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Abstract: New developments in PET/CT technology have enabled the commercial availability of continuous bed
motion (CBM) acquisition methods. This technology has some potential performance benefits compared to stan-
dard step and shoot (SS) imaging, however, this technology has not been assessed with regard to quantitative and
image quality parameters compared to traditional SS techniques. This study seeks to compare clinically relevant
quantitative and image quality parameters using CBM and SS data collection methods with the intent of providing
assistance in making educated decisions regarding imaging protocol development when using CBM technology

versus SS imaging.
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Introduction

Preclinical positron emission tomography (PET)
and computed tomography (CT) systems have
had implementations of continuous bed motion
(CBM) since before 2009 where it has been
shown to effectively increase a scanner’s pos-
sible axial extent, enable whole-body kinetics,
and potentially improve image quality because
of axial oversampling [1-3]. Other techniques to
improve PET image quality were assessed,
including “wobbling” the bed or detector arrays
to increase image resolution, however, the
hardware for these systems did not lend itself
to further commercialization and realized only
limited use in research studies [4-6].

For over a decade, CBM-based PET/CT systems
have been in development, with initial data
from these studies indicating that a CBM acqui-
sition technique may result in improved axial
sampling and image uniformity [7]. Strides
were made in 2000 by Dahlbom, et al. to devel-
op the fundamental framework for the develop-
ment of CBM acquisition and processing meth-
ods for clinical platform, including rigorous
assessments of new sampling schemes for PET

imaging [8, 9]. This work was followed by addi-
tional work by Townsend, et al. but no viable
commercial systems developed at that time
from those efforts [10, 11]. The methods behind
this prototype and related processing systems
were patented in 2005 with further work per-
formed by Burbar et. Al. to develop the workflow
into a clinically relevant routine [12, 13]. Re-
cently, this prior work in CBM technology has
coalesced into a commercially available plat-
form.

The clinical benefits of CBM PET/CT are poten-
tially manifold. One such benefit is the potential
for improved axial sensitivity. Step and shoot
(SS) acquisition methods require that multiple
overlapping beds be used to cover the entire
axial extent of the patient. These individual
beds have sensitivity profiles that degrade as
you extend axially from the center of the field of
view [14]. With CBM techniques, there is no
overlap of bed positions that may cause arti-
facts and the axial sensitivity profile is uniform
throughout the defined axial extent as com-
pared in Figure 1. Uniformity and sensitivity is
also potentially improved as each part of the
patient will pass through the center of the PET
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Step & Shoot

Continuous Bed Motion

Figure 1. Shows the comparison of the axial range selection between step & shoot and continuous bed motion
methods. A topogram is shown for each image with the intermediate lines illustrating overlapping beds for step &
shoot and the colored bars representing three different scan speeds selected over the course of a single continuous

bed motion scan.

imaging system [15]. Improvements in axial
sensitivity may result in improved image con-
trast because of slight reductions in overall
image noise [16]. This work investigates key
performance parameters when using CBM
acquisitions techniques and provides insight
into the effect this type of acquisition may have
on PET/CT data.

Materials and methods
Hardware and software

All data were collected using a Biograph mCT
Flow with FlowMotion CBM acquisition capabili-
ties (Siemens Medical Solutions USA, Inc.).
Syngo software (Siemens Medical Solutions
USA, Inc.), version VG50, was used for data
acquisition, histogramming, and reconstruc-
tion. Data analysis was performed using the
Inveon Research Workplace version 4.1 (Sie-
mens Medical Solutions USA, Inc.) and stan-
dard spreadsheet software. Statistical analysis
was performed using SPSS (IBM).

Patient population

Patients in this study were recruited under
University of Tennessee Graduate School of
Medicine Institutional Review Board approved
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protocol (#3539). Patients selected for this
work were sampled from our routine outpatient
PET/CT population with no preference given for
any particular type of disease or scan type.

Phantom data comparison

Three separate studies were performed com-
paring phantom data between SS and CBM
acquisition methods.

Body phantom comparison: The first set of
measurements were acquired using a “body
phantom” comprised of a uniform cylinder
joined to the Society of Nuclear Medicine &
Molecular Imaging Lung phantom. Whole-body
PET/CT data using SS as well as CBM methods
were acquired over an axial range covering the
entire cylinder and torso phantom. Time per
bed position for our single speed scans were
set to our typical whole-body settings of 1.5
minutes per bed while our varying speed scans
set the head region to be acquired at 1.5 min-
utes per bed and the torso region acquired at 2
minutes per bed. CBM acquisition protocols for
our single bed speed scans were set to acquire
data at a speed of 1.5 mm/s per manufacturer
recommended equivalence settings on our
imaging system (1.5 minutes per bed=1.5
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Figure 2. Shows the analysis of end planes on a uniform 68-Germanium cylinder phantom. Analysis of regions of
interest indicate that mean SUVs were nearly equivalent with up to an 80% change in SUV__ values and 30-50%

reduction in standard deviation in end plane regions.

mm/s). Protocols involving selection of multiple
bed speeds over the axial range used four
speeds: 2.5 mm/s and 1 mm/s in the head and
neck regions and 1.5 mm/s and 2 mm/s in the
torso regions. A total of twelve ROIs were drawn
in the uniform cylinder as well as in sites of
“lesions” found in the torso phantom for use in
this comparison. ROI statistics were compared
between acquisition modes and statistical
analysis performed to determine differences
between acquired data values.

Uniform cylinder comparison: The second
group of tests focused on numerical analysis
and comparison of regions of interest drawn in
a uniform Ge-68 phantom for a more controlled
test of image quality characteristics. Bed speed
and time per bed selections for this series of
scans were based on having equal scan times
for both acquisition methods to cover a typical
90 cm patient scan. This required 7 overlap-
ping beds for SS imaging using our PET/CT
system.

Two comparisons were made with each scan
repeated five times:

1.CBMscans at 1.5 mm/s and SS scans at 1.4
minutes per bed

a. Equivalent to a 10 minute scan @ 90 cm
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2.CBM scans at 2.4 mm/s and SS scans at 0.8
minutes per bed

a. Equivalent to a 6.25 minute scan @ 90 cm

For each scan, the image was segmented using
a defined cylindrical VOI placed centrally in the
uniform cylinder. Descriptive statistics and
coefficients of variation (CV) were calculated
and statistically compared between acquisition
methods and scan speeds with P<0.05 consid-
ered significant. Additionally, ratios between
noise increases with changes in scan time were
assessed to determine if either acquisition
mode was less sensitive to changes in acquisi-
tion time.

End plane comparison: A third set of tests per-
formed examined image quality at the end
planes of typical single bed scan lengths to fur-
ther test these initial results. For these tests, a
uniform Ge-68 cylinder was placed centrally in
the field of view with data acquired over only
the range of a single bed position (~22 cm).
This was to create a sub-optimal situation
where end planes would be clearly visible with
uniform activity and so that out of FOV activity
effects would be present. The same single bed
step shoot range was selected for CBM acquisi-
tion modes using only a single selected bed
speed of 1.5 mm/s. SUVs were calculated at
the center of the phantom and at the edges of
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Figure 3. Shows the manufacturer recommended conversion between traditional and continuous bed motion ima-
ging. The numbers shown are based on a standard sized patient using a 10 mCi injection of FDG with axial coverage
of 90 cm. The blue line indicates the conversion plot for a 3 ring system while the pink line indicates the conversion

for a 4 ring system.

the fields of view by drawing regions of interest
in those regions as shown in Figure 2. Line pro-
files were drawn through the length of the
phantom to visually compare edges with and
without CBM acquisition methods. This series
of tests was repeated five times to obtain an
average value for measurements at the end
planes and within the central portion of the
phantom.

Clinical patient data comparison

The assessments described below were to
determine the clinical relevance and effect of
using CBM acquisition techniques in routine
clinical use.

Quantitative comparison: Spherical regions of
interest (ROIs) with a volume of ~870 mm?3 were
drawn in various areas throughout the patients
for both acquisition methods. These regions
included the liver, lungs, brain and background.
Anatomical points of reference were used for
consistent positioning of regions of interest in
the analysis. Liver regions were defined approx-
imately 5 cm from the spine and 3 cm caudally
from the upper most portion of the liver. Lung
regions were drawn approximately 2 cm from
the lung wall and placed centrally in the lung.
Spine region statistics were calculated from
three regions drawn in three separate vertebra
and the average values assessed. Background
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measurements were taken 2 cm from the fur-
thest transaxial extent of uptake. For some
patients this was 2 cm from the outside of the
arm, while for others, this was 2 cm from the
chest wall extending radially outward.

For each region of interest, descriptive statis-
tics were calculated and compared between SS
and CBM acquisition methods. Mean SUVs
between groups were calculated as well as per-
cent differences in standard deviation with the
following formula used to calculate percent
difference:

% Difference = %
CBM

Qualitative comparison: All routine PET/CT pro-
tocols were updated to use CBM acquisition
methods with CBM acquisition protocols
matched to our standard SS protocols using
manufacturer recommended settings for com-
parable imaging times as shown in Figure 3.
Radiology reports were examined and any
claims regarding altered image quality or anom-
alies were recorded along with any verbal com-
plaints or concerns received during this time.
This study was carried out over an approximate
14 week period with over 420 patient datasets
acquired during that time period. Seventy-eight
samples were examined from the 420 patient
datasets to achieve a 10% confidence interval
with a 95% confidence level.
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Table 1. Survey questions given to 3 physician readers of varying experience. These questions were
intended to assess basic opinions regarding comparative image quality between the two scan types

Question Answer Type Additional Comments Allowed
Did findings differ between the two presented datasets? If  Yes/No Yes
yes, please provide more details

Please rate the similarity between the two cases presented Leikert scale: 1-5 No
¢ 1: Not at all Similar
¢ 2: Somewhat Similar
¢ 3: Moderately Similar
e 4: Very Similar
¢ 5: Extremely Similar
Which of the two images presented do you prefer? Multiple choice: 1, 2, 0or 3 No
¢ 1: Data acquired 1%
¢ 2: Data acquired 2™

* 3: No preference because
of similarity between images

Step and Shoot -----> CBM
- I'?- ’ - X

- -

> Step and SHootA_
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Figure 4. Shows examples of images taken from data acquired for the visual comparison portion of this study. The
top images shows the comparison of images when step and shoot was acquired first followed by continuous bed
motion. The bottom image shows the comparison when continuous bed motion acquisition occurred before step

and shoot imaging.

Table 2. indicates SUV measurements from WB, Liver, Spine,
and All regions within the patient for all acquisition orders. Aver-
age values as well as 95% confidence intervals are shown for

CBM and SS protocols in each group

mm/s. Because differences in
uptake times can result in chang-
es to SUV measurements, the first
30 patients in this study first

SS-CBM

received a standard step & shoot

scan followed immediately by a

CBM SS CBM acquisition. For the next set

WB Liver Spine All WB Liver Spine All of 30 patients, the workflow was

AVERAGE 113 221 247 194 115 225 225 188 reyersed with the step & shoot

UPPER95%Cl  1.21 242 3.27 224 1.23 246 292 215 acquisition following the CBM

LOWER95% ClI 1.06 199 167 1.63 1.08 2.04 157 1.62 acquisition. On average, each

CBM-SS subsequent acquisition was per-

CBM ss formed within 12 minutes from

WB Liver Spine Al WB Lver Spine Al  thestartoftheinitial step & shoot

AVERAGE 118 233 226 192 116 221 233 190 acquisition or CBM acquisition.

Figure 4 shows example images

UPPER95% CI 1.24 247 247 206 123 236 257 2.05 from each series of data collec-

LOWER 95% CI 1.13 2.18 2.05 1.78 1.09 2.06 2.09 1.76 tion. Following collection of scan

Group Averages data, physicians were asked to

CBM SS randomly choose 20 patients

WB Liver Spine Al WB Liver Spine All from each group to make their

AVERAGE 116 2.28 234 1.93 116 223 230 1.89 assessmentofimagequalityandpre-
UPPER95% CI 1.21 240 267 2.07 121 235 260 2.03 ference.

LOWER95% CI 1.12 216 201 1.78 1.11 210 2.00 1.76

Results

A visual comparison was performed by quali-
fied imaging professionals comprised of three
physicians (1-nuclear medicine and radiology
board certified, 1-irst year resident, and
1-fourth year radiology board-eligible resident).
Visual comparisons were based on overall phy-
sician impression of images between the two
modes of acquisition. A basic questionnaire
was used to assess physician opinions of the
image data compared between SS and CBM.
This questionnaire assessed the physicians’
opinions regarding comparative image quality
and preference between the two datasets pre-
sented. Table 1 provides the list of questions
given in this survey along with answer
expectations.

For the visual comparison, a total of 50 patients
presenting with various forms of disease were
imaged using both SS and CBM acquisition
methods. Step & shoot per bed acquisition
times ranged from 1-1.5 min/bed while clini-
cally used CBM speeds ranged from 0.8-2
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Phantom data comparison

Phantom data results indicated mean SUVs cal-
culated for all regions to be 6.39 for SS and
6.47 for single bed speed CBM and 6.45 for
variable speed CBM with an average of
6.44+0.04. The average standard deviation for
all datasets was 2.96+0.01. There was no sig-
nificant difference detected between mean
SUV, t(12)=-1.08, p>0.05, for standard SS com-
pared to single-speed CBM techniques, nor
was any statistical difference seen comparing
SS to variable-speed CBM imaging, t(12)=-
0.89, p>0.05.

Standard deviation analysis in the uniform
phantom scans equalized to equivalent scan
time over a 90 cm axial range, showed statisti-
cally significant reductions in standard devia-
tion for both comparisons with t(4)=-12.5,
p<0.001 for the 6.25 minute acquisition and
t(4)=-17.5, p<0.001 for the 10 minute acquisi-
tion. CBM acquisitions reduced standard devia-
tion measurements by an average of 8% for
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fast protocols and nearly 4% for slower imaging
studies. CBM acquisition modes were also
observed to have a lower percentage increase
in noise per change in acquisition time with
CBM noise increasing by 7% with each 1 min-
ute decrease in scan time while SS modes
increased in noise by 8.6% per 1 minute
decrease in scan time.

Results from regions of interest drawn in the
end planes of the cylindrical phantom placed
on the edges of a single bed position field of
view indicated nearly equivalent mean values
of 0.638 and 0.679 (~6% difference) for SS and
CBM techniques respectively. The standard
deviation within this end plane region was
reduced by 55.7% from 0.305 to 0.135 when
using CBM while max SUV measurements were
reduced by 72% from 7.5 to 2.1. Mean SUV
from a region drawn centrally in the same phan-
tom yielded nearly equivalent values of 0.656
and 0.659 (0.45% difference) for SS and CBM
respectively with a 34% reduction in standard
deviation when using CBM methods. Max SUV
measurements in this region were nearly the
same showing a difference of only 8%.

Clinical patient data assessment

Quantitative assessment: Results from region
of interest analysis in clinical patient data com-
paring the two acquisition methods are shown
in Table 2. Data acquired using SS followed by
CBM had an average SUV of 1.88 for all regions
acquired using step and shoot with a 95% con-
fidence interval of 1.62-2.15. CBM acquired
data showed an average SUV of 1.94 with a
95% confidence interval of 1.63-2.24. Data
acquired with CBM prior to SS had an average
SUV of 1.93 for CBM acquisitions with a 95%
confidence interval of 1.78-2.07 while the step
and shoot technique resulted in an average
SUV of 1.89 for all regions with a 95% confi-
dence interval of 1.76-2.03. For all regions
measured, mean values were similar with over-
lapping confidence intervals. Mean values were
shown to not differ statistically (t(11)=1.41,
p>0.05) for SS compared to single-speed CBM
or for SS compared to variable-speed CBM
(t(11)=0.022, p>0.05).

Standard deviation comparisons between
lesion data showed a slight decrease overall
when using CBM imaging compared to SS when
CBM acquisition modes were used as the base-
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line. When the first scan in the series was SS,
the difference was significant, with the greatest
reduction observed being 97%, however, the
average reduction in all regions as well as a
single ROl placed over the whole body was
approximately 8%.

Qualitative assessment: Radiology reports
examined showed no signs of concerns regard-
ing data quality. For the 75 reports sampled
from 420 datasets, no comments indicated any
peculiarities in findings. During the testing peri-
od, no communications were received regard-
ing concerns about altered PET/CT image qual-
ity. Final post hoc 95% confidence intervals
were calculated to be +2%.

Formal comparison of clinical images acquired
using SS and CBM technology yielded no sub-
stantial changes to findings related to disease
between presented images. Differences in
bowel uptake, excretion patterns and back-
ground were noted in approximately 50% of the
patient population. This difference was most
likely because of the average 12 minute delay
between scans resulting in minor physiological
changes. Nearly 75% of responses from read-
ers indicated improvements to the quality of
images in the end planes. For the most experi-
enced reader, 45% of CBM studies were flagged
as having improved tumor to background ratios
in ROIs as well as overall improved visual con-
trast when using CBM vs. SS.

Assessment of physician ratings of similarity
indicated an average score of 4.73+0.6 for the
SS—CBM group and 5.0+0 for the CBM—SS
group. These results reflect the opinion that the
images were extremely similar when compared
side-by-side. The lowest similarity rating given
for any of the 120 case combinations present-
ed was a 3 indicating that the images were
moderately similar. Ninety percent of all
responses for all groups (108/120) were rated
a five on the Leikert scale, indicating extreme
similarity between presented cases. Responses
for preference between case studies presented
corroborated results from similarity results.

In the SS—CBM comparison, 70% (42/60) of
responses indicated no preference in images
because of similarity while 25% (15/60) pre-
ferred CBM and only 5% (3/60) preferred SS.
Results from the CBM—SS comparison indi-
cated 83% (50/60) of responses preferred the
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CBM acquisition with 13% indicating no prefer-
ence and 3% preferring SS. Only 4% (5/120) of
all responses indicated a preference for SS
images compared side-by-side to CBM.
Differences between mean preference ratings
for SS—CBM were 2.65 indicating a strong
preference for CBM or no preference. Mean
preference ratings for CBM—SS were 1.3 indi-
cating a strong preference for CBM over other
options. Differences between groups were
found to be statistically significant (t(114)=11.6,
p<0.001). Odds ratio analysis indicated that
when the order of acquisition was CBM fol-
lowed by SS, physicians were 92% less likely to
choose SS over CBM (OR=0.008, 95%
Cl=0.001-0.052) and were 89% less likely to
choose No Preference over CBM (OR=0.011,
95% CI=0.003-0.046).

Discussion

All assessments indicated that image quality,
quantitative measures, and physician prefer-
ence using CBM imaging was as good as or bet-
ter than SS imaging with significant improve-
ments especially observe with regard to noise
characteristics, uniformity, and end plane
imaging. Quantitative assessments comparing
CBM and SS indicated no difference between
mean SUVs calculated for phantom or clinical
patient studies. This shows quantitative consis-
tency, regardless of the acquisition method
chosen. This result is extremely important for
validating SUV reliability as this new technology
proliferates and imaging centers begin using
this new functionality.

Noise assessments showed statistically signifi-
cant improvements when using CBM tech-
niques. Not only were the improvements statis-
tically measureable, but were visually perceived
by physicians performing qualitative assess-
ments of patient data. This was found to be
true in body phantoms, uniform phantoms, and
clinical patient data illustrating that the uniform
axial sensitivity of CBM acquisition modes
translates to realizable benefits with regard to
noise. Interestingly we were also able to show
that the rates of change in noise with increas-
ing bed speed or decreased acquisition times
results in slower rates of change when using
CBM techniques further demonstrating impro-
vements over standard SS imaging.

Physician assessments of image quality yield-
ed consistent results indicating a significant
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preference for CBM imaging over SS acquired
data regardless of which scan was performed
first. Physician comments regarding their pref-
erence were taken after the survey and indicat-
ed that their preference was often based on
opinions that the images appeared to be more
uniform when comparing CBM versus SS imag-
es. An example of this is that two of the physi-
cians noted that the body outline of the patients
in the CBM studies was more uniform through-
out the image. Based on our observations, we
believe that CBM acquisition types may provide
a more uniform patient outline as seen during
routine axial slice examinations of the data.
This provides a consistent reference point for
visual assessment through the axial extent of
the patient but requires further study to assess
this hypothesis.

Conclusions

CBM technology requires a change in the way
we think about PET imaging. In the past, we
have had to think in terms of time per bed and
number of beds to determine image quality and
scan time. SS imaging also makes it challeng-
ing to compare imaging protocols between
manufacturers as each vendor has a different
axial FOV as well as varying overlap between
beds. As this technology is adopted, the use of
single bed speed indications is potentially more
powerful and robust in terms of assessing
trade-offs between scan time and image quali-
ty as well as potentially improving the ease with
which PET imaging protocols can be compared
between manufacturers. Routine clinical imag-
ing using CBM shows promise as a new tech-
nology that may improve on a number of basic
performance aspects of traditional step and
shoot PET/CT imaging.
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