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Purpose: Simultaneous collection of PET and MR data for radiotherapy purposes are useful for, for

example, target definition and dose escalations. However, a prerequisite for using PET/MR in the radio-

therapyworkflow is the ability to image the patient in treatment position. The aim of this work was to adapt

a GE SIGNA PET/MR scanner to image patients for radiotherapy treatment planning and evaluate the

impact on signal-to-noise (SNR) of theMR images, and the accuracyof the PETattenuation correction.

Method: A flat tabletop and a coil holder were developed to image patients in the treatment position,

avoid patient contour deformation, and facilitate attenuation correction of flex coils. Attenuation cor-

rections for the developed hardware and an anterior array flex coil were also measured and imple-

mented to the PET/MR system to minimize PET quantitation errors. The reduction of SNR in the

MR images due to the added distance between the coils and the patient was evaluated using a large

homogenous saline-doped water phantom, and the activity quantitation errors in PET imaging were

evaluated with and without the developed attenuation corrections.

Result: We showed that the activity quantitation errors in PET imaging were within �5% when cor-

recting for attenuation of the flat tabletop, coil holder, and flex coil. The SNR of the MRI images

were reduced to 74% using the tabletop, and 66% using the tabletop and coil holders.

Conclusion: We present a tabletop and coil holder for an anterior array coil to be used with a GE

SIGNA PET/MR scanner, for scanning patients in the radiotherapy work flow. Implementing attenua-

tion correction of the added hardware from the radiotherapy setup leads to acceptable PET image

quantitation. The drop in SNR in MR images may require adjustment of the imaging protocols.

© 2018 The Authors. Medical Physics published by Wiley Periodicals, Inc. on behalf of American

Association of Physicists in Medicine. [https://doi.org/10.1002/mp.13032]
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1. INTRODUCTION

The use of advanced pretreatment imaging is increasing in

radiotherapy (RT). Magnetic resonance imaging (MRI) and

positron emission tomography (PET) are today widely used

for target definition for several common indications for radio-

therapy, for example, prostate cancer,1,2 lung cancer,3,4

intracranial malignances,5 and head and neck cancer.6 Poten-

tial novel applications include quantitative PET and MR

imaging to facilitate dose painting by numbers,7,8 objective

or automatic identification of target volumes,9 or stratifica-

tion of patients to different treatment regimens.10

The new PET/MR hybrid imaging modality is available

from two vendors, and most applications and the majority of

the ongoing research is in the area of diagnostics, where

PET/MR has been shown to provide an increased diagnostic

sensitivity.11–15 However, there are advantages to simultane-

ous collection of PET and MR data for radiotherapy purposes

as well,16 for example, the elimination of image registration,

and in the reduction in total scan time and machine

occupancy when introducing more focused treatment

strategies17,18 based on multimodal image information. In

radiotherapy applications, the PET/MR examination will typi-

cally be performed in one bed position where the combined

MR and PET field of view (FOV) covers the known treatment

region. MRI acquisition protocols generally require 10–

40 min of scan time, compared to the 2–4 min per bed posi-

tion for standard PET imaging. Thus, it is possible to increase

the PET scan time by an order of magnitude without increas-

ing the total scan duration, which provides less noise and in

our experience increases the imaging sensitivity.

The introduction of MR-guided radiotherapy, with com-

bined MR and treatment units, may further increase the

value of PET/MR examinations in radiotherapy setting.

Focused treatments require imaging with high sensitivity,

and acquiring both PET and MR information in the coor-

dinate system used for planning eliminates the need for

image registration.

An important aspect for effective use of PET/MR in radio-

therapy is to image the patient in the treatment position. Key

components for this capability are the use of a flat tabletop

and appropriate radiotherapy fixation equipment. The
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demands and challenges of introducing these hardware com-

ponents are similar to the adaptation of MR scanners to

radiotherapy, so called MR simulators,19 but with the addi-

tional demand of minimal, quantifiable, and correctable

effect on PET image quality.

Recently, a PET/MR (GE SIGNA PET/MR), dedicated for

radiotherapy imaging, was installed at the radiotherapy

department in Ume�a, Sweden. The aim of the present work

was to adapt this scanner model to imaging patients in radio-

therapy (RT) treatment position, to assess the impact of MRI

SNR, and to assess the possibility to perform quantitative

PET imaging.

2. MATERIALS AND METHODS

A flat tabletop was designed to be placed on the patient

couch, and coil holders were designed to hold the upper or

lower anterior array (UAA/LAA, which are visually identical)

flexible coils in fixed positions for reproducible positioning

of the coils, which is necessary to allow for accurate attenua-

tion corrections of the coils and the coil holders, see Fig. 1.

The coil holder position is fixed by indentations in the table-

top, see Figs. 1(c), 1(d), and 1(e), which allows for repro-

ducible coil holder positions. The tabletop and coil holders

were designed for minimal impact on image quality for both

the PET and MR. The selected materials were nonconduct-

ing, nonmagnetic, and materials were chosen to provide low

attenuation for 511 keV photons, and to be easily cleaned.

The tabletop was manufactured using a 5-mm-thick poly-

methyl methacrylate (PMMA G WH01, density: 1.2 g/cm3,

flammability rating (FR): UL94HB) sheet attached to a 35-

mm thick sheet of 0.10 g/cm3 density polyethylene (PE) foam

(Microlen PE-10, FR: NF P 92 507), cut to match the curva-

ture of the PET/MR patient couch. The tabletop weight is

9.0 kg, it is 2048 mm long, and 500 mm wide, which is

slightly less than the 530 mm standard width due to space

constraints. There are radiotherapy standard indented index-

ing points on the sides to allow reproducible positioning of

fixation equipment and coils. Three coil holders were con-

structed using polyoxymethylene (POM, FR: UL94HB) and

polycarbonate (PC, FR: UL94V2), with different heights

(235, 285, and 335 mm) to minimize coil-to-patient distance.

The smallest coil holder was designed for children and small

adults. The largest coil holder was constructed to snuggly fit

the bore of the scanner. The middle coil holder had a height

between the large and small coil holders. The design is simi-

lar to that reported by Paulus et al.16 During imaging, the 16-

channel UAA or LAA were combined with 16 coil elements

from the posterior CMA coil, to a total of 32 receive

channels.

(a) (b) (c)

(d) (e)

FIG. 1. (a) the flat tabletop displayed on the ordinary patient couch, (b) the mounted flattop, (c) the mounted coil holder, and (d, e) the coil holder with the

mounted UAA coil. The amplifiers are highlighted in (d). [Color figure can be viewed at wileyonlinelibrary.com]
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2.A. Attenuation correction

The tabletop and coil holders were scanned using a GE

Discovery 690 (General Electric, WI, US) computed tomog-

raphy (CT), with 140 kV tube voltage and reconstructed with

a display field of view (DFOV) of 60 cm. The CT images

were processed to remove the CT table, and the remaining

RT adaptation hardware components were converted to atten-

uation map templates for 511 keV photons using continuous

conversion scale for 140 kV CT.19 The attenuation map tem-

plates were stored in the scanner attenuation template data-

base. The coil holder axial displacement relative to the couch

was stored in a positioning configuration file.

An interface with a rotary switch was manufactured to let

the operator select which RT adaptation hardware is mounted

on the table. This interface was mounted inside a stand-alone

coil connector on the PET/MR scanner. When an operator

selects the current hardware setup, the corresponding object

positioning parameters are recorded in PET raw data. During

image reconstruction, the correct object attenuation map tem-

plate is loaded from template database, spatially adjusted

based on the positioning parameters, and later combined with

the patient in vivo attenuation map, for attenuation correction.

2.B. Validation

The PET attenuation correction was validated by scanning

the well counted correction (WCC) phantom, a 5640 mL,

19 cm diameter cylindrical phantomwith a 50–70 MBq activ-

ity of Fluorine-18-labeled fluorodeoxyglucose (FDG). Ten-

minute scans were acquired in time-of-flight mode with three

setups: using the standard patient couch, using the flat table-

top, and using the flat tabletop, the UAA coil and coil holder.

Attenuation maps of the couch, the standard phantom, and the

correct combination of added hardware were used for attenua-

tion correction in the reconstruction algorithm. PET images

with a voxel size of 3.125 9 3.125 9 2.81 mm were recon-

structed using an Ordered Subset Expectation Maximum

(OSEM) reconstruction with 2 iterations, 32 subsets, and a

5.0 mm Gaussian postfilter, applying corrections for attenua-

tion, decay, scatter, and randoms. Multiple scans with different

positions of the WCC were required to cover the full length of

the coil setup. The activity data for the individual scans were

merged to produce an attenuation-corrected PET acquisition

of the entire setup. The absolute quantitation was analyzed by

placing different diameter circular regions of interest (ROIs)

along the z-axis. Figure 2 shows the placement of different

ROIs, where a large centered circular ROI was used for mean

activity measures [Fig. 2(b)], four circular quadrant ROIs

were used for sampling directional effects [Fig. 2(c)], and

concentric ROIs were used to sample depth dependence

[Fig. 2(d)]. The relative difference between the measured

activity concentration C and the phantom activity concentra-

tion Cref was calculated as 100 9 (C-Cref)/Cref [%].

The coil holders and flat tabletop positioned above the

curved standard imaging table increase the distance between

the patient and the posterior coils (CMA) and anterior coils

(UAA/LAA), which will decrease the signal-to-noise ratio

(SNR) in MR images. A 20-L water container with the approxi-

mate dimensions of a male pelvis was used to assess the loss in

SNR for the pelvic setup. The container was filled with water

and doped with NaCl to a 0.45% solution by weight to approxi-

mate the conductivity of a human subject20 at 127 MHz, which

mimics the coil loadings when scanning a patient. A fast

spoiled gradient echo (FSPGR) sequence with echo time/repeti-

tion time 3/7.24 ms, flip angle 12°, FOV 34 cm, in-plane reso-

lution 1.328 9 1.328 mm, slice thickness 7 mm, and

bandwidth of 244 Hz/pixel was used to measure the signal and

noise with and without the tabletop and coil holders. SNR was

calculated using MICE Toolkit21 according to McCann et al.22

for six ROIs, shown in Fig. 3. The center ROI is a sphere with

a radius of 25 mm, and the larger ROIs are concentric spherical

shells with inner diameters of 25, 50, 75, 100, 125 mm, respec-

tively, and a thickness of 25 mm.

3. RESULTS

3.A. PET attenuation

The tabletop reduced the measured whole-phantom activ-

ity by 5%. Applying the tabletop attenuation correction

resulted in a �1.5% deviation from the activity measured

FIG. 2. ROIs used to assess the effect of the RT adaptation hardware on activity quantitation in PETuptake images of the WCC phantom (a). (b) A large centered

circular ROI was used for mean activity measurements. (c) Four circular quadrant ROIs were used for sampling directional effects. (d) ROIs placed as concentric

circles were used to sample depth dependence. [Color figure can be viewed at wileyonlinelibrary.com]
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without the tabletop. The setup with the tabletop and the coil

holder resulted in a �13% mean deviation of the measured

activity compared to measurements without the coils. This

was improved to a mean deviation of �0.7% when attenua-

tion correction of the UAA/LCC coils was added, see Fig. 4.

A spatially varying difference between �4% and 4% was

observed along the z direction, likely caused by an overcom-

pensation of the photon attenuation and scattering of the coil

amplifiers.

3.B. Change in SNR in MRI

The center SNR in the water phantom was reduced to 74%

using the tabletop alone, and 67% using the tabletop and coil

holders. Table I shows the reduction in SNR for all investi-

gated ROIs, shown in Fig. 3.

4. DISCUSSION

In this work, we present a flat tabletop and coil holders,

designed for use with the GE SIGNA PET/MRI in the radio-

therapy workflow. The adaptations are needed to image the

patient anatomy in the same position as when delivering

radiotherapy, which greatly improves the accuracy of the

radiotherapy treatment planning.23,24 We have investigated

how the developed RT adaptation hardware impact PET atten-

uation and quantitation, and the SNR of the MR images.

Applying attenuation correction of the tabletop and coil

holder substantially improved the accuracy of the measured

activity in PET imaging. The attenuation of the coil ampli-

fiers was overestimated from the CT scans, resulting in a 4%

increase in measured activity. The activity quantitation at the

ends of the coil holder tapers off, due to an underestimation

of the attenuation of the coil holder supports. However, in the

clinically relevant regions in the center of the coil holder, the

deviation due to hardware is less than 5%. We find this

acceptable for all clinical applications but note that it may be

possible to further improve the correction, especially over the

coil amplifiers. The reason for this deviation is likely due to

the assignment of linear attenuation coefficients from the CT,

which will not give accurate Hounsfield values for metals. It

is worth noting is that the coils are not optimized for hybrid

PET/MR imaging. Coils with different wiring, or with the

amplifiers moved outside the scan field of view has the

FIG. 3. The center slice of six ROIs used to measure the drop in SNR in a 20-liter water phantom, using the tabletop, and the tabletop and coil holder. ROI 1 is a

sphere with a radius of 25 mm, and ROIs 2–6 are concentric spherical shells with inner radii of 25, 50, 75, 100, and 125 mm, respectively. Each shell is 25 mm

thick. [Color figure can be viewed at wileyonlinelibrary.com]
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potential to greatly mitigate these shortcomings, since this

will reduce the attenuation and scatter of the PET photons.

The observed drop in SNR in the MR images is caused by

the additional separation between the patient and the coils.

This is reflected by the fact that the center ROIs showed lar-

ger drops in SNR compared to ROIs closer to the coils,

shown in Table I. This reduction in signal is acceptable in

clinical applications but might require adjustment of the MR

imaging protocols to regain some of the lost SNR, depending

on the type of sequence used.

5. CONCLUSION

We present a flat tabletop and coil holder for an anterior

array coil to be used with a GE SIGNA PET/MR scanner, to

scan patients in the radiotherapy work flow. Implementing

attenuation correction of the added hardware from the radio-

therapy setup leads to acceptable PET image-quantitation.

The drop in SNR in MR images due to greater separation

between the coils and the patient may require adjustment of

the imaging protocols.

ACKNOWLEDGMENT

Financial support has been given by the Gentle Radiother-

apy consortium (Sweden), Funded by Vinnova (Sweden).

Hardware development and support has been provided by GE

Healthcare.

CONFLICT OF INTEREST

The authors have no conflicts to disclose.

*Contributed equally to this work.
a)Author to whom correspondence should be addressed. Electronic mail:

patrik.brynolfsson@umu.se.

REFERENCES

1. Lee Y. Radiotherapy treatment planning of prostate cancer using mag-

netic resonance imaging alone. Radiother Oncol. 2003;66:203–216.

2. Cattaneo GM, Bettinardi V, Mapelli P, Picchio M. PET guidance in

prostate cancer radiotherapy: quantitative imaging to predict response

and guide treatment. Phys Med. 2016;32:452–458.

3. Gregory DL, Hicks RJ, Hogg A, et al. Effect of PET/CT on

management of patients with non-small cell lung cancer: results of a

prospective study with 5-year survival data. J Nucl Med. 2012;53:1007–

1015.

4. Deniaud-Alexandre E, Touboul E, Lerouge D, et al. Impact of computed

tomography and 18F-deoxyglucose coincidence detection emission

tomography image fusion for optimization of conformal radiotherapy in

non-small-cell lung cancer. Int J Radiat Oncol Biol Phys.

2005;63:1432–1441.

5. Oehlke O, Grosu A-L. PET/MRI and brain tumors: focus on radiation

oncology treatment planning. Clin Transl Imaging. 2017;5:159–167.

6. P�erez Romasanta LA, Garc�ıa Velloso MJ, L�opez Medina A. Functional

imaging in radiation therapy planning for head and neck cancer. Rep

Pract Oncol Radiother J Gt Cancer Cent Pozn Polish Soc Radiat Oncol.

2013;18:376–382.

7. Bentzen SM. Theragnostic imaging for radiation oncology: dose-paint-

ing by numbers. Lancet Oncol. 2005;6:112–117.

8. Bentzen SM, Gregoire V. Molecular imaging-based dose painting: a

novel paradigm for radiation therapy prescription. Semin Radiat Oncol.

2011;21:101–110.

9. Leibfarth S, Eckert F, Welz S, et al. Automatic delineation of tumor vol-

umes by co-segmentation of combined PET/MR data. Phys Med Biol.

2015;60:5399–5412.

10. Radford J, Illidge T, Counsell N, et al. Results of a trial of PET-directed

therapy for early-stage Hodgkin’s lymphoma. N Engl J Med.

2015;372:1598–1607.

11. Catalano OA, Coutinho AM, Sahani DV, et al. Colorectal cancer stag-

ing: comparison of whole-body PET/CT and PET/MR. Abdom Radiol.

2017;42:1141–1151.

12. Packard A, Kim B, Kumar A, et al. The added value of PET and specifi-

cally PET/MR in gynecologic malignancies. J Nucl Med (Society of

Nuclear Medicine). 2017; 58:947.

13. Balyasnikova S, L€ofgren J, de Nijs R, Zamogilnaya Y, Højgaard L, Fis-

cher BM. PET/MR in oncology: an introduction with focus on MR and

future perspectives for hybrid imaging. Am J Nucl Med Mol Imaging.

2012;2:458–474.

14. Melsaether AN, Raad RA, Pujara AC, et al. Comparison of whole-body

(18)F FDG PET/MR imaging and whole-body (18)F FDG PET/CT in

terms of lesion detection and radiation dose in patients with breast can-

cer. Radiology. 2016;281:193–202.

15. Kwon HW, Becker A-K, Goo JM, Cheon GJ. FDG whole-body PET/

MRI in oncology: a systematic review. Nucl Med Mol Imaging.

2010;51:22–31.

16. Paulus DH, Thorwath D, Schmidt H, Quick HH. Towards integration of

PET/MR hybrid imaging into radiation therapy treatment planning. Med

Phys. 2014;41:72505.

17. Thorwarth D. Functional imaging for radiotherapy treatment planning:

current status and future directions-a review. Br J Radiol.

2015;88:20150056.

18. Thorwarth D, Notohamiprodjo M, Zips D, M€uller A-C. Personalized

precision radiotherapy by integration of multi-parametric functional and

biological imaging in prostate cancer: a feasibility study. Z Med Phys.

2017;27:21–30.

19. Devic S. MRI simulation for radiotherapy treatment planning.Med Phys.

2012;39:6701–6711.

20. Hattori K, Ikemoto Y, Takao W, et al. Development of MRI phan-

tom equivalent to human tissues for 3.0-T MRI. Med Phys.

2013;40:32303.

21. Nyholm T, Berglund M, Brynolfsson P, Jonsson J. EP-1533: ICE-studio

– an interactive visual research tool for image analysis. Radiother Oncol.

2015;115:S837.

22. McCann AJ, Workman A, McGrath C. A quick and robust method for

measurement of signal-to-noise ratio in MRI. Phys Med Biol.

2013;58:3775–3790.

23. Hanvey S, McJury M, Tho LM, et al. The influence of MRI scan posi-

tion on patients with oropharyngeal cancer undergoing radical radiother-

apy. Radiat Oncol. 2013;8:129.

24. Hanvey S, Sadozye AH, McJury M, Glegg M, Foster J. The influence of

MRI scan position on image registration accuracy, target delineation and

calculated dose in prostatic radiotherapy. Br J Radiol. 2012;85:e1256–

e1262.

TABLE I. The table shows the SNR when using the coil holders and/or table-

top, relative the SNR without additional hardware (100%).

Relative tabletop
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ROI 1 74.38 66.64

ROI 2 73.98 65.97

ROI 3 73.36 66.41

ROI 4 75.03 66.36

ROI 5 76.81 68.79

ROI 6 78.08 70.20
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