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Inclusion of time-of-flight (TOF) information in PET reconstructions
has been demonstrated to improve image quality through better signal-

to-noise ratios, faster convergence, better lesion detectability, and

better image uniformity. The goal of this work was to assess the im-

pact of TOF information on the accuracy and precision of quanti-
tative measurements of activity uptake in small lesions in clinical

studies. Methods: Data from small (10-mm diameter) spheres were

merged with list-mode data from 6 healthy volunteers after injection
of 18F-FDG. Six spheres having known activity uptake with respect

to the average whole-body uptake were embedded in both the liver

and the lung of the subject’s data. Images were reconstructed with

TOF information and without TOF information (non-TOF reconstruc-
tion). The measured uptake was compared with the known activity;

variability was measured across 60 bootstrapped replicates of the

merged data, across the 6 spheres within a given organ, and across

all spheres in all subjects. Results: The average uptake across all
spheres and subjects was approximately 50% higher in the lung and

20% higher in the liver with TOF reconstruction than with non-TOF

reconstruction at comparable noise levels. The variabilities across

replicates, across spheres within an organ, and across all spheres
and subjects were 20%–30% lower with TOF reconstruction than

with non-TOF reconstruction in the lung; in the liver, the variabilities

were 10%–20% lower with TOF reconstruction than with non-TOF
reconstruction. Conclusion: TOF reconstruction leads to more ac-

curate and precise measurements, both within a subject and across

subjects, of the activity in small lesions under clinical conditions.
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The benefit of including time-of-flight (TOF) information in
the reconstruction of PET data was demonstrated in the 1980s (1–
3), when TOF PET scanners were first developed, and followed the
predictions of reduced variance (4–6). The gain obtained with TOF
reconstruction was characterized by an improved signal-to-noise
ratio, with higher gains being predicted for larger objects and better
timing resolution. Since the resurgence of interest in TOF information

in the last decade and the subsequent development of commercial
TOF PET systems (7–9), the advantages of reconstruction with
TOF information over reconstruction without TOF information
(non-TOF reconstruction) have been studied more thoroughly
through simulation and measurement with iterative reconstruction
methods (10–22). Iterative TOF PET reconstruction of simulated
phantoms (10) resulted in faster and more uniform convergence of
contrast recovery that improved further with better timing resolu-
tion; this faster convergence with TOF reconstruction resulted in
contrast recovery that was higher than that achieved with non-TOF
reconstruction at similar noise levels. Measurements of the TOF
benefit in physical phantoms showed higher contrast recovery of
small lesions with TOF reconstruction for a large uniform phantom
at matched noise (11). In clinical studies, the contrast recovery of
lesions having unknown uptake was higher with TOF reconstruc-
tion than with non-TOF reconstruction for all subjects, and the
gain in contrast recovery with TOF reconstruction increased with
patient mass (11). In a visual assessment of the TOF benefit in
patient studies, Lois et al. (14) showed that images reconstructed
with TOF had better definition of small structures, better unifor-
mity, less noise, and higher lesion contrast. Using a prototype
scanner with better timing resolution (23), we showed higher con-
trast recovery with reduced variability across the object and with
reduced sensitivity to potential errors in the corrections (e.g., the
scatter estimate) (15). Other groups have also remarked on the
decreased sensitivity to inconsistencies in the data or corrections
with TOF reconstruction (24,25).
The impact of TOF reconstruction on lesion detection has also

been investigated with numeric and human observers. TOF infor-
mation was shown to improve lesion detectability with numeric
observers for spheric lesions in simple uniform cylindric phantoms
(12,18). Kadrmas et al. (13,20) found improved lesion detectabil-
ity with TOF reconstruction in 2 sizes of physical anthropomor-
phic phantoms containing spheric lesions by using localization
receiver-operating-characteristic analysis with both numeric and
human observers; they found a greater TOF impact for the larger
phantom. More recently, the benefit of TOF reconstruction for
lesion detectability was demonstrated with both numeric and hu-
man observers for clinical whole-body patient data with embedded
artificial lesions, especially for low-contrast lesions or large sub-
jects (16,17,22).
The goal of this work was to adapt the sphere insertion tech-

nique used in our lesion detectability studies to assess the impact
of TOF information on both the accuracy and the precision of the
measurement of uptake in lesions in clinical PET data. The power
of this technique is that it combines the advantages of a phantom
study, where truth is known, with the nonuniform activity and at-
tenuation distributions seen in patient studies.
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MATERIALS AND METHODS

TOF Scanner

Data were acquired with the University of Pennsylvania prototype

TOF PET scanner, based on LaBr3 scintillators (15,23). This fully 3-

dimensional scanner comprises 24 modules of 1,620 crystals (4 · 4 ·
30 mm) in a 93-cm-diameter ring. The transverse field of view is 57.6 cm;

the axial field of view is 19.2 cm. The intrinsic timing resolution of

the scanner, measured with a point source in air, is 375 ps. The energy

resolution of 6.5% after energy calibration allows the lower energy

threshold to be raised to 470 keV. Data are acquired in list mode

with 25-ps timing bins to preserve timing and spatial resolutions.

The spatial resolution of the scanner is 5.8 mm (full width at half

maximum) at a 1-cm radius.

Data Reconstruction and Corrections

The image reconstruction algorithm was the 3-dimensional list-

mode iterative ordered-subsets expectation maximization (OSEM)

algorithm (26,27) with a TOF kernel applied in both the forward

projection and the backprojection operations (28). The TOF response

function was modeled as a 1-dimensional gaussian function along the

line of response. All physical effects were incorporated into the sys-

tem model of the reconstruction. Resolution modeling to compensate

for detector blurring was not explicitly included in the reconstruction;

instead of voxels, however, modified Kaiser–Bessel (“blob”) basis

functions (29,30) were used to constrain the image to be a continuous

function during reconstruction. Blob basis functions control image

noise without the need for postfiltering while maintaining spatial res-

olution (30), albeit in a spatially invariant manner. The blobs used for

this study had a 7.5-mm radius placed on a 6-mm body center cubic

grid (shape parameter, 8.63). The final image was interpolated to

2 · 2 · 2 mm voxels. All TOF OSEM reconstructions had 25 chrono-

logically ordered subsets. Although clinical TOF reconstructions are

typically stopped after 4 or 5 iterations, in this study the data were

reconstructed for up to 20 iterations to determine the convergence with

clinical data.
A rotating line source was used to correct the measured timing dif-

ferences between crystals (23). Attenuation correction was performed

by use of transmission imaging with a rotating 137Cs point source (31).

The model-based single scatter simulation was extended to estimate

the 4-dimensional scatter distribution in the radial and TOF domains

(32,33). The scatter estimate used in non-TOF reconstructions was

derived from the 4-dimensional single-scatter simulation–TOF scatter

sinogram by compression of the sinogram along the time domain.

Random coincidences were estimated by use of the delayed coinci-

dence window technique with the smoothing technique of Casey and

Hoffman (34).

Healthy Volunteer Studies

The institutional review board of the University of Pennsylvania

approved this study, and all subjects signed written informed consent

forms before the study. Six healthy volunteers (5 men and 1 woman;

body mass index, 25–38) were injected with 555 MBq (15 mCi) of
18F-FDG and scanned after an average 105-min uptake period. Four

frames were acquired to cover the region from the neck to the pelvis.

The patient bed was moved between frames to allow for nearly 50%

overlap of bed positions to ensure uniform axial noise behavior. The

scan duration for each subject was chosen to provide counts compa-

rable, on average, to the events measured in a 2-min–per–frame clin-

ical 18F-FDG study on a Philips Gemini TF TOF PET scanner with

our standard 60-min postinjection protocol. Totals of 115–270 mega-

counts (prompts) and 45–100 million counts (true events) were ac-

quired in the 4-frame studies, in which the ranges in counts were the

ranges seen across the 6 subjects.

Sphere Insertion Methodology

To assess the impact of TOF information on the accuracy and pre-
cision of sphere uptake measurements in clinically realistic conditions,

we inserted spheres with known uptake into the measured healthy vol-
unteer data. El Fakhri et al. (16) and Surti et al. (17) developed a tech-

nique for merging list-mode data from spheric lesions measured in air
with data from patients for their studies on lesion detectability. In those

studies, spheres were embedded at an activity ratio calculated with re-
spect to the local activity in the organ. For this work, their technique was

modified to insert spheres having known activity with respect to the
average whole-body uptake, similar to a fixed standardized uptake value.

Spheres (10-mm diameter; 1-mm wall thickness) were scanned in air at
77 locations throughout the scanner field of view (radius, 0–12 cm; z-axis,

0 6 4 cm from the center of the scanner), and the data were stored in list-
mode format. Spheres were selected for insertion into the liver and lung

regions of the healthy volunteer data such that no 2 spheres were closer than
3.5 cm from center to center. A total of 6 spheres were chosen for each organ.

The desired ratio (ao) of sphere uptake to the average whole-body
activity concentration was 10:1. The average whole-body uptake per

volume (BWB) was determined by averaging all voxels inside the body

in the image after 20 iterations of list-mode TOF OSEM. The transmis-
sion image was used to define the interior of the body for this calculation.

Voxels in slices within 28 mm of the ends of the whole-body image were
excluded from the calculations because those slices were noisy as a result

of low slice sensitivity near the ends of the axial field of view.
The procedure for calculating the number of sphere events to insert

is illustrated in Figure 1. The desired total sphere activity (A) at the
location of each sphere is

A 5 ao � BWB � Vsph; Eq. 1

where Vsph is the volume of the sphere; aowas 10 for this study. However,

the whole-body image before sphere insertion had some background

FIGURE 1. Schematic of sphere insertion process for list-mode data.

Sphere activity to insert (Ai) depends on desired activity ratio (ao) with

respect to average whole-body (WB) uptake per unit volume (BWB), re-

duced by activity already present in patient image at location of sphere

(Ab,i). Sphere-in-air data were acquired at known locations on grid (pho-

tograph). Sphere data were reconstructed, and ratio of sphere-in-air list-

mode events to total sphere image activity (Nlist
i =Atot;i ) was used to scale

Ai to determine number of list-mode events (N1
i ) that would generate

that activity. These list-mode events were reduced by sampling of prob-

ability of attenuation by body for line of response of given event and then

were merged with subject’s list-mode data (⊕). This procedure was

adapted from that used in earlier lesion detectability studies (16,17).
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activity in the region of the sphere (Ab,i); therefore, the total activity to

be inserted into the healthy volunteer data for sphere i (Ai) is given by

Ai 5 ao � BWB � Vsph 2 Ab;i; Eq. 2

The number of list-mode events to be inserted for sphere i (N 1
i ) was

calculated by scaling Ai by the ratio of the number of events in the sphere

dataset (Nlist
i ) to the total activity (Atot,i) in the sphere-in-air image as follows:

N 1
i 5

�
ao � BWB � Vsph 2 Ab;i

� � �Nlist
i =Atot;i

�
; Eq. 3

This scaling undoes any geometric efficiency corrections performed
during reconstruction (e.g., solid-angle correction).

To compensate for attenuation effects seen in the whole-body study but

not present in the sphere-in-air data, the selected sphere events were

reduced by rejecting events through random sampling of the probability of

attenuation by the body for the line of response of each sphere event. The

“attenuated” sphere events were then merged with the healthy volunteer

data by random insertion into the subject’s list-mode data stream. The net

result was an increase in the total number of events of less than 1%. This

technique implicitly includes partial-volume blurring of the sphere but

does not include wall effects. Unlike physical spheres in phantom mea-

surements, the sphere wall does not displace activity around the sphere

because counts are present in the subject’s data in the region of the sphere

wall; this scenario results in the insertion of effectively wall-less lesions

into the clinical data. The merged list-mode data were then reconstructed

with TOF information and without TOF information as described earlier.

The sphere insertion process was validated by scanning a 35-cm cylinder
that had 5 physical spheres (10-mm diameter; 6:1 activity ratio) located

at radial positions from 0 to 11 cm. Fifteen additional 10-mm-diameter
spheres were inserted into the phantom data in accordance with the

procedure described earlier, with an ao of 6. The data were reconstructed
with list-mode TOF OSEM for 20 iterations. Volumes of interest (VOIs;

10-mm diameter) were drawn on the spheres, and the background activity
was determined by averaging all voxels inside the phantom image

without inserted spheres, analogous to BWB. The average uptake in the
physical spheres divided by the background activity was 2.37 6 0.13

(mean 6 SD; range, 2.19–2.48); the average uptake in the inserted
spheres was 2.51 6 0.14 (range, 2.29–2.69). The slightly higher

(,10%) uptake measured in the inserted spheres than in the physical
spheres can be explained by and is consistent with the findings for

wall-less spheres compared with spheres having glass walls (35).

Bootstrapped Replicates

To determine the statistical variability of the measured sphere uptake

for TOF and non-TOF reconstructions, we generated 60 replicates of

the list-mode data with and without inserted spheres by using boot-

strapping as proposed by Haynor and Woods (36) and as demonstrated

and validated by Dahlbom (37) and Buvat (38). Bootstrapping permits

an assessment of the statistical variability in TOF and non-TOF images

at clinically realistic noise levels.

Analysis

Sphere uptake was calculated for VOIs with a 10-mm diameter. The

VOI centers were determined from the sphere-in-air reconstructions,

and the same VOIs were used on the images reconstructed from the

merged sphere and subject data. The sphere VOIs (VOIsph) were nor-

malized by the average whole-body uptake (BWB) after 20 iterations to

define a normalized uptake ratio (NUV):

NUV 5 VOIsph=BWB; Eq. 4

BWB was calculated separately for TOF images and non-TOF images

to compensate for differences in calibration for TOF and non-TOF

reconstructions. Without partial-volume effects, the NUV for each sphere

should be 10 (i.e., equal to ao). Because no resolution modeling was
included in the reconstruction, the measured NUV was less than 10.

From the 60 replicates of the 6 patient studies with 6 inserted
spheres in the lung and liver, we calculated 4 measures.

1. The average NUV for 1 replicate across all subjects and spheres
for each organ j (NUVj) was calculated as

NUVj 5
1

6 � 6 +
6

p51

+
6

s51

NUVjð1; s; pÞ; Eq. 5

where NUVjð1; s; pÞ is the uptake in organ j of sphere s in subject p for
1 replicate. This quantity was not averaged across all replicates because

each bootstrapped replicate was derived from the same dataset (37).
2. The statistical variability of sphere uptake across the 60 boot-

strapped replicates, expressed as the percentage coefficient of variation
and averaged across all subjects and spheres for each organ

j (COVrepl; j), was calculated as

COVrepl; j 5
1

6 � 6 +
6

p51

+
6

s51

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
59 +

60

r51

�
NUVjðr; s; pÞ2NUVjð1; s; pÞ

�2s

NUVjð1; s; pÞ
· 100;

Eq. 6

where NUVj(r,s,p) is the uptake in organ j of sphere s in subject p for

replicate r.
3. The variability of sphere uptake across sphere locations for the

6 spheres in each organ j of a subject, averaged across all subjects
(COVloc; j), was calculated as

COVloc; j 5
1

6
+
6

p51

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
5 +

6

s51

�
NUVjð1; s; pÞ2NUVjðpÞ

�2s

NUVjðpÞ
· 100; Eq. 7

where NUVjðpÞ is the average uptake in organ j of all spheres in subject
p for 1 replicate.

4. The variability of sphere uptake across subjects and spheres in

each organ j (COVsubj,j) was calculated as

COVsubj;j 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ð6�6 2 1Þ +
6

p51

+
6

s51

�
NUVjð1; s; pÞ2NUVj

�2s

NUVj

· 100;

Eq. 8

where NUVj is as defined in Equation 5. The same 6 spheres could not

be inserted in all subjects because the relative locations of the subjects
within the scanner with respect to the sphere positions varied; there-

fore, the variability across subjects included the variability across
location within a subject.

Image noise was calculated as the average statistical noise (across
the 60 replicates) for a group of voxels in a large region of interest

drawn in the liver. A cylindric region of interest with a diameter of 50–
80 mm and an axial length of 7 slices (14 mm) was drawn in the liver

for this average.

RESULTS

Average Uptake

Figure 2 shows a typical plot of NUVj(1,s,p) as a function of
image noise for the 6 spheres in the lung and liver of 1 subject

604 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 55 • No. 4 • April 2014



with TOF and non-TOF reconstructions. This plot shows the
typical variation seen among the 6 spheres in a given subject.
As previously noted (10,11,23,39), the rate of convergence was
higher with TOF reconstruction than with non-TOF reconstruc-
tion; after 5 iterations, the sphere uptake values with TOF re-
construction had largely converged, whereas more iterations were
required for some spheres with non-TOF reconstruction to reach
convergence. It was also not apparent whether the NUV achieved
with non-TOF reconstruction would ever reach the value achieved
with TOF reconstruction. The NUV in the liver was higher
than that in the lung for both TOF and non-TOF reconstruc-
tions, although the spheres were inserted with the same activity
ratio with respect to the average whole-body uptake. This differ-
ence was a consequence of partial-volume effects because the
spillover from the lower activity in the lung did not contribute
as much to the VOI as the spillover from the higher activity in
the liver.
Figure 3 shows NUVjðpÞ for all 6 subjects as a function of

image noise. Qualitatively, the difference in NUV between the
liver and the lung appeared to be somewhat smaller with TOF
reconstruction than with non-TOF reconstruction; this finding
was examined in more detail later. As was observed in the results
from 1 subject (Fig. 2), the sphere uptake was higher with TOF
reconstruction than with non-TOF reconstruction, and the TOF
and non-TOF reconstructions appeared to converge to different
values.

Variability of Uptake

Figure 4 shows the variabilities of the NUV measurements
across replicates (COVrepl;j), across locations within an organ
(COVloc;j), and across subjects (COVsubj;j) as a function of iteration
for TOF and non-TOF reconstructions. In both the lung and the
liver, all variabilities were smaller with TOF reconstruction than
with non-TOF reconstruction. The difference in variability be-
tween TOF reconstruction and non-TOF reconstruction was also
generally larger in the lung than in the liver. By 5 iterations,
COVloc;j and COVsubj;j had converged to within 98% and 92% of
their values at 20 iterations in the lung and the liver, respectively,
for TOF reconstruction (95% and 92%, respectively, for non-TOF
reconstruction); however, COVrepl;j was slower to converge and
continued to increase with more iterations, especially for non-TOF
reconstruction.

Average Uptake and Variability of Uptake for

Clinical Reconstructions

Clinical image reconstructions are typically not run to conver-
gence but are stopped after a fixed, smaller number of iterations at
which the image noise is sufficiently low for good visual image
quality and lesion detection. We stopped the TOF reconstruction
after 5 iterations. At this stopping point, NUVj was within 98% of
convergence. We stopped the non-TOF reconstruction at a compa-
rable image noise (6 iterations), although it is evident from Figure
3 that NUVj would be farther from convergence (on average, 92%
and 97% of the values at 20 iterations in the lung and the liver,
respectively). Figure 5A shows NUVj achieved in the lung and the
liver at this stopping point. The average sphere uptake was higher
with TOF reconstruction than with non-TOF reconstruction at
matched image noise and was higher in the liver than in the lung.
Figure 5B summarizes the variabilities when the reconstructions
were stopped early. All variabilities were consistently lower with
TOF reconstruction, especially in the lung.

DISCUSSION

The present study showed the impact of TOF reconstruction on
lesion quantification under clinically realistic but controlled con-
ditions (i.e., known uptake). In contrast to the conditions in pre-
vious studies of the impact of TOF reconstruction on lesion uptake
measurements (11,14), the uptake in the spheres was known, so
quantitative accuracy could be assessed. Further, unlike the con-
ditions in a phantom study, the nonuniform activity and attenua-
tion distributions seen in patient studies were included to create
a situation virtually identical to that in clinical settings. Under
these conditions, TOF reconstruction led to improved recovery
of sphere uptake (higher NUV) with lower variability (higher pre-
cision) across replicates, across locations within an organ, and
across subjects. We focused on 10-mm spheres at locations dic-
tated by the positions of the liver and the lung inside the scanner,
but we believe that the conclusions would be similar for the var-
ious lesion sizes or locations seen in clinical settings.
The increase in NUVobserved with TOF reconstruction (factors

of 1.5 6 0.1 in the lung and 1.20 6 0.05 in the liver at 5 TOF
iterations) was consistent with the higher contrast recovery ob-
served in clinical studies with lesions having unknown uptake
and with the higher contrast recovery seen for spheres in a large,
35-cm phantom (11). It is interesting, however, that the increase in

FIGURE 2. Sphere NUV [NUVjð1; s;pÞ] for 1 replicate in 1 subject as

function of image noise for each of 6 spheres inserted in lung (A) and

liver (B), demonstrating typical variations seen across locations and

organs. Solid symbols indicate TOF reconstruction; open symbols in-

dicate non-TOF reconstruction. Each curve represents 1 sphere; data

points correspond to each of 20 iterations used.

FIGURE 3. Average NUV across all 6 spheres [NUVjðpÞ] in given organ

for each of 6 subjects as function of image noise in lung (A) and liver (B).

Solid symbols indicate TOF reconstruction; open symbols indicate non-

TOF reconstruction. Each curve represents 1 subject; data points cor-

respond to each of 20 iterations used.
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NUV with TOF reconstruction had no obvious correlation with
body mass index, although Karp et al. (11) reported a gain in con-
trast recovery with TOF reconstruction that increased with patient
size. In the present work, the lesions were limited to 10-mm-di-
ameter spheres, and the locations of the lesions were restricted to
the lung and the liver; in the previous study, data from patients
with disease and lesions with unknown uptake, of various sizes,
and at various locations throughout the body were used. In addi-
tion, the body mass index had a smaller range in the present study
(25–38) than in the previous work (19–46). However, the small
numbers of subjects in both studies make it difficult to make a de-
finitive statement about the impact of patient size on the accuracy and
precision of lesion uptake measurements with TOF reconstruction.
Because the size of the VOIs was equal to the physical inner

diameter of the spheres, the measured NUV included partial-volume
effects. To minimize these effects, we also determined the maxi-
mum uptake in each sphere (NUVmax), which is analogous to the
maximum standardized uptake value commonly used in clinical
studies, and we repeated the analysis for 2 subjects. Although the
NUVmax was higher than the NUV measured in a VOI by an average
of 60%, the results were more variable, as would be expected for a
single-voxel measurement: COVrepl;j increased by 35%–100%, and
COVloc;j increased by 10%–80%. However, the relatively higher
measured uptake and lower variability obtained with TOF recon-
struction than with non-TOF reconstruction for the NUVmax were
consistent with the results presented for the VOIs. Further im-
provement in the accuracy of the uptake measurement could also
be achieved through resolution modeling during reconstruction
(20–22). However, because convergence is slowed with resolution
modeling, variability across locations and subjects may increase.

The difference between liver and lung spheres was smaller with
TOF reconstruction than with non-TOF reconstruction. The ratios
of the average liver NUV to the average lung NUV were 1.486 0.06
with TOF reconstruction and 1.85 6 0.08 with non-TOF recon-
struction. Some difference between liver and lung sphere VOIs
is expected for images without resolution modeling or partial-
volume correction because of different amounts of spillover of ac-
tivity from outside the sphere into the VOI. This effect is reduced
with a smaller VOI. However, differences in the rate of conver-
gence of the OSEM algorithm, which depends on the local activity
distribution and is less uniform for non-TOF reconstruction, and
differences in the sensitivity of TOF and non-TOF reconstruction
algorithms to errors in data correction (24,25) may also play roles.
The increase in the NUV with TOF reconstruction was accom-

panied by a decrease in the variability (improved precision) of the
NUV for all 3 variability metrics studied. At 5 TOF iterations, the
variabilities in the lung were 20%–30% lower with TOF recon-
struction; in the liver, the variabilities were 10%–20% lower. This
improvement in precision with TOF reconstruction can lead to
increased confidence in uptake measurements for lesions with un-
known activity in clinical studies.
Although it is tempting to compare the gain in the NUV with

TOF reconstruction and the theoretic metrics of the gain in the
signal-to-noise ratio with TOF reconstruction (4–6), we believe
that such a comparison is not the right one for these data. The
classical TOF gain metrics were derived from an assessment of
image noise, with the assumption that the signal is unchanged, at
the center of a uniform object for an analytic reconstruction.
With a nonlinear algorithm such as TOF OSEM and the non-
uniform emission and attenuation distributions in the present
study, the gain in the signal-to-noise ratio with TOF reconstruc-
tion was more difficult to quantify. In addition, the focus of the
present work was the impact of TOF reconstruction on uptake
measurements for lesions in a warm background, not image noise
reduction.
The present study was performed with a prototype TOF PET

scanner with a TOF resolution of less than 400 ps. Although clinical
TOF PET scanners currently have TOF resolutions closer to 600
ps, the impact of timing resolution on the accuracy and precision
of lesion uptake measurements is a topic of ongoing investiga-
tion. Theoretic and simulation studies suggest an improvement in
signal-to-noise ratio gain (40) and higher contrast recovery with

FIGURE 4. Variability measures for TOF (left) and non-TOF (right)

reconstructions of spheres in lung (A and B) and liver (C and D). Varia-

bilities across replicates (COVrepl; j ), across sphere locations within organ

(COVloc; j ), and across spheres and subjects (COVsubj; j ) are shown as

function of iteration. Vertical lines at 5 TOF iterations (6 non-TOF iter-

ations) indicate points (with similar image noise) at which reconstruc-

tions were stopped for subsequent analysis.

FIGURE 5. Average uptake and variability at fixed number of iterations

and corresponding image noise (5 TOF iterations; 6 non-TOF iterations).

(A) Sphere uptake (NUVj ) in lung and liver, averaged across all spheres in

all subjects. (B) Variability of NUV measurements across replicates

(Repl.) (COVrepl;j), across sphere locations (Loc.) (COVloc;j), and across

subjects (Subj.) (COVsubj;j ) for spheres inserted in lung and liver.
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better lesion detectability (10) at better TOF resolutions. The healthy
volunteers included in the present study were also scanned on a TOF
PET system with a 600-ps TOF resolution so that a similar analysis
can be performed in the future.

CONCLUSION

The present study showed, with clinical data, that the accuracy
and precision of lesion uptake measurements were improved with
TOF reconstruction. The findings have implications for individual
lesion measurements, for which uncertainty is reduced with TOF
reconstruction, yielding more reliable results for improved confi-
dence in diagnostic interpretation. By reducing the underlying
intersubject variability of lesion uptake measurements, TOF re-
construction also has the potential to reduce the number of sub-
jects needed for clinical trials.
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