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Abstract

In dynamic positron emission tomography (PET), both standard uptake value (SUV)
and standard tumor-to-blood uptake ratio (SUR) are sensitive to scan time, and
inconsistent uptake time might lead to inaccurate metabolism quantification. To
overcome the limitations in the current analytical method or deep learning models
for uptake time correction, we propose a time-aware generative adversarial network
(GAN)-based method to correct SUVs of dynamic frames at a different uptake time
to the reference time (60-minute). Specifically, the uptake time of the input frame
is encoded and embedded into the bottleneck of the generator through a learnable
representation and feature-wise linear modulation, and the temporal 2.5D input
along the time dimension provides essential time- and kinetics-related context to
the model. On a real-patient dataset, the proposed model demonstrated its ability to
predict the dynamic frame at the reference time from a different uptake time with
desirable visual performance, high quantitative image similarity measurements,
and comparable SUV and SUR distributions, outperforming other analytical and
generative baselines. The nuclear medicine expert’s review of the readings noted
comparable visual and noise patterns, along with identified lesions showing no
change in interpretation. The potential to shorten the current clinical workflow by
reducing uptake time is suggested.

1 Introduction

Whole-body positron emission tomography (PET) injecting radioactive tracer 2-deoxy-2-['8F]fluoro-
D-glucose (FDG) has been widely applied for glycolytic metabolism measurement in clinical on-
cologic, neurologic, and cardiovascular diagnosis (30). The standard uptake value (SUV) is a
quantitative glucose metabolic activity measurement defined as the tracer concentration divided
by the injected dose normalized by body weight, typically at approximately 60-minute post tracer
injection for an interval of 5-15 min, with the unit of g/mL (27} 28)). The standard tumor-to-blood
uptake ratio (SUR) is defined as the SUV divided by the mean blood pool uptake as an alternate of
the SUV measurement (29).

However, both SUV and SUR are highly time-dependent. The variability of uptake quantification
time is a significant problem in clinical oncological quantification since it is difficult to ensure a
consistent uptake time in clinical practice. The tumor SUV generally increases over time after tracer
injection which might lead to incorrect diagnosis and patient management (10; 28)). Current work has
investigated various methods of scan time correction for SUVs. A general SUV correction formula
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Figure 1: The structure of the proposed time-aware GAN for uptake time correction.

was proposed in (26) but mainly focused on imaging time optimization. Another correction formula
was proposed in (1) but was based on purely empirical observation restricted to breast cancer patients
only. (28)) proposed an uptake time correction method that is validated on whole-body scans, but is
based on the irreversible assumption of FDG and requires an arterial input function.

Recently, deep learning has been widely applied in image generation and conversion tasks in PET
imaging as a data-driven approach with performance superior to conventional methods. The network
structure of a U-Net (3) has been widely applied as a benchmark in generating parametric K; images
from static PET (17), generating virtual high-count PET images (16), and super-resolution brain
imaging (20). However, generative adversarial networks (GANs) (6) can provide more realistic results
than U-Nets due to the competition between a generator and a discriminator under an adversarial
loss in model training. GANSs have been successfully implemented for synthesizing PET images
from other modalities such as CT (2)), MRI (13)) and multi-tracer images (31)). In dynamic FDG PET,
the concurrent state-of-the-art image synthesis method uses single-pairwise conditional GANs to
convert all the early dynamic frames to the last frame as a pre-processing step of motion correction
(225 123)), but without sufficient guidance on input time, the method requires training multiple models
specified for each early time point, which requires impractical time and memory consumption and
limits its generalization. As a concurrent method investigating multiple-pair image conversion, a
temporally and anatomically informed GAN was proposed for early-to-late frame conversion to
improve cardiac PET motion correction (7)), outperforming the single-pair benchmark and multiple-
pair vanilla GAN model. However, the proposed method of introducing temporal and anatomical
information requires additional pre-processing steps specifically designed for cardiac Rubidium-82
imaging, which might not be feasible for other tracers such as FDG. For both concurrent methods,
both the input and generated frames were intensity-normalized since the image generation will only
provide intermediate results to assist the following motion correction step, but not represent the actual
tracer activities. The investigation of predicting the actual SUV activities at the reference time using
a data-driven generative method is still lacking. Thus, the network for uptake time correction is
expected to (a) correct multiple input uptake times through one well-trained model, (b) with input
time awareness, and (c) predict frames with intensities representing actual radiotracer uptake activities
that can be directly used for SUV evaluation.

In this work, we propose to use a time-aware generative adversarial network for uptake time correction
and SUV harmonization in dynamic PET. The generator is modified to be time-aware through uptake
time embedding and temporal 2.5D encoding. To the best of our knowledge, this is the first work
using a generative method with time-awareness that predicts actual SUV activities and harmonizes
radiotracer uptake time.

2 Methods

2.1 Proposed network

The structure of the proposed time-aware network for uptake time correction is shown in Figure|T]
The generator is developed based on a 2-D U-Net structure (21), consisting of four encoding and
decoding levels, to predict the frame with the reference uptake time based on the input frame with a
different scan time. The generator network has been modified to incorporate temporal encoding to be



time-aware. Next, the real and generated late frames are paired with the corresponding input frame
respectively and sent into the discriminator to be distinguished as either real or synthetic pairs. The
discriminator utilizes PatchGAN (14) with three encoding levels and one linear output layer.

2.1.1 Time-aware embedding and feature modulation

To account for the considerable tracer distribution variability across different uptake times, we
incorporate time-aware embedding related to temporal information and the tracer dynamics into the
generator. Specifically, this is achieved by combining the uptake time of the current input frame and
that of the two adjacent dynamic frames, i.e., t, {;cf;, and ¢,.;5¢ respectively. This time vector is
embedded by a Time2Vec layer (15) to a learnable feature representation of input time. Subsequently,
given the recent achievements in the application of Long Short-Term Memory (LSTM) networks
(12) to analyze 1-D medical data sequences (35 [8)), an LSTM layer is utilized to further encode
this vector of time representation and tasked with mapping the embeddings to the channel-specific
parameters denoted as I" and B. These parameters are subsequently utilized in the Feature-wise
Linear Modulation (FiLM) layer (19) inserted at the bottleneck of the generator, as described in
equation (I, to introduce time awareness,

FiLM(X;) =T - X; + Bj, (1

where for the the " channel of the feature map at the bottleneck X, T'; and B; are respectively the
two modulation parameters.

2.1.2 Temporal 2.5D encoding

The input of the generator is a dynamic frame acquired at a different uptake time concatenated
with the two adjacent frames as a temporal 2.5D encoding on the channel dimension to provide the
generator with a richer and more informative input for uptake time awareness. By including the
two adjacent frames in addition to the input dynamic frame, the generator has the ability to analyze
the temporal context and fuse the enriched temporal information of the dynamic sequence. The
tracer uptake distribution change underlying this time interval is also encoded by the generator. This
design will also align the network’s temporal receptive field with the 15-minute acquisition time of a
static SUV frame in clinical practice. This improves the robustness and performance of the network
by calibrating uptake increases or decreases and preventing false estimations, giving the prediction
results closer to the standard uptake time.

2.1.3 The loss function

The loss function takes account of both the adversarial loss from the classification loss of the
discriminator and the similarity loss from the mean squared error (MSE) loss of the generator
computed voxel-by-voxel, expressed in equations (2)) to @) as follows:

Lcls - _Zog(D(FR)) - lOg(l - D<G(F7)))a (2)
1 N

Laim = ;(G(Fj)n — (Fr)n)?, 3)

Ltotal = Lcls + Lsim7 (4)

where L. represents the adversarial classification loss, Lg;,, is the MSE similarity loss, D denotes
the discriminator, G stands for the generator, F' is the real reference frame, G(F;) represents the

generator-mapped reference frame from the j** input frame F;, and N represents the number of

voxels in each frame. G and D are obtained by maximizing L.;s while simultaneously minimizing
Lis + Ly, e respectively during the adversarial training process.

2.2 Dataset

22 subjects were included in this study. Each subject underwent a dynamic whole-body FDG PET
scan on a Biograph Vision (Siemens Healthineers) PET/CT scanner. Following an initial single-bed
thoracic scan for the first 6 minutes post-injection, a total of 16 whole-body continuous bed motion
(CBM) passes (frames) were reconstructed over the period extending to 70 minutes post-injection.



The dynamic frames are reconstructed under TrueX+TOF, 6 iterations, 5 subsets, no filtering, and
relative scatter correction (4), consisting of seven 2-min passes followed by nine 5-min passes. The
reconstructed CBM passes have a voxel size of 1.65 x 1.65 x 3 mm? and resolution of 440 x 440
on the transverse plane and the height-dependent number of slices in the inferior to superior direction.
The SUV standardization is calculated as in (3)-(6),

D

Cinj = Wa (5)

SUV = Sims ©6)
Cingj

where c;,,; is the whole-body injected radioactivity concentration, ID is the injected dose in the
unit of Bq, BW is the body weight in the unit of g, and ¢;,,,4 is the calibrated image intensity as the
tracer concentration in the unit of Bq/mL. All the PET dynamic frames were well-registered using an
in-house non-rigid registration package to prevent inter-frame spatial misalignments. A low-dose CT
scan was first performed prior to the PET acquisition and then reconstructed and well-registered to
the PET frames for further evaluation.

2.3 Model training and evaluation

As a comparison with the single-pair PET generation state-of-the-art method (22), we trained one
baseline GAN model using a 2-D U-Net generator converting frames acquired at 40 minutes to
the reference 60-minute frame. Training single-pair conversion models for all frame combinations
wasn’t deemed practical so only a single conversion pair was considered. As a comparison with other
popular architectures with multiple-pair conversions, we included a 2-D U-Net, a baseline GAN, and
a denoising diffusion probabilistic model (DDPM, (11)) as the benchmark comparisons, following
the same pre-processing steps. To comprehensively assess the introduced temporal information and
time-aware techniques, we included two variants of GAN with either time-aware embedding only
or with the temporal 2.5D encoding only for evaluation. All the 5-minute frames were included
for model training to minimize the effect of frame duration-related noise level mismatch in uptake
time correction. Prior to model input, all frame intensities were converted to SUV activities. Due
to the limitation of GPU memory, the training and evaluation were based on 2D slices, and the 3D
volumes were then constructed by concatenating all the 2D slices. A random 80/20 split was applied
subject-wise for training and evaluation, resulting in 5,213 input pairs in training and 1,349 pairs
in evaluation. A central cropping of voxel size [320,320] is implemented to exclude background,
and data augmentation with random translation in the range of [-5,5] voxels, and random rotation
in the range of [-45°,45°] was applied during training. We developed all the models using PyTorch
employing the Adam optimizer with learning rates G=2 x 10~% and D=1 x 10~*.

For qualitative evaluation, we visualized the generated and the real 60-minute frames for comparison.
The absolute error maps and joint histograms were also visualized. For quantitative analysis, we
calculated the Mean Squared Error (MSE), Normalized Mutual Information (NMI), Peak Signal-
to-Noise Ratio (PSNR), and Structural Similarity Index (SSIM) between the generated and actual
reference frames. The paired two-tailed t-test was conducted for the significance test. We also plotted
the distributions of SUVs and SURs along with the comparison with the analytical correction method
proposed by (29) in whole-body and in regions of interest (ROIs). The ROI segmentations of organs
were automatically extracted using the automated learning and parsing of human anatomy (ALPHA)
package developed by Siemens Healthineers (24) from the CT scans that are well-aligned with the
PET frames. The ROI segmentations of organs were manually extracted from a nuclear medicine
expert for further analysis. The nuclear medicine expert also carefully read the original and generated
dynamic frames and reported reading impressions.

3 Results

3.1 Visualizations of generative time correction

The SUV frames at the input time, reference time, and corrected time are visualized in Figure @
Compared to the 40-minute input frame, the 60-minute reference frame has lower tracer concentration
in the liver and clearer boundary in the heart, with a higher hotspot contrast ratio to the background.
The method of Sundar et al. (22) produced a result closer to the input frame instead of the reference
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Figure 2: A visualization comparison of the SUV frames before and after uptake time correction.
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Figure 3: Difference maps of SUVs before and after uptake time correction.

frame, likely due to the limited sample size in the training set under the most specific single-pair
mapping. For all the multiple-pair baselines, the result of U-Net has an artifact of over-smoothness,
and DDPM introduced artifacts likely related to the Gaussian noise. Since the forward and inverse
processes of DDPM require Gaussian noises N(0,1), the Diffusion Models might perform better in
natural images with a fixed or standardized intensity range [-1,1] but might not gain comparable
performance when predicting the actual SUV intensities, where the intensity range varies from 0 to
>100. Besides, due to the iterations of the inverse process including typically 1000 steps for one 2D
slice, the inference time of DDPM for constructing a 3D frame (~8 hours) is substantially longer
than other CNN-based methods (~1 minute), making the application of DDPM less practical. Our
evaluation of DDPM revealed limitations in performance and applicability to PET imaging tasks
due to the inherent characteristics of PET data and the prohibitive computational demands of these
models. Despite these challenges, we remain open to exploring the potential of Diffusion Models,
specifically addressing their limitations in future research. The GAN-produced frame has the most
realistic visual characteristics, but without sufficient temporal guidance, the boundaries of the hotspot
and the upper liver are still unclear. After introducing either temporal 2.5D encoding or time-point
embedding, the generation result was further improved. The proposed time-aware model with both
techniques gave the result closest to the 60-minute reference frame. Due to memory limitations, all
the current methods are under 2D training using axial slices, resulting in potential slice inconsistency
and stitching artifacts in the visualization of coronal views. Under the same setting of training, the
proposed method showed its improvement in reducing this slice-inconsistency-related artifact.

The SUV difference maps before and after each uptake time correction method are shown in Figure
[3] The frame at 40-minute generally has a lower uptake than the 60-minute reference frame. After
combining the temporal 2.5D encoding and the time awareness, the proposed model generally reduced
the high SUV differences, especially in the brain, heart, and gastrointestinal tract as highlighted by
the arrows.

The joint histograms between the reference frame and the frame before and after each uptake time
correction method are shown in Figure[d Note that the joint histogram of DDPM showed distorted
distributions, potentially indicating the lack of ability to recover SUV intensities in a wide range.
After uptake time correction using the proposed model, the joint histogram distributions are closest to
the identity line.
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Figure 4: The joint histograms between the reference frame and the frame before and after each
uptake time correction method. The distributions of the joint histograms after uptake time correction
by the proposed model are closest to the identity line.

3.2 Quantitative metrics of image similarity

Table 1: Quantitative assessment of image similarity measurements for single-pair uptake time
correction from 40-minute input (mean =+ standard deviation) with the best results listed in bold.

Methods MSE SSIM PSNR NMI
Original 0.474-40.415" | 0.872+0.025 | 42.7243.57* | 0.61640.038*

(40-minute)

Sundarctal. | 0.492£0344" | 0.85010.005" | 42.0653.12° | 0.958%0.004
U-Net 0.401£0.259" | 0.87950.023 | 42.833.00° | 0.95550.00427
DDPM T984E1.774" | 0.85120.027 | 37.7550.97° | 0.956:£0.0043"

GAN 0.566-£0.404" | 0.850£0.027° | 41.4913.50" | 0.958-0.004
GAN+Temp | 038250312 | 0.854£0.027° | 43.4553.07 | 0.958-0.004
GAN+FLM | 0.41320.160" | 0.85010.026" | 42.32E331° | 0.958:0.004

GAN+Temp+FiLM
0.345+0.223 | 0.86140.027 | 43.50+3.34 | 0.958-0.004
(Proposed)

* P < 0.05 between the current method and the proposed method (paired two-tailed t-test).

Table 2: Quantitative assessment of image similarity measurements for multiple-pair uptake time
correction from 25 min to 65 min input (mean =+ standard deviation) with the best results listed in
bold.

Methods MSE SSIM PSNR NMI
Original 0.498-£0.525* | 0.871+0.026* | 42.994+4.61* | 0.613£0.037*
(25-65 min)
U-Net 0.43110.376° | 0.87910.024" | 43.1454.49" | 0.956£0.0042°
DDPM 2.021=1.782° | 0.850£0.028" | 37.67£1.34" | 0.956£0.0042°
GAN 0.519£0.413" | 0.84650.027* | 41.99£4.18" | 0.958-0.004
GAN+Temp 0.317£0.341% | 0.883£0.050" | 46.48L7.68° | 0.9580.004
GAN+FILM 0.4471£0.328% | 0.847+0.028" | 42.57£4.45" | 0.957£0.005%
GAN+Temp+FILM | hg0. 0232 | 0.894-0.064 | 46.72+8.16 | 0.958+0.004
(Proposed)

*P < 0.05 between the current method and the proposed method (paired two-tailed t-test).

In Table[T} quantitative evaluations of single-pair uptake time correction from the 40-minute input
to the 60-minute reference frame are presented. The method of Sundar et al. (22) is the most
specific uptake time correction pair (40-minute to 60-minute) but didn’t achieve desirable quantitative
results, possibly related to the insufficient sample size and lack of temporal information in dynamic
PET. Although the baseline U-Net model achieved lower MSE and higher SSIM and PSNR than
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Figure 5: The SUV distributions of (a) whole body, (b) liver, (c) a sample lesion, and (d) all the
lesions before and after each uptake time correction method, and the SUR distributions of (e) brain
and (f) liver after each analytical and generative uptake time correction method.

other baseline generative models DDPM and GAN, considering the over-smoothness in the U-Net
predictions, the visual quality is not satisfactory compared to GAN. Even though this subset of data
contains a specific time difference in mapping, adding either temporal 2.5D encoding or time-aware
embedding is able to enhance the ability of the network to estimate the reference point SUVs closer to
the real 60-minute data. Table[2]provides a comprehensive quantitative assessment of image similarity
in uptake time correction from 25-minute input to 65-minute input. Similarly, after adding either
temporal 2.5D encoding or time-aware embedding, the quantitative measurements are improved.
Notably, the proposed approach with both temporal 2.5D encoding and time-aware embedding
consistently demonstrates superior performance compared to other methods and achieved statistically
significant differences in every metric compared to the state-of-the-art single-pair method and in
MSE and PSNR compared to all the other multiple-pair baselines, potentially suggesting the efficacy
and robustness of the proposed method.

3.3 Distributions of SUV and SUR values

Figure [5(a)-(d) shows the SUV distributions in the whole body, liver, a sample lesion, and all the
lesions before and after uptake time correction. The SUV distributions are slightly different between
the 40-minute and 60-minute frames for the whole body. Both the single-pair baseline (22)) and the
multiple-pair U-Net baseline showed a discrepancy in the outputs for both the interquartile range and
the minimum and maximum values. Both the DDPM and GAN baselines corrected the interquartile
range but there are still errors for the minimum and maximum values. Although GAN+Temp and
GAN+FiLM showed comparable SUV distributions with the proposed GAN+Temp+FiLM, for the
organ of interest (e.g., the liver), these two variants showed residual SUV correction errors. The
correction bias is the most sensitive in the lesions since it was originally segmented on the reference
dynamic frame and it’s also the most sensitive to minor mislocation or shape difference errors in
uptake time correction. The proposed method achieved the interquartile range closest to the reference
time both for the sample lesion and across all the lesions.

Figure 5e)-(f) presents the SUR distributions in the brain and liver before and after each analytical
and generative uptake time correction. For the brain following the irreversible assumption of FDG,
the analytical method of SUR correction proposed by (28) was able to achieve comparable results
to the 60-minute reference, but in the liver where the irreversible assumption isn’t applicable, this
method shows its limitation. Similarly, for both organs regardless of this non-irreversible assumption,
the proposed model was able to correct the SUR values to the reference time for both interquartile
range and minimum and maximum values, outperforming other baselines and two variants.
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Figure 6: The whole-body SUV distributions over time (a) without uptake time correction and (b)
after uptake time correction using the proposed method.
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Figure 7: The whole-body SUR distributions over time (a) without uptake time correction, (b) after
analytical uptake time correction, and (c) after uptake time correction using the proposed method.

The boxplots of SUV and SUR distribution change across the time before and after uptake time
correction by the proposed model are shown in Figure[7]and Figure [6] Before uptake time correction,
the SUV distributions show a general decay across the time, and after uptake time correction, the SUV
distributions are all consistent with the reference frame at 60 minutes. In contrast, the SUR values
generally increase over time. Due to the inconsistency of the irreversible assumption of FDG across
different body organs, the analytical uptake time correction method shows unsatisfactory results. The
proposed generative method was able to correct SUR values acquired at different uptake time points.

3.4 Reading impressions from the nuclear medicine expert

Figure 8] showed two sample slices comparing uptake time correction results of the proposed method
with the real reference frame at 60 minutes. In Figure [8fa), the input frame is at 40 minutes. It’s
reported that both the 40-minute input frame and the 60-minute reference frame are noisy, but the
40-minute frame exhibits different local details. In the input frame at 40 minutes, though the relevant
findings are all available, the SUVs are generally lower, expected due to an earlier scan time, which
might introduce quantification error. The lesion in the anterior mediastinum is visible at both time
points, and this lesion is well-recovered in the generated frame. In Figure[§]b), the input scan is at
25 min. At this earlier scan time, the tracer uptake and filling patterns show the time dependency,
with higher liver uptake and lower tumor and brain uptake. The shape of the lesion in the abdomen is
also slightly different in this 25-minute frame. The generated frame reduced the blood pool and liver
uptake reasonably. The lesion in the generated frame is recovered with an increase of uptake, though
with minor changes of form, there is no change of report or interpretation in the reading impression.
An artificial-like hot spot can be found in the generated frame adjacent to the original lesion, possibly
to be reported as true findings.
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Figure 8: Two sample slices comparing uptake time correction results of the proposed method with
input frame and the real reference frame, with pointed lesions from the nuclear medicine expert
reading impressions.

4 Conclusion and Future Directions

In conclusion, we propose a generative method under adversarial training with auxiliary temporal
2.5D encoding and time-aware embedding techniques to correct the uptake time of dynamic PET
frames for SUV and SUR harmonization. The proposed network is able to map the dynamic PET
frame acquired at a different time to the 60-minute reference time, with high image similarity both
qualitatively and quantitatively. The proposed model demonstrates its superiority in mapping the SUV
and SUR distributions to the reference compared to other analytical and generative baselines. Reading
impressions from the nuclear medicine expert reported comparative visualization and noise patterns
as well as recovered lesions without change of interpretation, but the possibility of introducing
a few false positives warrants further improvement of the trustworthiness and robustness of the
network. The proposed network can potentially improve current clinical workflows by harmonizing
and shortening uptake time.

Several future directions are worth investigating. First, to avoid slice inconsistency, if the memory
limitation is overcome, we will include spatial 2.5D encoding by concatenating multiple adjacent
slices as the additional information or train a 3D network to ensure the receptive field of the network
covers the whole body. Second, the current design of bottleneck FiLM and Time2Vec embedding
aligns with the best practice and concurrent research (7} [9% 25)), balancing model complexity
and performance. Future work includes investigating alternative configurations of FiLM and time-
awareness. Also, following the collaboration with the nuclear medicine expert, we will conduct a
downstream oncological analysis to evaluate the impact and potential for clinical decision-making.
Last, since dynamic PET is still an emerging application, current method is developed and validated
on an in-house dataset due to the challenges in acquiring large-scale data. Future work will cover
evaluations on a larger number of cases including a wider range of data (20-120 minutes) and
variations in scanning protocols.
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