
Innovation/Impact: The protocol involving time-activity product (TAP) and reconstruction parameters 
recommended in this work are expected to provide [18F]FDG PET/CT images with higher quantification accuracy 
without compromising image quality compared to the current clinical protocol. 
 
Introduction: The new generation of state-of-the-art PET scanners equipped with sensitive lutetium-based 
detectors and advanced reconstruction algorithms may allow for reduced injected activities while maintaining 
excellent image quality. However, [18F]FDG PET/CT images can be degraded by differences in counting statistics 
caused by patient anatomical characteristics such as body mass, lean body mass (LBM), body mass index (BMI), 
or body surface area (BSA). Poor image quality can prevent the detection of small lesions and raise the rate of 
false diagnoses.1 Scaling the time-activity product (TAP) (i.e. the product of injected activity and bed duration) is 
one way to mitigate degradation in image quality.2 There is not, however, consensus within the field on the 
appropriate method of scaling the TAP for each patient. Proposed methods range from linear to quadratic 
relations with patient body mass or even relations with multiple patient dependent anatomical characteristics.3–6 
The European Association of Nuclear Medicine (EANM) has published [18F]FDG imaging guidelines for oncology 
and provides suggested injected activity formulas including linear or quadratic scaling with patient body mass. 
The linear regimen is suggested as an option on the basis of 'pragmatic reasons', while quadratic scaling is 
presented as a method of '[compensating] for the lower signal to noise ratio (and hence degraded image quality)' 
that results when linear scaling is applied to larger patients.7 The aim of this work was to achieve higher 
quantification accuracy and consistent image quality for all patients independent of their anatomy. This was done 
by 1) optimizing PET reconstruction parameters, and 2) deriving an anatomy-based scaling method for TAP. 
 
Materials and Methods: In order to assess the performance of various reconstruction parameters, a National 
Electrical Manufacturers Association (NEMA) IQ phantom study was performed. The background compartment 
of the phantom and the spherical inserts (diameters of 10-37mm) were filled with activity concentrations of 1.94 
and 19.69 kBq/mL, respectively, to simulate a tumour to background ratio of ~10:1. A 10-minute scan (single 
bed position) was acquired using a new Discovery MI PET/CT (GE Healthcare, USA). Images were acquired 
with list-mode, allowing for retrospective reconstruction with different parameters using (i) ordered subset 
expectation maximization (OSEM) and (ii) Q.Clear algorithms, and with different scan durations. OSEM 
reconstructions were made with and without time-of-flight (TOF) and point-spread-function (PSF) correction. 
Iterative updates (iterations ´ subsets) ranged from 8 to 68, and post reconstruction full width half maximum 
(FWHM) Gaussian smoothing ranged from 0 to 8mm. Q.Clear reconstructions were made with different penalty 
values from 𝛽 = 150 to 1000. Reconstructions were made with square matrix sizes of 192 and 256 voxels.   
 
The reconstructed images were assessed for noise and quantitative bias. Noise was quantified by measuring 
coefficient of variation (COV) in the uniform background. To determine bias, contrast recovery coefficients (RCs) 
were first measured for each of the spheres according to 𝑅𝐶 = 	𝑎!"#$%&"' 𝑎(&%"' , where 𝑎!"#$%&"' and 𝑎(&%" are 
the measured and true activity concentrations, respectively. The average RC for the six spheres was then used 
to calculate bias (𝐵𝑖𝑎𝑠 = 𝑅𝐶#)* − 1). This process was repeated for measured mean, maximum, and peak 
activity concentrations (bias was calculated separately for each). An objective function equally weighting bias 
and noise was minimized in order to determine the optimal reconstruction parameters. The minimum scan 
duration to achieve a threshold of 10% COV was then determined for both the best reconstruction parameters 
and the parameters used in the patient study described next. A possible scaling factor to reduce the TAP was 
calculated by taking the ratio of the minimum scan durations for these two reconstructions. 
 
The second part of this work was a retrospective image quality study of patient [18F]FDG PET/CT images. 
PET/CT images of a cohort of 200 patients that received an [18F]FDG scan were analyzed after approval by the 
ethics board at our institution. An equal number of patients were scanned on a Discovery MI and a Discovery 
690 PET/CT scanner. Images were reconstructed using OSEM with and without TOF with 2 iterations, 34 
subsets, 6.4mm FWHM Gaussian smoothing, and PSF correction (list-mode data was unavailable for these 
patients). Image quality was quantified by measuring signal-to-noise ratio in the liver (SNRL). The relationship 
between SNRL, TAP, and several patient anatomical characteristics was modeled using a power function as 
described by de Groot et al. 4 A new TAP protocol was then derived using a fixed target SNRL according to:   
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where 𝑝 is a patient anatomical characteristic (e.g. body mass, LBM, BSA, BMI, mass per length, fat mass), and 
𝑎 and 𝑏 are fit parameters from the power function. The TAP scaling factor derived from the NEMA study was 
then used to adapt the TAP protocol for use with the recommended reconstruction parameters. 
 
 
Results and Discussion: Based on the NEMA IQ phantom study, the optimal reconstruction parameters were 
found to be (i) TOF OSEM with 4 iterations, 8 subsets, 5.0mm Gaussian filter, and (ii) Q.Clear with β = 600, both 
with 256 ´ 256 matrix sizes (2.8 ´ 2.73 ´ 2.73mm voxels). The objective function used to optimize reconstruction 
parameters (‘Combined Error’ shown in figure 3) may need to be refined in order to better reflect the needs of 
physicians. For example, the physicians currently report only SUVmax values so it may be more appropriate to 
give increased weight to Biasmax relative to the other bias metrics.  
 
The analysis of patient data showed average COV levels of ~10% in the liver.  Body mass (m) was the parameter 
that showed the highest correlation (R2 = 0.703) between TAP and image quality (SNRL). Our results suggest 
that to maintain consistent image quality, the TAP should be scaled as m1.37 and m1.88 for the Discovery MI and 
Discovery 690 scanners, respectively. With our optimized reconstruction parameters, the TAP could potentially 
be reduced by 49.9% while maintaining COV of 10% (SNRL = 10) for the reconstructed images. Alternatively, 
TAP could be kept near current levels (while incorporating the recommended scaling regimen with body mass) 
and patient images with increased image quality and quantification accuracy could be obtained. Under the 
current protocol, patients are scanned for 2, 2.5, or 3 minutes per bed position based on body mass. When 
implementing the TAP protocol recommended in this work, a greater range and finer increment of scan durations 
per bed position could be used (1.5 to 5 minutes in 15 second increments). This would give the PET technologists 
more flexibility in achieving the target TAP for each patient and allow them to adapt to fluctuations in the amount 
of available [18F]FDG activity and patient throughput. 
 
Conclusion: This work suggests that to maintain a uniform level of image quality between different patients, the 
TAP should be scaled using body mass with a power function that follows a relation in-between linear and 
quadratic and is scanner specific. Using current reconstruction parameters, the TAP for a 75 kg patient is 518 
MBq ´ Min. With the optimized reconstruction parameters, (i) TOF OSEM (FXS) 4 iterations 8 subsets 5.0mm 
FWHM, and (ii) Q.Clear with β = 600 (QFX),  the TAP can be decreased to 260 MBq ´ Min and 377 MBq ´ Min 
a reduction of 49.9% and 27.3%, respectively. This would allow for a reduction of dose delivered to patients, an 
increase in patient throughput, or a combination of the two.  
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