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Abstract

The Standardized Uptake Value (SUV) is a method for semiquantitative 

evaluation of radiotracer accumulation on PET scans. Changes in SUV can be 

used to determine treatment response.  However, SUV measurements are 

influenced by a variety of biological and technological factors, including 

image reconstruction parameters. 

There are other semiquantitative metrics used in PET that relate to the 

total metabolic activity of a tumor. Current metrics of this type (e.g., Total 

Lesion Glycolysis) use a combination of SUV and an object volume. Such 

concentration-based metrics may not capture all radioactivity of an object. 

We propose a more direct method to assess total radiotracer uptake (TRU): 

the total radioactivity in a large VOI is measured and background is 

subtracted.

Phantom studies were performed to assess the effect of image 

reconstruction parameters on SUV, and to compare the TRU with 

concentration-based metrics. Patient images were evaluated to estimate the 

percent error of the TRU metric in imaging of humans.

Methods:  

A whole body phantom with 1 cm hot spheres was scanned with a GE 

Discovery 690 PET/CT scanner, with time of flight (TOF) capability. Data were 

reconstructed several different ways to examine the effect of image matrix 

size, amount of smoothing, field of view (FOV) size, TOF vs. non-TOF 

reconstruction, iterations of reconstruction algorithm, and image matrix shift 

on SUV. 
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An additional whole body phantom was scanned on the same system 

to compare the accuracy and variability of the new TRU metric with existing 

measures.

Results:

Reconstruction parameters had substantial effects on SUV for 1 cm 

spheres. Varying the FOV from 35 to 70 cm produced an 11% change in 

average normalized SUV. Changing the image matrix size from 128x128 

pixels to 256x256 pixels produced an 5.3% difference. Shifting the image 

matrix produced up to a 12% change in SUV. TOF vs. non-TOF reconstruction 

resulted in up to a 29% difference in SUV for two iterations.

The TRU method was more accurate than TLG and SUV for all sphere 

types in images with 0 mm to 10 mm of smoothing. Mean errors of TRU were 

between 1-12%. The TRU method was less variable than TLG in unsmoothed 

images with acquisition lengths of 1, 2, and 4 minutes.  Coefficients of 

variation were between from 2-17% for TRU measurements, compared to 5-

19% for TLG measurements. Simulation of TRU applied to human images 

shows potential error from 10-18% for 10:1 lesions 1-4 cm in diameter.

Conclusions:

Changes in image reconstruction parameters could significantly 

influence the SUV for small, 1 cm lesions. These effects are reduced for 

larger, 2.5 cm lesions. 

TRU can accurately quantify small lesions in a phantom study. In some 

cases, TRU is less variable than TLG and SUV. Computer simulations of error 

in TRU when applied to human studies show low percentage errors for 

realistic tumor contrasts and volumes. 



vi

Contents

Abstract...........................................................................................................iv

List of Tables..................................................................................................viii

List of Figures..................................................................................................ix

1. Introduction to PET ......................................................................................1

1.1 Clinical Significance of PET...................................................................1

1.2 PET Physics...........................................................................................1

1.3 PET Quantitation...................................................................................7

2. Factors affecting SUV.................................................................................11

2.1 Introduction.........................................................................................11

2.2 Methods..............................................................................................12

2.3 Results................................................................................................12

2.3.1 1.0-cm Spheres: Matrix Size and Smoothing .................................12

2.3.2 1.0-cm Spheres: FOV and Smoothing.............................................13

2.3.3 1.0-cm Spheres: TOF vs. non-TOF, Iterations.................................14

2.3.4 1.0-cm Spheres: Image Matrix Placement......................................15

2.4 Discussion...........................................................................................18

2.5 Conclusion...........................................................................................22

3. Total Radiotracer Uptake...........................................................................23

3.1 Introduction.........................................................................................23

3.2 Methods and Materials:.......................................................................29

3.2.1 TRU Methodology and Error Analysis..............................................29

3.2.2 VOI Size Analysis............................................................................32

3.2.3 Shell Analysis..................................................................................32



vii

3.2.4 Physical Phantom ..........................................................................35

3.3 Results:...............................................................................................37

3.3.2 Sensitivity to Image Resolution......................................................38

3.3.3 Sphere Contrast..............................................................................40

3.3.4 Sphere Size.....................................................................................40

3.3.5 Measurement Variability.................................................................41

3.4 Discussion...........................................................................................44

3.5 Conclusions.........................................................................................49

References.....................................................................................................50



viii

List of Tables

Table 1: Impact of reconstruction parameters for 1.0-cm and 2.5-cm 
spheres..........................................................................................................18

Table 2: Tumor concentration error of TRU technique...................................38

Table 3: TRU, TLG, SUV and sphere contrast.................................................40

Table 4: TRU, TLG, SUV and sphere size........................................................41



ix

List of Figures

Figure 1: Spheres and 0 mm smoothing...........................................................5

Figure 2: Spheres and 5 mm smoothing...........................................................6

Figure 3: Spheres and 1 cm smoothing............................................................6

Figure 4: Matrix size and SUV.........................................................................13

Figure 5: FOV size and SUV............................................................................14

Figure 6: TOF and non-TOF, iterations............................................................15

Figure 7: Image Matrix Shift, 0 mm blurring...................................................16

Figure 8: Image matrix shift, 4 mm blurring...................................................16

Figure 9: FOV and SUV variability...................................................................17

Figure 10: No image matrix shift....................................................................20

Figure 11: Shifted image matrix.....................................................................20

Figure 12: Radioactivity Concentration Profiles..............................................24

Figure 13: Blurred radioactivity concentration profiles..................................27

Figure 14: Inner VOI and Shell........................................................................34

Figure 15: Mean value of TRU, TLG, SUV........................................................39

Figure 16: Coefficients of Variation of TRU, TLG, SUV....................................42

Figure 17: Coefficients of Variation and smoothing........................................44



1. Introduction to PET 

1.1 Clinical Significance of PET

Positron Emission Tomography (PET) is a widespread functional 

imaging modality, with applications in neurology, cardiology, and oncology. 

The most common application of PET uses the tracer 18F-2-fluoro-2-deoxy-D-

glucose (FDG) for initial staging and follow up of oncology patients[1]. FDG is 

a glucose analog that accumulates preferentially in malignant cells, due to 

their higher glucose metabolism[2]. FDG-PET has proven value in patients 

with lung cancer, melanoma, lymphoma, colorectal cancer, esophageal 

cancer, breast cancer, cervix cancer, and head and neck malignancies[3]. In 

general, higher grade and less-differentiated tumors are associated with 

higher levels of FDG accumulation[4]. In addition, higher FDG accumulation is 

associated with poorer prognosis for some tumor types[5]. Malignant 

processes are generally associated with higher FDG accumulation than seen 

in inflammatory processes[6]. For these reasons, PET can be extremely 

sensitive and specific for some disease processes. 

1.2 PET Physics

PET forms images of the body by detecting photons produced as a 

result of radioactive decay of a radiotracer. The radiotracer is a chemical 

compound specific cellular process (e.g., glucose metabolism, cell 

proliferation) that has a radioactive element bound to it. This radiotracer is 

then injected into the subject, and after some period of time accumulates 

1



preferentially in certain areas. 

The radiotracer undergoes a form of beta decay, creating a neutron, a 

positron, and a neutrino. The positron travels a short distance during which it 

interacts via coulomb forces with the surrounding tissue. After the positron 

has lost most of its energy, it annihilates with an electron, producing two anti-

parallel 511keV photons. If the photons are not absorbed in the body, they 

can be detected by a ring of detectors placed around the subject. When a 

detector registers a photon within a particular energy window, an electronic 

pulse is generated and the record of this is stored as an event. A digital time 

stamp is associated with each event, and a coincidence processor analyzes 

the timing of events from opposite detectors. If two events from opposing 

detectors have occurred within a specified coincidence timing window then 

these are deemed to be coincident.

Modern PET/CT systems typically have multiple rings of detectors, with 

a  axial field of view (FOV) of ~15 cm. The patient lies on a bed that is 

oriented along the central axis of the detector rings. In order for a large 

region of the body to be scanned, multiple positions of the bed must be used. 

The bed stays in each position for a certain period of time, known as the 

acquisition time. All coincidence events that occur within that time and are 

detected are summed.

The PET/CT system determines a line of response (a straight path from 

one detector to the other) for each coincident photon pair. The radioactivity 

corresponding to this coincident photon pair can be calculated. As there are 
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millions of coincidence events detected in a given scan, a line integral of the 

corresponding radioactivity for every LOR  is obtained This line integral of 

radioactivity constitutes a projection. Projections can be reconstructed using 

one of several available image reconstruction techniques to form an image of 

the original radioactivity distribution within the body. If the scanner is 

properly calibrated and relevant corrections are performed, then each pixel in 

the image represents a radioactivity concentration (e.g., μCi/ml).

There are several important physical processes that must be corrected 

for when reconstructing an image. The first is attenuation. High energy 

photons can undergo Compton scattering, so some fraction of photons 

starting on an LOR will be scattered out and no coincidence will be detected. 

The deeper in the body the annihilation event occurs, the more likely it is that 

at least one of the photons will be scattered. Thus, if a reconstructed image is 

not corrected for attenuation, multiple quantitative and qualitative effects 

can arise. For example, “halo” effects can be observed in which the surface 

of an object is much brighter than the interior. 

Another important process that must be corrected for is scattered 

events. Some photons scattered out of one LOR will be detected, and still 

have a high enough energy and arrive during the coincidence window with 

another photon such that these are assigned as a coincidence. However, this 

coincidence will be assigned to the wrong LOR because at least one photon in 

it was scattered away from the true LOR. 

“Random” coincidences must also be corrected for in image 
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reconstruction. A random coincidence is one where each photon actually 

originated from a separate annihilation event. However, the photons will have 

arrived so close together that they are incorrectly determined to have 

originated from the same annihilation, and thus assigned to an improper LOR. 

Despite the corrections used in image reconstruction, the resolution of 

unsmoothed images in PET is ~4-5 mm for recent models. There are several 

reasons for this. First, although the system assumes that the coincident 

photons were anti-parallel, this is only the case if the positron lost all of its 

kinetic energy before annihilating with an electron. If the positron still had 

some kinetic energy at the moment of annihilation, then the “opening angle” 

(the angle between the photons released) will not be exactly 180 degrees. In 

addition, detectors used in PET/CT systems are typically crystalline and 

arranged in blocks. The size of the crystals within the blocks influences the 

resolution, as the PET/CT system cannot locate an LOR in space to any finer 

precision than the area of the crystals in the blocks. Another reason for 

limited spatial resolution is the depth-of-interaction effect. Photons are not 

immediately absorbed by the detector—sometimes, they travel through the 

detector a finite distance before being absorbed. The PET/CT system assumes 

an LOR that ends where the photons were absorbed; however, because each 

photon in the coincident pair may be absorbed at a different depth, this 

assumed LOR may differ in angle slightly from the actual straight path 

between the detectors of the coincident photons. 

One practical consequence of the limited spatial resolution of PET/CT 
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systems is the Partial Volume Effect (PVE). There are two related aspects of 

the PVE: 1) a voxel represents radioactivity from a volume larger than the 

voxel dimensions (and potentially multiple tissue types) 2) radioactivity from 

a very small region will be measured in a collection of neighboring voxels. 

Thus, a small source will show up in the final image as a larger, less intense 

source[7]. This causes underestimation of the original maximum or mean 

activity, especially for small sources. As shown in the simulated activity 

profiles in Figures 1-3, the larger spheres, blurred by the same amount, are 

affected less than the smaller spheres.
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Figure 1: 1.0-cm, 1.5-
cm, 2.0-cm, 3.0-cm, 4.0-cm, 

5.0-cm spheres, no smoothing



In each of the images above, the white sphere represents a lesion, and the 

profile beneath shows how close a measurement gets to the SUV a perfect 

system would measure.
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Figure 3: 1.0-cm, 1.5-
cm, 2.0-cm, 3.0-cm, 4.0-cm, 

5.0-cm spheres, 1 cm 
smoothing

Figure 2: 1.0-cm, 1.5-
cm, 2.0-cm, 3.0-cm, 4.0-cm, 

5.0-cm spheres, 5 mm 
smoothing



1.3 PET Quantitation

Disease visible on PET images can be evaluated qualitatively by 

examining the image for areas of increased focal uptake . However, for 

applications such as disease prognosis, or monitoring of early response to 

therapy, PET images must be evaluated in a more quantitative fashion.

One quantitative method is to calculate the FDG metabolic rate 

(FDGMR) of a tissue. Many tissue types metabolize glucose for energy, and 

the first step in this process is to phosphorylate glucose into glucose-6-

phosphate. FDG also undergoes this first step, but then does not undergo any 

further steps of glycolysis. The rate in which FDG is phosphorylated is known 

as the FDGMR, and this is proportional to the glucose metabolic rate of a 

tissue. Tumor tissue, due to the Warburg effect, will have an increase in 

FDGMR relative to normal tissue[2]. Thus, measuring the FDGMR can give a 

meaningful indication of malignancy.

Although each pixel represents a radioactivity concentration, a static 

measurement of the radioactivity concentration does not represent the 

glucose metabolic rate. This is because not all of the FDG in a cell has been 

phosphorylated, and due to the imperfect resolution of PET, some FDG 

outside the cell will also contribute to the radioactivity concentration 

measurement. Thus, compartmental modeling and tracer kinetic analysis, 

along with a dynamic scan mode must be performed in order to estimate the 

FDGMR. In the dynamic scan, only one bed position can be acquired for the 
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length of the scan, which drastically limits the body coverage. In addition, 

many methods of tracer kinetic analysis require an accurate measurement of 

the arterial concentration of the radiotracer, which requires blood draws. 

Because of these complex issues, fully quantitative analysis of PET studies is 

rare in clinical practice.

Most of the quantification of PET images is semi-quantitative. The most 

widely used metric for PET imaging is the Standardized Uptake Value. This is 

defined in the following way:

SUV=
activity concentration in tissue

injected activity / body size
. (1)

In order to measure SUV, a 2- or 3-dimensional region of interest (ROI) 

is positioned centrally within a target (i.e., tumor) using an interactive 

workstation. The measured radioactivity within the ROI is normalized to the 

average radioactivity concentration in the body, which is approximated as 

the injected dose divided by patient body size. Common body size 

measurements are based on the patient's body weight, lean body mass, or 

body surface area, with body weight being the most frequently used.

There are two common ways of reporting SUV: the mean or maximum 

SUV of all voxels within the ROI (SUVmean and SUVmax, respectively). SUVmean 

incorporates information from multiple voxels, so is less sensitive to image 

noise. However, measured SUVmean will vary depending on which voxels are 

included in the average, so it is sensitive to ROI definition and is subject to 
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intra- and inter-observer variability[8]. SUVmax is the highest voxel value 

within the ROI, so it is independent of ROI definition (assuming the voxel with 

the highest activity concentration is included), but more susceptible to 

noise[8].  SUVmax is more commonly used because it is less observer-

dependent and more reproducible than SUVmean. 

Some groups have advocated a hybrid SUV measurement, SUVpeak, that 

includes a local average SUV value in a group of voxels surrounding the voxel 

with highest activity; the concept is to maintain the reproducibility of SUVmax 

with improved statistics to reduce noise[9]. This introduces a trade-off where 

the SUVpeak value is not likely to be as close to the physiological radioactivity 

concentration as SUVmax is in small lesions. Using SUVpeak is a rough equivalent 

of performing extra smoothing on the image and then selecting the 

maximum smoothed pixel value; the effects of smoothing are discussed in 

detail later. While currently under investigation, SUVpeak has not yet been 

implemented in a standardized fashion. 

Semiquantitative metrics have also been proposed that combine 

metabolic and volumetric information measured with PET. The first was the 

Total Lesion Glycolysis (TLG) metric introduced by Larson and 

Ginsberg[10].This is calculated as:

TLG=SUV avg∗Vol . (2)

SUVavg denotes the average SUV over a region of interest, and Vol 

denotes the tumor volume measured on the PET image. Similar metrics are 
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the Metabolic Burden[11] and the Total Glycolytic Volume[12]. Most groups 

have calculated this using an SUVavg or SUVmax and a tumor volume measured 

by PET[13,14], CT[15], or a combination of the two[16]. These metrics have 

only been applied to PET imaging using 18Flourodeoxyglucose (FDG), but 

similar calculations could be applied to images using other radiotracers.
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2. Factors affecting SUV

Most material in this chapter from Adams MC, Turkington TG, Wilson JM, 
Wong TZ. A Systematic Review of the Factors Affecting Accuracy of SUV 
Measurements. Am J Roentgenol. 2010;195(2):310-320.

2.1 Introduction

The recent interest in using FDG PET to evaluate early response to 

therapy has made quantitative measurements very important. In this 

application, FDG-PET scans are obtained early in the course of therapy to 

assess tumor response. Early response detected with PET may predict 

ultimate response to the therapy, while lack of response suggests that an 

alternate therapy should be considered. When evaluating PET scans for early 

response to therapy, changes may be subtle and not visually evident. 

Quantification such as SUV plays an important role in this scenario; clinical 

studies to date indicate that most tumors responding to therapy demonstrate 

a 20%-40% decrease in SUV early in the treatment course[17,12,18-20]. 

Therefore, reliable measurements are essential when evaluating early 

response to therapy, and it is critically important to understand the variables 

that can affect SUV. 

There are several well-documented biological and technical factors 

that affect SUV[21]. Biological factors that affect SUV include: patient 

weight[22], SUV normalization method (body weight, lean body mass, or 

body surface area) [23], blood serum glucose level[24], tracer uptake 

time[25], and inflammatory processes[26]. Technical factors affecting SUV 

include: scanner variability[27,28], presence of CT contrast and method for 
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attenuation correction[29], Inter-observer variability[8], and ROI size and 

determination method[30]. However, there is little evidence on how image 

reconstruction parameters affect SUV. Therefore, we performed a phantom 

experiment to assess the impact of image reconstruction and processing 

parameters on SUV.

2.2 Methods

A whole body phantom was scanned with a GE Discovery 690 PET/CT 

system, which has Time of Flight (TOF) capability. Fourteen 1.0-cm spheres 

and two 2.5-cm spheres were placed throughout the phantom. A solution of 

F-18 and water was used to fill the spheres and phantom volume with a 6:1 

sphere to background radioactivity concentration. Iterative reconstruction 

parameters were varied to evaluate their respective impact on measured 

SUV: image matrix size, post-smoothing, field of view (FOV) size, TOF vs. non-

TOF reconstruction, number of iterations, and image matrix placement. 

All values are reported as the ratio of the measured value to the 

known value. For example, if an SUV of 6 was expected for a sphere, and a 

value of 4 was measured, this is shown as 4/6=0.67. The primary point of 

these graphs is to illustrate the differences in values obtained, rather than 

the point that the measured values for small lesions are always lower than 

the actual values.

2.3 Results

2.3.1 Effect of Matrix Size and Smoothing on 1.0-cm Spheres

Three different image matrix sizes were tested for their impact on SUV 
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measurements for 1.0-cm spheres--128x128, 192x192, and 256x256 voxels.

2.3.2 Effect of FOV and Smoothing on 1.0-cm Spheres

Three different FOV sizes were tested: 35, 50, and 70 cm. The 

image matrix size was kept constant at 128x128 voxels. The voxel's width 

and height were 0.27, 0.39, and 0.54 cm, respectively.
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Figure 4: Effect of Image Matrix Size on 
SUV. Larger matrix sizes allow for better-sampled 

images. Images with better sampling allow for 
measurements that come closer to the SUV a 

perfect system would measure



2.3.3 TOF vs. non-TOF and Effect of Iterations on 1.0-cm Spheres

TOF is an important technology in PET that accounts for photon arrival 

time differences to improve the statistical quality of PET data[31]. TOF-

reconstruction versus non-TOF reconstruction for the same raw data was 

evaluated. 

SUVmax measurements were made on the fourteen 1.0-cm spheres 

located in the phantom. Each sphere had the same expected SUV. However, 

there is some natural variation in measurements of SUV. If there is more 
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Figure 5: Effect of FOV size on SUV. 
Larger FOV sizes with a constant image 
matrix size make larger voxels and thus 

lower-sampled images. Images with lower 
sampling may cause measurements that 

are further from the SUV a perfect system 
would measure



noise in the image, then larger variation in SUV measurements of the 

identical spheres will occur. In order to assess variation in SUV 

measurements, a standard deviation across all SUV measurements of the 14 

spheres was calculated.

2.3.4 Effect of Image Matrix Placement on 1.0-cm Spheres

Image shifts from 1 to 4 mm were tested, and a normalized SUV 

was calculated for each sphere with no post-smoothing (Figure 7) and 4 mm 

post-smoothing (Figure 8). 
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Figure 6: Comparison between TOF and non-TOF 
reconstructed images of SUV variability and measured SUVs. 

This shows the standard deviation of the sphere 
measurements vs. the normalized SUV. Each point 

represents a number of reconstruction iterations. The points 
closest to the lower left were reconstructed with 1 iteration, 
and points closest to the upper right represent 7 iterations. 

Higher standard deviations indicate more image noise. 
Ideally, SUVs could be measured that were close to what a 

perfect system would measure (a normalized SUV of 1) with 
low image noise
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Figure 7: Image Matrix Shift and 
SUV with no smoothing. This figure 
shows the measured SUV value for 
each image shift, for each identical 

1.0-cm sphere in a phantom. No 
smoothing was done on the images

Figure 8: Each point represents 
the measured SUV of an image that 

was reconstructed with an image 
matrix shift relative to the center of 
the FOV. Note that there is a smaller 

difference in SUVs after post-
smoothing has been done to all images



Figure 9 demonstrates this variability in SUV measurement for each 

sphere as FOV changes, with no post-smoothing.

All of the reconstruction parameters were tested for larger, 2.5-cm spheres. 

The effects of these reconstruction parameters were diminished for larger 

spheres than smaller spheres. Table 1 summarizes this change.
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Figure 9: FOV size and SUV 
measurements for identical spheres. Larger FOV 

sizes with the same image matrix size have 
lower sampling of the raw data. In this case, a 
70 cm FOV resulted in SUV values for identical 

1.0-cm spheres in a phantom that are lower 
than measurements using a 35 or 50 cm FOV



Table 1: Largest percentage differences in SUV due to 
reconstruction parameters

Reconstruction 
parameter

Specific 
Comparison

Sphere 
Diameter (cm)

Largest % 
Difference in 
Avg. Norm. 

SUV

FOV (4 mm 
smoothing)

35 vs. 50 cm FOV 1.0 6.0

2.5 2.6

Matrix Size (4 mm 
smoothing)

128 vs. 256 voxels 1.0 5.3

2.5 2.5

Shift of Matrix 
Center (4 mm 

smoothing)

2 vs. 1 mm shift 1.0 11

3 vs. 1 mm shift 2.5 3.1

2.4 Discussion

Figure 4 shows that using a larger matrix for a given FOV increased 

SUV measurements for 1.0-cm spheres. This is likely because larger matrix 

sizes for a constant FOV make each voxel smaller. Smaller voxels may yield 

higher spatial resolution, but also increase the probability of sampling the 

peak of the lesion. A previous study by Westerterp et al., had similar 

findings[32].

Figure 5 shows that larger FOVs and the same matrix size will cause 

lower SUV measurements for 1.0-cm spheres. Larger FOVs for the same 

matrix size make each voxel larger, decreasing sampling, which is similar to 

the preceding result. Measurements are more likely to underestimate the 

true SUV when the FOV is larger, unless the large FOV is accompanied by a 

larger image matrix. Often, a physician may change the FOV to cover only a 
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particular part of the body so it is important for he/she to understand the 

impact a different FOV can have on image quantitation.

Figure 6 demonstrates the impact of iterations on image quality and 

the trade-off between noise and resolution. After 1 iteration of the 

reconstruction algorithm, SUV measurements of lesions in the image 

substantially underestimate the expected SUV because of low image 

resolution, but the image has low noise. After 7 iterations, there will be better 

recovery of the expected SUV, but the image has much higher noise. This 

noise would be expected to yield larger variation in SUV measurements of the 

fourteen identical spheres.

Variation of measured SUVmax values is expected because of image 

noise, and because the fourteen 1.0-cm spheres were in slightly different 

axial positions and therefore placed differently relative to the image slices. 

Figure 6 shows standard deviation vs. the average normalized SUV across the 

1.0-cm spheres as a function of iterations (from 1 to 7). Diamonds denote no 

post-smoothing, and squares denote 4 mm of post-smoothing. This figure 

illustrates that larger variation and larger standard deviations of SUV occur in 

noisier images. For a given number of iterations, the TOF compared to non-

TOF reconstruction has higher SUVmax values for relatively less noise. 

Increasing noise with more iterations has been seen in previous studies[33].

When reconstructing an image, one can center the reconstruction 

image matrix in a different place relative to the center of the FOV (i.e., 

“shifting” the image matrix). Due to movement of organs within the body and 

imperfect repositioning, each acquisition of the same patient will place any 
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lesions in a different place relative to the image matrix, and this can affect 

SUV measurements. Because only one acquisition was performed for this 

phantom study, the image matrix was shifted instead, to illustrate the same 

effect.

Figures 10 and 11 demonstrate the effect of an image matrix shift. 

In both images, the white grid represents the image matrix, with each square 

representing a voxel. The white gradient sphere represents a hot lesion, 

where the intensity corresponds to a number of counts. With no shift, the hot 

lesion happens to fall in the center of one of the voxels. Because the area of 
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Figure 10: No image 
matrix shift

Figure 11: Shifted 
image matrix



the lesion with the highest number of counts is centered within one voxel, 

then the highest possible SUV can be recorded. However, if the image matrix 

is shifted by less than a voxel, then a lesion that was centered in a voxel  will 

now be off center. Even if an ROI fully contains the lesion, no voxel in this ROI 

contains as many counts as when centered, so a lower SUVmax is measured. 

The position of the image matrix is arbitrary relative to a specific 

lesion. However, as the above illustration shows, if the matrix happens to be 

positioned such that a lesion's highest count density is centered within a 

voxel, then higher SUV could be measured. In this phantom study, as in the 

body, some spheres (lesions) happened to be favorably aligned and some 

were not. Thus, even identical spheres naturally had some variability in 

recorded SUV, as identical lesions in the human body would.

Image shifts from 1 to 4 mm were tested, and a normalized SUV 

was calculated for each sphere with no post-smoothing (Figure 7) and 4 mm 

post-smoothing (Figure 8). When no smoothing was applied, shifting the 

image matrix center had a substantial effect on SUV.

When smoothing was applied, the variability between the maximum 

and minimum values for a sphere was reduced, depending on the amount of 

shift. This is to be expected because there is less possible variation in the 

number of counts from different areas of the lesion after smoothing, thus the 

value for each voxel will not be as sensitive to the voxel's placement over the 

lesion. 

Changing FOV size for a constant image matrix causes the voxel 

dimensions to change and their alignment relative to the image features 
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(e.g., lesions, organ boundaries) to change as well. When the voxels are 

larger, SUVs are more sensitive to placement effects as seen in Figure 9. 

2.5 Conclusion

In a clinical setting, reconstruction parameter changes would have 

greater impact on SUV measurements for smaller lesions than larger lesions. 

However, small 1.0-cm lesions are clinically meaningful--early detection of 

cancer necessitates evaluation of small lesions. At a later time, a tumor may 

be larger and diffuse but contain necrotic regions. Thus, small volumes can 

be highly metabolically active and clinically relevant. 

There are several biological factors affecting SUV that are out of a 

physician's control (for example, body weight and blood glucose). 

Reconstruction parameters are one of the few parameters physicians can 

control. Because of the substantial effect on SUV, it is important to keep 

parameters consistent between serial scans of the same patient.
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3. Total Radiotracer Uptake

3.1 Introduction

The Standardized Uptake Value (SUV) in PET imaging is dependent on 

many biological and technical factors[21,34,35]. Because the SUVmax, which is 

the most often reported, contains the information from one pixel, the 

measure can be sensitive to image noise[33]. In small tumors, SUV 

measurements suffer from partial volume effects[7]. In larger, nonuniform 

tumors, an SUV measure may be a poor indicator of malignancy. For 

example, SUVmax measurements are not ideal for monitoring mesothelioma 

because it is often diffuse and heterogeneous[36]. In some cases (e.g., 

esophageal cancer), a change in tumor volume is more closely associated 

with response to therapy than change in SUV[16]. Thus, a metric such as 

Total Lesion Glycolysis that uses more of the volumetric information available 

in PET or PET/CT imaging may be advantageous[37]. 

These volumetric metrics are intended to measure the metabolic 

activity of a tumor[37,38]. The SUV is a radioactivity concentration 

normalized by patient weight and injected dose. In the case of perfect spatial 

resolution, multiplying the mean concentration by a volume is equivalent to 

integrating radioactivity concentration over that volume, which results in the 

total radioactivity in the volume.

Illustrated in Figure 12 is a method for calculating the total 

radioactivity. On the left, an illustrative profile of radioactivity concentration 
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is shown of a small two-dimensional object. This assumes perfect spatial 

resolution and no background. The total area under the curve is equal to the 

total radioactivity. The distribution in the middle shows the effect of 

imperfect spatial resolution on the imaging of small objects: the profile is 

blurred due to partial volume effects, and in this case, the maximum 

recovered value is less than the true radioactivity concentration.

Even in the case of no background,  there can still be problems with a 

concentration-based measurement. The TLG, which in this case is defined as 

the maximum concentration multiplied by the true volume, will not include 
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Figure 12: Profiles of radioactivity concentration for a small object. These 
profiles demonstrate the effect of perfect spatial resolution (on the left), 

and the effect of imperfect spatial resolution (the middle and right 
profile). The middle profile shows that concentration-based TLG does not 
include all of the radioactivity measured for a small lesion, and the right 

profile shows that a VOI which is large enough can include all of the 
lesion's radioactivity



some of the radioactivity of the source. The mean concentration multiplied by 

the true volume of this small object will include even less of the total 

radioactivity. 

Some groups have advocated use of a “recovery coefficient”, a factor 

that is multiplied by the measured radioactivity concentration (SUV) to 

achieve an unbiased concentration measurement[38,39]. However, the 

proper recovery coefficient will vary based on many factors, including 

geometry of the source[40] and image resolution[7]. Recovery methods 

assume uniform uptake within the lesion, and if they do account for 

background, typically assume a uniform background[38]. There are great 

challenges in choosing recovery coefficients that are accurate in many 

different clinical scenarios, especially for small lesions for which the 

resolution losses are very large. 

There is an alternative method of measuring total tumor uptake that 

does not rely on direct concentration and volume measurements. As shown 

on the right in Figure 12, the summation of all values within a large enough 

volume of interest (VOI) will result in the total radioactivity from the blurred 

source, or the total radiotracer uptake (TRU). This is not dependent on the 

object size, as long as the VOI is large compared to the object. This VOI will 

measure all of the counts from a defined region, but it is increasingly 

contaminated by counts from the background (surrounding) tissues as its size 

increases.

A more direct method of measuring total radiotracer uptake (TRU) can 
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work as follows: first, a VOI that fully contains a tumor is applied to the image 

and the total radioactivity within that VOI is measured. The left side of Figure 

2 contains an illustration that shows the target and a blurred profile of the 

target, which includes the background. The total background radioactivity is 

equal to the average background radioactivity concentration multiplied by 

the background volume within the VOI. The background volume can 

calculated from the PET image using algorithms that compute target 

volumes, calculated from a CT measurement of target volume, or simply 

assumed. The average background radioactivity cannot be directly measured 

because some pixels represent both tumor and background radioactivity. 

Thus, a second “shell” VOI is drawn to encompass the original VOI, as shown 

on the right side in Figure 13. 

26



The shell VOI will contain pixels that represent the radioactivity from 

only the background tissue and is used to correct for the effect of background 

tissue in the large target VOI. The average background radioactivity 

concentration in the shell is calculated and is assumed to be equal to the 

average background radioactivity concentration in the original VOI (an 

assumption we will test in this work). The tumor volume is assumed (or 
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Figure 13: Blurred profile of small object imaged in PET, 
including background. This illustration assumes an 

additive model of blurring, in which some pixels represent 
tumor radioactivity in addition to background 

radioactivity. The left profile shows a large VOI that 
includes the total radioactivity of the object as well as 
background activity. The right profile shows a blurred 

profile of small object, including background. A shell VOI 
is applied around the original VOI to estimate the 

background radioactivity concentration



measured with the PET and or CT images), and the background volume is 

calculated.  The estimated average radioactivity concentration in the 

background is multiplied by the calculated volume of the background, and 

the total background radioactivity is calculated. This is subtracted from the 

total radioactivity of the VOI and results in the TRU of the tumor. 

The TRU and the TLG are two different methods that attempt to 

measure the total radioactivity in a tumor. TRU, like TLG, has units of mass 

(e.g., grams). Therefore, the TRU value can be thought of as the average 

mass of tissue that would have the same uptake as the tumor. We use the 

acronym TRU to distinguish our method from the concentration-based 

approach used in the TLG and highlight the non-radiotracer specific nature of 

this approach. 

A physical phantom experiment using a human torso model was 

performed to assess the accuracy and repeatability of TRU, and allow 

comparison to TLG and SUVmax. Sources of possible error in TRU were 

analyzed. One of the potential flaws of this method is the estimation of the 

background radioactivity concentration from a shell VOI. Depending on the 

location of the tumor, a shell VOI may not be reprgraphics10esentative of 

background within the original VOI. To estimate the magnitude of this source 

of error, software was used to find the difference between an inner VOI and a 

shell VOI positioned throughout multiple human PET image sets. 
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3.2 Methods and Materials:

3.2.1 TRU Methodology and Error Analysis

In this section, we derive the formula for the total radiotracer uptake 

by an object (TRU) and propagate sources of error.  First, we define the 

relationship between radioactivity concentration and the total radioactivity 

within a VOI:

CVOI≡
RVOI

V VOI , (3)

where CVOI is the average radioactivity concentration within the VOI, RVOI is the 

total radioactivity within the VOI, and VVOI is the volume of the VOI. RVOI is 

equivalent to the sum of the average radioactivity concentration in a voxel 

multiplied by the volume of the voxel:

C⋅∑
i=1

n

V i =RVOI . (4)

If the VOI is sufficiently large and drawn to include the entire tumor 

and spillover, then the total radioactivity belonging to the tumor and some of 

the radioactivity in the background tissue is contained within the VOI:

RVOI =Rt +Rb  . (5)

Rt is defined as the radioactivity in the tumor, and Rb is the background 

radioactivity from the surrounding tissue.

The background radioactivity within the VOI can be expressed as the 

average radioactivity concentration multiplied by the volume of the 

background within the VOI. Substituting this equality in (6) and rearranging 
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yields:

Rt =RVOI−Cb⋅V b . (7)

Using custom or commercial software to evaluate PET images, RVOI can 

be measured directly. If estimates of Cb and Vb are made, an estimate of Rt 

can be calculated:

Rt
' =RVOI

'
−Cb

'
⋅V b

' . (8)

In equation 8 and subsequent equations, a prime denotes an estimate 

or measurement of the quantity, and variables without a prime denote the 

actual value of those quantities.  

The relative error of using this method to calculate the total activity of 

the tumor can be derived using error propagation techniques. In addition, we 

parameterize Rt as equal to the average radioactivity concentration in the 

tumor multiplied by its volume. This parameterization is not essential for the 

method, but helpful in analyzing potential sources of error:

 ΔR t
'

R t

2

=
ΔRVOI

' 2 +C b
' 2⋅ΔV b

2+V b
' 2⋅ΔC b

2

C t
2⋅V t

2
, (9)

where ΔRt' is the error in the estimate of the tumor total activity, ΔRVOI' is the 

error in the measurement of the total radioactivity in the VOI, ΔVb' is the error 

in the value used for the background volume, and ΔCb' is the error in the 

estimation of the average radioactivity concentration of the background.  

To estimate Cb, a thin “shell” VOI is placed to encompass the 

original VOI. If the original VOI is large enough, then the shell only contains 

background. The average radioactivity concentration measured within the 
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shell, Cb', is close to the average radioactivity concentration in the 

background, Cb, for most regions of the body as shown in the “Shell Analysis” 

subsection. In the error propagation of Rt', Cb' can be approximated as Cb. 

Considering each term of the relative error separately, some limiting 

cases can be explored:

• ΔRVOI' can be assumed to be zero for any VOI that completely 

encompasses the tumor and captures the lesion's total radioactivity.

• For any VOI that fully encompasses a small tumor and its spillover, the 

tumor volume will be small compared to the background volume within 

this VOI. One approximation is that the background volume is 

equivalent to the VOI volume. This is an extreme approximation that 

could only be true if the tumor volume was zero and is included here 

for demonstration of an upper bound on the error. In this case, Δvb=Vt. 

Therefore, the second term in the error propagation: 
Cb

2
⋅ΔV b

2

V t
2
⋅C t

2  (from 

equation 9) simplifies to 
Cb

2

C t
2 , the ratio of the background 

concentration to the tumor concentration, squared. Thus, the relative 

error of Rt' becomes:

 ΔR t
'

R t

2

≈
C b

2

C t
2


V b
' 2⋅ΔC b

2

C t
2⋅V t

2
, (10)
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3.2.2 VOI Size Analysis

In the TRU method, it is essential to use a large enough VOI that will 

encompass the entire lesion and any spillover due to limited spatial 

resolution. Software was written to evaluate how large the VOI should be for 

a range of lesion sizes and spatial resolutions. First, images were generated 

of synthesized lesions with diameters from 0.5 to 4 cm and no background. 

Next, the these lesions were blurred with Gaussian smoothing kernels 

between 0.5 and 1.5 cm full-width at half-maximum (FWHM). An VOI diameter 

that was larger than the lesion diameter by 2.1*FWHM of the smoothing was 

found to work for all sphere sizes tested, resulting in a maximum error of 

<2% in TRU measurement in a 1.0-cm diameter virtual lesion.

3.2.3 Shell Analysis

Custom software was used to evaluate how similar the average 

radioactivity concentration of the shell (Cb'), was to the actual background 

activity within the VOI, Cb, by testing 10 FDG-PET patient image sets. All 

patient images were de-identified using standard institutional protocols, and 

the study was determined to be exempt from IRB review. The software used 

the following procedure:

1. For each pixel in the 3D image, spherical VOIs of 8, 12, and 16 

pixels in diameter (large enough to capture all of the radioactivity 

of a lesion 0.5 to 4 cm in diameter if one was present) were created 

around the central pixel. The average radioactivity concentration 

within this VOI was calculated.
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2. A “shell” VOI of 1 pixel thickness was created at the border of the 

spherical VOI, and the average radioactivity concentration within 

this shell was calculated.

3. The difference between the average radioactivity concentration of 

the VOI and that of the shell was calculated.

4. The root mean square deviation of these differences was calculated 

for each VOI in an image. The average of the RMSD for each VOI 

was calculated across all human images.

Figure 14 shows a single transaxial plane from one of the human 

image sets used, with a 4 pixel radius inner ROI (black pixelized circle) and 1 

pixel thick shell ROI (white annulus) superimposed on top of the image. 
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As expected, in the vicinity of the brain and the bladder the 

radioactivity concentration of a shell was not a good approximation of 

radioactivity concentration within the spherical VOI. Thus, the analysis was 

repeated with an automated method to exclude those areas. 

1. The standard deviation of the pixel values within the shell was 

calculated. In regions of the body with highly variable uptake, the 

pixel-to-pixel standard deviations is substantial.

2. If the shell standard deviation was greater than 7 SUV units, the 

difference between the average radioactivity concentration of the 

shell and the VOI was not used in the calculation of the root mean 
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Figure 14: Inner VOI and shell VOI 
superimposed on human image. The 

inner VOI (shown as a black circle) has 
radius of 4 pixels, and outer shell VOI 
(shown as a white annulus) is 1 pixel 

thick 



square deviation for the patient image.

3.2.4 Physical Phantom

A phantom study was conducted to compare the relative errors and 

variability of the TRU, TLG, and SUV. A whole body phantom was scanned 

with a GE Discovery 690 PET/CT system, which has time of flight (TOF) 

capability. Twelve 1.0-cm spheres, two 2.2-cm spheres, and two 2.8-cm 

spheres were placed throughout the phantom. A solution of FDG and water 

was used to fill the spheres and phantom volume. Six of the 1.0-cm spheres 

and all of the larger spheres were filled with a 6:1 sphere to background 

radioactivity concentration. The remaining six 1.0-cm spheres were filled with 

a 12:1 sphere to background radioactivity concentration. The majority of 

spheres were chosen to be 1.0-cm in diameter because 1.0-cm lesions pose 

substantial challenges for accurate quantification in PET.

Data were acquired using two bed positions of 20 minutes each. List 

mode data were then replayed to simulate multiple acquisitions for each bed 

position: 5 acquisitions of 4 minutes, 10 acquisitions of 2 minutes, and 10 

acquisitions of 1 minute. A 50-cm FOV was reconstructed using ordered 

subset expectation maximization (OSEM) to a 128x128 image matrix. Non-

TOF and TOF images were reconstructed. Non-TOF images were 

reconstructed with 2 iterations of 24 subsets, and TOF images were 

reconstructed with 2 iterations of 16 subsets. All reconstructions were 

performed correcting for attenuation, scatter, randoms, sensitivity, decay, 

35



and deadtime. Images were smoothed with 3-D Gaussian post-smoothing of 

4.0-mm, 6.4-mm, and 10.0-mm.

Sphere radioactivity or radioactivity concentration was measured by 

SUVmax, TRU, and TLG. SUVmax measurements were made by dividing the 

maximum radioactivity concentration value of a sphere by the mean value of 

the radioactivity concentration in a large background VOI. TLG calculations 

were performed by multiplying the SUVmax value of each sphere by the known 

volume of that sphere. The reason that SUVmax was chosen as a comparison 

metric and used in the calculation of TLG is that in small spheres, SUVmax has 

much better recovery of the true value than SUVmean. This allows for a “best 

case” comparison of TLG and SUV to TRU in small lesions. 

Because this was a phantom study, all volumes of spheres were known 

exactly and none of the error in TRU or TLG measurements was a result of 

inaccurate volume measurement. Therefore, relative error and variation of 

TLG and SUV measurements were identical, because there error in the TLG 

measure was due solely to error in SUV. Using “exact” volumes in TRU and 

TLG calculations also allows for a “best-case” comparison of TLG 

measurements to TRU, because TLG is more sensitive to any error in target 

volume than TRU.

All mean values are reported as the ratio of the measured value to the 

“true” value for that metric. For example, if an SUV of 6 was expected for a 

sphere, and a value of 4 was measured, this is shown as  4/6=.67. Because 

each metric--TRU, TLG, and SUV--has different units, reporting the normalized 
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measurements allows a comparison to be made across these metrics. 

Coefficients of variation are calculated as the standard deviation of 

measurements of the same sphere across multiple acquisitions divided by the 

mean value of those measurements. This process is repeated for the other 

similar spheres (spheres of same contrast and size). The within-subject 

coefficient of variation is the square root of the mean of individual 

coefficients of variation squared.

To investigate the effect of different image resolutions on sphere 

quantitation, several different levels of post-smoothing were applied to 

reconstructed images. Mean values were calculated  by averaging the 

measurements of an individual sphere across the different acquisitions of the 

same length with other spheres of the same size and contrast. 

Measurement variability of TRU and TLG/SUV was also compared 

across the multiple acquisitions of the same length for different sphere sizes, 

contrast, and smoothing levels. Values are expressed as percentages of the 

mean values for each sphere across multiple acquisitions. 

3.3 Results:

3.3.1 Error Analysis

Listed in Table 2 are the estimated errors from inaccurate background 

concentration measurement in the TRU technique, if applied to human 

patients. Values are calculated using equation (10). 
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Table 2: Estimated tumor concentration errors with the TRU technique 
if applied to human patients, for different tumor contrast values and sizes.

1 cm tumor 2 cm tumor 4 cm tumor

SUV=3.5 44.45 16.76 4.42

SUV=6 25.93 9.78 2.58

SUV=10 15.56 5.87 1.55

SUV=12 12.96 4.89 1.29

SUV=15 10.37 3.91 1.03

3.3.2 Sensitivity to Image Resolution

The TRU method performs consistently well across the range of 

different post-smoothing values. In comparison, the TLG and SUV have 

substantially lower accuracy with increased image smoothing . This can be 

seen in Figure 15, which shows normalized mean value vs. smoothing, for 

several different sphere types. A value of 1 means that the measured value 

was equal to the quantity's true value. Error bars represent standard 

deviations. For all sphere types (6:1 1.0-cm spheres, 12:1 1.0-cm spheres, 

and 6:1 2.2 and 2.8 cm spheres) the TRU method has better recovery to the 

true value than TLG and SUV.
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Figure 15: Normalized mean values of 
TRU, TLG, and SUV for different sphere contrasts. 

A normalized mean value of 1 is ideal. Image 
acquisition time: 2 minutes. Image 

reconstruction parameters: 2 iterations,  24 
subsets, and non-TOF reconstruction. A) 6:1 1.0-
cm spheres B) 12:1 1.0-cm spheres C) 6:1 2.2-cm 

& 2.8-cm spheres



3.3.3 Sphere Contrast

The TRU measurement had similar accuracy between low and high 

contrast spheres, as well as non-TOF and TOF images. Although the TLG and 

SUV were slightly closer to their respective true values in TOF images for 6:1 

spheres, the variability of the TRU was less than the variability of TLG and 

SUV. 

Table 3 lists the normalized mean values of TRU, TLG, and SUVmax for 

different sphere contrasts of 6:1 and 12:1. TOF and non-TOF images were 

analyzed. Each image set was acquired for 2 minutes/bed position. Non-TOF 

images were reconstructed with 2 iterations of  24 subsets. TOF images were 

reconstructed with 2 iterations of16 subsets.

Table 3:Normalized mean values of TRU, TLG, and SUVmax for different 
sphere/background contrast ratios for 1.0-cm spheres.

Non-
TOF

Sphere 
Contrast TRU TLG SUV

TRU 
S.D

TLG 
S.D SUV S.D

6:1 1.030 .920 0.920 0.097 0.099 0.099

12:1 0.992 .933 0.933 0.063 0.082 0.082

TOF 6:1 1.057 0.971 0.971 0.068 0.089 0.089

12:1 1.015 0.949 0.949 0.052 0.095 0.095

3.3.4 Sphere Size

Table 4 lists the normalized mean values of TRU, TLG, and SUVmax for 

different sphere sizes of 1.0,2.2, and2.8-cm, both groups with 6:1 contrast. 

The image acquisition time was 2 minutes. Image reconstruction parameters: 

2 iterations,  24 subsets, and non-TOF reconstruction. No post-smoothing was 
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applied.

Table 4: Normalized mean values of TRU, TLG, and SUVmax for different sphere 
sizes

Sphere 
Size (cm) TRU TLG SUV

1.0 1.030 0.920 0.920

2.2 & 2.8 0.953 1.160 1.160

3.3.5 Measurement Variability

The variability between measurements of identical spheres was 

compared for the TRU, TLG, and SUV methods. 

Figure 16 shows the within-subject coefficient of variation for each 

sphere type, across different acquisition times, for images with no post-

smoothing. In all cases, the TRU has less variability and is more repeatable 

than the TLG or SUV measurements for similar spheres. 
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Figure 16: Coefficients of Variation for 
different sphere types. Image reconstruction 

parameters: 2 iterations,  24 subsets, 2 minute 
acquisition time, and non-TOF reconstruction. A) 

6:1 1.0-cm spheres B) 12:1 1.0-cm spheres C) 6:1 
2.2-cm & 2.8-cm spheres



If smoothing is applied, the TLG and SUV have substantially reduced variation 

while the TRU does not. This effect can be seen in Figure 17, which shows 

measurement variability for the same type of sphere among different 

smoothing levels. This reduced variation in TLG and SUV measurements 

comes with substantially lower accuracy, as seen in Figure 15. 
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3.4 Discussion

There is substantial interest in measuring the total radioactivity, or 

total radiotracer uptake, of a lesion, and there are well-known metrics such 

as TLG that have been developed for this purpose. The TLG and similar 

metrics multiply a concentration measurement of the radioactivity in a lesion 
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Figure 17: Coefficients of Variation for 6:1 1.0-cm spheres for different 
acquisition times, and varying amounts of image smoothing. Image 
reconstruction parameters: 2 iterations,  24 subsets, and non-TOF 

reconstruction. A) 0.0-cm smoothing B) 4.0-cm smoothing C) 6.4-cm 
smoothing D) 10.0-cm smoothing



by an estimate of its volume to arrive at the total radioactivity present in the 

lesion. However, measurements of radioactivity concentration in small lesions 

suffer from substantial partial volume effects, making accurate quantitation 

difficult. 

The TRU metric defined in this work has important advantages over 

concentration-based metrics for quantifying the radiotracer uptake of targets. 

The accuracy of concentration-based metrics is very sensitive to image 

resolution, while the TRU method is much less so because it uses a VOI large 

enough to capture all radioactivity of the target. As can be seen in Figure 15, 

the concentration-based metrics are increasingly inaccurate with additional 

image smoothing. For example, TLG had substantially lower recovery of the 

true radioactivity uptake on images of 6:1 1.0-cm spheres smoothed by 6.4 

mm, measuring only 45% of the true value vs. the TRU measurement of 87% 

of the true value. We found that the TRU is more accurate than TLG for 

almost every configuration of sphere size and smoothing. 

We also found that TRU was more accurate than TLG for higher 

contrast lesions (as can be seen in Table 3). TRU and TLG produced almost 

equivalent results for 6:1 spheres in unsmoothed non-TOF and TOF images 

but disparate results for 12:1 spheres in both non-TOF and TOF images. This 

result could be expected because the error in estimating the background 

radioactivity concentration in the TRU method decreases dramatically (as 

seen in equation 10), which reduces the overall error. However, partial 

volume effects still substantially bias the SUV and TLG measurements of 12:1 
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1.0-cm spheres. 

TRU and TLG measurements were compared for different sphere sizes. 

Concentration-based measurements of larger spheres will suffer less from 

partial volume effects, which can allow for a more favorable comparison to 

the TRU method. However, as the Table 4 shows, the TRU still allows for more 

accurate quantitation of larger spheres. This is likely because concentration 

measurements of larger spheres are less vulnerable to partial volume effects, 

but SUVmax measurements are sensitive to image noise. SUVmax 

measurements overestimate the total radioactivity concentration of the 

larger spheres. SUVmean and TLGmean metrics (defined as SUVmean*Vol) might 

have less variability for the spheres evaluated in this study, but would suffer 

substantially from partial volume effects.

For TLG to work best for the largest range of lesion sizes, it would have 

to use SUVmax or SUVmean depending on the size of the object measured in 

order to achieve maximum accuracy. TRU can be applied across all object 

volumes. As object volume increases, TRU is less sensitive to error in 

measurement of that object volume.  This is because as the object volume 

increases, the error term due to the difference between shell and background 

concentration decreases. 

The variation in TLG and SUV measurements also changed 

dramatically with image resolution and smoothing. As shown in figure 17, 

there is substantially less variation between measurements of the same 

sphere across all acquisitions with larger amounts of smoothing. This 
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decrease in measurement variability comes at a cost—substantially 

decreased measurement accuracy, which may be important in monitoring 

response to chemotherapy in cancer treatment. In contrast, TRU has similar 

accuracy and variability across all image resolutions tested. Figure 6 shows 

the coefficients of variation of the TRU, TLG, and SUV metrics for a given 

sphere type for different acquisition lengths. Each part of the figure shows 

data from images smoothed a different amount, between 0 and 10.0-mm. 

These demonstrate that increased smoothing substantially decreases the 

variability in measurements of TLG and SUV but does not substantially affect 

measurements of TRU. The reason for this effect is that smoothing reduces 

the noise in individual pixels, upon which SUVmax or TLG is based. The TRU 

method is less susceptible to variations in the image by using the average 

value of pixels in the shell VOI. Given that the VOI size is substantially larger 

than the amount of smoothing applied to the image, then this smoothing 

within the VOI dominates any effect of the smoothing of the entire image. 

Another advantage that the TRU method may have over TLG is that it 

can be less variable in measuring either identical spheres in a single 

acquisition or the same sphere across multiple acquisitions with the same 

image resolution. Figure 16 shows the coefficients of variation of the TRU, 

TLG, and SUV metrics for a given sphere type for different acquisition 

lengths, which corresponds to time/bed position. For all acquisition lengths 

and sphere types TRU had less variation than TLG and SUV. This because TLG 

and SUVmax are based on concentration measurements of a single pixel, which 
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will have substantial intrinsic statistical variability. The shorter the 

acquisition, the lower “sampling” of the physical radioactivity distribution is, 

which leads to even higher statistical variability in measurement. TRU relies 

on information from many pixels, and this counteracts the effect of lower 

“sampling” somewhat, which produces less variability than TLG or SUV.  

Because TRU measurements are more consistent across different 

smoothing levels and effective image resolutions, TRU measurements are 

much more likely to be consistent between different scanners, models, and 

protocols (e.g., acquisition and reconstruction). This may allow for more 

reliable comparisons between different scans of the same patient.

TRU's higher accuracy and lower variability in the measurement of 

identical objects in unsmoothed images may be important in correlating PET 

measurements with cancer stage and potentially prognosis, across a range of 

tumor types and sizes. In addition, TRU does not rely on any particular 

method of estimating tumor volume—this can be done from CT, or PET, or 

any combination. Even an extreme estimate of a tumor volume of zero will 

only result in modest errors when calculating TRU for small lesions.

TRU has a source of error that TLG and SUV do not in that it relies on 

measurement of background radioactivity concentration that may not be as 

accurate in human subjects as it was in a phantom with uniform background. 

Analysis of the magnitude of this error was performed on patient images, and 

results are presented in Table 2. These results demonstrate a potential limit 

in the accuracy of TRU applied to human studies, where the error resulting 
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from the inaccurate calculation of background radioactivity concentration is 

as high as 26% for 1.0-cm lesions with an SUV of 6. However, this simulation 

may not be representative of the error of TRU for any given VOI in a human 

study, because the simulation calculated the error in concentration term as 

an root mean square deviation of measurements all over the body except for 

the brain and bladder. In any relatively uniform uptake regions, such as the 

lung, the TRU is likely to be more accurate.

While TRU has a source of error in its shell measurement of 

background radioactivity concentration, any error in volume measurement of 

an object has smaller impact on TRU than on TLG. In addition, TLG 

measurements will likely be more variable. Thus, comparison of simulated 

TRU errors to potential TLG errors in a human study is difficult. Further study 

is needed in order to test how well TRU compares to TLG and SUV in 

correlation to tumor malignancy and treatment response in humans.

3.5 Conclusions

A new image analysis technique for measuring total radiotracer uptake 

in lesions has been proposed and evaluated. The TRU technique is more 

accurate than similar techniques for measuring radiotracer uptake in small 

lesions. In addition, the TRU is not as sensitive to smoothing and image 

resolution as TLG measurements. Computer simulations of error that might 

result if TRU is applied to human studies show low errors for realistic tumor 

contrasts and volumes.  
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