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I N V I T E D P E R S P E C T I V E

A Stepping-Stone to Fully Integrated Whole-Body PET/MRI
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PET and MRI have long been used to obtain molecular, 
functional, and morphologic information to study the human 
body in health and disease. In addition to allowing the 
simultaneous acquisition of these complementary datasets, fully 
integrated PET/MRI systems have the potential to combine their 
strengths and alleviate many of their limitations. Although the 
initial efforts to combine these 2 imaging modalities were made 
in the preclinical arena in the 1990s (1), it took almost a decade 
for the major medical equipment manufacturers to recognize 
the potential of this emerging fi eld. The fi rst prototype device 
developed for human use allowed the simultaneous examination 
of the brain (2). This prototype was followed by the introduction 
in 2010 of the fi rst fully integrated whole-body PET/MRI system, 

called the Biograph mMR (Siemens Healthineers). The results of 
the performance characterization measurements for this scanner 
were reported by Delso et al. in The Journal of Nuclear Medicine
the following year (3).
 At fi rst sight, the article by Delso et al. (3) is similar to other 
papers reporting the initial results obtained with a novel imaging 
system. However, a careful analysis reveals, with the benefi t 
of hindsight, that this paper was distinctive in many ways and 
managed to highlight the requirements for progress in the fi eld and 
forecast some of the challenges it has faced over the last decade. 
Starting with the list of authors, the need for close collaboration 
between academia and industry, nuclear medicine and radiology, 
and physicians and physicists was emphasized. The methods 
section still serves as a blueprint for the types of studies that need 
to be performed for characterizing the performance of each of the
components of a hybrid device within the constraints imposed 
by the other modality. As one example, assessing the PET image
quality using standard phantoms required a calculated attenuation
map as the MR-based methods specifi cally developed for human
imaging were not adequate for this purpose. Although substantial
progress has been made and correct human attenuation maps can
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The recently released Biograph mMR is the first commercially
available integrated whole-body PET/MR scanner. There are
considerable advantages to integrating both modalities in
a single scanner that enables truly simultaneous acquisition.
However, there are also concerns about the possible degrada-
tion of both PET and MR performance in an integrated system.
This paper evaluates the performance of the Biograph mMR
during independent and simultaneous acquisition of PET and
morphologic MR data. Methods: The NEMA NU 2-2007 proto-
col was followed for studying the PET performance. The
following measurements were performed: spatial resolution;
scatter fraction, count losses, and randoms; sensitivity; accu-
racy of the correction for count losses and randoms; and image
quality. The quality control manual of the American College of
Radiology was followed for studying the MR performance. The
following measurements were performed: geometric accuracy,
spatial resolution, low-contrast detectability, signal-to-noise
ratio, static field (B0) homogeneity, radiofrequency field (B1)
homogeneity, and radiofrequency noise. Results: An average
spatial resolution of 4.3 mm in full width at half maximum was
measured at 1 cm offset from the center of the field of view. The
system sensitivity was 15.0 kcps/MBq along the center of the
scanner. The scatter fraction was 37.9%, and the peak noise-
equivalent count rate was 184 kcps at 23.1 kBq/mL. The max-
imum absolute value of the relative count rate error due to
dead-time losses and randoms was 5.5%. The average residual
error in scatter and attenuation correction was 12.1%. All MR
parameters were within the tolerances defined by the American
College of Radiology. B0 inhomogeneities below 1 ppm were
measured in a 120-mm radius. B1 homogeneity and signal-to-

sary to evaluate the more advanced MR applications, such as
functional imaging and spectroscopy.
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The potential of multimodal imaging for improved non-
invasive tissue characterization has been recognized in clin-
ical and preclinical applications (1). This potential is
reflected in the extensive research effort dedicated to soft-
ware coregistration in the 1990s and the immediate success
of combined PET/CT scanners after their introduction in
the early 2000s (2).

Combining the high soft-tissue contrast of MR and
molecular signals from PET may provide further multimodal
assessment, reaching beyond the anatomic correlation by
introducing functional MR as well. There are considerable
advantages to integrating these modalities in a single scanner
(3). The possibility of truly simultaneous operation allows
the acquisition of several MR sequences during the PET
scan, without increasing the examination time. Additionally,
the radiation exposure is reduced if CT is not necessary.

The combination of MR and PET scanners is highly
challenging. The high static magnetic field, quickly changing
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now be generated for most body parts, phantom imaging is still 
challenging a decade later. From a technical point of view, the results 
presented confi rmed that the hardware of PET and MRI components 
can be successfully integrated and that their performance is on a par 
with that of stand-alone devices. This confi rmation was particularly 
relevant on the PET side, as the Biograph mMR was the fi rst 
commercial system to use semiconductor-based photon detectors 
(i.e., avalanche photodiodes) as a replacement for photomultiplier 
tubes, which, until then, were used in virtually all commercially 
available PET/CT scanners. This advance arguably opened the road 
to the subsequent adoption of an even more advanced semiconductor-
based photon detector technology (i.e., silicon photomultipliers) in 
PET/CT (4) and in latest-generation PET/MRI scanners (5). Finally, 
although only 2 proof-of-principle human studies were presented, 
this fi rst technical report enabled clinicians to subsequently focus on 
assessing the clinical potential of this novel technology. In fact, the 
results of a comparison between PET/CT and PET/MRI in oncologic 
patients were reported by the same group in another highly cited 
paper published the following year (6).
 As of July 2020, the paper by Delso et al. (3) had been cited 
more than 500 times by authors from more than 25 countries, 
proving its far-reaching infl uence. Furthermore, attesting to its 
multidisciplinary impact, the citing papers belong to a wide range
of scientifi c areas (e.g., physics, chemistry, mathematics, engineering, 
and computer science) and clinical areas (e.g., radiology and 
nuclear medicine, oncology, cardiology, neuroscience, pediatrics, 
hematology, endocrinology, and gastroenterology). Remarkably, 
the Hirsch index (a measurement of the impact of a particular 
scientist rather than a journal) of this paper, which continues to be 
cited, is currently 50, with many of the citing papers having reached 
in turn the ‘‘highly cited’’ status in their fi elds. Although 3 imaging 
equipment manufacturers are currently commercializing fully 
integrated PET/MRI systems for human use, the clinical adoption 
of PET/MRI has been much slower than that of PET/CT, with only 
approximately 250 systems being operational around the world a 

decade after its introduction. The exact role of PET/MRI within 
our health-care system is being explored for routine and advanced 
applications in oncology, neurology, and cardiology. PET/MRI 
could also enable several recent developments from the research 
arena (e.g., improved quantifi cation enabled by MR-assisted 
PET data optimization, machine learning applied to multimodal 
datasets, and precision medicine informed by molecular imaging) 
to soon become clinical reality.
 Just as the Biograph mMR marked the evolution of PET/MRI 
hardware from the prototype phase to the product phase, the report
by Delso et al. (3) paved the way toward fully integrated PET/
MRI investigations and served as the technical validation that 
facilitated the transition of this fi eld from the research arena to 
the clinical arena. In addition to its substantial impact on nuclear 
medicine and radiology, this paper contributed to the wider 
embracing of these imaging modalities by other areas of medicine.
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to be performed using calculated attenuation maps, because the
method to obtain MR-based attenuation maps (a 4-compartment
tissue classification based on a Dixon sequence) is optimized for
human imaging and not well suited for phantom studies. The
system includes a 2-compartment mode, but this is a solution for
only phantoms in which the Dixon sequence yields appropriate
images, such as the solid germanium phantom used for the daily
quality control. In the case of the NEMA image-quality phantom,
dielectric resonance artifacts prevented the use of this method.
Future developments will need to include more flexible methods
of using various MR sequences or predefined maps for attenuation
correction.
In summary, the overall performance of the PET sub-system is

competitive with state-of-the-art photomultiplier tube–based sys-
tems, showing for what is to our knowledge the first time the great
potential of semiconductor-based detectors in clinical whole-body
PET. Further work is under way to evaluate those aspects not
covered by the NEMA protocol, such as the impact of attenuation
map truncation.
Concerning the MR subsystem, no significant inhomoge-neities

have been detected in either the static or the radio-frequency
fields. The operation of the PET detector inside the MR bore and
the transmission of data to the external processing units introduce
no visible interference in the MR operating band. The ACR
quality control measurements show a performance practically
identical to that of the Verio.
Further work is required to test the performance of the scanner

in a larger area of the FOV. Of particular interest will be the study
of inhomogeneities and distortion toward the edges of the FOV
and their possible impact on the calculation of MR-based attenuation
maps.

CONCLUSION

The performance of the Siemens mMR whole-body PET/MR
scanner has been evaluated following the NEMA NU 2-2007
protocol and ACR quality control manual. The results compare
favorably with state-of-the-art PET/CT scanners. This study
indicates the successful integration of new detector technology
in PET/MR for whole-body imaging. However, further work is
necessary to evaluate the more advanced MR applications, such as
functional imaging and spectroscopy.

DISCLOSURE STATEMENT

The costs of publication of this article were defrayed in part by
the payment of page charges. Therefore, and solely to indicate this
fact, this article is hereby marked ‘‘advertisement’’ in accordance
with 18 USC section 1734.

ACKNOWLEDGMENTS

We thank Drs. Frederic Schoenahl and Isabel Dregely for their
support during this study. The PET/MR system used for this study
was funded through the Deutsche Forschungsge-meinschaft

(DFG) Grossgerateinitiative 2010. This research was supported
by the Graduate School of Information Science in Health (GSISH)
and the TUM Graduate School. This study was supported in part
by SFB824. No other potential conflict of interest relevant to this
article was reported.

REFERENCES

1. Townsend DW. Multimodality imaging of structure and function. Phys Med Biol.

2008;53:R1–R39.

2. Beyer T, Townsend DW, Brun T, et al. A combined PET/CT scanner for clinical

oncology. J Nucl Med. 2000;41:1369–1379.

3. Zaidi H, Mawlawi O, Orton CG. Point/counterpoint. Simultaneous PET/MR will

replace PET/CT as the molecular multimodality imaging platform of choice.

Med Phys. 2007;34:1525–1528.

4. Ratib O, Becker M, Vallee JP, et al. Whole body PET-MRI scanner: first expe-

rience in oncology [abstract]. J Nucl Med. 2010;51(suppl 2):165.

5. Shaw NR, Ansorge RE, Carpenter TA. Commissioning and testing of split coil MRI

system for combined PET-MR. Proc Inti Soc Mag Reson Med. 2005;13:407.

6. Gilbert KM, Scholl TJ, Handler WB, Alford JK, Chronik BA. Evaluation of a

positron emission tomography (PET)-compatible field-cycled MRI (FCMRI)

scanner. Magn Reson Med. 2009;62:1017–1025.

7. Pichler B, Lorenz E, Mirzoyan R, et al. Performance test of a LSO-APD PET

module in a 9.4 Tesla magnet. IEEE Nucl Sci Symp Conf Rec. 1997;2:1237–1239.

8. Catana C, Wu Y, Judenhofer MS, Qi J, Pichler BJ, Cherry SR. Simultaneous

acquisition of multislice PET and MR images: initial results with a MR-compatible

PET scanner. J Nucl Med. 2006;47:1968–1976.

9. Schulz V, Solf T, Weissler B, et al. A preclinical PET/MR insert for a human 3T

MR scanner. IEEE Nucl Sci Symp Conf Rec. 2009:2577–2579.

10. Zaidi H, Ojha N, Morich M, et al. Design and performance evaluation of a whole-

body Ingenuity TF PET-MRI system. Phys Med Biol. 2011;56:3091–3106.

11. National Electrical Manufacturers Association (NEMA). Standards Publication

NU 2-2007. Performance Measurements of Positron Emission Tomographs. Rosslyn,

VA: NEMA; 2007.

12. American College of Radiology (ACR). Magnetic Resonance Imaging Quality

Control Manual. Reston, VA: ACR; 2004.

13. Dixon WT. Simple proton spectroscopic imaging. Radiology. 1984;153:189–194.

14. Watson CC, Newport D, Casey ME. A single-scatter simulation technique for

scatter correction in 3D PET. In: Grangeat P, Amans JL, eds. Fully Three Dimen-

sional Image Reconstruction in Radiology and Nuclear Medicine. Aix-les-Bains,

France: Kluwer Academic Publishers; 1996.

15. Spanoudaki VC, McElroy DP, Torres-Espallardo I, Ziegler SI. Effect of temperature

on the performance of proportional APD-based modules for gamma ray detection in

positron emission tomography. IEEE Trans Nucl Sci. 2008;55:469–480.

16. Ganter C, Settles M, Scheffler K, Bieri O. B1-mapping with the transient phase

of SSFP [poster]. Proc Intl Soc Mag Reson Med. 2011;19.

17. Ganter C. Analytical solution to the transient phase of steady-state free preces-

sion sequences. Magn Reson Med. 2009;62:149–164.

18. Firbank MJ, Coulthard A, Harrison RM, Williams ED. A comparison of two

methods for measuring the signal to noise ratio on MR images. Phys Med Biol.

1999;44:N261–N264.

19. Martinez M-J, Bercier Y, Schwaiger M, Ziegler SI. PET/CT Biograph Sensation

16: performance improvement using faster electronics. Nuklearmedizin. 2006;45:126–

133.

20. Zaidi H, Alavi A. Current trends in PET and combined (PET/CT and PET/MR)

systems design. PET Clin. 2007;2:109–123.

21. Jakoby BW, Bercier Y, Conti M, Casey ME, Bendriem B, Townsend DW. Phys-

ical and clinical performance of the mCT time-of-flight PET/CT scanner. Phys

Med Biol. 2011;56:2375–2389.

22. Raylmzaan RR, Hammer BE, Christensen NL. Combined MRI-PET scanner: a

Monte Carlo evaluation of the improvements in PET resolution due to the effects

of a static homogeneous magnetic field. IEEE Trans Nucl Sci.1996;43:2406–

2412.

FULLY INTEGRATED WHOLE-BODY PET/MRI • Catana 245S


