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Abstract PET/MRI is a new hybrid modality which is

increasingly being used in clinical settings, although both

clinical evaluation and technical optimization are still an

ongoing process. Initial experience with this new imaging

device proves promising for oncologic applications. Other

clinical indications in the field of cardiac imaging and

neuroimaging are also being explored. This article aims to

review the current status of PET/MRI and its value in

oncologic applications, and summarizes our own pre-

liminary experience in this field.
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Introduction

Positron emission tomography (PET)/magnetic resonance

imaging (MRI) is a new hybrid imaging modality com-

bining two powerful diagnostic imaging tools. The indi-

vidual strengths and weaknesses of these two imaging

modalities are believed to be synergistic and complemen-

tary in that the advantages of either component compen-

sates for the limitations of the other. Thus, PET/MRI

combines the highest anatomical detail as well as bio-

chemical and functional information provided by MRI with

the metabolic, molecular, and physiologic information

from PET.

PET/MRI appeared in the clinical setting in 2007 [1, 2]

with the first integrated PET/MRI scanner for brain appli-

cations. Since then it has undergone much technical

development and optimization to make possible the coex-

istence of the two fundamentally different scanner tech-

nologies either adjacent to each other or in an integrated

fashion. This combined imaging modality has now passed

the level of an experimental research device and is

increasingly being used clinically. Although most of the

use of this new hybrid modality is still work in progress,

the first clinical experience is now available for applica-

tions in oncology, and to a lesser extent for cardiac and

neurologic applications. In general, the experience is
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limited to the use of 2-deoxy-2-(18F)fluoro-D-glucose (FDG).

Mainly in Europe there is a substantial preliminary experi-

ence with other tracers, including [18F]-fluorocholine, [11C]-

acetate, and [18F]-fluoroethyltyrosine as well as [11C]-Pitts-

burgh compound B and [15O]- and [90Y]-carrying tracers.

This article focuses on our initial clinical experience

with applications of PET/MRI in oncologic imaging with

FDG and highlights the potential incremental value of

PET/MRI over current imaging standards based on these

experiences and current literature.

To date, two fundamentally different scanner designs

are commercially available: one is a PET detector inserted

in the bore of an MRI system [3, 4•] and the other repre-

sents a sequential or tandem approach, where the PET

scanner is located in the immediate vicinity of the MRI

system with the patient couch placed between the two

devices [5] or with a shuttle table between the two com-

ponents [6–8]. Imaging protocols and workflow are

dependent on the design of each device. The first approach

allows simultaneous acquisition of PET and MRI data,

whereas the tandem approach requires sequential data

acquisition with the patient moving between the PET and

MRI scanners while remaining in the exact same position

on the scanner table. Both scanner designs operate with 3-T

MRI systems; the PET scanner of the tandem device offers

time-of-flight (TOF) PET technology. The TOF technology

allows better control of the noise in the reconstructed

image with direct improvements in the signal-to-noise

ratio, resulting in higher effective scanner sensitivity [9].

As a result, TOF allows shorter acquisition times or less

activity to be injected while maintaining image quality and

quantification [10, 11].

Both PET/MRI systems provide specific MRI sequences

for magnetic-resonance-based attenuation correction

(MRAC) of PET data. Attenuation correction is required to

account for the differences in photon absorption in differ-

ent tissue of the human body, which is necessary to allow

correct quantification of PET radiotracer activity. In PET/

computed tomography (CT) this information is obtained

from the CT data, whereas in MRI the attenuation map has

to be generated using these specific MRI sequences and

segmentation models for body tissues such as air, lung, fat,

soft tissue, and cortical bone. The accuracy of attenuation

correction determines the accuracy of quantification of

regional radiotracer activity in PET, which is often

expressed as standardized uptake values (SUVs).

Unlike CT attenuation correction, MRAC cannot con-

vert directly the MR images to attenuation maps as MRI

does not provide electron density information, which is the

primary cause of photon attenuation. In MRI, proton den-

sity is low in both air and cortical bone, and it is one of the

challenges to correct for those tissues, which have very

different attenuation characteristics. Currently available

MRAC methods differ between the different PET/MRI

tomographs. Although the MRACs of both commercial

systems are based on automated tissue segmentation, the

two algorithms operate on different MRI sequences and

segment different numbers of tissue classes. One MRAC is

based on a two-point Dixon MRI sequence with segmen-

tation of four tissue classes (air, lungs, soft tissue, and

adipose tissue) [12], whereas the other operates on images

acquired with a short flip angle T1-weighted (T1w)

sequence and segments tissue into three classes (air, lungs,

and soft tissue) [13]. Both approaches do not account for

cortical bone, which is the highest-attenuating material in

the human body. Current efforts in determining the per-

formance of PET/MRI in oncologic imaging focus on the

comparison between PET/CT with PET/MRI regarding

lesion detection. In addition, relative tissue activity con-

centrations, or SUVs, of various tissues and organs were

compared between PET/CT and PET/MRI [14, 15]. Since

in PET/MRI the calculation of SUVs depends on the type

of sequence used for attenuation correction and on the

segmentation model applied, the accuracy of SUVs may

differ between scanner designs. Initial experience has

shown that for both scanner designs, SUVs of target lesions

are generally similar between PET/CT and PET/MRI [4•,

16, 17]. However, for certain body parts and areas with

either high or low tissue attenuation such as air and cortical

bone, SUVs showed a larger variation between PET/CT

and PET/MRI [14]. Lesions located in or adjacent to bone

are subject to underestimation of PET tracer uptake by up

to 11.2 ± 5.4 % (range 1.5–30.8 %) and 3.2 ± 1.7 %

(range 0.2–4 %) depending on the segmentation algorithm

used [18, 19]. Current segmentation algorithms for whole

body do not account for bone attenuation.

In our own experience with a Philips Ingenuity TF PET/

MR system, attenuation correction is performed using a

whole-body T1w 3D gradient echo sequence and a three-

segment model. Our experience encompasses 116 patients

with oncologic diseases, who all underwent a double-

scanning protocol of PET/CT followed by PET/MRI in one

imaging session following one single injection of a stan-

dard activity of FDG. In almost all patients PET/CT was

performed first approximately 60 min after tracer injection.

PET/MRI followed the PET/CT scans with a transfer time

of approximately 15–20 min. All patients were prospec-

tively enrolled if FDG-PET/CT was clinically requested for

primary staging or for follow-up restaging. All patients

consented to participate in the study. Since in our setting

the PET/CT and PET/MRI systems are both equipped with

the same TOF PET technology and the same type of

detectors, there is no technology-related difference in the

PET part. The spectrum of diseases included primary

cancer of various origins: lung, head and neck, lymphoma,

melanoma, colorectal, breast, esophagus, pancreas, uterus
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and cervix, and other gynecologic tumors. Although PET/

MRI is valuable in neuro-oncology, discussion of brain

neoplasms is beyond the scope of this review, which

focuses on our oncologic experience outside the central

nervous system.

PET/MRI and Workflow

A specific challenge in PET/MRI besides attenuation cor-

rection is to develop an optimized workflow. To combine

two imaging modalities with fairly time intensive acqui-

sition protocols for both MRI and PET requires a specific

tailored design of the imaging protocols. It is important to

avoid a lengthy overall examination so as to not compro-

mise patient comfort and acceptance as well as image

quality.

The imaging protocols and the workflow are dependent

on the design and the type of the PET/MRI device. In

integrated PET/MRI systems, the image acquisition of PET

and MRI can occur simultaneously for a given bed posi-

tion. In the sequential approach, MRI is performed either

before or after PET data acquisition. Under certain cir-

cumstances, the uptake phase of the PET tracer can ideally

be used for the MRI portion of the scan.

For both designs, workflow suggestions are now avail-

able [4•, 20•, 21–23]. The fundamental decision in both

instances is, however, if partial MRI, focused on an area or

organ of interest, or whole-body MRI should be performed,

or both. The extent and detail of an organ-based MRI

protocol may overstrain a combined imaging protocol in

one imaging session, especially if functional imaging

including diffusion-weighted imaging (DWI) and dynamic

contrast enhanced (DCE) imaging is also considered.

Although most of the organ-based protocols may initially

be similar to standard protocols for MRI-only examina-

tions, the future will have to determine to what extent MRI

can be condensed to be a ‘‘minimum necessary’’ protocol

with maximum diagnostic outcome in view of the addi-

tional PET data.

Various approaches are possible to implement whole-

body MRI in the setting of PET/MRI. The literature pro-

vides experience on whole-body MRI as a single modality

examination. Those imaging protocols included T2-

weighted (T2w) and T1w imaging with and without fat

saturation [24, 25]. For the display of the entire body

including the extremities, the coronal imaging plane is

preferred. The examination time is approximately 15 min

for one whole-body data set [25] and up to 40 min in other

studies [26, 27].

The needs for whole-body imaging in the setting of

PET/MRI are slightly different from the needs for whole-

body stand-alone MRI in that image fusion with PET data

will be desired and the acquisition time is a critical factor.

Any cross-sectional data set can be fused with another,

including MRI data from any acquired plane. However, to

produce the highest quality of the fused images in each

plane, 3D imaging sequences are preferable in order to be

able to guarantee the same high image quality and detail in

axial, sagittal, and coronal reconstructions. In this way,

PET images can be directly fused and compared with MRI

images. For this purpose, the 3D T1w two-point mDIXON

sequence has demonstrated high value and numerous

advantages [28].

The whole-body two-point mDIXON sequence generates

a set of four different image qualities with different signal

characteristics in one image acquisition; these are water-

only, fat-only, in-phase, and opposed-phase T1w images.

Water-only images provide an excellent suppression of the

signal of fat tissue, which can ideally be combined with

postcontrast imaging. The in-phase and opposed-phase

images allow the assessment of chemical shift effects, which

are used to identify intravoxel fat and fatty infiltration. At the

same time, T1w in phase imaging is helpful in assessing bone

marrow. All four signal characteristics are obtained in a data

acquisition time of approximately 18 s per image stack and

position. The sequence can be applied in a breath-hold

examination and allows for isotropic voxel configuration.

These features make the two-point mDIXON sequence well

suited for PET/MRI in that it helps minimize the acquisition

time while providing comprehensive diagnostic tissue

information.

In our approach to the PET/MRI workflow, we decided

to use a combination of whole-body imaging based on

precontrast and postcontrast imaging using the mDIXON

sequence complemented by an organ-based imaging pro-

tocol. Depending on the body region, a dedicated organ-

based protocol will be followed by a whole-body acquisi-

tion, which typically adds only a few minutes to the total

examination time. Further details of the workflow will be

discussed in the sections for each tumor category.

Head and Neck Cancers

Diagnosis and staging of head and neck cancers is a con-

joint task of clinical examination, endoscopy with biopsy,

histopathology, and imaging. Cross-sectional imaging

techniques such as CT and MRI have proven their value in

local staging and preoperative assessment of local tumor

extent but show limitations in the correct assessment of

nodal involvement. Although both CT and MRI as indi-

vidual modality provide high sensitivities (69–88 % and

76–94 %, respectively), they are limited in specificity,

ranging from 40 to 94 % [27]. In comparison, PET/CT

provides sensitivities and specificity between 87 and 94 %.

In a posttreatment setting after radiochemotherapy or

surgery, both CT and MRI are limited by nonspecific
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appearances of posttherapeutic changes. The diagnostic

challenge is the distinction between residual or recurrent

disease from inflammatory changes or scar tissue formation

[29]. PET and PET/CT have a well-established role in the

assessment of local and distant metastatic disease of head

and neck neoplasms, specifically in nodal staging, offering

a high sensitivity and specificity [30, 31]. However, in a

posttreatment setting, PET has limitations similar to those

of CT and MRI alone in distinguishing tumor from

inflammatory tissue.

The value of software-based fusion of images from PET

and MRI was shown by Nakamoto and Tamai [32]. The

overall sensitivity of MRI increased from 67 to 92 % with

software-based fusion of PET and MRI images. Studies

comparing the accuracy of co-registered PET/MRI images

with that of fused image data sets are not yet available.

The challenges of PET/MRI in the head and neck

regions are numerous and mostly technical in nature. Since

the nasopharynx, oropharynx, and hypopharynx are ana-

tomic regions at interfaces between bone, air, and soft

tissue, correct tissue attenuation correction is challenging.

T1w 3D gradient echo sequences do not distinguish

between bone and soft tissue; hence, SUV measurements in

these areas tend to be inaccurate. Dedicated MRI sequences

have been proposed such as ultrashort echo time, ultrashort

echo time double echo, and even ultrashort echo time triple

echo sequences, which are able to distinguish air, bone and

soft tissue in MRI and therefore allow their correct seg-

mentation [33].

Another important issue is the precise positioning of the

head and neck during sequential scanning between PET

and MRI in the tandem PET/MRI design. Positioning aids

help to sufficiently immobilize the head and neck for that

purpose and help avoid positioning errors. This issue might

be of less significance in the simultaneous acquisition.

An additional factor is the presence of dental metal

implants, which have a significant impact on MRI images

since they produce areas of signal void to a variable and

unpredictable degree [22]. These MRI signal voids are not

individually corrected prior to the generation of an atten-

uation map. As such, however, they may be a source for the

generation of defective attenuation maps and failed seg-

mentation for the respective tissue components depending

on the underlying segmentation algorithm. Their impact on

correct SUV measurements has not been studied in detail

but raises concerns of being, again, challenging.

The workflow does not pose specific problems in head

and neck cancers. In an integrated device with simulta-

neous image acquisition for PET and MRI, a head-and-

neck protocol can be obtained in 35 min, including a

whole-body scan for attenuation correction and anatomic

reference of FDG-avid lesions with a two-point mDIXON

sequence [34].

In a sequential approach with the tandem-designed PET/

MRI, the clinical morphologic MRI protocol can be per-

formed during the PET tracer uptake time. Our compre-

hensive protocol including local morphologic imaging and

whole-body anatomic reference for the PET information

with a two-point mDIXON and T2w single-shot or turbo

spin echo sequences takes approximately 25–30 min, with

an additional 10–15-min period for the PET acquisition.

Current literature on PET/MRI in head and neck cancers is

limited to the initial experience reported by Platzek et al. [22]

in 20 patients. They found that PET/MRI of the whole head-

and-neck region is feasible with a whole-body PET/MRI

system without compromising the PET or MRI image quality.

The PET/MRI system in comparison with a PET-only device

yielded higher SUVs in FDG-avid lesions and PET/MRI

detected more relevant lesions in the head-and-neck area.

Some of the SUV and detection differences likely reflected a

long delay between the PET and PET/MRI of 113 min on

average as well as PET scanner differences. No reference

standard was provided to prove malignancy in either PET-

positive or MRI-positive lymph nodes that were additionally

detected with PET/MRI. In the same work, the authors

reported a total acquisition time of 39 min for PET/MRI.

In our own experience, PET/MRI has a performance

similar to that of PET/CT in the nodal staging of head and

neck cancers. We analyzed with an independent multi-

reader study design 14 patients with head and neck neo-

plasms who underwent both PET/CT and PET/MRI in one

imaging session following a single injection of FDG. The

average delay between the two scans was 56 min. Of 105

FDG-avid lesions identified with PET/CT, 80 % were

correctly identified and exactly matched in PET/MRI. In 11

of 14 patients (79 %), there was complete agreement in

staging between observers. In the cases with discrepant

findings, PET/MRI found two additional lymph nodes per

patient (unpublished data).

The expected potential benefit of PET/MRI rests in the

exact superimposition and, therefore, precise anatomic

correlation between FDG-avid tissue and the anatomic

detail derived from MRI images. This might improve not

only the TNM staging of the tumor but also the assessment

of postoperative or post-radiation-therapy changes.

The value of functional information from MRI, partic-

ularly of DWI, as a prognostic tool in head and neck cancer

is well known [35, 36]. Correlations of DWI with PET

information and tracer uptake and the value of the two

conjoint modalities remain to be investigated.

Lung Cancer

To date, lung cancer staging and follow-up is the domain of

PET/CT, which provides very high accuracy for local T

and N and distal M staging [37]. For the assessment of
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brain metastases, it is typically combined with separate

MRI of the brain. Given the outstanding performance of

FDG-PET/CT in lung cancer staging, one may question the

need for comparing PET/CT with PET/MRI since MRI has

well-known limitations in the detection of pulmonary

lesions, particularly when compared with CT. Therefore, it

might also be questionable what MRI may have to offer to

outweigh the performance of PET/CT in lung cancer

staging except for the lack of radiation exposure and

superiority in staging brain metastases.

Preliminary results are available in recent literature on

direct comparison between PET/MRI and PET/CT in the

staging of lung cancer, mostly non-small-cell lung cancer

(NSCLC) [17, 37–40]; however, many of these studies are

limited by small sample size.

Schwenzer et al. [38] reported on ten patients with lung

cancer and compared PET/CT with PET/MRI by applying

a lesion-to-liver ratio to quantify FDG-avid lesions. They

concluded there was similar lesion characterization and

tumor detection between PET/CT and PET/MRI in most

patients. The small sample size is certainly a major limi-

tation of the study.

Similarly, PET/CT has been directly compared with

whole-body MRI in 165 patients for the comprehensive

staging of lung cancer with the conclusion that both PET/

CT and 3.0-T whole-body MRI appear to provide accept-

able accuracy and comparable efficacy for NSCLC staging.

However, for M-stage determination, each modality has its

own advantages [39]. MRI was superior in detecting liver

and brain metastases, whereas PET/CT performed better in

the staging of lymphadenopathy [39]. The differences were

not statistically significant.

The same authors also investigated the efficacy of co-

registered PET/MRI and PET/CT images in correctly

staging lung cancer in a preoperative setting with the aim

of identifying correct upstaging, which would avoid

unnecessary thoracotomy [41]. Although both staging tools

allowed greater than 20 % correct upstaging compared

with conventional staging methods, co-registered PET/

MRI images did not appear to help identify significantly

more correctly upstaged cancer patients than PET/CT plus

brain MRI in patients with NSCLC.

Despite this statement, the capability of comprehensive

assessment of both local and distant metastases including

brain, liver, and bone [24, 26, 41] with high accuracy in a

single imaging modality and examination may still be

considered a significant advantage of PET/MRI over PET/

CT in addition to other aspects such as patient radiation

exposure, patient comfort, and workflow management.

The performance of PET/MRI has also been studied for

the detection of pulmonary nodules [28, 40, 42•]. With use

of simultaneous PET and MRI acquisition and a free-

breathing radial volumetric interpolated breath-hold

examination, the detection of pulmonary nodules was

compared with that in PET/CT. In 32 patients with a total

of 69 nodules, including 45 FDG-avid lesions, the sensi-

tivity of PET/MRI was 70.3 % for all nodules, 95.6 % for

FDG-avid nodules, and 88.6 % for nodules 0.5 cm in

diameter or larger. PET/MRI had a higher sensitivity than

PET for all nodules (70.3 vs 61.6 %, P = 0.002) and

higher sensitivity than MRI alone for FDG-avid nodules

(95.6 vs 80.0 %, P = 0.008). There was a significantly

strong correlation between SUVmax of pulmonary nodules

obtained with PET/CT and that obtained with PET/MRI

(r = 0.96, P \ 0.001) [42•].

When a 3D Dixon-based, dual-echo gradient echo pulse

sequence and a trimodality PET/CT/MRI setup was used in 40

patients, MRI detected 58 of 66 nodules seen on CT. Detection

rates between CT and MRI were considered similar and not

statistically significantly different (P [ 0.05) [28].

What remains a challenge in the current stage of PET/

MRI, however, is the quantification of abnormal lesions in

the PET component, which is based on MRAC. MRAC is

still under investigation and is a work in progress. Different

vendors favor different approaches. In general, attribution

of l values is dependent on the type of model being used

for underlying tissue segmentation and attenuation map

generation. All currently available segmentation approa-

ches account for air, lung, and soft tissue but differ with

respect to bone and fat segmentation. For the lung, it has

been shown that, with use of a four-segment model, there is

no statistically significant correlation between PET/MRI

and PET/CT in the lung, subcutaneous fat, psoas muscle,

and blood pool [43]. This variability in segmentation

models still causes inconsistency and lacks credence in

comparing system designs and techniques.

Our own research on nodal staging using a three-class

segmentation algorithm focused on the quantitative

assessment of SUVs in PET/MRI and PET/CT in the

critical interface between lung tissue and mediastinal soft

tissue. Since lung cancer lymphadenopathy is predictably

located in this zone of greater risk of incorrect segmenta-

tion, quantification errors of lesions may occur.

Our results reflect experience similar to that previously

reported. PET/MRI is feasible in patients with lung cancer

and has reasonable accuracy regarding nodal stage [17].

Looking at the performance of PET/MRI in the nodal

staging only, we were able to demonstrate that SUVs

showed strong positive correlation (Spearman correlation

of 0.93, P \ 0.001) between the two techniques with

regard to FDG-avid lesions. Interobserver agreement in

multiple observers was high (j = 0.86) for PET/CT and

substantial (j = 0.70) for PET/MRI for the detection of

lesions. The overall diagnostic performance of PET/MRI

was slightly inferior to that of PET/CT, without statistical

significance (P [ 0.05) [17] (Fig. 1).
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Even given these promising preliminary results on the

performance of PET/MRI in lung cancer, experience is still

limited and based on small sample sizes. Furthermore,

current knowledge is still sparse as to what quantification

capacities PET/MRI has to offer in order to ascertain the

reproducibility of SUVs and the reliability of SUV varia-

tions in follow-up examinations for comparison, specifi-

cally in these areas of critical segmentation. This means

that the relevance of the current data remains to be deter-

mined, and further evidence is required to prove that PET/

MRI might have a benefit over current diagnostic algo-

rithms in these patients with lung cancer.

Pancreatic Cancer

The generic term ‘‘pancreatic cancer’’ refers to a hetero-

geneous group of neoplasms, including pancreatic adeno-

carcinoma with or without mucinous features,

neuroendocrine tumors, serous and mucinous cystic pan-

creatic neoplasms, intraductal papillary mucinous neo-

plasms, rare neoplasms such as solid papillary tumors of

the pancreas, acinar and undifferentiated tumors, and

nonepithelial tumors.

From an imaging perspective, these different neoplasms

have very diverse imaging features in cross-sectional

imaging and, more importantly, demonstrate a variable

behavior in metabolic and functional imaging with PET.

Hence the value of PET/CT is dependent on the individual

underlying neoplasm.

For local staging of pancreatic cancer in general it is

reported that multidetector-row CT and MRI/magnetic

resonance cholangiopancreatography (MRCP) have com-

parable sensitivity and specificity rates for the diagnosis

and staging of pancreatic cancers. Endoscopic ultrasonog-

raphy offers the best sensitivity and specificity rates for

lesions smaller than 2 cm. Improved staging has been

Fig. 1 Positron emission tomography (PET)/magnetic resonance

imaging (MRI) in a patient with history of lung cancer. PET/MRI

demonstrates two mediastinal lymph nodes up to 1 cm in size, which

demonstrate 2-deoxy-2-(18F)fluoro-D-glucose (FDG) avidity. Despite

the small size, they are identified by both MRI and PET
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noted when PET/CT scans are added to preoperative

evaluation [44].

In current clinical practice, contrast-enhanced CT is the

modality of choice for diagnosis and staging of pancreatic

cancer, irrespective of the underlying subtype. A ‘‘dual

phase’’ technique after administration of iodinated contrast

medium with image acquisition approximately 35–50 s and

60–70 s after the beginning of contrast medium injection

yields a diagnostic accuracy of more than 90 % for the

detection of pancreatic cancer and positive predictive val-

ues for resectability of approximately 80 % [45]. As such,

contrast-enhanced CT can be considered the workhorse of

pancreatic cancer staging.

The value of FDG-PET in pancreatic cancer is dependent

on the type of primary neoplasm. Pancreatic adenocarci-

noma typically expresses FDG avidity, and the diagnostic

accuracy of FDG-PET for primary staging of pancreatic

malignancy is reported to be up to 89 % [46] with limitations

in lymph node staging, yielding a negative predictive value

of only 75 % [47]. FDG-PET/CT is also reported to be

specifically beneficial in the primary diagnosis of intraductal

papillary mucinous neoplasms in distinguishing between

benign and malignant neoplasms [48]. The greater value of

FDG-PET, in general, however, is seen in the determination

of metastatic disease and in the setting of treatment response

monitoring and to a lesser degree, if at all, in the primary

local staging. Even as such, the role of FDG-PET/CT still

seems somewhat controversial given the fact that FDG

avidity may be variable in pancreatic adenocarcinoma, with

a significant overlap between benign and malignant lesions

[49]. Neuroendocrine tumors generally exhibit low FDG

avidity depending on the differentiation. In neuroendocrine

tumors of the pancreas, somatostatin receptor binding PET

ligands such as 68Ga-labeled octreotide have been demon-

strated to be more efficient [50]. They are being used with

great success in Europe and Asia; unfortunately, most of

them are not FDA-approved and therefore are not clinically

available in the USA.

Besides the limitations of FDG-PET/CT in pancreatic

cancer as a single imaging modality, there is strong evi-

dence in the literature that fusion of PET images with

morphologic images and particularly MRI images signifi-

cantly enhances accuracy in disease staging. For example,

FDG-PET/MRI fusion significantly improved accuracy

compared with that of PET/CT from 87 to 97 % in a study

on 119 patients [51]. A similar study on 47 patients con-

firmed this finding in that the diagnostic accuracy of PET/

T1-w MRI or PET/T2-w MRI was higher at 93 and 91 %,

respectively, than that of PET/CT at 88 %, although sta-

tistical significance was not obtained [52]. Both sets of

authors concluded that fused PET and MRI images were

superior to PET/CT images in characterizing pancreatic

tumors and distinguishing benign from malignant lesions.

Data on the staging of pancreatic cancer with dedicated

PET/MRI or sequential PET and MRI are currently not

available.

In our own experience covering 116 patients with on-

cologic disease, a small series of seven patients allowed us

to gain a preliminary impression of what the potential of

PET/MRI could be compared with individual imaging with

PET/CT and MRI.

One of the most striking benefits of PET/MRI in pan-

creatic cancer in our opinion is its ability to provide

comprehensive information about local T stage, resect-

ability, and distant metastatic disease in a single exami-

nation (Fig. 2). From our preliminary experience on seven

patients, PET/MRI improved the diagnostic confidence in

TNM staging in four of seven patients over that of PET/CT,

mainly in the T staging. In one patient, MRI was able to

improve the confidence in the presence of hepatic metas-

tases particularly owing to DWI, whereas the presence of

metastatic disease was questionable in PET owing to poor

FDG uptake and the small size of the metastatic lesions.

PET information in addition to CT and MRI information

was distinctly helpful in three of seven patients who had

postoperative changes after a Whipple procedure. While

with morphologic imaging postoperative changes were

difficult to distinguish from recurrent disease, PET added

significant information in these cases and was able to rule

out recurrence in one case. However, the soft tissue reso-

lution of MRI was superior to that of low-dose CT to

localize the site of recurrence in two cases within the

postoperative changes.

For the quantification of FDG uptake, in our series of

seven patients, 61 FDG-avid lesions were analyzed and

compared between the modalities PET/CT and PET/MRI.

SUVmax/mean in these lesions correlated strongly between

the two modalities, with R = 0.84 and 0.84 (P \ 0.001),

respectively.

Another clinical condition, which, according to our

experience, will likely benefit from combined imaging with

PET/MRI is the search for malignancy in the presence of

chronic pancreatitis. Chronic pancreatitis can manifest

itself as complex cystic, solid, and scirrhous destruction of

the pancreatic parenchyma with calcifications. Solid tissue

components with scar formation are indistinguishable from

low-enhancing neoplasms, which is a well-known dilemma

in pancreatic imaging with both MRI and CT.

Although distinguishing chronic or acute inflammatory

disease from malignancy can also be challenging in PET

owing to the overlap of SUVs of these two conditions, it

can be expected that the direct image fusion of findings

from both modalities will help improve the diagnostic

confidence. Two of our patients benefited from this feature

of PET/MRI, and T staging was facilitated given the

excellent soft tissue contrast from MRI.
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Imaging protocols for pancreatic cancer assessment are

straightforward. A dedicated pancreatic MRI protocol

including the liver requires a total scanning time of

approximately 30 min and can easily encompass, again, a

whole-body mDIXON protocol and whole-body PET in a

45-min examination. Imaging protocols may be shorter

when a simultaneous acquisition is available; however,

most oncologic approaches as described for the simulta-

neous acquisition are also reported to revolve around an

acquisition time of 30 min, keeping in mind that simulta-

neous imaging is initiated after a tracer uptake time of

60 min.

The joint value of PET and functional MRI for inves-

tigation of pancreatic cancer is a totally unexploited field in

the current literature and experience with PET/MRI and

studies addressing the combined value of DWI, DCE

imaging, and PET in conjunction are to be welcomed in the

future.

Colorectal Cancer

In colorectal cancer, both MRI and PET/CT are indepen-

dently well established imaging modalities, and combining

the two modalities into one will only strengthen their

already high performance for this disease category. Again

the expected benefit in this neoplasm is the hope for a one-

stop-shop modality for comprehensive TNM staging with a

single imaging examination.

MRI has evolved to a key imaging modality in the local

staging of rectal cancer and in the assessment of metastatic

disease of the liver. In both instances, MRI has proven to

be superior to CT and even PET/CT [53].

FDG-PET/CT is generally established in the staging of

metastatic colorectal cancer and the assessment of disease

recurrence after therapy [54]; however, it has demonstrated

some limitations if used as a single modality.

To evaluate nodal stage in colorectal cancer, the current

literature does not recommend the routine use of FDG-

PET/CT as a single staging tool [55]. PET/CT appears to

be limited in smaller nodes, owing to limited spatial res-

olution and uptake quantity.

FDG-PET/CT has the ability to accurately predict the

presence and size of liver metastases; however, this

depends on the FDG avidity of the tumor and its metastases

and the degree of differentiation of the primary tumor.

FDG-PET/CT is of questionable value in the setting after

chemotherapy, where fatty changes in the liver hamper the

achievement of appropriate accuracy. In these conditions,

PET/CT appears to be inferior to contrast-enhanced CT in

the detection of disease [56].

In both of these instances, MRI is of distinct value to

complement PET/CT owing to its high soft tissue contrast

and strengths in lesion detection, particularly when DWI is

used.

Dedicated PET/MRI data in colorectal cancer are cur-

rently not available. Preliminary information has been

Fig. 2 PET/MRI in a 71-year-old woman presenting with a cystic

mass in the pancreas which was suspected to be serous or mucinous

neoplasm. PET/MRI shows increased FDG metabolism in the

pancreatic body proximal to the cystic mass, which on fine-needle

aspiration was confirmed to be pancreatic adenocarcinoma. MRI

clearly demonstrates the exact extent of the cystic mass (arrow) and

the enhanced nodule proximal to it, which is limited to the pancreatic

body and represents the actual cancer. Thus, MRI provides the local

tumor staging, and both PET and MRI provide the staging of distant

metastatic disease, opening up the possibility for PET/MRI to become

a one-stop-shop imaging modality for the primary staging of this

disease
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reported on various oncologic diseases in patients,

including colorectal cancer patients without distinct focus

on colorectal cancer [57].

A distinct benefit may arise from the combined use of

MRI and PET/CT to detect lymph node involvement in

rectal cancer. The high soft tissue contrast and morphologic

criteria established in MRI for assessment of metastatic

nodal involvement may complement the lack of sensitivity

of PET/CT alone in this application (Fig. 3).

A typical imaging protocol for colorectal cancer stag-

ing and workup with PET/MRI with the sequential

scanner approach would ideally include the local staging

for rectal cancer (if applicable) in the pelvis and at the

same time assessment for liver metastases. Our protocol

has the following design: T2w single-shot imaging in two

planes for the liver, abdomen, and pelvis, T2w single-shot

imaging with fat saturation for the liver and DWI for the

liver and pelvis in an axial orientation, and T2w fast spin

echo (turbo spin echo) imaging in three planes for the

pelvis and rectum if the primary cancer is rectal cancer.

Preconstrast and postcontrast images are acquired for the

liver, including dynamic scanning 25 s, 70 s, and 3 min

after injection of the contrast medium and precontrast and

postcontrast imaging of the pelvis in two planes. A

whole-body mDIXON sequence is then applied for whole-

body anatomic correlation of distant metastatic foci. The

mDIXON sequence is applied both before and after

injection of the contrast medium, and adds only a few

minutes to the total protocol. Typically, such combined

morphologic and whole-body protocols can be performed

in 35–40 min depending on the body size of the patient.

In a sequential approach, the PET component adds

another approximately 15 min to the MRI examination

time; however, most of the examination can be performed

within 1 h.

In summary, the potential benefits of PET/MRI may lie

in the combination of the two modalities since they express

complementary strengths and weaknesses. From our cur-

rent limited experience we can speculate that N staging

will benefit from the added improved morphologic

assessment of lymph nodes beyond size in adding MRI.

Liver metastatic disease will improve with better detection

in MRI and even in MRI with liver-specific agents. Both

modalities have the potential of improving overall TNM

staging in colorectal cancer. Including functional MRI with

DWI and possibly DCE imaging in the evaluation and

combining these functional parameters with the molecular

information provided by PET tracers has not been explored

in the current literature to date. This additional aspect

opens up further potential for improvement to outperform

the current performance of PET/CT only as a single diag-

nostic modality.

Ovarian Cancer

Primary diagnosis of ovarian cancer is established as a

combination of information from clinical examination,

ultrasound studies, levels of serum markers such as CA-

125, CT, and eventually postoperative histopathology. The

goal of imaging in ovarian cancer detection is to expedi-

tiously distinguish benign adnexal lesions from those

requiring further pathologic evaluation for malignancy.

For primary diagnosis of ovarian cancer, MRI has a

limited role, although its performance is excellent. For

lesions indeterminate on ultrasonography, MRI increases

the specificity of imaging evaluation, thus decreasing

unnecessary resections of benign masses. MRI is reported

to have a sensitivity and specificity of 100 % and 94 %,

respectively, in the evaluation of sonographically indeter-

minate ovarian masses [58]. However, owing to its limited

availability and relatively high cost, MRI is more often

used as a problem-solving tool in the case of indeterminate

lesions.

FDG-PET/CT has shown expanding use for treatment

planning and follow-up in ovarian cancer; however, it is

not recommended as the modality of choice for primary

detection of cancer. False-negative results in borderline

indeterminate ovarian neoplasms have occurred; and false-

positive results may be generated when benign lesions such

as endometriosis and leiomyomata and also normal folli-

cles in premenopausal women exhibit increased FDG

activity and are mistaken as cancer. On the other hand,

increased FDG uptake in the ovary in postmenopausal

women is considered abnormal and suggestive of malig-

nancy. CT is useful in diagnosis and treatment planning of

advanced ovarian cancer.

In the assessment of recurrent ovarian cancer, both PET/

CT and MRI are strong imaging modalities with high

sensitivity and specificity in detecting tumor recurrence.

Interestingly, there is literature which has demonstrated

superiority of PET/CT over MRI and vice versa.

The sensitivity, specificity, positive predictive value,

negative predictive value, and diagnostic accuracy of PET/

CT were reported to be 97.5, 100, 100, 87.5, and 97.8 %,

respectively, whereas those of MRI were 95, 85.7, 97.4, 75,

and 93.6 %, respectively. For smaller peritoneal implants

less than 2 cm and less than 1 cm in size, the sensitivity,

negative predictive value, and diagnostic accuracy of PET/

CT were significantly better than those of MRI (P \ 0.05)

[59]. In the setting of rising levels of tumor markers after

remission, PET/CT is recommended as the modality of

choice for detection of tumor recurrence.

Despite its high performance in detection of recurrent

disease, FDG-PET/CT has a number of limitations. PET/

CT may yield false-negative results in patients with small,
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necrotic, mucinous, cystic, or low-grade tumors. In the

posttherapy setting, false positives can arise from inflam-

matory and infectious processes and may lead to misin-

terpretation. In addition, normal intense bladder and

ureteral excreted activity in FDG-PET/CT can obscure

disease in the pelvis. Minimizing these artifacts is impor-

tant in protocol design in both PET/CT and PET/MRI.

The value and high effectiveness of MRI in ovarian

cancer recurrence was demonstrated as early as in 2000 and

has been confirmed several times since then [60]. Kim et al.

[61] reported patient-based sensitivity and accuracy of

PET/CT and MRI for detection of recurrent ovarian cancer

of 73 and 91 % (P \ 0.05) and 81 and 89 % (P [ 0.05),

respectively. The overall lesion-based sensitivity of PET/

CT and MRI was 66 and 86 %, respectively (P \ 0.05). In

detecting peritoneal lesions, the overall lesion-based sen-

sitivity and accuracy of PET/CT and MRI for peritoneal

lesions were 43 and 86 % and 75 and 94 %, respectively

(P \ 0.05). Kim et al. [61] concluded that MRI is superior

to PET/CT in detecting disease recurrence.

In this field of slightly contradictory literature, PET/

MRI seems to dissolve the competition between the two

modalities and unifies the strengths of both in one. Data on

the performance of PET/MRI in ovarian cancer in both

primary diagnosis and recurrence are not currently

available.

In our experience, the two modalities are distinctly

complementary and synergistic. Since the FDG avidity of

the tumor is indeed dependent on the cellularity and

mucinous content, MRI may ideally compensate for this

limitation of PET. DWI is distinctively helpful in the

detection of lymphadenopathy, peritoneal implants, and

local recurrence, even if these are small and irrespective of

the mucinous content. In contrast, MRI may be limited in

Fig. 3 PET/MRI in a patient with rectal cancer. Axial (column A),

sagittal (column B), and coronal (column C) PET/MRI images of the

pelvis. The primary tumor demonstrates clearly abnormally increased

FDG uptake (column B, large arrow). A pelvic lymph node is seen on

MRI, which on MRI is enlarged and demonstrates criteria of

metastatic involvement. This lymph node does not demonstrate

increased FDG avidity
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identifying small serosal implants on the surface of the

small bowel if the implants are soft tissue in nature.

Although bowel implants may be mistaken as bowel

activity in PET/CT, the combined approach with high soft

tissue resolution and abnormal FDG uptake helps to even

out limitations on both sides. Especially in the subdia-

phragmatic area, where PET/CT can be subject to image

quality impairment and misregistration from respiratory

motion, the breath-hold imaging capacity of MRI is of

particular value to improve accuracy and diagnostic con-

fidence (Fig. 4).

With both modalities superimposed, our experience

shows that the subjective diagnostic confidence regarding

the presence or absence of disease increases to a substantial

degree.

Lymphoma

The National Comprehensive Cancer Network of the USA

has recently released new guidelines on the diagnosis,

treatment, and follow-up of lymphoma and has established

the Deauville criteria in PET for treatment response

assessment, replacing the International Working Group

response criteria [62]. PET and integrated PET/CT are

increasingly being used to assess treatment response of

lymphoma during therapy. Interim PET scans are being

performed for this purpose. There is evidence in the liter-

ature that early interim PET after chemotherapy is a sen-

sitive prognostic indicator of treatment outcome in patients

with advanced disease (stage II disease with unfavorable

risk factors or stage III–IV disease) [62]. Interim PET after

two or three cycles of chemotherapy may predict pro-

gression-free survival and overall survival and could be

considered in the prognostic evaluation of diffuse large B

cell lymphoma and similarly for follicular lymphoma and

primary cutaneous lymphoma [63, 64]. However, the

diagnostic and prognostic value has not been definitely

established for early disease in lymphoma [62].

With the recommendation of frequent PET/CT however,

there is significant accumulation of radiation over time,

which raises concerns specifically in young patient popu-

lations [65]. The expected benefit of PET/MRI in this

regard appears obvious in that radiation exposure can be

limited to the dose generated by the radioactive tracer.

Significant reduction of the cumulative radiation dose to

the patient can be achieved over time when additional CT

radiation exposure is avoided. Hence, the performance of

PET/MRI is of particular interest for patients with lym-

phoma and their physicians in view of its potential to

reduce the radiation burden.

The second major interesting topic is whether PET/MRI

including its combined functional (DWI), morphologic,

and metabolic (FDG) components will be capable of

changing the regimens and algorithms of treatment follow-

up with PET in lymphoma or will add an alternative to the

current diagnostic imaging algorithms. Distinct value has

been attributed to DWI in lymphoma. DWI and apparent

diffusion coefficient (ADC) quantification correlates well

with PET avidity in PET/CT [66] and has predictive

capacity for treatment response. At the same time, PET has

been advocated to guide clinical biopsies and risk-adapted

therapy. Direct correlation between ADC and PET avidity

and their joint incremental benefit will be a fascinating

aspect of PET/MRI to clarify.

Initial results of direct comparison between PET/MRI

and PET/CT for lesion detection and localization in lym-

phoma promise high overall concordance. In the first

clinical experience with integrated whole-body PET/MRI

(Biograph mMR; Siemens Healthcare) in oncologic dis-

ease, Drzezga et al. [57] evaluated the combined studies of

PET/CT and PET/MRI of 32 patients, two of whom pre-

sented with the diagnosis of lymphoma. According

Drzezga et al. [57], corresponding PET/CT and PET/MRI

images did not show a significant difference regarding the

numbers of suspicious lesions or positive lesions, with a

comparable anatomic allocation.

Another recent retrospective study [67•] assessing the

feasibility of FDG-PET/MRI for response evaluation of

malignant lymphoma looked at nine patients with malig-

nant lymphoma. All patients underwent FDG-PET/MRI

twice, once for staging and once for therapy response

assessment. In two patients, both the initial examination

and the follow-up examination included additional diffu-

sion-weighted MRI (DWI). Two nuclear medicine physi-

cians, who evaluated independently the PET scans,

reported high interobserver agreement in staging the dis-

ease. In addition, all PET data sets were found to have very

good or excellent image quality. The additional DWI per-

formed in two patients confirmed its technical feasibility.

However, the authors of the study concluded that its clin-

ical role has still to be defined [67•].

Our own experience with lymphoma in PET/MRI is

very consistent with the reported results in the literature. In

our retrospective multireader analysis of ten patients with

malignant lymphoma who underwent FDG-PET/CT fol-

lowed by PET/MRI (Philips Ingenuity TF PET/MR, Philips

Healthcare, Andover, MA, USA) in one imaging session, a

high correlation of findings in terms of localization and

characterization was found. Excellent intraobserver agree-

ment was found regarding the number of lymphomatous

lesions detected with PET/CT and PET/MRI, with an

equal-weighted j of j1 = 0.84 and j2 = 0.86, respec-

tively. Interreader agreement was slightly lower (j = 0.4)

for the grading of the lesions (reader 1 rated more lesions in

PET/MRI as ‘‘pathologic,’’ whereas reader 2 rated those as

‘‘suspicious’’) but not for the presence of the disease.
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Lesion localization was congruent between corresponding

PET/MRI and PET/CT for reader 2, resulting in the same

stage of the disease according to the Ann Arbor classifi-

cation. Reader 1 detected one additional bone lesion on

PET/MRI, which was not visible on PET/CT. This finding

changed the stage of the disease and is an excellent

example of the superiority of MRI in the detection of bone

marrow involvement in lymphomatous disease.

The imaging protocol for lymphoma patients is less

complex than for other clinical indications, and ideally

includes whole-body imaging with T2w fat-saturated and

T1w imaging in order to assess the patient for lymphade-

nopathy and potential bony involvement. Whole-body

short inversion time inversion recovery half-Fourier rapid

acquisition with relaxation enhancement MRI has been

advocated with high accuracy for the same indication [68].

Whole-body DWI should be added for better lymph node

detection and ADC quantification in order to evaluate

therapy response. MRI may be acquired in axial planes;

however, coronal acquisition has advantages in terms of

timing. Overall, a comprehensive whole-body protocol in

MRI is feasible in 20 min, additive to the PET component

of approximately 15 min. Contrast medium application

may be optional since with appropriate nonenhanced

imaging sequences, differentiation between lymph nodes

and vessels should not pose a problem.

More critical than lesion detection is the change of

metabolic activity of lymphomatous lesions both initially

and in treatment response evaluation. Currently, visual

analysis based on liver uptake or mediastinal blood pool is

used for follow-up imaging with PET (Deauville criteria)

[69]. Although these measures are well accepted for PET/

CT, they have not been evaluated for PET/MRI. Further-

more, the consistency and reproducibility of regional FDG

uptake in PET/MRI has not been tested to a sufficient

degree to allow them to be of comparable diagnostic con-

fidence. Again, the robustness of segmentation and accu-

rate attenuation correction are essential prerequisites to

provide this quantification in PET/MRI, and further studies

are warranted to prove evidence of its diagnostic

confidence.

Pediatric Neoplasms

The value of combining PET and MRI has been demon-

strated extensively in the world of pediatric oncology, not

Fig. 4 PET/MRI in a female patient with a history of ovarian cancer:

PET/computed tomography (CT) identified focally increased tracer

uptake in the area close to segment 7 of the liver; however, a lesion is

barely visualized on nonenhanced low-dose CT. No clear distinction

could be made whether this lesion is located in the lower lung base, in

the pleura, within the liver, or in the subdiaphragmatic space on PET/

CT. MRI demonstrates a moderately enhancing mass [T1-weighted

(T1w) gradient echo (GRE) imaging; small arrow] which is clearly

located in the subdiaphragmatic space, indenting the liver paren-

chyma of segment 7, and can be identified as a peritoneal implant of

the ovarian cancer. Note the high conspicuity of the lesion on

diffusion-weighted imaging (DWI; small arrow) compared to SSFSE

single-shot fast spin echo imaging
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only for neuroradiologic applications but also in children

with sarcoma, lymphoma, small cell cancers, and other

cancers which also benefit from the physiologic charac-

terization and metabolic information from PET [68, 70–

73].

For pediatric patients, the special benefits of PET/MRI

compared with PET/CT in one examination obviously lie

again in the reduced radiation exposure when substituting

the CT component with MRI, and in the expected

improvement of the logistics and workflow of such com-

plex examinations.

Reports on initial experience with PET/MRI in children

have proven its feasibility, with a technical success rate of

100 %. Hirsch et al. [74•] state that PET/MRI saves time

and resources. Within the limits of small patient popula-

tions of 15 patients, the results are encouraging, demon-

strating the synergistic character of the two imaging

modalities. Although FDG-PET detected ten more meta-

bolically active lymph node areas, MRI identified three

more sites of organ involvement in lymphoma [74•]. Of

interest is hereby disease involvement detected by MRI of

organs in which PET typically demonstrated physiologic

uptake such as the kidneys and the liver, a merit of high

soft tissue capacities in MRI.

Conclusion and Future Perspectives

Current evidence shows overall good correlation between

PET/CT and PET/MRI in lesion detection across most

publications and oncologic diseases. However, there is lack

of clearly defined prospective studies with a sufficient

number of patients to validate these findings.

Initial results in pediatric patients are encouraging,

particularly with the reduction in radiation exposure.

However, there is not yet an established indication for

which PET/CT can be replaced by PET/MRI. For some

tumors, a dedicated benefit of PET/MRI is represented in

the potential for a combined one-stop-shop modality and in

the comprehensive TNM staging plus potentially improved

N staging in the abdomen (i.e., pancreatic, colorectal, and

gynecologic cancers).

Defined PET/MRI protocols need to be developed and

validated which go beyond adding two imaging modalities.

If the question is lesion characterization and either PET or

MRI has already sufficiently answered the question, the full

range of MRI sequences applied to dedicated organ pro-

tocols might not be necessary.

Further improvements in the MRAC are essential to

provide accurate quantification of regional PET tracer

uptake, which is important for treatment monitoring, spe-

cifically for early prediction of treatment response. An

important potential future of PET/MRI might be in the use

of non-FDG tracers, which might allow monitoring of

individualized treatment decisions. A major task will be to

explore and determine the value of combined functional,

quantitative, and morphologic imaging in MRI with

simultaneous molecular and metabolic information from

PET.
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mid R, Pfluger T, Hahn K. [18F]FDG imaging of head and neck

tumours: comparison of hybrid PET and morphological methods.

Eur J Nucl Med Mol Imaging. 2003;30(7):995–1003.

31. Kim SY, Kim JS, Yi JS, Lee JH, Choi SH, Nam SY, Cho KJ, Lee

SW, Kim SB, Roh JL. Evaluation of 18F-FDG PET/CT and CT/

MRI with histopathologic correlation in patients undergoing

salvage surgery for head and neck squamous cell carcinoma. Ann

Surg Oncol. 2011;18(9):2579–84.

32. Nakamoto Y, Tamai K. Clinical value of image fusion from MR

and PET in patients with hand and neck cancer. Mol Imaging

Biol. 2009;11:46–51.

33. Berker Y, Franke J, Salomon A, Palmowski M, Donker HC,

Temur Y, Mottaghy FM, Kuhl C, Izquierdo-Garcia D, Fayad ZA,

Kiessling F, Schulz V. MRI-based attenuation correction for

hybrid PET/MRI systems: a 4-class tissue segmentation tech-

nique using a combined ultrashort-echo-time/Dixon MRI

sequence. J Nucl Med. 2012;53(5):796–804.

34. Eiber M, Souvatzoglou M, Pickhard A, Loeffelbein DJ, Knopf A,
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