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Abstract: The purpose of this study was to develop and validate low dose 18F-FDG-PET acquisition protocols for 
detection of inflamed carotid plaques specifically for simultaneous PET/MR imaging. The hypothesis was that 
increasing the duration of the PET acquisition to match that of the MR acquisition might allow for the use of lower 
levels of the radiotracer, while preserving quantification and image quality. Seven subjects were scanned twice at 
least one week apart on a simultaneous PET/MR scanner using either the standard clinical dose of 18F-FDG (373 
± 63 MBq) for 8 minutes or a low dose (93 ± 17 MBq) for 75 minutes. A maximum absolute percent difference of 
only 4.17% and 7.49% in the left and right carotid TBR was found between the standard dose and four time points 
of the low dose acquisitions (8, 24, 45, 75 minutes). Only the 8-minute low dose PET data was significantly different 
in terms of SNR (P = 0.009; % difference = -51%) and qualitative image quality evaluation (P = 0.0005; % difference 
= -45%). Our preliminary findings indicate that up to 75% reduction of the clinical standard 18F-FDG dose could be 
achieved using the proposed acquisition scheme while maintaining accurate quantification and SNR.
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Introduction

Atherosclerosis is responsible for the majority 
of disabilities and deaths in developed coun-
tries and is often not diagnosed before the 
onset of clinical events [1]. Positron emission 
tomography (PET) using 18F-fluorodeoxyglucose 
(18F-FDG) has been successfully used to char-
acterize and quantify vascular plaque inflam-
mation, an important hallmark of high-risk  
atherosclerotic plaques. 18F-FDG-PET has also 
become a marker of atherosclerotic disease for 
clinical trials that use imaging as an endpoint to 
monitor vascular disease [2, 3].

Clinical PET scanners are typically available as 
hybrid systems that are combined with either 
computed tomography (CT) or magnetic reso-
nance (MR) [4]. Recently introduced PET/MR 
scanners offer the benefit of delivering less ion-
izing radiation compared to that from PET/CT. 

Moreover, because MR exams are generally lon-
ger in duration than CT, further reduction in 
radiation exposure could be achieved by admin-
istering lower doses of the radioactive tracer 
used in PET imaging and matching the duration 
of the PET acquisition to that of the MR exam. 
This strategy could result in high quality PET 
data, even when a lower level of radio-tracer is 
injected. Previous studies conducted on phan-
toms have shown the feasibility of such acquisi-
tion approach, however, clinical data has not 
yet been shown [5].

18F-FDG-PET/MR carotid imaging of atheroscle-
rotic plaques is well suited for low dose, long 
duration protocols. Firstly, carotid exams are 
generally performed using only one bed posi-
tion centered on the carotid bifurcation in the 
neck making it feasible to perform the needed 
MR exams simultaneously during the PET data 
collection without the need to move the patient 
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table [6]. More importantly, recent studies have 
shown that PET quantification of atherosclerot-
ic plaques does not change significantly over a 
period of 1 to 3 hours and thus tracer redistri-
bution due to longer exams should not affect 
the measured tracer uptake [7, 8].

In this study, preliminary clinical evaluation of 
low dose 18F-FDG-PET imaging of the carotids 
was performed using a simultaneous PET/MR 
scanner. Subjects were scanned with both the 
standard clinical dose and acquisition time or 
longer acquisition time with low dose of 18F-
FDG. The resulting low dose data was com-
pared quantitatively and qualitatively to show 
the feasibility of low dose 18F-FDG-PET proto-
cols in the quantification of vascular inflamma-
tion in the carotid arteries.

Methods

PET/MR imaging

This study was approved by the local institu-
tional review board. All participating subjects 
signed written informed consent. Seven sub-

jects (mean weight = 76.1 ± 12.2 kg; mean age 
= 31.6 ± 12.8 years) with two or more risk fac-
tors for cardiovascular disease were recruited 
for this study. All subjects underwent two PET/
MR scans using a clinical standard and a low 
dose of 18F-FDG at least one week apart in ran-
domized order on the Siemens Biograph mMR 
(Erlangen, Germany). The clinical standard scan 
was conducted for 8 minutes after 69±13 min-
utes of circulation time using a weight adjusted 
dose of 18F-FDG (~5 MBq per Kg) of 373 ± 63 
MBq. The long duration, low dose scan was 
conducted for 75 minutes after 68 ± 13 min-
utes of circulation time using a dose approxi-
mately 75% lower than that from the clinical 
standard scan (93 ± 17 MBq). The listmode 
PET data from the low dose scan was recon-
structed using the first 8, 24, 45, and 75 min-
utes of the data to be compared to the stan-
dard dose scan. PET images were reconstruct-
ed using the point spread function compensat-
ed ordinary Poisson ordered subsets expecta-
tion maximization algorithm (PSF-OP-OSEM) 
using 3 iterations and 21 subsets. The size of 
the reconstructed PET image was 344 x 344 x 

Figure 1. Data analysis was performed by registering the standard dose acquisition MR image to the low dose acqui-
sition MR image. The measured transformation field is subsequently applied to the standard dose PET image before 
tracing of the ROIs. Top Panel: Low dose acquisition (green colormap) MR image overlapping the standard clinical 
dose acquisition MR image (purple colormap). Inserts are zoom-in of the left and right carotid to show accuracy 
of registration. When images are well registered, the overlap images turn to grayscale colormap (e.g. white signal 
indicates excellent overlap) Bottom Panel: Corresponding low and standard dose PET images.
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127 voxels with a matrix size of 2.08 x 2.08 x 
2.03 mm3. The final images were smoothed 
using a 4 mm Gaussian filter. Attenuation cor-
rection for the patient was done using the clini-
cal standard MR segmentation based attenua-
tion correction that is standard on the scanner. 
MR imaging was performed using the head and 
neck coil, which was corrected for in the PET 
reconstruction using a CT based attenuation 
map included on the scanner. For all PET/MRI 
exams a volumetric high-resolution MR image 
(TR = 1000 ms; TE = 4.89 ms; 1.67 mm isotro-
pic resolution) was simultaneously acquired 
within the same imaging session for anatomi-
cal localization. 

Data processing and analysis

Standard dose PET images were compared to 
the low dose data using the target-to-back-
ground ratio (TBR). The TBR was calculated by 
normalizing the mean uptake in the carotid 
artery by that of the blood pool from the corre-
sponding jugular vein. The TBR is a standard 
quantitative measure of PET images used in 
clinical trials evaluating vascular inflammation 
[9]. In addition to the use of the TBR, the stan-
dard uptake value (SUV) of the carotid artery 
and jugular vein was also quantified.

The TBR was calculated using regions-of-inter-
est (ROI) that were manually traced on the 
simultaneously acquired high resolution MR 
images (standard or low dose acquisitions) and 
transferred to the corresponding PET image 
using Osirix (Osirix Imaging software, Pixmeo, 

Geneva, Switzerland). The ROIs that were 
defined were the left and right carotid arteries 
(LC; RC) and left and right jugular veins (LJ; RJ). 
At least 20 ROIs per subjected per vessel were 
traced in the trans-axial MR images starting 
from the carotid bifurcation. In a second data 
analysis approach, the MR image collected in 
the standard dose imaging session was co-reg-
istered to the MR image of the low dose scan. 
Then, the measured transformation was used 
to warp the standard dose PET image so that 
both the low and standard dose PET images 
were aligned. The ROIs that were previously 
defined on the low dose MR image were then 
transferred the co-registered standard dose 
PET image to measure the TBR. The registra-
tion procedure was initialized by rigid registra-
tion that maximized the normalized mutual 
information over six degrees of freedom (3 
translation and 3 rotation) between the MR 
images. Subsequently, non-rigid registration 
was performed using the diffeomorphic 
demons algorithm as implemented in the 
National Library of Medicine Insight Seg- 
mentation and Registration Toolkit (ITK).

Quantitative image quality evaluation was per-
formed using the signal-to-noise (SNR) metric. 
SNR was calculated as the mean activity divid-
ed by the standard deviation within ROIs that 
were defined on large homogenous regions on 
the corresponding MR images and transferred 
to the PET images. Blinded qualitative Image 
quality scores were determined by an experi-
enced clinician (OL, MD, PhD) from 1 to 4 with 1 
= non diagnostic, 2 = poor, 3 = moderate and 4 

Table 1. Summary of target to background ratio (TBR) for both the LC and RC

Vessel/TBR
Standard dose Low dose

8 minutes 8 minutesŦ 8 minutes 24 minutes 45 minutes 75 minutes
Right carotid (RC) 1.35 ± 0.21 1.32 ± 0.19 1.34 ± 0.32 1.37 ± 0.27 1.36 ± 0.26 1.36 ± 0.24
Left carotid (LC) 1.37 ± 0.20 1.41 ± 0.30 1.35 ± 0.25 1.35 ± 0.21 1.33 ± 0.20 1.31 ± 0.20
Data are presented as mean ± standard deviation. ŦIndicates the standard dose data analyzed using the proposed registration 
approach.

Figure 2. Representative coronal PET images in the same subject using the clinical standard dose of 18F-FDG ac-
quired for 8 minutes compared to the low dose images acquired for 8, 25, 45 and 75 minutes.
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= good. The analysis was performed on the reg-
istered standard dose PET image.

Statistical analysis to compare quantification 
of standard dose and low dose 18F-FDG-PET 
was conducted using a one-way ANOVA with 
Bonferroni post hoc correction. P < 0.05 was 
considered statistically significant.

Results

Results of the registration procedure are shown 
in Figure 1. Excellent overlap is observed fol-
lowing co-registration, particularly in the carot-
ids, as shown in the insets of the figure.

Comparing the two different methods for analy-
sis of the standard dose data (i.e. direct ROI 

1.10 ± 0.0.36, 1.17 ± 0.26, 1.14 ± 0.27, 1.10 ± 
0.25 for the same time points as the RC. In the 
case of Jugular vein, the SUV mean was 0.97 ± 
0.13 for the RJ and 0.98 ± 0.18 for the LJ when 
the standard clinical dose was used. In the 
case of the low dose studies, the SUV in the RJ 
was 0.80 ± 0.18, 0.77 ± 0.12, 0.78 ± 0.10, and 
0.75 ± 0.15 for the 8, 24, 45, and 75 minutes 
scans respectively. For the LJ, the SUV for the 
low dose studies was 0.82 ± 0.17, 0.87 ± 0.15, 
0.86 ± 0.12, and 0.84 ± 0.10 for the same time 
points as the RJ.

SNR in the standard dose and low dose PET 
images is shown in Figure 3A. A significant dif-
ference of -51% was found between the stan-
dard dose and the 8-minute low dose data, but 
not the 24, 45, and 75 minutes low dose scans. 

Figure 3. Quantitative comparisons of standard dose to low dose carotid 18F-
FDG-PET imaging. A. Bar plot showing the SNR comparing clinical standard 
dose and duration to low dose acquisition at different durations. B. Box plot 
plot showing differences in image quality score. Indicates significant differ-
ence.

tracing vs. registration to the 
low dose data) on the left 
side of Table 1 shows an 
insignificant difference of 
only 3.47% and 2.47% in the 
LC and RC respectively.

A representative standard 
dose PET image compared 
to the low dose PET images 
is shown in Figure 2. Low 
dose images appear noisier 
at short durations, but image 
quality improves with incre- 
ased acquisition durations. 
Quantitative results are 
summarized in Table 1. 
Insignificant absolute per-
cent difference in the TBR 
was found between the 
standard dose and low dose 
data of only 4.16 ± 2.23 
(max = 7.49%) in the LC and 
2.07 ± 1.36 (max = 4.17%) 
in the RC.

The SUV mean for all sub-
jects using the standard 
clinical dose was 1.31 ± 
0.30 for the RC and 1.34 ± 
0.26 for the LC. The SUV 
from the low dose studies in 
the RC was 1.07 ± 0.18, 
1.06 ± 0.20, 1.05 ± 0.20, 
1.02 ± 0.20 for the 8, 24, 45 
and 75 minutes respective-
ly. For the LC, the SUV was 
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Similar trend was also observed in the image 
quality score analysis in Figure 3B where  
significant differences were measured only 
between the standard dose and the 8-minute 
low dose data of -45.4%.

Discussion

In this study, the feasibility of a low dose proto-
col was evaluated in vivo for 18F-FDG-PET imag-
ing of the carotids vasculature. We found that 
up to 75% reduction in 18F-FDG dose can be 
achieved by increasing the duration of the 
acquisition (which was necessary for the simul-
taneous MR imaging) from 8 minutes to 24 
minutes at minimum. Such a large decrease in 
dose with increased acquisition time still 
allowed for the detection of increased uptake in 
the carotids as shown in Figure 2. Comparable 
TBR and SNR were measured with the low dose 
scan when evaluated against the standard clin-
ical dose (Table 1; Figure 3). The recent intro-
duction of simultaneous clinical PET/MR scan-
ners has prompted the development of new 
acquisition protocols that are different from 
that of sequential PET/CT. We have exploited 
the fact that MR exams are longer in duration 
than that of CT and thus, using simultaneous 
acquisitions, reduction in the administered 
radiotracer dose could be achieved by match-
ing the duration of the PET acquisition to that of 
MR, while maintaining quantification and image 
quality.

We used the TBR metric as a measure of carot-
id vessel wall inflammation. Several recent 
studies have indicated that the TBR is a more 
reliable metric for uptake quantification and 
thus its use was extended to this study [8-10].

Two methods for data analysis were used in our 
study. In the first approach, ROIs were traced 
on MR images that were simultaneously 
acquired with the standard or low dose acquisi-
tion. A drawback to this method is that it 
requires a re-trace of the ROIs by the image 
analyst, which could result in quantitative error 
due to the difficulty of reproducible ROI defini-
tions and is time consuming [11]. As an alterna-
tive approach, the images from both acquisi-
tions were co-registered non-rigidly and the ROI 
definition was only performed once. The limita-
tion of this approach is that it is sensitive to 
errors in registration. This error, however, is 
expected to be small given the accuracy of the 

non-rigid transformation that was measured 
from the high-resolution MR images and was 
applied to the relatively low resolution of the 
PET image [12]. Results in this study shown in 
the left side of Table 1 show, however, that 
there were no significant differences between 
the two data analysis methods. This may indi-
cate that the registration based data analysis 
approach presented here could be a useful 
method for data analysis of studies that scan 
the same subject over several time points, as is 
the case during therapeutic drug trials, for 
example [9].

A limitation to long duration PET scans is that 
they could be corrupted by motion resulting in a 
blurred image that is quantitatively inaccurate. 
Motion correction was not addressed in this 
study; however, several studies have shown the 
feasibility of data driven motion correction 
approaches [13]. This is an active area of 
research and we expect several possible solu-
tions in the near future.

Another limitation to long duration exams is 
that the tracer could be redistributed during the 
scan resulting in a dynamic measurement. Our 
results in this pilot study indicate that the TBR 
from a long duration exam is similar to that 
from a short one. These results are consistent 
with findings from a recent study that found 
that the TBR is not sensitive to circulation time 
differences [7]. It is important to point out that 
the duration of MR exams are generally at least 
30 minutes and thus the PET exam in a simul-
taneous scanner should be adjusted to match 
the duration of the MR exam with the benefit of 
reduction of the administered radio-active trac-
er. This kind of acquisition scheme, however, 
might not be appropriate for all kind of PET 
exams as some targets might be sensitive to 
differences in circulation time.

For robust carotid MRI, a dedicated carotid 
receiver coil is typically used for MR imaging. 
Such coils are known to induce quantitative 
errors if used in PET/MR exams without 
accounting for their attenuation. Several 
approaches, however, have been proposed to 
localize such coils and account for their attenu-
ation in the PET reconstruction using a tem-
plate coil attenuation map [14, 15].

The TBR values obtained in this study are 
slightly lower compared to previous studies 
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where a TBR of 1.6 or greater reflects vascular 
inflammation [8]. The age of the patient cohort 
used in this study, however, was lower com-
pared to a typical population with advanced 
cardiovascular disease, which could account 
for this difference. Moreover, in this pilot study 
a small number of subjects were enrolled and 
thus, such low dose acquisition protocols 
should be validated in larger clinical study.

Conclusions

In this study, the feasibility of low dose 18F-FDG 
PET for the detection of inflammation in the 
carotids was evaluated. By matching the dura-
tion of the low dose PET acquisition to that of 
the MR scan in a simultaneous PET/MR scan-
ner, significant reduction in the dose can be 
achieved, while maintaining excellent image 
quality. The advent of simultaneous PET/MRI 
may allow significantly lower radiation exposure 
to patients making it a more desirable tool for 
longitudinal studies of disease evaluation and 
for monitoring therapeutic interventions com-
pared to PET/CT.
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