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Abstract

Background: MR headphones are attenuation sources affecting PET quantification in hybrid PET/MRI. Despite
potentially better patient communication, usage in PET/MRI scans is not approved by the vendor. This study aims
to determine the impact of headphones on PET by means of phantom and patient scans. Additionally, the
perceived benefit of using headphones was evaluated.

Findings: A cylinder phantom was scanned without and with dedicated MR headphones in a PET/CT scanner.
Headphone attenuation was additionally assessed in a clinical setup in 10 patients on a PET/MR scanner using
F-18-fluoro-deoxy-glucose. The difference in tracer uptake with and without headset was determined for the various
brain regions. Additionally, the patients were asked for differences in noise levels, patient comfort, communication
quality, and preference. CT data revealed headphone attenuation values of 350–500 HU. Neglecting headphone
attenuation leads to a decrease in PET values between the earcups of about 11 % when compared to the correctly
reconstructed data. Regions further away from the headphones were less affected. Patient images demonstrated a
decrease of 11 % on average in the cerebellum and temporal lobes, while other regions were less affected. No visual
artefacts in the images were noticed. On average, no advantage in terms of noise and patient comfort and only slightly
better quality of communication were imparted by the patients.

Conclusions: Using headphones during PET/MR acquisition leads to a negative bias in brain uptake values without
introducing obvious image artefacts. Since they lack benefits for the patients, they should be avoided if PET
quantification of the brain is needed.
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Findings
Background
Combined positron emission tomography/magnetic reson-
ance imaging (PET/MRI or PET/MR) systems are becom-
ing more widely available for diagnostic imaging [1]. In
contrast to hybrid PET/CT systems, combining PET with
computer tomography, there are still shortcomings in
present PET/MR scanner designs, especially concerning
the attenuation correction of PET data [2–5]. While CT
images represent information about attenuation of objects
inside the scanner (albeit at lower X-ray energies than the
511 keV photons of PET), MR image contrasts are not
related to photon attenuation at all. More complex

algorithms are therefore needed to derive attenuation
maps from MR data [6–9].
Specific hardware components of the PET/MR system

such as coils or the patient bed are usually not visible in
MR images. They have to be either of low enough dens-
ity to be neglected or incorporated as templates into the
PET attenuation map [10]. This is a challenging task for
hardware components that are not fixed in a specific
position [11, 12], e.g. MR-safe headphones.
MR headphones are of value in MRI scanning due to

their noise-suppressing and communication-enhancing
capabilities. Currently, the influence of headphones on
PET attenuation is not accounted for in PET image re-
construction. Therefore, the use of headphones is not
approved by the manufacturer for PET image acquisition
of the head. However, the headphones may otherwise be
of help in whole-body scans, thus justifying their delivery
with current PET/MR systems.

* Correspondence: butherf@uni-muenster.de
1Department of Nuclear Medicine, University Hospital Münster,
Albert-Schweitzer-Campus 1, 48149 Münster, Germany
Full list of author information is available at the end of the article

© 2016 Büther et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Büther et al. EJNMMI Research  (2016) 6:20 
DOI 10.1186/s13550-016-0178-7

http://crossmark.crossref.org/dialog/?doi=10.1186/s13550-016-0178-7&domain=pdf
mailto:butherf@uni-muenster.de
http://creativecommons.org/licenses/by/4.0/


In this study, we investigated the effects of additional
attenuation caused by headphones on PET brain image
quality and quantification, both in phantom and patient
scans. Furthermore, we aimed to determine the patients’
subjective assessment of headphones during scanning.

Methods
Standard MR headphones consisting of two earcups con-
nected by a headband and delivered with the mMR
PET/MR system (Siemens Healthcare GmbH, Erlangen,
Germany) [1] were used throughout this study (Fig. 1).
For MR safety, these headphones do not have metallic
parts; instead, acoustic information is transmitted by an
air pressure system via plastic tubes.
To assess the attenuation properties of the head-

phones, a standard germanium-68-filled cylinder phan-
tom, used for quality control and normalisation, was
scanned twice in the mCT PET/CT scanner (Siemens
Healthcare GmbH, Erlangen, Germany) in identical posi-
tions: first without headphones then with the headphones
placed around the cylinder. CT data of both configura-
tions were acquired at 120 kVp. PET data was acquired
for 30 min in one bed position for both headphone config-
urations. PET image reconstruction (TOF-OSEM 3i21s)
was performed with either of the two CT datasets (with
and without headphones) used for attenuation correction.
Regional PET image value differences between the two
data sets were subsequently analysed.
Ten patients (58 ± 16 years) without known disorders

of brain glucose metabolism were scanned on the mMR
PET/MR system immediately after a clinical PET/CT
examination using the radiotracer F-18-fluoro-deoxy-
glucose (FDG). A PET-compatible head coil delivered
with the PET/MR system was used to acquire MR

images for PET attenuation correction with and without
the headphones in place (5-min PET scan in one bed
position, additional earplugs, approximately 90 min after
injection of 4 MBq/kg, OSEM 3i21s with MR-based at-
tenuation and scatter correction). To avoid bias caused
by tracer kinetics, the scan without headphones was per-
formed first in five patients and second in another five
patients. The difference in start time of both scans was
9.0 ± 0.7 min for patients wearing the headphones during
the first scan (range 9.0–11.0 min), and 10.3 ± 1.2 min
for patients wearing the headphones during the second
scan (range 9.0–12.0 min). During the PET scans, T1-
and T2-weighted FLASH (fast low-angle shot) sequences
were performed to simulate typical noise levels. During
both acquisitions, patients were given instructions
through the speaker system/headphones, in order to test
communication quality. Afterwards, patients were asked
to answer a questionnaire, consisting of the following
questions for both scans:

1. Which noise level did you experience during the
scan? (1: very low, to 5: very high)

2. How relaxed did you feel during the scan?
(1: very relaxed, to 5: very unrelaxed)

3. How well did you hear what the technician said
during the scan? (1: very well, to 5: very badly)

4. In future scans, would you choose to use the
headphones again? (1: no, definitely not, to 5: yes,
definitely, with three denoting indifference)

Tracer uptake in the various brain structures were
quantified using the standard brain atlas of the MI-
Neurology tool of the syngo.via software (Siemens
Healthcare GmbH, Erlangen, Germany), allowing the as-
sessment of the relative mean tracer uptake of the brain
regions as referenced in Table 1. The actual region-of-

Fig. 1 Headphones used in this study consisting of two earcups
connected by a flexible headband and air-filled plastic tubes

Table 1 Decrease in regional tracer uptake between scans
without and with headphones

Region Decrease in uptake (%)

Cerebellum 10.8 ± 1.8

Mesial temporal lobe 8.8 ± 3.2

Temporal lobe 8.8 ± 4.3

Occipital lobe 7.5 ± 2.6

Fissura calcarina 6.8 ± 2.3

Basal ganglia 5.2 ± 2.7

Frontal lobe 4.2 ± 3.0

Gyrus cinguli 3.5 ± 2.7

Parietal lobe 3.3 ± 2.9

Central region 2.5 ± 2.2

Values are given as mean ± standard deviation
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interest definitions are based on registering the PET im-
ages on a MR-derived brain atlas [13].

Results
CT images of the cylinder phantom with the headphones
in place revealed homogeneous X-ray attenuation of the
headphone material of 350–500 Hounsfield units (HU; for
comparison, water 0 HU; compact bone 1000–1500 HU;
Fig. 1), corresponding to linear absorption values μ at
511 keV of around 0.12 cm−1, as obtained from the
machine-derived PET attenuation images [14]. PET annihi-
lation radiation traversing both earcups (thickness ~2 cm)
perpendicularly was therefore expected to decrease in in-
tensity to a value of exp(–0.12 cm−1 × 2 cm× 2) = 62 %.
This was confirmed by forward projecting the attenuation
map using the open source program STIR [15], resulting in
a value of approximately 59 % for those lines.
The reconstructed PET images demonstrated a slightly

inhomogeneous decrease in activity values in the head-
phone region when CT data without headphones were
used to correct PET data with the headphones in place
as compared to the reference image without headphones
in either scan (Fig. 2). On average, a cylindrical region of
interest (ROI) between the earcups (cylindrical ROI 1 in
Fig. 2) dropped in mean activity by 12 % as compared to
images without the headset being present. Taking head-
phone attenuation into account, the mean activity of
ROI 1 was slightly increased by 2 % as compared to the
reference image. Regions further away from the head-
phones were practically not affected (Fig. 2, cylindrical
ROI 2, mean activity difference to reference image <1 %
for both images).
Regional brain analysis in mean standardised uptake

values (SUVmean: mean regional activity normalised to
injected activity, body weight, and time between injection
and scan) of the patient scans with the headphones in
place revealed clear underestimation of activities in the
cerebellum (decrease 11 % on average) and the temporal
lobes (decrease 9 %; Table 1, Fig. 3). All other regions were
also underestimated on average, but to a smaller degree
(e.g. parietal lobes, 3 %; frontal lobes, 4 %). All differences
were found to be significant (p < 0.0005 for all regions,
Wilcoxon signed-rank test). The decrease of tracer activity
was smooth, and no localised visual artefacts in the images
were seen (Fig. 4).
Questionnaire answers demonstrated that subjective

noise levels experienced by the patients were almost the
same in both scans (mean ± standard deviation without
headphones 3.3 ± 1.1 vs. with headphones 3.1 ± 1.0, i.e.
medium noise levels; p = 0.81, Wilcoxon signed-rank test).
Similarly, there was no difference in subjective relaxation
state (1.7 ± 0.9 vs. 1.6 ± 0.7, i.e. quite relaxed; p = 1.0).
Quality of communication was judged slightly worse with-
out headphones (2.8 ± 1.5, i.e. satisfying, vs. 2.0 ± 1.0, i.e.

good; p = 0.22), while the future choice of scanning either
with or without headphones was indifferent (2.7 ± 1.2;
p = 0.44, against total indifference, i.e. a value of 3.0).

Discussion
The provided headphones were proven to cause consid-
erable attenuation of 511 keV photons of PET, thus justi-
fying the manufacturer’s disapproval of using them for
simultaneous PET scanning of the head. Their effects on
PET quantification in phantom and patient studies were
clearly evidenced in the scans. In the latter, especially
the cerebellum and the temporal lobes as regions that
are located right between the earcups experienced a ra-
ther uniform decrease in uptake values of approximately
10 %, while more remote regions were less affected.
Therefore, specifically in PET studies where absolute up-
take quantification is necessary (e.g. kinetic modelling of
tracer uptake in the brain), the headphones should be
avoided. In cases where quantification is not of import-
ance, the headphone-introduced bias may still have

Fig. 2 Axial and coronal PET/CT images of the cylinder phantom: CT
scan (a), PET scan with headset but without headphone attenuation
correction (b, with contour of headphones), and PET scan with
headphone attenuation correction (c). Analysed cylindrical regions of
interest are depicted as ROI 1 and ROI 2
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diagnostic impact despite the absence of localised visual
artefacts.
Surprisingly, the study showed that the subjective bene-

fit for the patients with the headphones in place is small.
The noise-cancelling properties of the earplugs and add-
itional rubber foam spacers around the patient’s head may
explain this. Furthermore, wearing headphones may add

to patient discomfort, especially if they get displaced dur-
ing the scan. Communication improved slightly, yet not to
a degree that made patients choose the headphones if
given the choice, as evidenced by the results of the
questionnaire.
Nevertheless, some specific applications may require the

use of headphones during PET/MR scans (e.g. fMRI scans
with auditory stimuli). For these scans, small in-ear head-
phones could be an interesting alternative as they lack
significant attenuation due to their size. MR-safe imple-
mentations are already available from third-party vendors,
allowing both noise protection and sound conduction. Al-
ternatively, headphone location and orientation may be
deduced from MR images using either MR-visible markers
or ultra-short TE (UTE) sequences. A template-based ap-
proach could then be used to incorporate headphone at-
tenuation into PET image reconstruction.

Conclusion
Usage of standard MR headphones during simultaneous
PET/MR imaging leads to a significant underestimation of
tracer uptake in parts of the brain and offers no significant
advantages for the patients’ subjective experience. These
headphones should therefore be avoided during PET/MR
acquisitions. Incorporation of headphone attenuation in
the image reconstruction process does not seem to be a
high priority for standard PET/MRI.

Ethics, consents, and permissions
All procedures performed in this study were in accord-
ance with the ethical standards of the institution and
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Münster, and the locoregional Chamber of Physicians of
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Fig. 3 Regional brain uptake analysis in 10 patients, given as PET recovery values (equals mean region uptake in scan with headphones divided
by the mean region uptake in scan without headphones). Plus sign denotes outliers

Fig. 4 Coronal and sagittal FDG-PET/MR images without (a) and
with (b, approximate position indicated by contour) headphones.
Difference image (c) reveals a substantial decrease in image values

Büther et al. EJNMMI Research  (2016) 6:20 Page 4 of 5



Consent to publish
Consent to publish was obtained from all participants.

Abbreviations
MR: magnetic resonance; MRI: magnetic resonance imaging; PET: positron
emission tomography; CT: computerised tomography; FDG: F-18-fluoro-
deoxy-glucose; SUV: standardised uptake value; fMRI: functional magnetic
resonance imaging; TE: echo time; UTE: ultra-short TE.

Competing interests
The authors declare no conflict of interest.

Authors’ contributions
FB participated in the design and realisation of the study, analysed the
acquired data, and drafted the manuscript together with LS. AV participated
in the design of the study and helped to analyse the data and to draft the
manuscript. AB organised the patient recruitment and helped to draft the
manuscript. LS participated in the design of the study and drafted the
manuscript together with FB. All authors read and approved the final
manuscript.

Acknowledgements
The authors would like to thank the imaging staff of both departments for
the excellent technical assistance, in particular Mrs. Anne Kanzog, Mr. Tobias
Krähling, and Mr. Stan Milachowski. This study was supported by the
Deutsche Forschungsgemeinschaft (DFG), Collaborative Research Centre 656,
projects B02 and C01. We acknowledge support by the Open Access
Publication Fund of the University of Münster.

Author details
1Department of Nuclear Medicine, University Hospital Münster,
Albert-Schweitzer-Campus 1, 48149 Münster, Germany. 2Department of
Clinical Radiology, University Hospital Münster, Albert-Schweitzer-Campus 1,
48149 Münster, Germany.

Received: 19 January 2016 Accepted: 25 February 2016

References
1. Delso G, Fürst S, Jakoby B, et al. Performance measurements of the Siemens

mMR integrated whole-body PET/MR scanner. J Nucl Med. 2011;52:1914–22.
2. Hofmann M, Pichler B, Schölkopf B, Beyer T. Towards quantitative PET/MRI: a

review of MR-based attenuation correction techniques. Eur J Nucl Med Mol
Imaging. 2009;36:93–104.

3. Keller SH, Holm S, Hansen AE, et al. Image artifacts from MR-based
attenuation correction in clinical, whole-body PET/MRI. MAGMA.
2013;26:173–81.

4. Boellaard R, Rausch I, Beyer T, et al. Quality control for quantitative
multicenter whole-body PET/MR studies: a NEMA image quality phantom
study with three current PET/MR systems. Med Phys. 2015;42:5961–9.

5. Boellaard R, Quick HH. Current image acquisition options in PET/MR. Semin
Nucl Med. 2015;45:192–200.

6. Burgos N, Cardoso MJ, Thielemans K, et al. Attenuation correction synthesis
for hybrid PET-MR scanners: application to brain studies. IEEE Trans Med
Imaging. 2014;33:2332–41.

7. Ladefoged CN, Benoit D, Law I, et al. Region specific optimization of
continuous linear attenuation coefficients based on UTE (RESOLUTE):
application to PET/MR brain imaging. Phys Med Biol. 2015;60:8047–65.

8. Juttukonda MR, Mersereau BG, Chen Y, et al. MR-based attenuation
correction for PET/MRI neurological studies with continuous-valued
attenuation coefficients for bone through a conversion from R2* to CT-
Hounsfield units. Neuroimage. 2015;112:160–8.

9. Berker Y, Li Y. Attenuation correction in emission tomography using the
emission data—a review. Med Phys. 2016;43:807–32.

10. Delso G, Martinez-Möller A, Bundschuh RA, et al. Evaluation of the
attenuation properties of MR equipment for its use in a whole-body
PET/MR scanner. Phys Med Biol. 2010;55:4361–74.

11. Tellmann L, Quick HH, Bockisch A, Herzog H, Beyer T. The effect of MR
surface coils on PET quantification in whole-body PET/MR: results from a
pseudo-PET/MR phantom study. Med Phys. 2011;38:2795–805.

12. Paulus DH, Braun H, Aklan B, Quick HH. Simultaneous PET/MR imaging:
MR-based attenuation correction of local radiofrequency surface coils.
Med Phys. 2012;39:4306–15.

13. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, et al. Automated anatomical
labelling of activations in SPM using a macroscopic anatomical parcellation of
the MNI MRI single-subject brain. Neuroimage. 2002;15:273–89.

14. Carney JP, Townsend DW, Rappoport V, Bendriem B. Method for
transforming CT images for attenuation correction in PET/CT imaging.
Med Phys. 2006;33:976–83.

15. Thielemans K, Tsoumpas C, Mustafovic S, Beisel T, Aguiar P, Dikaios N, et al.
STIR: software for tomographic image reconstruction release 2. Phys Med
Biol. 2012;57:867–83.

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Büther et al. EJNMMI Research  (2016) 6:20 Page 5 of 5


	Abstract
	Background
	Findings
	Conclusions

	Findings
	Background
	Methods
	Results
	Discussion
	Conclusion
	Ethics, consents, and permissions
	Consent to publish
	Abbreviations


	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



