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Review Article
Clinical oncologic applications of PET/MRI: a  
new horizon
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Abstract: Positron emission tomography/magnetic resonance imaging (PET/MRI) leverages the high soft-tissue con-
trast and the functional sequences of MR with the molecular information of PET in one single, hybrid imaging tech-
nology. This technology, which was recently introduced into the clinical arena in a few medical centers worldwide, 
provides information about tumor biology and microenvironment. Studies on indirect PET/MRI (use of positron emis-
sion tomography/computed tomography (PET/CT) images software fused with MRI images) have already generated 
interesting preliminary data to pave the ground for potential applications of PET/MRI. These initial data convey that 
PET/MRI is promising in neuro-oncology and head & neck cancer applications as well as neoplasms in the abdo-
men and pelvis. The pediatric and young adult oncology population requiring frequent follow-up studies as well as 
pregnant woman might benefit from PET/MRI due to its lower ionizing radiation dose. The indication and planning 
of therapeutic interventions and specifically radiation therapy in individual patients could be and to a certain extent 
are already facilitated by performing PET/MRI. The objective of this article is to discuss potential clinical oncology 
indications of PET/MRI.
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Introduction

The concept of hybrid imaging holds a promis-
ing value in modern-day medical care, over-
coming the existing boundaries between mor-
phological, functional and molecular informa- 
tion in current diagnostic imaging [1]. Positron 
emission tomography/computed tomography 
(PET/CT) has gained widespread use in onco-
logic imaging by combining the metabolic infor-
mation of positron emission tomography (PET) 
with the anatomic detail of computed tomogra-
phy (CT) [2-4].

The establishment and success of PET/CT in 
clinical practice stimulated the need and 
research of further hybrid medical technologies 
including PET/MRI to overcome inherent limita-
tions, mostly in soft tissue resolution. Initially, 
PET and magnetic resonance (MR) data were 
fused retrospectively with software, mainly in 
the brain [5, 6].

Recently, the first PET/MRI scanners for use in 
humans were introduced in the clinical arena. 
PET/MRI as a new hybrid imaging technology 
has the potential to repeat the success of PET/
CT, particularly for oncologic indications [7], 
which might be superiorly addressed with mag-
netic resonance imaging (MRI) in anatomical 
regions where high soft-tissue contrast is 
required [8-11].

Technical aspects of PET/MRI

PET/MRI system designs on the market and 
technical highlights

PET/MRI poses technical challenges, such as 
compatibility between PET components and 
MR magnetic field. To date, the following sys-
tems with different designs are commercially 
available: The Philips Ingenuity TF PET/MR 
(Philips Healthcare, Andover, MA), the Biograph 
mMR (Siemens Healthcare, Erlangen, Germany) 
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and the Discovery PET/CT 690 + Discovery MR 
750 (GE Healthcare, Waukesha, WI). The 
Ingenuity TF PET/MR features the use of time-
of-flight (TOF) PET technology and the full capa-
bility of a 3 Tesla MR with parallel RF trans- 
mission in a sequential design with two gan-
tries, positioned at each end of a common 
patient table in a single room. In the Biograph 
mMR, the PET detectors are fully integrated 
into the 3 Tesla MR system with one single gan-
try. For this purpose, hardware modifications 
were necessary and an avalanche photodiode-
based technology was developed. This system 
design enables simultaneous acquisition of 
PET and MR data [1, 12, 13]. GE has chosen 
the “trimodality solution”, comprising a PET/CT 
scanner and a 3 Tesla MRI system in two adja-
cent rooms with the patient transferred from 
one scanner to the other using a detachable 
table operating as a shuttle. This design has 
the advantage to operate the system with 
CT-based attenuation correction.

MR-based attenuation correction

One of the technical challenges for the success 
of PET/MRI imaging is to provide a reliable 
MR-based technique for tissue attenuation cor-
rection (MRAC) [14, 15], as two of the available 
technical solutions of PET/MR scanners do not 
include transmission of CT scans [15, 16]. 
Attenuation correction is mandatory for quanti-
tative assessments with standardized uptake 
values (SUVs) or radiotracer kinetics. SUVs are 
routinely used in clinical settings for tissue 
characterization and in treatment follow-up of 
pathologic lesions.

Current approaches in MRAC are based on tis-
sue classification with help of dedicated MR 
imaging sequences followed by an algorithm of 
anatomic segmentation to allow for assignment 
of tissue specific linear attenuation coefficients 
to each segmented tissue/organ. Several 
approaches to MRAC have been proposed: The 
three segment model accounts for air, soft tis-
sue and lung [17, 18] and the four segment 
model accounting for air, soft tissue, fat and 
lung [19]. The models are based on T1-weighted 
multi-station spoiled gradient echo or 
T1-weighted 2-point mDixon sequences, 
respectively. Beyond these two clinically vali-
dated MRAC approaches, various other regi-
mens have also been explored by several 
research groups including a combination of 

Dixon with ultra-short echo time (UTE) sequenc-
es [20]. Furthermore atlas-based methods are 
available [24-27].

All available methods of MRAC are currently 
subject to ongoing research in comparison to 
transmission based scans [28-30]. A signifi-
cant challenge is that the MR signal is based on 
proton precession which depends on factors 
completely different than those which impact 
attenuation of photons. This entails discrepan-
cies in tracer uptake quantification for certain 
areas of the body. Especially attenuation of 
anatomic areas close to or within bone are 
underestimated with MRAC [31, 32]. In addi-
tion, the signal characteristics of the spine and 
the respiratory motion to the diaphragm and 
liver occasionally generate errors in segmenta-
tion of the lung resulting in inappropriate 
assignment of attenuation correction factors 
limiting the ability of quantification [33, 34].

Despite these discrepancies between the two 
hybrid modalities in some areas, the prelimi-
nary experience in the direct comparison of 
PET/MR and PET/CT yields sufficient correla-
tion between the two techniques to perform 
routine scans [31, 33, 35-37].

As in the early days of transition from PET to 
PET/CT, readers are currently advised to review 
the attenuation correction (AC) maps for failure 
of the software based segmentation and review 
the non attenuated scans in order to ascertain 
the proper functioning of these algorithms.

Clinical applications in oncologic imaging

Pediatric patients and pregnant women

For pediatric oncology applications PET/MRI 
has potential to reduce overall radiation expo-
sure to the patient. In tumors with need for 
repetitive follow up studies PET/CT can lead to 
a significant radiation burden. If with PET/MR 
the radiation dose from CT omitted, the actual 
radiation exposure is limited to the radiation 
dose from the PET component only which is 
substantially minor in comparison to the radia-
tion dose from CT [16]. A recently published 
study in pediatric patients shows a triple risk of 
leukemia after a cumulative CT dose of 50 mil-
ligray (mGy) and a nearly triple risk of brain 
tumors after a cumulative CT dose of 60 mGy. 
This study emphasized the need to reduce the 
CT dose in this vulnerable population to the 
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lowest dose possible and to try to establish 
alternative diagnostic procedures without ion-
izing radiation [38]. PET/MRI has the potential 
to represent this diagnostic alternative solu-
tion. A recent study evaluating co-registration 
of PET and MRI datasets for staging and re-
staging of pediatric cancers yielded very prom-
ising results [39]. 

Not only pediatric patients but also the preg-
nant population may benefit from PET/MRI. For 
certain cancers during pregnancy an imaging 
modality including PET can be crucial for fur-
ther treatment decisions. As MRI is not associ-
ated with any radiation burden a PET/MRI exam 
should be preferred vs. PET/CT.

Neurologic and head & neck applications 

To date, several feasibility studies have shown 
promising results for neuroradiology PET/MRI 
applications. One of the early feasibility studies 
investigated PET/MRI in 10 patients with differ-
ent types of brain tumors. Despite streak arti-
facts, the authors could demonstrate diagnos-
tic image quality in patients with intracranial 
masses undergoing PET/MRI. This investiga-
tion also revealed that 11C-methionine or 
68Ga-DOTATOC radiopharmaceuticals could be 
reliably used in PET imaging of intracranial 
tumors simultaneously with MRI [40]. In anoth-
er study of the same group the simultaneous 
PET/MRI prototype system proved feasibility in 
the head and upper neck areas in 11 patients 
with head & neck cancer. Increased detailed 
resolution and improved image contrast could 
be found in the PET images of the PET/MRI sys-
tem in comparison to the standard PET/CT 
without negatively impacting the MR compo-
nent in the PET/MRI hybrid imaging modality. 
The metabolic ratios showed excellent agree-
ment when comparing the PET components of 
PET/CT with PET/MRI. But the authors also 
found limitations like streak artifacts and the 
PET component’s limited axial field of view, pre-
cluding visualization of tumors below the angle 
of the mandible and precluding full staging of 
cervical nodes [41]. Since then, significant 
improvements have been made to the imaging 
device. Eiber et al. were able to demonstrate 
that performing an PET/MRI protocol integrat-
ing the Dixon sequence for AC purposes in head 
& neck squamous cell cancer led to similar 
diagnostic capabilities when compared to PET/
CT [42]. The experience with 50 patients having 

different neurological diseases was recently 
published using the simultaneous brain PET/
MRI system [43]. The authors not only acquired 
morphological MR sequences, but also intro-
duced functional MR information in their proto-
col like diffusion tensor imaging, arterial spin 
labeling (ASL) and proton-spectroscopy. 
Diagnostic MR image quality along with func-
tional and molecular information was proved to 
be useful justifying the neuroradiology applica-
tion of PET/MRI in further trials [43].

The strongest evidence for a clinical indication 
of PET/MRI exists in the head & neck cancer 
population. Due to frequent distant metasta-
ses the whole body approach of the novel 
hybrid imaging technology is of significant 
advantage for distant metastases staging 
(M-staging). For local staging the high spatial 
and contrast resolution of MRI can delineate 
the tumor extent and lymph node involvement 
from surrounding normal tissue in the complex 
head and neck anatomical region. This may 
lead to a superior primary tumor staging 
(T-staging) and regional lymph node staging 
(N-staging). Furthermore PET/MRI can be use-
ful for radiation therapy and presurgical treat-
ment planning in head and neck cancer 
patients.

Chest

Lung cancer is one of the common clinically 
established indications for 2-deoxy-2[F-18]fluo-
ro-D-glucose (FDG)-PET. Diagnosis, staging, 
and restaging of lung cancer are among the 
most extensively studied applications of FDG-
PET [44, 45]. With the exception of bronchio-
loalveolar cell cancer and carcinoid, lung neo-
plasms are generally very FDG-avid. The 
integration of CT and PET information has 
improved correlation of functional and morpho-
logic characteristics. The staging of nodal and 
distant metastatic sites is the major strength of 
combined PET/CT [46, 47]. However, T-staging 
can be difficult, especially in cases of well-dif-
ferentiated tumors, infiltration of the surround-
ing tissue, and post obstructive pulmonary 
parenchyma changes. A recent study could 
show comparable results between PET/CT and 
PET/MRI in terms of pulmonary nodule detec-
tion when using a 3-dimensional Dixon-based 
dual-echo gradient-echo sequence [48]. A 
strong Spearman correlation was found 
between the tumor-to-liver ratios with PET/CT 
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and those with PET/MRI imaging. The staging 
results showed a high concordance between 
PET/CT and PET/MRI in most of the cases. In 
one patient, infiltration of the mediastinal pleu-
ra could not be excluded at PET/CT, whereas 
MR imaging showed an intact mediastinal fat 
stripe adjacent to the tumor. These initial 
results point out that PET/MRI imaging could 
be a promising tool in the staging of superior 
sulcus tumors because of the combination of 
high spatial resolution MR imaging for the 
involvement of the brachial plexus and spine 
and molecular information based on PET 
results regarding metastatic status [49].

Abdomen and pelvis

Abdominal and pelvic applications for PET/MRI 
are numerous. For example, MR has shown a 
superior sensitivity for the detection of focal 
liver lesions, especially when <1 cm in size. PET 
can provide information on their potentially 
neoplastic nature, thus making PET/MRI an 
excellent method to screen for metastases 
(Figure 1) or monitor embolization theraoy for 

liver lesions [50-52]. Liver screening in colorec-
tal cancer reduces patient mortality by 25%. 
Outcome is improved when liver metastases 
are treated surgically at the time of initial pri-
mary diagnosis or during early follow up [53]. 
PET/MR could help in the comprehensive stag-
ing including improving liver assessment.

Other oncologic diseases in the abdomen are 
likely to benefit from combined PET and MRI. 
MRI with its superior tissue resolution is already 
helpful in the morphologic assessment of pan-
creatic, biliary and upper gastrointestinal neo-
plasms. The add-on of functional MR sequenc-
es such as diffusion-weighted imaging (DWI) 
has improved the tissue information on a cellu-
lar level specifically in tumors with increased 
heterogeneity, cystic areas and necrosis or 
after treatment when fibrosis and scar have to 
be distinguished from vital tumor tissue.

Based on our own initial experience, PET/MRI 
has already demonstrated to be helpful in indi-
vidual cases in the post treatment setting of 
pancreatic cancer, when significant post surgi-

Figure 1. Staging PET/MRI scan of a 56-year-old woman with known ovarian cancer. Axial and coronal T2 weighted 
images (A and B) show multiple intermediate to high signal lesions abutting the liver posteriorly (long arrow), oc-
cupying the porta hepatis (short arrow) and seeding the peritoneum (arrowheads). A round, well defined lesion with 
similar characteristics is also seen in segment IV of the liver (dotted arrow). On PET/MRI images (C and D) the le-
sions previously described, and others not so apparent, are revealed by high FDG uptake confirming their malignant 
nature. MIP of the whole body (E) shows multiple lesions both in the chest and abdomen.
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cal changes are present and disease recur-
rence is suspected on standard follow up with 
contrast enhanced CT [54].

Pelvic oncologic diseases is another highly 
promising field for PET/MRI. not only due to its 
higher tissue resolution but also because the 
pelvic cavity is surrounded by bone, which 
makes MR superior to CT with its inherent vari-
ous bone artifacts. Gynecologic and prostate 
cancer are malignancies, where MR has proven 
utmost diagnostic importance and where 
efforts will be directed to evaluate PET/MRI 
and its capabilities [55]. It is accepted knowl-
edge that MRI is already a powerful tool for the 
local staging of cervical, ovarian and endome-
trial cancer given its superb soft tissue resolu-
tion. Its implementation in clinical practice, 
however, suffers from availability and relatively 
high costs. Adding the strengths of PET in stag-
ing nodal and distant metastatic disease to the 
strengths of MRI in local staging, however, may 
make the use of the hybrid modality PET/MRI 

attractive as a tool for comprehensive assess-
ment of disease within a single examination. 
The potential for more accurate staging and 
more cost effective imaging remains to be 
explored.

Ovarian cancer (Figures 1 and 2) for example is 
still a disease where no imaging method has 
been able to accurately stage patients, usually 
under-staging them, because of difficulties in 
peritoneal dissemination detection. Both PET/
CT and MRI [56-58], more specifically DWI and 
diffusion-weighted whole-body imaging with 
background body signal suppression (DWIBS), 
have been studied towards the goal of properly 
staging these patients and have demonstrated 
usefulness in detecting recurrent disease. 
However, from the daily clinical practice, it can 
be envisioned, that the synergy of both and 
combining the diagnostic power of two individu-
ally strong modalities may exceed the current 
performance.

Figure 2. Re-staging PET/MRI scan of a 56-year-old woman with ovarian cancer. Coronal T2 fat saturated weighted 
image (A) and axial T2 weighted image (B) demonstrate a large heterogeneous lesion with cystic and solid com-
ponents in the right adnexal area suspicious for malignancy. PET/MRI fusion images (C and D) show FDG uptake 
of the solid component confirming malignant suspicion. Maximum intensity projection (MIP) whole body image (E) 
shows diffuse spread throughout the abdomen and pelvis. The round FDG positive pseudolesion in the right lung 
corresponds to the chemotherapy infusion port.
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With regard to prostate cancer, MR imaging 
combining anatomic (T2) and DWI has shown to 
have a role in persistently elevated prostate-
specific antigen and non-diagnostic trans-rec-
tal ultrasound biopsies, decreasing the number 
of repetitive biopsies necessary in high risk 
patients. Furthermore MRI demonstrated high 
specificity and accuracy in detecting recurrence 
of this disease entity when using dynamic con-
trast enhanced sequences [59].

The value of FDG PET for local tumor detection 
is limited, although FDG-PET may still be useful 
for detection of distant metastasis [60].

Newly developed dedicated tracers such as 
11C acetate and 11C choline which are sensi-
tive to prostatic tissue are promising to improve 
the overall results in imaging prostate cancer 
and its metastases [60]. Added value of 11C 
choline PET is somehow accepted in the setting 
of biochemical recurrence of prostate cancer 
as multiple studies have shown [61-64] but is 
more debated in localizing primary cancer. 
Nodal staging seems to benefit from 11C cho-
line PET. Combining the two strong modalities 
MRI and PET in one approach justifies the hope 
for complementary information and improved 
results. Preliminary study with 11C-Choline 
PET/MRI has already proven feasibility [65] and 
has demonstrated this complementary effect 
of PET and multiparametric information from 
MRI [66].

Finally, another pelvic pathology that might 
highly benefit to be imaged with PET/MR is rec-
tal cancer. While MRI can aid in appropriate 
treatment selection by accurately determining 
the depth of extramural invasion, its moderate 
reported accuracy rates (71-91%) for detecting 
node-positive disease, which is generally an 
indication for preoperative chemoradiation, 
makes MRI fall short. The main reason of this 
lack of accuracy is that size criterion alone is 
not sufficient for the diagnosis of lymph node 
metastasis, because 94% of the involved nodes 
will be as small as 5 mm [67]. On the other 
hand, PET/CT has been shown to alter therapy 
in almost one-third of patients with advanced 
primary rectal cancer [68] mainly because of 
its higher sensitivity for lymph node and extra-
peritoneal metastatic disease [69] and has 
proven helpful in determining recurrence when 
other imaging modalities fail [70]. Based on our 
institutional experience rectal cancer might 

become one of the indications of PET/MRI. Due 
to the superior soft-tissue and contrast resolu-
tion MRI is improving T-staging. As previously 
discussed it has its limitations with N-staging, 
however in a PET/MRI system the additional 
metabolic information from the PET component 
may increase the accuracy of N staging. The 
diagnostic accuracy for extrahepatic metastat-
ic disease with PET/CT is high and MRI is sensi-
tive for the detection of liver lesions. To this end 
PET/MRI could be of significant benefit in rectal 
cancer patients with regard to staging, follow-
up for treatment response evaluation and re-
staging as a one stop solution.

Role for therapy procedure planning

The usefulness of PET in the evaluation of treat-
ment response in oncologic patients has made 
major progress with regard to the management 
of patients. FDG-PET has demonstrated effica-
cy for early therapy assessment in multiple 
oncological applications [71-73]. Quantification 
of the PET tracer using SUVs is of value when 
assessing treatment response. Although SUVs 
may show significant differences between sys-
tems, it is generally reproducible and useful 
when using the same scanner as it was shown 
in PET/CT scanner systems [74]. Nevertheless 
it should be considered that proper SUV quanti-
fication can only be achieved when a reliable 
MRAC technique is applied.

MRI has proven to be useful in imaging cancer 
and it is superior to CT in T-staging of many 
malignant processes such as in brain and 
breast neoplasms, among others. It offers high 
soft-tissue contrast allowing excellent anatomi-
cal delineation [75]. Sequences like DWI [76, 
77], dynamic contrast enhanced MRI, and 
other perfusion MR imaging techniques (ASL 
and blood-oxygenation level dependent imag-
ing) as well as MR spectroscopy may provide 
important information such as tissue composi-
tion, tissue vascularization or different physio-
logic processes beyond anatomic imaging 
[78-80].

Therefore, the potential use of combining PET 
and MR in one machine opens exciting possi-
bilities to monitor therapy response including 
molecular targeted cancer therapies.

Many cancers are aimed to be of interest when 
assessing treatment response with PET/MRI. 
The metabolic information offered by the PET 
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component can be quantified. Novel MRI 
sequences such as DWI and dynamic contrast 
enhanced MRI go beyond the evaluation of vol-
ume and tumor size offering biological informa-
tion on tissue composition and perfusion. 
Breast cancer might become one potential 
application of PET/MRI. Regarding FDG-PET, 
many authors have suggested its use in the 
evaluation of therapy response [81]. Ueda et al. 
demonstrated that FDG-PET was able to detect 
treatment response after only one to two cycles 
of chemotherapy. Early reduction in SUVs after 
one cycle of neoadjuvant chemotherapy mea-
sured by sequential FDG-PET/CT is an indepen-
dent predictor of pathological response of pri-
mary breast cancer [82]. PET/MRI might be 
able to identify responders versus non-respond-
ers early in the treatment course which is of 
utmost importance in this patient population.

Another future application of PET/MRI can be 
found in the evaluation of therapy response in 
soft-tissue sarcomas. The superb soft-tissue 
and contrast resolution offered by MRI in accor-
dance with the advance sequences DWI and 
dynamic contrast enhanced MRI might provide 
essential information when assessing response 
to cytotoxic drugs or other types of chemother-
apy [83]. These studies analyzing PET/CT and 
MRI as separate modalities show that the hyb-
drid technology PET/MRI may improve treat-
ment response evaluation in soft-tissue sarco-
ma patients.

Conclusion

PET/MRI is a promising new imaging modality, 
which has started to enter the clinical arena. 
PET/MRI couples the MR strengths of superior 
soft-tissue contrast compared to CT and sophis-
ticated sequences to characterize the microen-
vironment of the neoplasm with PET’s molecu-
lar and metabolic information of tumor biology. 
In PET/CT, PET is the main partner whereas in 
PET/MRI it is of importance to bring the MR 
component to at least an equal level in order to 
use this hybrid imaging modality effectively in 
clinical settings. In the initial patient studies 
PET/MRI performed favorably for head and 
neck cancer. For this tumor entity a high spatial 
resolution at the primary site is important due 
to the complex head and neck anatomy. A 
whole body approach can help to detect metas-
tases and secondary malignancies in patients 
with head and neck cancer. Another future indi-

cation of PET/MRI could be pelvic malignan-
cies, in particular rectal cancer. Furthermore 
PET/MRI may provide a valuable tool for the 
assessment of treatment response in soft-tis-
sue sarcoma by uniting metabolic information 
offered by PET with DWI as functional MR 
sequence. Further studies for different onco-
logic applications are warranted in larger 
patient cohorts in order to assess the value of 
PET/MRI for diagnosis, staging, follow up and 
therapy assessment of neoplastic diseases.
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