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Abstract: Background: Deep learning (DL) algorithms have shown promise in identifying and quantifying lesions in
PET/CT. However, the accuracy and generalizability of these algorithms relies on large, diverse datasets which are
time and labor intensive to curate. Modern PET/CT scanners may acquire data in list mode, allowing for multiple
reconstructions of the same datasets with different parameters and imaging times. These reconstructions may
provide a wide range of image characteristics to increase the size and diversity of datasets. Training algorithms
with shorter imaging times and higher noise properties requires that lesions remain detectable. The purpose of this
study is to model and predict the contrast-to-noise ratio (CNR) for shorter imaging times based on CNR from longer
duration, lower noise images for ®8Ga DOTATATE PET hepatic lesions and identify a threshold above which lesions
remain detectable. Methods: ®8Ga DOTATATE subjects (n=20) with hepatic lesions were divided into two subgroups.
The “Model” group (n=4 subjects; n=9 lesions; n=36 datapoints) was used to identify the relationship between CNR
and imaging time. The “Test” group (n=16 subjects; n=44 lesions; n=176 datapoints) was used to evaluate the pre-
diction provided by the model. Results: CNR plotted as a function of imaging time for a subset of identified subjects
was very well fit with a quadratic model. For the remaining subjects, the measured CNR showed a very high linear
correlation with the predicted CNR for these lesions (R? > 0.97) for all imaging durations. From the model, a thresh-
old CNR=6.9 at 5-minutes predicted CNR > 5 at 2-minutes. Visual inspection of lesions in 2-minute images with CNR
above the threshold in 5-minute images were assessed and rated as a 4 or 5 (probably positive or definitely positive)
confirming 100% lesion detectability on the shorter 2-minute PET images. Conclusions: CNR for shorter DOTATATE
PET imaging times may be accurately predicted using list mode reconstructions of longer acquisitions. A threshold
CNR may be applied to longer duration images to ensure lesion detectability of shorter duration reconstructions.
This method can aid in the selection of lesions to include in novel data augmentation techniques for deep learning.
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Introduction

Deep learning (DL) neural networks have dem-
onstrated utility in automatically classifying
and quantifying lesions in lymphoma and lung
cancer imaging with FDG PET/CT [1, 2]. Ex-
cellent results have also been reported in iden-
tifying prostate cancer with *8F PSMA PET/CT
[3, 4] and %8Ga PSMA PET/CT [5]. Similarly, DL
algorithms can be developed to automatica-
lly identify hepatic lesions in neuroendocrine

tumors with %8Ga DOTATATE [6]. These results
are showing potential for improving the speed,
accuracy, and reproducibility of DL techniques
for identifying and quantifying tumors with PET.

Gastroenteropancreatic neuroendocrine tumors
(GEP-NETs), however, are relatively uncommon,
and a large number of well-annotated DOTATATE
datasets are required to adequately train, vali-
date, and test DL algorithms. Additionally, train-
ing datasets with a diversity of noise character-
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istics are expected to improve the generaliza-
bility and performance when tested on real
world data; however, this is extremely time and
labor intensive to collect. The problem is com-
pounded by the variation in PET scanner per-
formance between generations and models.
Modern digital detector PET scanners have
substantially higher sensitivity and lower image
noise than older models [7]. Consequently, DL
algorithms developed using data from new sys-
tems may perform poorly on data from other
devices.

One approach to aid in addressing this issue
would be to use shorter acquisitions from mod-
ern systems to simulate noise properties of
older scanners. The majority of modern scan-
ners are capable of acquiring data in list mo-
de, at least when acquiring in step-and-shoot
mode, and retrospectively reconstructing PET
images using shorter acquisition times. This
effectively results in higher image noise, simi-
lar to older generation analog PET scanners.
Additionally, post-reconstruction filtering and
device specific reconstruction algorithms may
be used to further mimic the behavior of
older systems. List mode reconstructions from
advanced digital PET cameras, therefore, may
increase the size and diversity of the datasets,
potentially improving the performance and gen-
eralizability of the DL algorithms. List mode
generated images from very short acquisition
times, however, should have truly detectable
lesions in the context of higher image noise.
When using list mode to augment the size and
diversity of datasets, images should only be
degraded to an extent which maintains lesion
detectability by human observers.

While many factors influence the detectability
of lesions in PET imaging, contrast-to-noise
ratio (CNR) is a relatively well validated and
commonly used metric. Early studies proposed
that a signal-to-noise ratio “in the neighbor-
hood of 5” provides a reasonable threshold for
detection [8]. While a specific threshold for
detectability for CNR has been debated, a value
of 5 has been utilized in numerous studies and
validated as a conservative threshold of lesion
detectability [9-11]. Consequently, CNR was
selected as the metric of detectability for this
study.

The purpose of this study is to determine if the
CNR calculated from list mode reconstructions
using shorter imaging times can be predicted
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from the CNR from longer, lower noise images
for 68Ga DOTATATE PET hepatic lesions. A sec-
ondary objective is to confirm lesion detectabil-
ity in shorter list mode reconstructions.

Methods
Phantom study

Data acquisition and reconstruction: To charac-
terize the general relationship between CNR
and imaging time, an initial phantom study
was performed using a cylindrical phantom
with fillable spheres (Data Spectrum, Durham
NC) which was scanned and reconstructed
on Discovery Ml PET/CT (General Electric,
Waukesha, WI) using *8F for 3 minutes in a sin-
gle bed position. Acquisition time was chosen
to mimic clinical *8F scans. Spheres ranged in
diameter from 1.5 mmto 15.6 mm. Background
activity at scan time was 3.645 kBg/ml corre-
sponding to a nominal background SUV of 1 for
a 70 kg patient with an administered activity of
370 MBq (10 mCi) and 1 hour uptake. Sphere
activity at the time of scanning was selected to
result in a nominal target-to-background ratio
of 40 to 1. This ratio was chosen to ensure
detectability of the majority of sphere diame-
ters. Data were acquired in list mode and uti-
lized to generate reconstructions with imaging
times of 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0
minutes using iterative reconstruction (VPFXS)
with 3 iterations/16 subsets, a 192 x 192
matrix, 70 cm reconstructed diameter, CT
based attenuation correction, and time-of-
flight, point spread function recovery, randoms,
dead time, scatter, and decay corrections, with
a post reconstruction gaussian filter of 5 mm.
It should be noted that VPFXS reconstruction
is the vendor’s trade name for ordered subset
expectation maximization (OSEM) reconstruc-
tion with point spread function recovery and
time-of-flight activated.

CNR modelling: The CNR at shorter imaging
times for the spheres in the phantom study
were normalized to the 3-minute CNR. These
data were fit with a quadratic function, and
based on this data, an analogous procedure
was performed for patient hepatic DOTATATE
lesions.

Patient study

Patient selection: This study was approved and
performed under a waiver of informed consent
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from our Institutional Review Board. Sequential
68Ga DOTATATE PET/CT scans obtained from a
digital detector PET/CT scanner (GE Discovery
MI PET/CT, GE Healthcare, Waukesha, WI) were
first deidentified, and then screened for hepa-
tic lesion eligibility as previously described [6].
Inclusion criteria included 10 or fewer well
defined, non-confluent lesions. The first 20
identified to meet the inclusion criteria were
selected for the study resulting in a total of 53
lesions. The selected subjects were divided
into two subgroups designated as the “Model”
group with 4 subjects (n=9 lesions) and the
“Test” group with 16 subjects (n=44 lesions).

Acquisition and reconstruction

For all subjects, clinical ®®Ga DOTATATE PET/CT
images were acquired using a 5-minute/bed
acquisition time and reconstructed using block
sequential regularized expectation maximiza-
tion penalized-likelihood reconstruction algo-
rithm reconstruction (Q.Clear) with a 256 x 256
matrix, 70 cm reconstructed diameter (2.73
mm x 2.73 mm x 2.79 mm voxel), CT based
attenuation correction, and time-of-flight, po-
int spread function recovery, and scatter and
decay corrections (noise penalization factor,
BETA=400). Following this standard recon-
struction, list mode data were utilized to gener-
ate additional reconstructions with imaging
times of 2, 3, 4 and 5 minutes using the scan-
ners clinical reconstruction software with itera-
tive reconstruction (VPFXS) with 3 iterations/16
subsets, a 192 x 192 matrix, 70 cm recon-
structed diameter, CT based attenuation cor-
rection, and time-of-flight, point spread func-
tion recovery, and randoms, dead time, scatter
and decay corrections, with a post reconstruc-
tion gaussian filter of 5 mm.

Liver segmentation and lesion annotation

Hepatic lesions identified as probably or defi-
nitely positive on the 5-minute Q.Clear recon-
structions were semi-automatically identified
and annotated using a customized workflow
(MIM version 7.0.3), as previously described
[6]. Briefly, this process included semi-auto-
mated segmentation of the liver, followed by a
semi-automated workflow to identify lesions
based on image intensity threshold using modi-
fied PERCIST criteria [6] and normal liver back-
ground. Lesions were contoured based on gra-
dient edge detection, and then applied to the 2,
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3, 4, and 5-minute VPFXS images. Segmenta-
tion and annotation were performed on the
Q.Clear images with a 5-minute duration since
they are our clinical standard and provide high
quality images. Quantitative analysis was per-
formed on the VPFXS images of varying dura-
tions because, as a form of OSEM reconstruc-
tion, the results may be more generalizable.
Additionally, because the contours were gener-
ated from the gold-standard “Q.Clear” images
and then applied to the VPFXS images of vary-
ing duration, the segmentation and lesion an-
notation are consistent and independent of
reconstruction method and imaging time.

CNR calculation and modeling

For each lesion, CNR was determined by divid-
ing the difference in SUV___ between the lesion
and liver background by the standard deviation
in the background [12]. To evaluate the effect
of shorter imaging time, the CNRs determined
for 2, 3, and 4-minute images were normalized
by dividing by the 5-minute CNR. The mean
value and standard deviation of the normalized
CNRs were calculated for the 2, 3, and 4-min-
ute acquisition times, and plotted as a function
of acquisition time. The statistical variation in
signal is approximated as the square root of
that signal [13], with iterative reconstruction
maintaining a similar relationship between CNR
and imaging time for detectable lesions as pre-
viously shown [14]. Consequently, a quadratic
function was selected to model the relative
fraction of the 5-minute CNR for shorter imag-
ing times with data fit using a standard least
squared regression model in Microsoft Excel
(Ver. 16.0).

Model testing

For the 44 lesions from the “Test” group, the
quadratic model was used to predict CNR for
the 2, 3, and 4-minute images. Predicted CNR
values were plotted as a function of the mea-
sured CNR values and fit with linear functions.
Additionally, the difference between the pre-
dicted and measured CNR was determined for
each lesion. Modified Bland-Altman plots were
generated with this difference divided by the
measured CNR plotted as a function of the
measured CNR. Finally, a CNR threshold for the
5-minute VPFXS image was determined from
the model, such that the predicted 2-minute
CNR would be > 5. To validate the threshold, all

Am J Nucl Med Mol Imaging 2023;13(1):33-42



Modeling contrast-to-noise ratio from list mode reconstructions of ¥8Ga DOTATATE

A CNR at shorter imaging times,
g0 ° normalized to the 5-minute CNR,
2 § are shown as a function of imag-
2 0 ii ing time for the 9 “Model” lesions
e oo e (Figure 1B). These data were
E § y= -0.024x2 + 0.300x + 0.321 also We” fit with a quadratic
= 0.40 8 R2 = 0.998 function (R? > 0.99). On average,
£ the CNR for lesions in 2, 3, and
S 0.20 4-minute images was 72% + 4%,
< .00 85% + 3%, 95% * 2% of the CNR
o 0 1 2 3 in the 5-minute image.

Phantom Reconstruction Time (Min) Model validation

B
$ 1.00 . The CNR predicted by the model
é } shown in Figure 1 was well cor-
€ 0.90 related with measured CNR as
¥ - } shown in Figure 2. As the imag-
= y =-0.020x2 + 0.234x + 0.332 ing time decreased, the error
E 0.70 { R2 =1.000 between the prediction and mea-
E sured values increased. The ave-
g 0.60 rage difference between predict-
o ed and measured values was
g 00 13.5%, 6.8%, and 3.4% for 2, 3,

1 2 3 4

Subject Reconstruction Time (Min)

Figure 1. CNR as a function of time for (A) phantom data timepoints nor-
malized to the 3-minute baseline acquisition, and (B) subject data (2, 3,
and 4-minutes; n=9 different model lesions) normalized to the 5-minute
baseline CNR acquisition. Mean values are plotted as a function of ac-
quisition time. These values are well-fit with a quadratic function in both
experiments. Error bars represent 2 standard deviations for both sets of

data to approximate the 95% confidence interval.

lesions with a 5-minute CNR that was above
the threshold value were visually inspected on
the 2-minute images by a board-certified nucle-
ar medicine physician to verify detectability,
determined using the following 5-point Likert
scale: No lesion-1; probably negative-2; equ-
ivocal-3; probably positive-4; and definitely
positive-5.

Results
CNR modeling

The CNR results for the phantom are shown as
a function of imaging time (Figure 1A) showing
a good correlation of data points to the qua-
dratic fit (R? > 0.99). Following the phantom
study, an analysis for ¢8Ga DOTATATE lesions
was similarly performed using a quadratic func-
tion as identified in the phantom study. The
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and 4-minute image times, res-
pectively. Figure 3 shows Bland-
Altman plots with the difference
between the predicted and mea-
sured CNR expressed as the
absolute difference and as a per-
centage difference compared to
the measured value. The biases
were small and only statistically
significant for the 2-minute imag-
es (-6%) when assessed by the paired t-test
(P=0.001).

CNR threshold and visual evaluation

Based on the model shown in Figure 1, a
threshold CNR of approximately 6.9 in the
5-minute images was predicted to result in a
CNR of approximately 5 in the 2-minute imag-
es. All lesions with a CNR > 6.9 (n=23) in the
5-minute images were assessed and rated as a
4 (probably positive; n=2) or 5 (definitely posi-
tive; n=21) confirming 100% lesion detecta-
bility on the shorter reconstruction 2-minute
images.

A representative detectable lesion with low
CNR=2.9 on the 5-minute image shows that
decreasing the time to 2 minutes results in suf-
ficiently high noise to make the lesions difficult
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Figure 2. Measured versus predicted CNR based
on the model in Figure 1B. CNR for each of the 44
“Test” lesions at (A) 2-minutes, (B) 3-minutes, and (C)
4-minutes. Predicted CNR showed a very high linear
correlation with measured CNR lesions (R? > 0.97).
The black, dashed line represents perfect correla-
tion.

to identify from the background noise (Figure
4), and high image noise could potentially be
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misinterpreted as a small lesion. A representa-
tive lesion with a high CNR=6.6 on the 5-min-
ute image is definitely positive on the 2-minute
image, despite being slightly below the thresh-
old of 5 (Figure 5; CNR=4.6). Another similarly
high CNR=6.8 lesion at 5-minutes is definitely
positive on the 2-minute image with measured
CNR=5.6 (Figure 6).

Discussion

This study demonstrates the feasibility of mod-
eling and predicting the CNR of noisier, shorter
acquisition #8Ga DOTATATE PET hepatic lesions
from longer acquisition, list mode reconstruc-
tions. As expected, the variability of predicted
CNR increases as the imaging time decreases,
and this is highest for the 2-minute images.
This predicted CNR at 2-minutes, however, re-
mains well correlated with the measured val-
ues. These data also demonstrate that a CNR
threshold may be applied to images with longer
acquisition times to control the minimum CNR
of lesions when reconstructed with shorter
times and help ensure detectability. All lesions
identified above the threshold CNR of 6.9 in the
5-minute images were detectable on the 2-min-
ute images.

The overall goal of this study is to facilitate the
development of data augmentation techniques
to assist in training of DL algorithms for auto-
mated lesion detection. List mode reconstruc-
tions from advanced digital PET could enrich
the training data set with images from a wider
range of noise properties, and they also in-
crease the number of annotated datasets by
several fold with minimal additional effort. The
modeling procedure performed in this study
provides a method to identify candidate le-
sions such that the noisier, shorter acquisition,
degraded images will remain detectable and
appropriate for use in training of the DL algo-
rithms. Further work is required to test the per-
formance of DL algorithms trained with and wi-
thout this data augmentation technique.

In addition to DL applications, list mode recon-
structions have been used to aid in clinical pro-
tocol development. To evaluate the potential
for reduced imaging time or reduced imaging
dose for ®8Ga PSMA PET/CT, an observer study
evaluating lesion detectability and image qual-
ity was performed [15]. This study did not find
evidence for potentially lowering the adminis-
tered dose while maintaining image quality and
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Figure 3. Bland-Altman plots of the difference between measured and predicted CNR. (A, C, E) Absolute difference;
(B, D, F) Percentage difference. CNR for (A, B) 2-minute; (C, D) 3-minute; (E, F) 4-minute imaging. The solid black
line represents the mean difference; red dashed lines are 2 standard deviations, estimating the 95% confidence
interval. Bias in the 2-minute plot was small, -6% (paired t-test P=0.001). Bias in the 3 and 4-minute images was
less than 1% and not statistically significant (P=0.11, 0.92, respectively).

lesion detectability. This study, however, was
limited to the evaluation of only 11 subjects
and 21 lesions using an analog crystal detector
PET/CT system with lower sensitivity compared
to advanced digital detector PET/CT.

Similarly, a clinically relevant, combined phan-
tom and patient study of ®®Ga PSMA PET/CT
used list mode reconstructions to determine if
reduced imaging time or administered dose
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could maintain lesion detectability and quanti-
tative accuracy [14]. Using the criteria of main-
taining CNR > 5, and a percentage difference of
SUV__ < 20%, a short 140-second list mode
reconstruction preserved all lesion detectabili-
ty and SUV__ measurements using a threshold
of mean lesion COV of 25%. Using these cri-
teria, this study concluded that reducing the
imaging time from 240 to 140 seconds per
bed position was acceptable while maintaining
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Figure 4. 8Ga DOTATATE PET transaxial slices with several different list mode reconstruction times. Red arrow
(long arrow) shows lesion with baseline 5-minute CNR=2.9. Background noise (short arrow) difficult to distinguish
from true lesion. A. 2-minutes, CNR measured =2.3; B. 3-minutes, CNR measured =2.6; C. 4-minutes, CNR mea-
sured =2.7; D. 5-minutes, CNR measured =2.9. Lesion SUV mean =9.9. All images are scaled with upper threshold

Suv=15.

a CNR > 5. These apparently conflicting results
emphasize the complexity of determining ap-
propriate imaging time and dose in clinical
practice due to the specific characteristics of
the radiotracer, lesion uptake, lesion size,
background, background noise characteristics,
reconstruction techniques, and PET scanner
sensitivity [11, 16].

While CNR provides a relatively straightforward
metric for estimating lesion detectability, iden-
tifying the lowest discrete threshold above
which all lesions remain detectable on shorter
acquisition list mode reconstructions was not
performed in this study. The threshold value of
5 has been used in several previous studies,
with a reference a range of 3 to 5 previous-
ly reported using an analytical method [17].
Concordant with this, list mode reconstructions
of ®8Ga PSMA PET/CT reported lesion detect-
ability as low as CNR=3.8 [14]. Similarly, our
study was concordant with lesion detectability
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using CNR > 5, with some 2-minute images
remaining clearly visible below this threshold
(Figure 5). The purpose of this study was to
ensure operator detectability was maintained
above a specified CNR ratio, and thus, the
threshold of 5 for 2-minute PET images was
chosen as a relatively conservative assump-
tion. For larger targets or images with different
noise characteristics, a lower threshold may be
reasonable. As new radiotracers are devel-
oped, a CNR model could assist in specific pro-
tocol development to maintain lesion detect-
ability for specific PET systems.

This work has demonstrated the feasibility of
predicting CNR for shorter acquisition time
images, however, some limitations may affect
its generalizability. First, the total numbers of
subjects (n=20), individual lesions (n=53), and
total time datapoints (n=212) in this study are
relatively modest. The accuracy of the CNR
model, therefore, is limited to this dataset, but
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Figure 5. °3Ga DOTATATE PET transaxial slices with several different list mode reconstruction times. Red arrow shows
lesion with baseline 5-minute CNR=6.6. At 2-minutes, lesion is distinguishable from background noise. A. 2-min-
utes, CNR measured =4.6; B. 3-minutes, CNR measured =5.2; C. 4-minutes, CNR measured =5.7; D. 5-minutes,
CNR measured =6.6. All images are scaled with upper threshold SUV=10.

could improve with a larger sample size. Se-
condly, this study is limited to a single radio-
pharmaceutical with specific reconstruction pa-
rameters on a single PET scanner and limited
to a single organ. Although the general relation-
ship between imaging time and CNR should be
broadly applicable to other radiotracers, PET
systems, and other organs, this feasibility study
did not attempt to validate the generalizability.
The specific fit parameters in the model are
also likely to be different for specific radiotrac-
ers, PET scanners, and acquisition and recon-
struction techniques. List mode acquisitions
from advanced digital PET scanners, however,
are capable of reconstructing images with
lower spatial resolution, and without advanced
correction techniques e.g., depth dependent
resolution recovery or high temporal resolution
time-of-flight to simulate data from older gen-
eration cameras. Finally, lesion detectability
was not prospectively validated by human
observers. Our study chose a relatively high
threshold of CNR to define the threshold of
lesion detectability based on Rose’s criteria,
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validated in prior reports. Lesion detectability
can be complex and influenced by other factors
such as the size and appearance of the lesion,
and thus, prospectively validating lesion detect-
ability and generalizability are needed in future
studies. Despite these limitations, further vali-
dation of this technique could provide a power-
ful tool to assist DL algorithm development
by increasing the number and diversity of the
datasets used for DL training in lesion de-
tection.

Conclusion

List mode reconstructions provide CNR esti-
mates which show good correlation with mea-
sured CNR. Visual evaluation of lesions on
2-minute images verified that those lesions
were clearly detectable based on the CNR
threshold of 6.9 on the high count, 5-minute
images. This data confirms that CNR may be
accurately predicted for hepatic lesions on
shorter 2-minute acquisitions, and thus, this
provides an estimate of a lower limit of lesion

Am J Nucl Med Mol Imaging 2023;13(1):33-42



Modeling contrast-to-noise ratio from list mode reconstructions of ¥8Ga DOTATATE

2-minute

o

3-minute

4-minute

5-minute

Figure 6. ®®Ga DOTATATE PET transaxial slices with several different list mode reconstruction times. Red arrow shows
lesion with baseline 5-minute CNR=6.8. At 2-minutes, lesion is clearly distinguishable from background noise. A.
2-minutes, CNR measured =5.6; B. 3-minutes, CNR measured =5.9; C. 4-minutes, CNR measured =6.3; D. 5-min-
utes, CNR measured =6.8. All images are scaled with upper threshold SUV=15.

detectability. This method can aid in guiding the
selection of lesions to include in novel data
augmentation techniques for deep learning.
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