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ABSTRACT 

Quantitative kinetic modeling requires an input function (IF). A non-invasive image-derived IF 

(IDIF) can be obtained from dynamic PET images. However, a robust IDIF location, (e.g. aorta), 

may be far away from a tissue of interest, particularly in total-body PET, introducing a time 

delay between the IDIF and the tissue. The standard practice of joint estimation (JE) of delay, 

along with model fitting, is computationally expensive. To improve the efficiency of delay 

correction for total-body PET parametric imaging, this study investigates the use of pulse timing 

methods to estimate and correct for delay.  

Methods: Simulation studies were performed with a range of delay values, frame lengths and 

noise levels, to test the tolerance of two pulse timing methods—leading edge (LE) and constant 

fraction discrimination (CFD) and their thresholds.  The methods were then applied to data from 

21 subjects (14 healthy volunteers, 7 cancer patients) that underwent 60-minute dynamic 

uEXPLORER total-body 18F-FDG PET acquisitions. Region-of-interest (ROI) kinetic analysis 

and parametric images were generated to compare LE and JE methods of delay correction, as 

well as no delay correction. 

Results: Simulations demonstrated that a 10% LE threshold resulted in biases and standard 

deviations at tolerable levels for all noise levels tested, with 2-second frames. Pooled ROI-based 

results (N = 154) showed strong agreement between LE (10% threshold) and JE methods in 

estimating delay (Pearson’s r=0.96, P<1E-3), and kinetic parameters vb (r=0.96, P<1E-3), Ki 

(r=1.00, P<1E-3), and K1 (r=0.97, P<1E-3). When tissues with minimal delay were excluded 

from pooled analyses, there were reductions in vb (69.4%) and K1 (4.8%) when delay correction 

was not performed. Similar results were obtained for parametric images; additionally, lesion Ki 
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contrast was improved overall with LE and JE delay correction compared to no delay correction 

and Patlak analysis.  

Conclusion: This study demonstrates the importance of delay correction in total-body PET. LE 

delay correction can be an efficient surrogate for JE, taking a fraction of the computational time, 

and allowing for rapid delay correction across >106 voxels in total-body PET datasets.  
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INTRODUCTION 

An input function (IF) is required for fully quantitative PET kinetic modeling and can be derived 

through arterial blood sampling (ABS) (1). However, ABS is invasive, technically challenging, 

and can introduce additional errors in the measured IF arrival time and bolus shape, which may 

result in biased kinetic parameter estimates when left uncorrected (2–4). An image-derived input 

function (IDIF) can be sampled from the images directly, reducing errors in arrival time and 

removing the external dispersion introduced by ABS. Still, the delay between the IF peak and 

arrival time at a tissue or voxel of interest must be considered.  

The advent of high-efficiency, long axial field-of-view scanners, such as the 

uEXPLORER total-body PET system (5,6), presents the opportunity for high signal-to-noise 

total-body kinetic modeling. Short frames with high count statistics are possible, for improved 

estimation of parameters such as delay. Additionally, an IDIF can be derived from the larger 

vessels, where partial volume effects are reduced. However with total-body PET, delay 

correction becomes more important because the IDIF will be further from a tissue of interest 

than a more localized IDIF (e.g. carotid IDIF for grey matter) and incorrect delay estimates may 

lead to parameter bias (2–4). Different tissues will also have their own unique delay values, so 

delay correction must be performed for every voxel or regional time activity curve (TAC). 

Common methods of delay correction include: (i) setting delay to a predetermined value 

(2,7), (ii) adjusting the IF based on an IDIF close to the tissue of interest (2,8), or (iii) jointly-

estimating delay during the fitting process (4,9,10).  However, the widely-used joint estimation 

(JE) method is costly in terms of computation time, especially for voxel-level total-body PET, 

because it involves nonlinear fitting of kinetic parameters for all possible delay values. Therefore, 

a much faster method for estimating bolus delay would be beneficial. Applications where voxel-



 5 

level parametric imaging is important include the detection/quantification of metastatic lesions, 

and disease processes that result in heterogenous tracer delivery and uptake within a tissue or 

organ. 

Here, we draw our inspiration from pulse timing methods, including leading edge (LE) 

and the constant fraction discriminator (CFD) methods, that are used to efficiently determine the 

arrival time of electronic pulses from a radiation detector (11).  In this work, LE and CFD pulse 

timing methods are applied to TACs rather than electronic pulses. Delay is defined as td – t0, 

which is the difference between the arrival times of the bolus in the region chosen to define the 

IF, t0, and of a tissue or voxel TAC determined using one of the pulse timing methods, td. 

Implementation of  pulse timing methods would greatly reduce the computational burden of the 

fitting process for a given kinetic model, since the non-linear least-squares fitting process can 

be performed for a single delay value, as determined by these methods. While these methods are 

computationally efficient, the choice of parameters (LE trigger threshold, CFD attenuation 

values) can impact delay estimation. Therefore, we investigate the use of pulse timing methods 

for time delay estimation and correction for quantitative total-body kinetic modeling and 

parametric imaging. 

 

MATERIALS AND METHODS 

Simulations 

Computer simulations of TAC data were developed to evaluate bias and standard deviation (s.d.) 

of delay estimation approaches. A high-temporal resolution IF (0.1-second sampling) 

representing a bolus of 18F-FDG was generated based on the tri-exponential function proposed 

by Feng et al. (12,13). The IF was shifted by 100 randomly selected delay values between 0 and 
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50 s. Brain grey matter TACs were simulated based on these delayed IFs and typical kinetic 

parameters (vb =  0.05, K1 = 0.06 (mL/min/mL), k2 = 0.07 (min–1), and k3 = 0.07 (min–1), k4 = 0 

(min–1)) from Huisman et al., (14).  For each delay value, 500 noisy realizations were generated 

using a commonly used time-changing Gaussian noise model (15) with a mean equal to the 

initial activity concentration in frame m, and standard deviation 𝑆𝑐 ∙ 𝛿𝑚:   

𝑇𝐴𝐶𝑚~ 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛(𝑇𝐴𝐶𝑚
̅̅ ̅̅ ̅̅ ̅̅ , 𝑆𝑐𝛿𝑚),    𝛿𝑚 =  √

𝑇𝐴𝐶𝑚
̅̅ ̅̅ ̅̅ ̅̅ ∙ exp (𝜆∆𝑡𝑚)

∆𝑡𝑚
  

where 𝛿𝑚 is dependent on the radioisotope decay constant 𝜆, frame length ∆𝑡, and mean activity 

concentration 𝑇𝐴𝐶𝑚
̅̅ ̅̅ ̅̅ ̅̅  in frame m. The scale Sc was set to four noise levels of 0.03, 0.1, 0.2, and 

0.3 to encompass TACs with different statistical quality. To mimic zero-mean noise present in 

measured TACs prior to bolus arrival, the activity concentration included in 𝛿𝑚was modified to 

have a mean of 0.5% of the maximum TAC activity: 

𝑇𝐴𝐶𝑒𝑎𝑟𝑙𝑦,𝑚~ 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛(0, 𝑆𝑐𝛿𝑚),    𝛿𝑚 =  √
0.005 ∙ max (𝑇𝐴𝐶̅̅ ̅̅ ̅̅ ) ∙ exp (𝜆∆𝑡𝑚)

∆𝑡𝑚
. 

TACs were then re-binned to frame lengths of 1, 2, 5, and 10 s and used to assess the impact of 

framing on delay estimates. Supplemental Fig. 1A shows an example TAC with Sc equal to 0.1. 

For the LE method (11), a trigger threshold is selected and the time at which the signal 

amplitude passes that threshold is recorded as the arrival time. LE thresholds were set across a 

wide range (2.5 to 50%) of the peak activity in the first 120 seconds. A 10% LE threshold is 

shown in Supplemental Fig. 1B. For the CFD method (11), the TACs were shifted in time by 2 

seconds for shorter framing, or by 1 frame for frames  >2 seconds.  Attenuated and inverted 

versions of the TAC (attenuated to between 2.5 and 50% of the peak activity) were added to the 

shifted TAC and the resulting zero-crossing point marks the arrival time (Supplemental Fig. 1C). 
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LE and CFD-based estimates for each combination of delay value, frame length, noise level, 

and % peak activity were determined. Average bias and standard deviation of the LE and CFD 

delay estimates were determined by comparing the estimates with the ground truth.  Based on 

the results of these simulations, only the LE method was subsequently applied on human data.  

Human Data 

Institutional Review Board approval and written informed consent was obtained for 14 healthy 

volunteers (6 male, 8 female, body mass index (BMI): 19.4-37.0 kg/m2, 26-78 years) and 7 male 

subjects with genitourinary cancer (GUC) (BMI: 20.1-32.0 kg/m2, 56-76 years).  Subjects were 

injected with an average dose of 357.8 MBq FDG (range: 331.9-391.8) and underwent 60-

minute dynamic studies on the uEXPLORER scanner (16). Images were reconstructed with 

vendor-provided TOF-OSEM software (20 subsets, 4 iterations, 150x150x486 image matrix size, 

4 mm isotropic voxels) with corrections for attenuation, scatter, randoms, deadtime and decay 

(17). No point spread function modeling was applied. For generating parametric images, image 

data were smoothed using a composite image prior and the kernel method (18). The following 

framing protocol was used to generate 66 timepoints: 30x2 s, 12x10 s, 6x30 s, 12x120 s, 6x300 

s. 

For all human data, an IDIF was derived from a region of interest (ROI) in the left 

ventricle. Tissue compartment model selection was incorporated to account for tissue spaces 

where FDG is not metabolized, such as the blood pool. Model selection was performed for a 

range of tissue ROIs and voxel TACs by fitting a 0-tissue 1-parameter (where vb was the only 

non-zero parameter), a 1-tissue 3-parameter, and an irreversible 2-tissue 4-parameter model (k4 

= 0); the model with the lowest Akaike Information Criterion was chosen. For comparison, 

parametric Patlak plots (19) were generated with and without using the JE delay estimates from 
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model selection. All results were obtained using a non-linear least-squares fitting process as 

described previously (20). Initialization parameters are included in Supplemental Table 1. To 

assess the impact of delay correction methods, delay was estimated jointly (JE), via the leading 

edge (LE) method, or not at all (no delay correction). The first 36 dynamic frames, representing 

the first 120 seconds of the acquisition, were used to jointly estimate delay prior to fitting all 66 

timepoints for estimation of the rest of the parameters. For ROI-based analysis, the same LE 

thresholds used in simulations (between 2.5 and 50% of the peak activity in the first 2 minutes) 

were used to determine the IDIF bolus arrival time t0 and arrival time at the tissue td. Both JE 

and LE estimates of delay (td - t0) were estimated in 1-second steps, and were constrained to be 

between zero and 50 seconds. The conventional JE method was considered ground truth, such 

that the optimal LE threshold could be determined across a variety of ROIs. After determining 

the optimal LE threshold, a single LE threshold was used for kinetic modeling, and the quality 

of ROI-based and parametric image-derived parameter estimates was assessed using Pearson’s 

r.   

ROIs were identified in six tissue types: grey matter, liver, lungs, muscle, myocardium, 

spleen, in addition to the left ventricle blood pool. An additional 28 GUC lesions were delineated 

based on a threshold of 41% of the maximum standardized uptake value, as recommended by 

Boellaard et al. (21). All ROIs were manually corrected for subject motion. ROI delineation was 

performed using PMOD (PMOD Technologies, Zurich, Switzerland).   

In order to highlight a variety of tissue types for prototyping of the method, parametric 

maps of delay and other kinetic parameters (vb, K1, Ki) were generated with both JE and LE 

methods using the entire image volumes of one representative healthy and one GUC subject. 

The tissue ROIs listed above were used to generate tissue-specific voxel-wise parameter 
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estimates from the parametric images (Supplemental Fig. 2). A vascular ROI was also included 

to assess the impact of delay within the blood pool in the parametric images.  

 

RESULTS 

Simulations 

Delay estimates were determined for different framing schemes and noise levels (e.g. 

Supplemental Fig. 1). From the wide range of LE thresholds and CFD attenuation fractions 

tested, LE results indicate that higher noise levels resulted in only marginal increases in bias and 

standard deviation, particularly with 2-second frames and a LE threshold of less than 15%, while 

CFD bias and standard deviation increased with higher noise levels for attenuation fractions of 

15% or less (Supplemental Table 2). With 2-second frames, there was less than a 1-second bias 

in delay for all LE thresholds of 10% or greater, and a 30% LE threshold led to the lowest bias 

in delay (0.11-0.18 seconds, Supplemental Table 2, bold). As frame length increases from 2 to 

10 seconds, the effect of frame length dominates the bias, particularly at higher LE thresholds 

and higher CFD attenuation fractions. This was mitigated for LE results by increasing the LE 

threshold to 25% or greater, which reduced bias to < 5 seconds for all noise levels. With a 30% 

LE threshold, absolute biases for 10 second frames are between 3.80 and 3.96 seconds for all 

noise levels tested. The CFD method was not investigated further due to its poorer performance 

on noisy simulated data and reliance on a user-chosen time shift, traditionally based on 

waveform rise-time (11). The LE method does not rely directly on the rise-time, making it the 

more practical method for total-body PET human subject data. Supplemental Table 3 expands 

upon the LE results showing data for additional frame lengths.  The impact of frame length 

dominates the bias estimates for large (5- and 10-second) frames and were within 0.5 seconds 
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of each other across the different noise levels at the same LE threshold.  

Although a LE threshold of 25% was the most insensitive to noise level, and a threshold 

of 30% resulted in the lowest biases and standard deviations for 2-second frames, the simulations 

focus solely on a grey matter TAC with an ideal bolus injection. Therefore, to assess the 

performance of the LE method on different tissue types with varying kinetics and the effect of 

time walk on LE estimates in slowly rising TACs (e.g. liver), a variety of LE thresholds were 

tested in human ROI-based analyses.  

Human ROI-based Analysis 

Tissue-specific TACs were consistent across organ type among subjects (Fig. 1, Supplemental 

Fig. 3). The subset of the 28 lesion TACs shown in Fig. 1 demonstrates the heterogeneity of 

tracer arrival time and metabolism. Since there were no noticeable differences between healthy 

subject and GUC patient TACs, ROI-based parameter estimates were pooled across the 14 

healthy subjects and 7 GUC patients. Average JE and LE delay estimates with their standard 

errors (Fig. 2A, 2B) demonstrate the impact of slower TAC rise-times on the LE estimates of 

liver and muscle, as compared to grey matter, spleen, and GUC lesions, which all demonstrate 

a sharp rising edge (Supplemental Fig. 3). Based on simulation results and the timing walk, or 

overestimation of delay that occurs for more slowly-rising TACs as LE thresholds are increased 

in Fig. 2B, a LE threshold of 10% was selected for further ROI-based results and implemented 

for parametric imaging. As shown in Fig. 2C, there was good agreement between JE and LE 

methods in the estimation of delay (Pearson’s r=0.96, P<1E-3, slope: 1.00) with a 10% LE 

threshold for all ROIs.  

The impact of delay correction can be seen in Table 1 where parameter estimates were 

obtained with and without delay correction. With LE-based delay estimation, mean parameter 
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estimates were in agreement with JE results for vb (r=0.96, P<1E-3, slope: 0.98), Ki (r=1.00, 

P<1E-3, slope: 0.99), and K1 (r=0.97, P<1E-3, slope: 0.91) when all regions were pooled 

(N=154) (Table 1, top, Supplemental Fig. 4). When delay correction is not performed, there is 

little impact on Ki (r=1.00, P<1E-3, slope: 1.02), however vb (r=0.86, P<1E-3, slope: 0.85) and 

K1 (r=0.89, P<1E-3, slope: 0.89) are poorly estimated in some tissues, including grey matter, 

spleen, and GUC lesions. When tissues with negative or zero delay (myocardium, lung) are 

excluded from pooled analyses, Ki remains constant while there is a drop in vb (69.4%), and K1 

(4.8%) without delay correction (Table 1).  

Table 2 shows the mean and standard deviation estimates of the 42 tissue-parameter pairs. 

LE estimates were strongly in agreement with JE methods for most tissues, where only five of 

38 statistically significant comparisons had a Pearson’s r < 0.8, though the LE method did not 

agree with JE results in some liver and spleen ROIs when estimating vb.  

Parametric Imaging  

Voxel-wise LE results were assessed using datasets from one representative healthy volunteer 

and one representative GUC subject. Using a high-performance computational node (Intel Xeon 

Gold 2.6 GHz, 24-core processor), JE were produced at an approximate rate of 180 voxels/s, 

while LE parametric images were produced at an approximate rate of 1,200 voxels/s, 

representing a 6.7-fold increase in computational efficiency. Parametric results were in 

agreement with ROI-based methods, though were slightly overestimated for both JE (r=0.97, 

P<1E-3, slope: 1.05) and LE (r=0.99, P<1E-3, slope: 1.06) (Supplemental Fig. 5). Example 

delay and Ki maps are shown in Fig. 3. LE-derived delay maps showed some artifacts near the 

injection site compared to JE delay maps, but results were broadly comparable across most 

tissues. Ki was similar between JE and LE, and demonstrated improved Ki contrast in the liver 
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and GUC lesions (arrows) compared to Ki computed with no delay correction or via Patlak plot 

(Fig. 3, Supplemental Table 4).  GUC subject maximum intensity projection images of K1 and 

vb are shown in Fig. 4, where delay correction improved visualization of lesions in the thorax, 

lower torso, and legs. Like the ROI-based results in Tables 1 and 2, voxel-level delay correction 

resulted in improved estimation of lesion vb and K1 (Fig. 4), which are both sensitive to the early 

phases of the scan.  

Both representative subjects showed some disagreement of LE delay in the muscle and 

spleen relative to JE delay, though this did not greatly impact Ki or vb estimates. Scatter plots 

comparing JE and LE results in a representative healthy subject (Supplemental Fig. 6) 

demonstrate agreement in the estimation of delay (r=0.99, P<1E-3, slope: 1.01).  Estimates of 

vb (r=1.00, P<1E-3, slope: 1.00) and Ki (r=1.00, P<1E-3, slope: 0.99) were in strong agreement 

with JE results. Although not shown, K1 LE estimates also agreed with JE, but were 

underestimated  (r=0.97, P<1E-3, slope: 0.91).  

GUC voxel-wise estimates of delay were similarly in disagreement in some muscle, 

spleen, and lesion voxels, and overall, delay was slightly overestimated (r=0.99, P<1E-3, slope: 

1.10) (Fig. 5). There was strong agreement for vb (r=1.00, P<1E-3, slope: 0.98) and Ki (r=1.00, 

P<1E-3, slope: 1.00). Although not shown, GUC subject K1 estimates were also in agreement 

(r=0.99, P<1E-3, slope: 0.97).  

 

DISCUSSION 

Here we demonstrate, at both the ROI and voxel level, the feasibility of using pulse timing 

methods (LE and CFD) as a surrogate for jointly estimating tracer delay using the first 120 

seconds of data, across a wide range of tissue types present in total-body PET datasets. Noise, 
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in addition to temporal framing, plays an important role in the choice of threshold in the LE 

method. In simulations, LE with a 10% threshold or greater provided satisfactory delay bias and 

standard deviation in short frames at most noise levels, but a 30% threshold resulted in the lowest 

measured bias and standard deviation at all noise levels. However, the shape of the TAC itself 

is important, and may explain the discrepancies between simulations and acquired TACs in 

determining the optimal LE threshold for grey matter. Further, tissues with a long rise-time such 

as the liver suffer from time walk, and spillover from the blood pool can cause early triggering. 

Threshold optimization may be necessary for these tissues.  Since the simulation data showed 

no advantage in using the CFD approach, the simpler LE method was used for human studies. 

After assessing regional delay estimates from various LE thresholds, a 10% threshold 

was implemented for all human analyses. JE and LE methods were in agreement for all estimated 

kinetic parameters at both ROI and voxel levels. vb and K1 estimates were sensitive to delay 

correction, while Ki was only impacted by delay correction in the liver and GUC lesions of the 

parametric images. Improved estimation of vb and K1 has implications for perfusion imaging 

with radiotracers with rapid kinetics (e.g. 15O-water).  

The bolus shape is another important consideration; the simulation results indicate that 

LE methods work well with a sharp bolus peak for the IF with respect to the frame length, such 

that there is as little timing walk in the tissue and IF curves as possible. Therefore these methods 

are expected to be translatable to other tracers delivered via bolus injection.  

Although we implemented model selection in our parametric analyses, special-case 

tissues (e.g. liver, lung) require additional models that consider dual input functions and 

dispersion which were not implemented here, but will be a part of our future work. Patient 

motion is another major challenge with total-body parametric imaging. Short frames capture 
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respiratory and cardiac motion, while any gross motion throughout the scan is also captured. In 

practice, application of these methods will likely benefit greatly from incorporation of motion 

correction in total-body PET (22). Here, we performed simple manual correction of our ROIs, 

and selected image datasets with limited motion for parametric analysis.    

While LE delay correction can be implemented with the Patlak analysis, delay correction 

has a limited impact on Patlak Ki, indicating that improved lesion contrast seen in this study was 

a result of implementation of compartment modeling with delay correction. 

 

CONCLUSION 

In this work we apply pulse timing methods to dynamic PET images to estimate the arrival time 

of the radiotracer bolus in ROIs and in every voxel in the body. We have demonstrated that pulse 

timing methods can be an efficient surrogate for JE. Moreover, LE and JE methods of delay 

correction provided Ki, vb, and K1 estimates that were in good agreement and substantially 

improved parametric results compared to when no delay correction was performed, or compared 

to Patlak analysis. Further, at the voxel level, LE estimates were in agreement with JE across a 

variety of tissue types for both healthy and GUC subjects. The results suggest delay correction 

should be implemented for total-body PET kinetic modeling using short (<5 second) frames, 

and implementing the LE method instead of JE will allow for efficient correction of delay. 
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KEY POINTS  

QUESTION: Are pulse timing methods an efficient surrogate for joint estimation (JE) of the 

delay in tracer arrival time for total-body PET kinetic modeling?  

PERTINENT FINDINGS: Results from regional and voxel-wise studies in 21 subjects (14 

healthy volunteers, 7 cancer patients) showed strong agreement between leading edge (LE) and 

JE methods in estimating delay and kinetic parameters vb, Ki, and K1. Improved regional 

estimates, as well as increased parametric image contrast of vb and K1 were observed when delay 

correction was performed.   

IMPLICATIONS FOR PATIENT CARE: This study demonstrates the importance of delay 

correction in total-body PET kinetic modeling, and that LE delay correction can be 

a computationally efficient surrogate for JE, making the methods more translatable for patient 

studies. 
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FIGURE 1: Normalized TACs in a number of healthy subject and GUC patient tissues. Although injection bolus 

shape was consistent across pooled human subjects, injection time relative to the start of the scan, delay in arrival 

time to individual tissues, and initial lesion uptake differed. A single lesion is shown per GUC patient for ease of 

visualization. 
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FIGURE 2: Average JE delay estimates with standard error (s.e.) (A), and LE estimates (B) at thresholds ranging 

from 2.5 to 50% for different ROIs. As LE threshold increases, LE delay estimates exhibit time walk for tissues 

with longer rise-times such as the liver (▲) and muscle (▲). Based on A and B, a threshold of 10% was selected 

for further kinetic analyses. The LE method was in good agreement with JE estimates of delay (C, r=0.96, P<1E-

3, slope: 1.00) with a 10% threshold across all regions. 
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FIGURE 3: Maximum intensity projection (MIP) parametric images of delay and Ki for a representative healthy 

subject (A) and a GUC patient (B) generated using four coronal slices (1.6 cm thick). 10% LE threshold-derived 

delay maps showed some differences compared to JE delay maps, particularly close to the injection site, but are 

broadly in agreement across the rest of the body. Compartment modeling-based Ki maps were similar with JE and 

LE methods of delay correction, and both methods resulted in improved liver signal (A, arrows) and lesion contrast 

(B, arrows) compared to Patlak results, or to when no delay correction was implemented. 
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FIGURE 4: MIPs of K1 (left) and vb (right) parametric maps for a representative GUC patient. Overall, LE-derived 

parametric images were similar to JE-based images. Without delay correction, K1 was increased while vb was 

underestimated in much of the abdomen and lower body compared to JE-based vb. Multiple GUC lesions (arrows) 

demonstrated increased K1 and vb when delay correction was applied, while vessels in the legs and some lesions in 

the upper abdomen and liver (asterisks) showed a reduction in K1 and an increase in vb.  
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FIGURE 5: Parametric LE versus JE results for a GUC patient were compared across a number of regions including 

8 lesions (L1-L8). Delay is slightly overestimated (r=0.99, P<1E-3, slope: 1.10) overall, and is underestimated in 

a number of TACs, namely from muscle, lesions and grey matter. LE vb (r=1.00, P<1E-3, slope: 0.98) and Ki 

(r=1.00, P<1E-3, slope: 1.00) estimates demonstrate nearly 1:1 ratios with JE.  
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TABLES 

TABLE 1: Mean (s.d.) estimated kinetic parameters obtained from pooled regions 
 

All regions (N=154) Regions* with positive delay (N=112)  

Parameter JE LE r† JE LE r† 

vb 0.070 (0.079) 0.076 (0.080) 0.96  0.036 (0.056) 0.044 (0.061) 0.91  

K1 0.553 (0.629) 0.529 (0.584) 0.97  0.600 (0.677) 0.569 (0.618) 0.98  

Ki 0.012 (0.017) 0.012 (0.017) 1.00  0.011 (0.014) 0.011 (0.014) 1.00  

Delay 5.981 (6.073) 6.377 (6.331) 0.96  8.205 (5.701) 8.732 (5.888) 0.94  

k2 1.213 (1.292) 1.171 (1.277) 0.94  1.133 (1.230) 1.084 (1.188) 0.95  

k3 0.039 (0.069) 0.037 (0.057) 0.97  0.035 (0.064) 0.032 (0.046) 0.96  
           
 

All regions (N=154) Regions* with positive delay (N=112)  

Parameter JE No delay corr. r† JE No delay corr. r† 

vb 0.070 (0.079) 0.050 (0.078) 0.86 0.036 (0.056) 0.011 (0.036) 0.57  

K1 0.553 (0.629) 0.541 (0.622) 0.89 0.600 (0.677) 0.571 (0.656) 0.88  

Ki 0.012 (0.017) 0.012 (0.017) 1.00 0.011 (0.014) 0.011 (0.015) 0.99  

Delay 5.981 (6.073) 0 0  N.A. 8.205 (5.701) 0 0  N.A. 

k2 1.213 (1.292) 1.205 (1.348) 0.85 1.133 (1.230) 1.085 (1.233) 0.79  

k3 0.039 (0.069) 0.040 (0.063) 0.96 0.035 (0.064) 0.036 (0.057) 0.94  
 

N.A.: Not available. 
    

 
*excludes lung and myocardium, †P<1E-3. 
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TABLE 2: Mean (s.d.) estimated kinetic parameters for healthy subjects (N=14) and GUC patients (N=7) 
 

Grey Matter Liver Lung 

Parameter JE LE r* JE LE r* JE LE r* 

vb 0.030 (0.006) 0.030 (0.006) 0.98  0.001 (0.003) 0.001 (0.005) N.S.  0.128 (0.039) 0.128 (0.039) 1.00  

K1 0.107 (0.017) 0.107 (0.018) 1.00  0.660 (0.286) 0.636 (0.291) 0.98  0.023 (0.012) 0.023 (0.012) 1.00  

Ki 0.031 (0.007) 0.031 (0.007) 1.00  0.002 (0.002) 0.002 (0.001) 0.81  0.000 (0.000) 0.000 (0.000) 1.00  

Delay 5.048 (0.805) 5.238 (0.944) 0.77  13.571 (3.723) 12.333 (2.536) 0.87  0.000 (0.000)  0.000 (0.000)  N.A. 

k2 0.165 (0.027) 0.163 (0.029) 0.95  0.765 (0.374) 0.737 (0.381) 0.98  0.205 (0.090) 0.205 (0.090) 1.00  

k3 0.067 (0.012) 0.066 (0.013) 0.99  0.002 (0.002) 0.002 (0.002) 0.84  0.001 (0.004) 0.001 (0.004) 1.00  
                
 

Muscle Myocardium Spleen 

Parameter JE LE r* JE LE r* JE LE r* 

vb 2.3E-4 (4.7E-

4) 

0.001 (0.001) 0.69  0.190 (0.063) 0.192 (0.068) 0.98  0.044 (0.025) 0.083 (0.029) N.S.  

K1 0.026 (0.012) 0.026 (0.012) 1.00  0.832 (0.307) 0.820 (0.356) 0.81  1.593 (0.556) 1.458 (0.467) 0.99  

Ki 0.002 (0.000) 0.002 (0.000) 1.00  0.029 (0.024) 0.028 (0.024) 1.00  0.003 (0.001) 0.003 (0.001) 0.99  

Delay 14.333 (3.812) 17.000 (3.715) 0.94  0.095 (0.301) 0.190 (0.512) N.S.  4.905 (1.411) 6.333 (1.278) 0.71  

k2 0.249 (0.142) 0.249 (0.136) 1.00  2.651 (1.044) 2.597 (1.215) 0.78  2.867 (0.980) 2.709 (0.882) 1.00  

k3 0.016 (0.006) 0.016 (0.006) 1.00  0.099 (0.088) 0.098 (0.088) 1.00  0.006 (0.003) 0.006 (0.003) 0.99  
                
 

GUC lesions (N=28) 
          

Parameter JE LE r* 
          

vb 0.089 (0.086) 0.089 (0.092) 0.93  
          

K1 0.609 (0.614) 0.605 (0.573) 0.92  
          

Ki 0.017 (0.016) 0.018 (0.016) 0.99  
          

Delay 4.429 (5.295) 4.250 (5.254) 0.90  
          

k2 1.496 (1.213) 1.443 (1.272) 0.79  
          

k3 0.071 (0.114) 0.062 (0.074) 0.97  
          

 
N.A.: Not available. N.S.: Not significant. 

         

 
* P<1E-3. 
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SUPPLEMENTAL TABLE 2: Absolute bias (s.d.) in seconds of LE and CFD delay estimates for 2- and 10-second 
frame lengths 

 LE  CFD 
Noise Level 0.03 0.1 0.2 0.3  0.03 0.1 0.2 0.3 

Threshold/ 
Attenuation 

fraction 

LE, 2 s frames  CFD, 2 s frames 

2.5% 1.49 (0.38) 1.54 (0.39) 1.61 (0.63) 5.93 (9.99)  5.24 (13.14) 13.71 (19.38) 22.28 (20.22) 27.97 (18.52) 
5% 1.23 (0.33) 1.25 (0.34) 1.29 (0.35) 1.33 (0.37)  0.74 (2.85) 5.63 (13.71) 11.75 (18.46) 16.62 (19.99) 
10% 0.88 (0.24) 0.89 (0.25) 0.91 (0.27) 0.93 (0.29)  0.62 (0.41) 0.64 (0.98) 2.43 (8.30) 5.53 (13.29) 
15% 0.61 (0.21) 0.62 (0.22) 0.63 (0.23) 0.64 (0.26)  0.67 (0.46) 0.69 (0.47) 0.71 (0.82) 1.19 (4.31) 
20% 0.39 (0.17) 0.40 (0.18) 0.40 (0.20) 0.41 (0.22)  0.80 (0.53) 0.79 (0.52) 0.79 (0.52) 0.79 (0.72) 
25% 0.20 (0.13) 0.21 (0.14) 0.22 (0.15) 0.24 (0.17)  0.87 (0.55) 0.87 (0.55) 0.87 (0.55) 0.86 (0.55) 
30% 0.11 (0.05) 0.11 (0.07) 0.14 (0.10) 0.18 (0.13)  0.94 (0.56) 0.93 (0.56) 0.93 (0.56) 0.93 (0.57) 
40% 0.32 (0.09) 0.32 (0.12) 0.34 (0.17) 0.35 (0.21)  1.00 (0.56) 1.04 (0.57) 1.06 (0.58) 1.07 (0.59) 
50% 0.63 (0.09) 0.63 (0.12) 0.65 (0.19) 0.67 (0.25)  1.18 (0.58) 1.18 (0.58) 1.20 (0.60) 1.20 (0.61) 

Threshold/ 
Attenuation 

fraction 

LE, 10 s frames  CFD, 10 s frames 

2.5% 8.46 (2.34) 8.64 (2.39) 8.95 (2.65) 15.13 (11.40)  4.27 (7.53) 7.36 (11.87) 14.44 (16.73) 20.69 (17.57) 
5% 7.70 (2.22) 7.81 (2.25) 7.99 (2.28) 8.20 (2.32)  2.73 (1.59) 5.16 (9.26) 6.65 (11.03) 10.10 (14.31) 
10% 6.65 (2.04) 6.74 (2.06) 6.86 (2.08) 6.99 (2.10)  2.78 (1.66) 2.78 (1.67) 4.08 (6.63) 5.02 (8.36) 
15% 5.84 (1.94) 5.91 (1.96) 6.00 (1.99) 6.09 (2.00)  2.94 (1.86) 2.95 (1.86) 2.94 (1.86) 3.06 (2.59) 
20% 5.14 (1.82) 5.20 (1.84) 5.28 (1.86) 5.35 (1.88)  3.01 (1.94) 3.01 (1.94) 3.01 (1.93) 3.01 (1.93) 
25% 4.47 (1.71) 4.52 (1.73) 4.59 (1.75) 4.65 (1.77)  3.05 (1.98) 3.06 (1.98) 3.06 (1.98) 3.06 (1.98) 
30% 3.80 (1.64) 3.85 (1.65) 3.91 (1.67) 3.96 (1.69)  3.10 (2.02) 3.10 (2.02) 3.09 (2.01) 3.09 (2.01) 
40% 2.50 (1.59) 2.54 (1.60) 2.59 (1.62) 2.63 (1.63)  3.10 (2.02) 3.10 (2.02) 3.10 (2.02) 3.12 (2.04) 
50% 1.58 (1.30) 1.61 (1.31) 1.64 (1.33) 1.66 (1.34)  3.21 (2.12) 3.18 (2.10) 3.21 (2.12) 3.25 (2.15) 

 

SUPPLEMENTAL TABLE 1: Initialization parameters for non-linear least squares fitting 
Parameter vb (mL/mL) K1 (mL/min/mL) k2 (min-1) k3 (min-1) k4 (min-1) Delay (s) 
Initial value 0.01 0.01 0.01 0.01 - 0 
Upper bound 1.0 5.0 5.0 1.0 - 50 
Lower bound 0.0001 0.0 0.0 0.0 - 0 



SUPPLEMENTAL TABLE 3: Absolute bias (s.d.) of delay estimates (s) across different LE thresholds, framing 
protocols, noise levels 
Noise Level (Sc) 0.03 0.1 0.2 0.3  

Framing (s) 5% LE 
 

0.1 (Native) 0.03 (0.01) 0.03 (0.02) 1.83 (6.89) 11.06 (15.0) 
 

1 0.54 (0.14) 0.55 (0.15) 0.56 (0.17) 0.58 (0.27) 
 

2 1.23 (0.33) 1.25 (0.34) 1.29 (0.35) 1.33 (0.37) 
 

5 3.58 (0.85) 3.64 (0.86) 3.73 (0.90) 3.82 (0.94) 
 

10 7.70 (2.22) 7.81 (2.25) 7.99 (2.28) 8.20 (2.32) 
 

 
10% LE 

 

0.1 (Native) 0.01 (0.01) 0.03 (0.03) 0.06 (0.06) 0.08 (0.09) 
 

1 0.32 (0.10) 0.32 (0.11) 0.32 (0.13) 0.32 (0.16) 
 

2 0.88 (0.24) 0.89 (0.25) 0.91 (0.27) 0.93 (0.29) 
 

5 2.88 (0.72) 2.92 (0.74) 2.97 (0.76) 3.04 (0.78) 
 

10 6.65 (2.04) 6.74 (2.06) 6.86 (2.08) 6.99 (2.10) 
 

 
20% LE 

 

0.1 (Native) 0.08 (0.02) 0.13 (0.07) 0.18 (0.12) 0.21 (0.15) 
 

1 0.06 (0.04) 0.06 (0.05) 0.09 (0.07) 0.12 (0.09) 
 

2 0.39 (0.17) 0.40 (0.18) 0.40 (0.20) 0.41 (0.22) 
 

5 1.89 (0.65) 1.92 (0.66) 1.95 (0.67) 2.00 (0.69) 
 

10 5.14 (1.82) 5.20 (1.84) 5.28 (1.86) 5.35 (1.88) 
 

 25% LE  
0.1 (Native) 0.14 (0.03) 0.21 (0.09) 0.26 (0.15) 0.30 (0.19)  

1 0.09 (0.05) 0.10 (0.06) 0.14 (0.09) 0.16 (0.13)  
2 0.20 (0.13) 0.21 (0.14) 0.22 (0.15) 0.24 (0.17)  
5 1.51 (0.64) 1.53 (0.64) 1.56 (0.65) 1.60 (0.67)  

10 4.47 (1.71) 4.52 (1.73) 4.59 (1.75) 4.65 (1.77)  
 30% LE  

0.1 (Native) 0.22 (0.04) 0.30 (0.11) 0.36 (0.18) 0.40 (0.22)  
1 0.19 (0.05) 0.21 (0.07) 0.24 (0.12) 0.26 (0.16)  
2 0.11 (0.05) 0.11 (0.07) 0.14 (0.10) 0.18 (0.13)  
5 1.16 (0.61) 1.18 (0.61) 1.21 (0.63) 1.23 (0.64)  

10 3.80 (1.64) 3.85 (1.65) 3.91 (1.67) 3.96 (1.69)  
 40% LE  

0.1 (Native) 0.40 (0.05) 0.50 (0.14) 0.58 (0.24) 0.64 (0.30)  
1 0.40 (0.04) 0.42 (0.07) 0.46 (0.14) 0.50 (0.21)  
2 0.32 (0.09) 0.32 (0.12) 0.34 (0.17) 0.35 (0.21)  
5 0.64 (0.40) 0.65 (0.42) 0.66 (0.45) 0.67 (0.48)  

10 2.50 (1.59) 2.54 (1.60) 2.59 (1.62) 2.63 (1.63)  
 50% LE  

0.1 (Native) 0.61 (0.06) 0.74 (0.18) 0.85 (0.31) 0.93 (0.40)  
1 0.61 (0.05) 0.63 (0.09) 0.69 (0.17) 0.75 (0.27)  
2 0.63 (0.09) 0.64 (0.12) 0.65 (0.19) 0.67 (0.25)  
5 0.50 (0.30) 0.51 (0.30) 0.52 (0.30) 0.54 (0.32)  

10 1.58 (1.30) 1.61 (1.32) 1.64 (1.33) 1.67 (1.35)  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
  

SUPPLEMENTAL TABLE 4: Impact of delay correction on mean parametric 
Patlak Ki (mL/min/100 mL) for representative GUC patient 

Tissue JE LE No delay correction 

Grey matter 1.253 1.250 1.249 
Liver 0.118 0.116 0.113 
Lung 0.094 0.094 0.094 

Muscle 0.051 0.050 0.049 
Myocardium 0.252 0.252 0.252 

Spleen 0.302 0.302 0.301 
L1 0.300 0.300 0.299 
L2 0.187 0.187 0.186 
L3 0.309 0.308 0.306 
L4 0.214 0.213 0.211 
L5 0.270 0.269 0.268 
L6 0.317 0.316 0.316 
L7 0.130 0.129 0.128 
L8 0.277 0.277 0.276 



 
 

SUPPLEMENTAL FIGURE 1: Time activity curves (TACs) for simulations (A), example LE (B) and CFD (C) 

delay estimates. In the left panel, a delay of 19.2 seconds was used to shift the IF and generate the ground truth TAC 

(—). In this example noisy realization (•), the scaling factor of the standard deviation Sc is equal to 0.1. The TACs 

were then re-binned to reflect different frame lengths. Shown here are 2 (—) and 10 (—) second frames, with example 

LE (B, ) and CFD (C, ) delay estimates for the 10-second frames.  For the LE delay estimation in (B), a 10% LE 

trigger threshold was selected to mark the time at which the signal amplitude passes the trigger value, which is recorded 

as the arrival time. For the CFD method in (C), the following three steps were performed: (i) TACs were shifted in 

time by 2 seconds for shorter framing, or 1 frame when the frame length was greater than 2 seconds (C, Ctshift). (ii) 

Attenuated and inverted versions of the TAC (attenuated to between 2.5 and 50% of the peak activity) (C, Ctinv) were 

added to the shifted TAC. (iii) The zero-crossing point, or the timepoint at which the TAC sign changes from negative 

to positive marks the arrival time (C, ).  

 
 



 
 
 
SUPPLEMENTAL FIGURE 2: Cross sectional delay maps with overlay of regions of interest (ROIs) from a number 

of GUC patient tissues selected for parametric kinetic analysis. As noted in the text, an additional vascular ROI was 

delineated in order to assess the impact of delay correction within the blood pool. The descending aorta, as shown 

above, reflects a positive delay value with respect to the left ventricle.  

 
 
 

 



 

 



 



 

 

SUPPLEMENTAL FIGURE 5: Average parametric delay estimates as compared to ROI-based estimates. Left: JE 

estimates for delay (r=0.97, P<1E-3, slope: 1.05), were in strong agreement with ROI-based TAC results. Right: LE 

estimates for delay (r=0.99, P<1E-3, slope: 1.06) were also in strong agreement with ROI-based TAC results. To 

generate this figure, parametric delay values were averaged across all voxels per tissue. Delay estimates for both 

representative subjects were included. 

 

 

  



 

 

SUPPLEMENTAL FIGURE 6: Parametric LE versus JE results for a representative healthy subject. LE delay was 

in agreement with JE results (r=0.99, P<1E-3, slope: 1.01), but demonstrated a spread of delay values in the liver and 

muscle for both methods. LE estimates of vb (r=1.00, P<1E-3, slope: 1.00) and Ki (r=1.00, P<1E-3, slope: 0.99) were 

in agreement with JE results.  

 
 
 




