digital scanners, potentially hampering the clinical 

routines of a busy nuclear medicine department [11, 12].

With standard axial field of view (SAFOV) scanners, dynamic imaging is typically done 

over a single bed position, limiting the ability to image tumors in multiple organs 

simultaneously and precluding generation of an image derived input function (IDIF) if a 

major vessel (e.g., left ventricle or aorta) is not within the axial field of view (AFOV). 
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To address this issue, dynamic imaging with continuous bed motion has been developed 

[13, 14]. Early imaging is done over the heart to get an accurate IDIF, followed by 

multiple passes of the body to capture the whole-body kinetics. However, this protocol 

results in temporally coarse data, which could lead to uncertainties during fitting. The 

lower sensitivity of SAFOV scanners coupled with the short frames required to capture fast 

kinetics immediately p.i. can result in noisy images that hinder accurate and precise kinetic 

analysis. Long AFOV (LAFOV) scanners (i.e., AFOV > 70 cm) can simultaneously image 

much of the whole body, while offering up to a 3 × increase in peak axial sensitivity [15]. 

The high sensitivity leads to low image noise of even short frames that translates to an 

improvement in kinetic parameter estimation [16].

There are currently three LAFOV scanner designs in operation: the United Imaging 

uEXPLORER (194-cm AFOV) at UC Davis and a number of sites throughout China [17], 

the PennPET Explorer (136-cm AFOV) at the University of Pennsylvania [18], and the 

Siemens Biograph Vision Quadra (106-cm AFOV) at the University of Bern [11, 19]. Thus 

far, UC Davis has implemented a parametric image reconstruction algorithm [20] with 

model selection based on Akaike information criterion [21] and studied the use of dual 

input functions in relevant organs [22]. Additionally, researchers at Siemens Healthineers 

have implemented parametric image generation using data from the Siemens Quadra and 

Patlak graphical analysis [23]. In prior work on SAFOV scanners, Strauss et al. studied 

abbreviated scan durations, ranging from 10- to 30-min-long dynamic scans using over 500 

patients. Given a 90% variance, a 20-min early dynamic scan followed by a 1-h time point 

was required to accurately estimate kinetic parameters [24]. Most relevant to this work is 

the study by Wu et al., where seven 18F-FDG patients were imaged on the uEXPLORER 

and Ki of lesions (n = 26) was estimated using two protocols: (1) dynamic imaging from 

0 to 60 min and (2) dynamic imaging from 0 to 4 min plus a static image from 54–60 

min p.i. Whereas Wu et al. showed similar Ki estimation across the two protocols and 

reconstructed parametric Ki images using only 10 min of dynamic data [25], we studied a 

range of abbreviated protocols, along with the impact of abbreviated imaging on both micro 

and macro kinetic parameters.

In this work, we take a methodical and rigorous quantitative approach to studying 

abbreviated scan protocols using 18F-FDG patient data imaged on the Siemens Quadra. 

We hypothesize that a shortened dynamic scan protocol might improve clinical acceptability 

and utilization of parametric imaging data. The aim of this study was to evaluate the 

acceptability of two abbreviated scan protocols and use the bias and precision of flux 

(Ki) and delivery (K1) estimates, along with the 18F-FDG microparameters k2 and k3, to 

determine the optimal scan duration for each abbreviated scan protocol.

Methods

Data acquisition

Acquisition of these data has been previously described in [26]. Data-sets were prospectively 

acquired from nine cancer patients (including lymphoma, breast, lung, and gastric cancers) 

undergoing routine clinical PET/CT. Patients were injected with 170–400 MBq (4.6–10.8 

mCi) of 18F-FDG with dynamic imaging for 65 min on the Siemens Biograph Vision Quadra 
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at the University Hospital, Bern, Switzerland [19] (Table 1). A standardized body weight-

adapted dose of 3.0 MBq/kg was applied, as per EANM guidelines [27]. This study was 

approved by the cantonal ethics committee, and all subjects provided informed consent for 

participation. Data were binned into 62 frames (2 × 10 s, 30 × 2 s, 4 × 10 s, 8 × 30 s, 4 × 60 

s, 5 × 2 min, 9 × 5 min) and reconstructed using the manufacturer’s default reconstruction 

method, which incorporates modeling of the point spread function + time-of-flight (PSF + 

TOF OSEM, 4 iterations × 5 subsets), followed by Gaussian post-filtering (2-mm FWHM) 

into 1.65 × 1.65 × 1.645 mm3 voxels. Note that data acquisition was started 15 s before 

injection through a 150-cm long Heidelberger extension line; the initial two 10-s frames 

accommodated the delay in arrival of activity in the body.

Data analysis

All clinical scans were dual reported by an experienced resident and board-certified nuclear 

medicine physician. Lesions consistent with the patient’s known oncological diagnosis were 

identified in PMOD (PMOD Technologies LLC, Zürich, Switzerland) by an experienced 

clinician at the University Hospital of Bern and spherical VOI were semi-automatically 

drawn over lesions, as follows. A large search region was manually drawn in MIM (MIM 

Software Inc, Beachwood, OH) to include the tumor while excluding other high-uptake 

regions. Using MIM, an automatic search was performed to find the maximum average 

uptake in a volume of interest (VOI) of a given sphere diameter, where the diameter was 

manually set to inscribe the lesion. This was done to avoid user bias when drawing VOI 

across lesions. Lesion diameters ranged from 4 to 28 mm with an average diameter of 10 

mm.

Additionally, to compensate for motion, the VOI position was adjusted on a frame-by-frame 

basis by searching for the maximum VOI uptake (mean) in each of the last 10 frames (last 

45 min). Only the last 10 frames were adjusted, where the lesion uptake was higher than the 

background. Because tumor uptake was lower than background in early frames, searching 

for the local maximum would have resulted in inaccurate VOI localization; therefore, the 

VOI location from the earliest frame with motion compensation applied (i.e., the frame at 15 

min p.i) was used for all earlier frames, assuming minimal motion in those first 15 min.

A total of 39 lesions were used in the final analysis. A cylindrical VOI (10-mm diameter, 

88 ± 21 mm long) was drawn in the descending aorta (i.e., between the aortic arch and the 

diaphragm) to measure the blood time-activity curve (TAC). All TAC were corrected for 

scan duration and radio-active decay, but no partial volume correction was applied. Prior 

to compartmental modeling, the IDIF was fit in PMOD to a line up to the peak and a 

tri-exponential following the peak. This fit curve was then used in the kinetic analysis.

Two abbreviated scan protocols were studied by retrospectively analyzing portions of the 

acquired 65-min dynamic studies (Fig. 1). Protocol A used early dynamic data only, starting 

at 0 min and ending at t min, where t ranged from 5 to 65 min. Protocol A had the advantage 

that, in application, it would require only a single imaging session and a single CT, allowing 

for ease of clinical workflow while negating the 1-h uptake time currently required for 

patients; however, it would not inherently include the 60-min p.i. SUV image that is used 

for regular clinical management. Protocol B used early dynamic data plus the final dynamic 
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frame, which corresponded to a static scan at 60 min p.i., typically used in the clinic. Data 

points that were used started at 0 min and ended at t min, where t ranged from 5 to 60 

min, followed by the final 5-min frame from 60 to 65 min. Although much work has been 

done with dual-time-point FDG imaging and late FDG imaging past 1 h p.i. [28, 29], our 

data acquisition was constrained to a 65-min dynamic session; therefore, we were unable 

to assess the value of later final time points for kinetic parameter estimation. In practice, 

protocol B would inherently include the 60 min p.i. SUV image used clinically; however, it 

would require two imaging sessions, each with a CT for attenuation correction. Furthermore, 

while the position of VOI could be adjusted for any misalignment in lesion location between 

the early frames and the final frame, resultant images from the two imaging sessions would 

need to be registered to generate whole-body parametric images.

TAC of both the lesion and the IDIF were filtered to include only the desired time points for 

protocols A and B and were fit using PKIN (PMOD v4.1). TAC were analyzed using both 

Patlak graphical analysis [30] to quantify Ki and an irreversible 2-tissue-compartment (2C) 

model to quantify K1 and Ki as well as the microparameters k2 (efflux from the first tissue 

compartment) and k3 (phosphorylation of hexokinase); the blood volume, vB, and the delay 

time of the blood TAC were also fit. The start time (t*) for Patlak was defined based on a 

10% error threshold, as is commonly done in PMOD [31], and was lesion dependent.

For each lesion, the bias of kinetic parameters from the abbreviated scans was calculated 

with respect to value estimated using the full 65-min dynamic dataset. Based on the flux 

from the 65-min fit, lesions were separated into low, medium, and high flux lesions, where 

low flux lesions had a Ki less than 0.02 ml/cm3/min, medium flux lesions had a Ki between 

0.02 and 0.04 ml/cm3/min, and high flux lesions had a Ki greater than 0.04 ml/cm3/min. 

The highest flux lesion had a Ki of 0.096 ml/cm3/min. This categorization was based 

on the range of FDG flux values in literature at various sites [32–35] as well as prior 

work to quantify bias and precision of kinetic parameter estimation with data acquired 

on the PennPET Explorer [16]. Separation by flux was selected because flux reflects the 

count statistics of a lesion. A higher uptake lesion will have better count statistics and can 

potentially be more accurately quantified than a low flux lesion. The average and standard 

deviation of bias were calculated for each flux group, where the bias was measured as 

the average bias over all lesions in a given flux group and the precision was measured 

as the standard deviation of the bias over all lesions in that flux group. An alternative 

analysis could be to use the bias vs. scan duration data for each lesion individually to 

determine the minimum scan duration to achieve the desired bias and precision for a lesion 

and then average these scan durations over all lesions in a flux group. However, there 

was considerable variation among lesions (e.g., for some lesions, the bias or precision was 

always below the threshold for all scan durations studied), so we chose to use the average 

bias and precision over all lesions in a flux group to determine the minimum scan durations 

instead.

Results

SUV images of the final dynamic frame (5-min duration) from two representative patients 

are shown in Fig. 2. Lesions are located in various axial locations along the length of the 
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patient’s body, necessitating imaging with a LAFOV scanner to capture the kinetics of all 

lesions as well as the descending aorta. Plots below the images show the TAC of lesions 

indicated with red arrows, showcasing the range of kinetics in a single patient. Image quality 

for both patients is superb, showcasing the high sensitivity of the Siemens Quadra.

Plotted in figures below are the average bias ± the standard deviation for each flux group and 

dynamic scan duration. In this work, we chose a threshold of 10% for both bias and standard 

deviation as an acceptable error in determining the minimum scan duration, following our 

prior work [16], while still maintaining good accuracy and precision for kinetic parameter 

estimation. In Table 2 (and later in Table 4), we report the scan durations corresponding to 

the 10% acceptance threshold, for both bias and standard deviation of kinetic parameters. 

Durations were interpolated to give the value at the 10% threshold, based on measured data 

points, and were rounded to the nearest minute. Because any threshold can be somewhat 

arbitrary, we also report scan durations corresponding to acceptance thresholds of 5 to 

12.5% in Table 3 for bias and precision of Ki estimated using both Patlak analysis and the 

two-tissue-compartment model.

Figure 3 plots bias and standard deviation (i.e., precision) of flux (Ki) fit using the Patlak 

graphical analysis method. Using protocol A, the low, medium, and high flux lesions require 

scan times greater than 55, 39, and 19 min, respectively, to achieve a bias or precision of 

< 10%. Using early dynamic data plus a static scan at 60 min p.i. (protocol B), the bias 

exceeds 10% for scan durations shorter than 6, 12, and 13 min, respectively, and exceeds 5% 

for scan durations shorter than 15 min for all three fluxes. For dynamic scans as short as 10 

min, the precision remains at 5% or lower. Tables 2A and 3 (top) summarize these findings.

Figure 4 depicts bias and precision of flux (Ki) fit using an irreversible 2C model. When 

fitting using only early dynamic data (protocol A), minimum dynamic scan durations of 49, 

28, and 13 min are required for low, medium, and high flux lesions, respectively, to remain 

below a 10% threshold for both bias and precision. With the addition of the 5 min static data 

point (protocol B), scan durations shorter than 15 min are sufficient to maintain less than 

10% bias and precision for all fluxes. Table 2B summarizes these findings. Table 3 illustrates 

the impact of the threshold on the scan durations needed to achieve that threshold in bias or 

precision.

Figure 5 shows the bias and precision of delivery (K1) from the 2C model. K1 has minimal 

bias and good precision using either early dynamic data only (protocol A) or dynamic 

plus static data (protocol B). Using protocol A, the bias in K1 estimated using only a 

10-min dynamic scan was 4.3 ± 8.4%, averaged over all fluxes. In comparison, the bias and 

precision using protocol B were − 0.9 ± 4.0%.

Figure 6 shows the bias and precision of estimating k2 and k3 using a 2C model for both 

protocols. Using protocol A, accurate and precise estimation of k2 requires 50, 36, and 17 

min of dynamic data for low, medium, and high flux lesions, respectively. Similarly, accurate 

and precise estimation of k3 requires 55, 37, and 32 min of dynamic data, respectively, for 

low, medium, and high flux lesions. Using protocol B, low flux lesions require 20 min of 

data to precisely estimate k 2 but 45 min of dynamic data to precisely estimate k3. For 
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medium and high flux lesions, however, k2 can be accurately estimated using < 5 min of 

data, while accurate estimation of k3 requires 12–16 min of dynamic data. These findings 

are summarized in Table 4.

Discussion

This work used datasets from 65-min-long 18F-FDG PET/CT scans of cancer patients 

imaged on the Siemens Biograph Vision Quadra to study two abbreviated dynamic imaging 

protocols: protocol A, which uses only early dynamic data (0-t min p.i.), and protocol B, 

which uses early dynamic data plus a final 5-min frame (0-t min p.i. + 60–65 min p.i.).

We have previously shown that the high sensitivity of long AFOV scanners allows for 

improved estimation of kinetic parameters [16, 26], and this work leverages the high 

sensitivity of the Siemens Quadra to study abbreviated scan protocols. The Siemens Quadra 

has demonstrated the ability to obtain high count statistic scans with shorter acquisition 

times [36], and the axial length (1.06 m) of the Siemens Quadra allows for simultaneous 

dynamic imaging of multiple lesions in a single imaging session. This axial length covers 

most oncologically relevant regions without compromising temporal sampling, as is required 

when imaging using a SAFOV scanner. Although this work was done on a LAFOV system 

with high sensitivity, this does not preclude extending these methods to implement a similar 

protocol on a SAFOV system.

Estimation of flux using protocol A with either Patlak graphical analysis (Fig. 3) or a 

2-tissue-compartment model (Fig. 4) shows high bias of low flux lesions for any abbreviated 

scan duration. Since the bias exceeds 10% at 40 min for both models (Table 2), this makes 

protocol A less practical for any cases with low flux lesions. Even though the bias of 

the medium flux lesions is much lower for abbreviated scans, the precision for shorter 

scans remains poor (> 20%). In fact, 39-min and 28-min dynamic scans are required to 

maintain 10% precision using Patlak and the 2C models, respectively, which would still be 

an impractical scan duration for a clinical protocol. The addition of the static 5-min scan 

(protocol B) greatly stabilizes estimation of flux using either Patlak or the 2C model. For 

lesions of any flux, a 10–15 min dynamic scan would maintain a bias less than 10% and 

a precision better than 5%. Additionally, a 10–15-min scan is on par with, or shorter than, 

current static SUV scan durations for SAFOV scanners. Also of note, the fluxes as measured 

by Patlak analysis and the two-tissue-compartment model were highly correlated.

As seen in Table 3, with protocol A, the precision of the flux estimate is the limiting factor 

in scan duration reduction for both Patlak analysis and the two-tissue-compartment model. 

As the desired bias or precision is tightened (lower threshold), the scan duration needed to 

achieve that level becomes even longer. With protocol B, the precision of the flux estimate 

is improved, and the desired bias becomes the limiting factor in shortening the duration 

of the early portion of the study. As with protocol A, a lower threshold (better bias or 

precision) necessitates longer scan durations of the early portion, although the impact is less 

pronounced than for protocol A; even 5% bias can be achieved for most cases with < 20 min 

with either Patlak graphical analysis or the two-tissue-compartment model. While a similar 
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analysis was not performed for the microparameters, k2 and k3, similar trends would be 

expected, based on Fig. 6.

Because estimation of delivery (K1) depends on the early portion of the tumor TAC and 

the IDIF, it is not surprising that bias and precision of K1 remain below 10% for even the 

shortest scan durations studied, regardless of the imaging protocol used (Fig. 5). However, 

the addition of the static data point (protocol B) does reduce the bias and improves the 

precision of K1, most likely due to the increased stability in the fit afforded by the 60-min 

data point.

Finally, we also assessed the accuracy and precision of the microparameters, k2 and k3, with 

both abbreviated protocols. Using protocol A, medium and low flux lesions require 37 min 

and 55 min, respectively, for accurate estimation of either k2 or k3. While the precisions of 

k2 and k3 for low flux lesions estimated using protocol B are quite poor (> 15%) for shorter 

scan durations (< 15 min), the bias is still below 10% for 10–15-min scans. Additionally, 

estimation of k2 and k3 for medium and high flux lesions maintains a bias and precision of 

< 10% for 10–16-min dynamic scans. Overall, k2 and k3 can be well estimated for medium 

and high flux lesions, while low flux lesions have low bias but poor precision.

Results overall show improved bias and precision results for high and medium flux lesions 

compared to low flux lesions. This is reasonable since higher flux lesions will have better 

count statistics and therefore more stable fits compared to lower flux lesions. Results also 

showed that the addition of a static scan at 60 min p.i. (protocol B) improved both bias and 

precision for all range of fluxes. Overall, this work showed that using early dynamic data 

plus a static data point at 60 min p.i. (protocol B) resulted in improved bias and precision of 

kinetic parameter estimates for dynamic scans as short as 10–15 min (with a 10% threshold 

for bias and precision). Therefore, we recommend the scan protocol outlined in Fig. 7 where 

a patient would be imaged for 10–15 min dynamically p.i., followed by a break, then imaged 

for 5 min at 60 min p.i.

Although Wu et al. studied abbreviated dynamic FDG imaging using the uEXPLORER 

system, they only reported differences in Ki for one specific protocol [25]. In this present 

study, we report the first data for abbreviated scan protocols for the Siemens Biograph 

Vision Quadra, including an investigation of the bias and precision of Ki, K1, k2, and k3 for a 

range of acquisition times and two different imaging protocols. Wu et al. compared dynamic 

imaging from 0 to 60 min with a second protocol that imaged from 0 to 4 min, followed by a 

54–60 min p.i. scan. Their work showed that differences in Ki between their first and second 

protocols were no more than 0.005 ml/cm3/min, a 12–30% bias depending on the mean Ki. 

In comparison, our work studied two protocols for a range of scan durations, quantified 

Ki using both Patlak and compartmental modeling, and studied the effect of various scan 

durations and protocols on microparameters k2 and k3. We also separated lesions into three 

flux groups and clearly showed that higher flux lesions performed better than lower flux 

lesions. Additionally, using protocol B, we showed a 10% bias in Ki with a 10–15-min 

dynamic scan and a roughly 20% bias with a 5-min dynamic scan. Finally, Wu et al. studied 

26 lesions in seven patients, while our study utilized more lesions (n = 39) in 9 patients. In 

addition, while Strauss et al. found that a 20-min dynamic scan followed by a whole-body 
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scan at 60 min gave kinetic parameters with an accuracy (bias) of 90% on a SAFOV scanner 

[24], the higher sensitivity of the LAFOV system permits imaging for only 10–15 min with a 

5-min scan at 60 min p.i. for comparable accuracy.

Although protocol B better estimates kinetic parameters compared to protocol A, protocol 

B has several potential practical drawbacks. The major drawback is the requirement for 

two imaging sessions, where additional patient handling might hamper a busy clinical 

workflow. The additional dose of the second low-dose CT is also of potential relevance, 

although the small additional radiation burden of a low-dose CT (~ 1 mSv) in comparison 

to the total radiation burden of the examination (5.7 mSv for 300 MBq of 18F-FDG) is 

minimal [37]. Moreover, there is potential for reduction in injected activity afforded by 

LAFOV systems [36], and there are options to lower the radiation burden of two CTs on 

the patients, including using lower dose CTs, a CT-less reconstruction, or AI-based methods 

[38, 39]. Additionally, if one wishes to generate parametric images, which have been shown 

to provide better lesion contrast compared to SUV images [20, 29], the two scans from 

protocol B would need to be registered. There have been numerous methods proposed 

for motion correction/image registration in PET [40]; a data-driven approach, such as the 

centroid-of-distribution method [41], would be a likely candidate to incorporate into the 

clinical workflow.

As opposed to a fully dynamic 65-min protocol, our abbreviated scan protocol allows for 

either static imaging of 1–2 other patients or dynamic imaging of one other patient in the 

45–50-min interim time between scans. Additionally, this dynamic protocol capitalizes on 

the high sensitivities of LAFOV scanner systems and the ability to image the entire torso in 

a single bed position to collect a 5-min static scan that can be read as a traditional clinical 

static PET/CT scan. Moreover, the total scan time of 15–20 min is comparable to the scan 

duration required with a SAFOV scanner. Finally, although not studied in this work, the 

timing of the final static SUV scan could be flexible depending on the clinical schedule or 

clinical indication. We were constrained by the 65-min dynamic acquisition in this study; 

however, other studies have clearly shown the benefit of late imaging [28], and this would be 

ripe for further study. SUV imaged at 2 h p.i. with a long AFOV scanner can take advantage 

of washout kinetics of normal tissues [42], although this may require adjusting a traditional 

clinical interpretation of FDG SUV. In contrast, dynamic imaging accounts for the time 

course and appropriately estimates flux.

This study analyzed a small number of patients (n = 9) but a larger number of lesions (n = 

39) and represents the first experiences using parametric imaging protocols with the recently 

installed Siemens Quadra LAFOV PET/CT system. Further studies, potentially focused on 

individual cancer types or using SAFOV scanners, might explore further the optimal scan 

duration for different tumors or treatment protocols. Additionally, this paper used a 10% 

threshold to define acceptable bias and precision; however, if one were to tolerate a higher 

threshold for either bias or precision, the data presented here could be used to define even 

shorter imaging protocols. Furthermore, this work only tested kinetic analysis on tumor 

TAC and not TAC of normal tissues. If one were interested in obtaining parametric images, 

then this would need further evaluation. Finally, although this study was conducted with 
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18F-FDG, future studies should extend the methodology demonstrated herein to different 

radiopharmaceuticals [43].

The protocol proposed in Fig. 7 includes a total of 15–20 min of imaging time, a vast 

improvement on current 1-h protocols required to measure FDG kinetics in the body. The 

typical 1-h protocol is uncomfortable for patients, especially older cancer patients, resulting 

in increased artifacts from patient motion during the scan and lower patient interest in 

such protocols overall. In our methods, we adjusted the placement of the VOI to correct 

for motion; however, the population of patients imaged had minimal motion. TAC were 

analyzed using the VOI that were not adjusted for motion, and results (not shown here) 

were similar to those obtained with motion-adjusted VOI. However, there is a necessity 

to assess and correct for motion, in cases where there is larger gross motion. Overall, the 

radically shorter imaging time will allow clinics to integrate dynamic FDG imaging into 

their workflow, possibly by delaying the static data point in protocol B, resulting in more 

widespread use, and a large database of kinetic FDG parameters for a range of diseases will 

inform how best to utilize such information for clinical disease management.

Conclusion

This paper tested two abbreviated dynamic imaging protocols for 18F-FDG using data 

from the Siemens Biograph Quadra Vision, a long AFOV scanner. To maintain acceptable 

quantification of K1 and Ki (both a bias and precision of 10%) while also allowing for 

measurement of SUV, we recommend a 10–15-min dynamic immediately p.i., followed by 

a 5-min static scan at 1 h p.i. This will also allow for estimation of k2 and k3, although the 

uncertainties of the biases and precisions depend on lesion flux. Such abbreviated protocols 

might be more practicable in a busy clinic and allow clinicians to study the interplay 

between Ki, K1, k2, and k3 for a range of cancers to help guide cancer treatment and 

management in the future.
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Fig. 1. 
Schematic of the current dynamic imaging protocol for 18F-FDG (top), along with the two 

proposed abbreviated scan protocols: Protocol A: early dynamic imaging only (middle); and 

Protocol B: early dynamic imaging plus a static scan
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Fig. 2. 
A Example maximum intensity projection SUV images of 5-min duration (60–65 min p.i.) 

for two representative patients with lymphoma (left) and breast cancer (right). Color scale is 

SUV 0–5. B shows TAC from all lesions from the representative patients. Note that the mass 

of lesions indicated in the lymphoma patient was separated for analysis into many smaller 

individual lesions, whose TAC are shown in B
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Fig. 3. 
Bias of flux estimated using Patlak graphical analysis as a function of dynamic scan duration 

for both abbreviated scan protocols
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Fig. 4. 
Bias of flux estimated using an irreversible two-tissue-compartment model as a function of 

dynamic scan duration for both abbreviated scan protocols
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Fig. 5. 
Bias of delivery (K1) estimated using an irreversible two-tissue-compartment model as a 

function of dynamic scan duration for both abbreviated scan protocols
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Fig. 6. 
Bias and precision of microparameters k2 (top) and k3 (bottom), estimated using a 2-tissue-

compartment model using both protocol A (left) and protocol B (right)
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Fig. 7. 
Recommended scan protocol
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Table 1

Patient demographics (N = 9)

Age 29–77 years

Gender 6 MI3 F

Weight 52–130 kg

Injected activity 170–400 MBq (4.6–10.8 mCi)

Number of hypermetabolic lesions Lymphoma: 25 (in 3 pts.)
Breast Ca: 11 (in 3 pts.)
Lung Ca: 2 (in 2 pts.)
Gastric Cancer: 1 (in 1 pt.)
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Table 4

Scan durations at which bias and precision of k2 and k3 exceeds 10%

Protocol A: early dynamic data only Protocol B: dynamic + static data

Bias > 10% Precision > 10% Bias > 10% Precision > 10%

A. k2: efflux from the first compartment

 Low flux 43 min 50 min 12 min 20 min

 Medium flux 18 min 36 min < 5 min < 5 min

 High flux 11 min 17 min < 5 min < 5 min

B. k3: phosphorylation of 18F-FDG

 Low flux 49 min 55 min 8 min 45 min

 Medium flux 35 min 37 min 12 min < 5 min

 High flux 12 min 32 min 16 min < 5 min
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