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    Abstract   

 Since the turn of the millennium, PET/CT 
devices evolved as the fi rst generation of 
hybrid imaging systems integrating nuclear 
and radiological imaging from a valuable 
research tool into a clinically useful and 
accepted technique. These innovative devices 
combined morphological and metabolic- 
functional information in an elegant way and 
reached widespread distribution. Therefore, 
it seemed quite obvious to develop a PET/
MR system. However, the technical hurdles 
for this kind of integration were for physic’s 
reasons much higher – but were fi nally 
solved: for more than 2 years, integrated 
whole-body systems are now available and, 
in view of the success of PET/CT, the 
 expectations are high that PET/MR provides 
an actual clinical benefi t. MRI’s advantage of 
an excellent soft tissue contrast and the 
 capability of functional imaging at the 
 molecular level by PET should have the 
potential to  create a unique multimodality 
imaging. However, PET/MR in general and 
in cardiac imaging in particular needs to 
demonstrate its suitability in everyday clini-
cal practice. In this review we give an over-
view of the requirements and features of this 
new hybrid imaging system and provide an 
outlook based on clinical examples, in which 
areas PET/MR could potentially fi nd a place 
in the armamentarium of cardiac imaging.  
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9.1         Introduction 

 Cardiac imaging is in the fortunate situation that 
a wide variety of noninvasive imaging modalities 
is available. This includes echocardiography, 
computed tomography (CT), magnetic resonance 
imaging (MRI), single-photon emission com-
puted tomography (SPECT), and positron emis-
sion tomography (PET). Each of these methods 
has certain advantages and disadvantages. 
Through the combination of single modalities 
into hybrid imaging systems (such as SPECT/CT 
or PET/CT), the disadvantages of each compo-
nent can not only be mitigated or eliminated but 
can yield synergistic value. Thus, the PET/CT 
has experienced an impressive growth since its 
introduction in 2000, and several thousand sys-
tems were installed worldwide. This is primarily 
driven by oncological imaging, where the added 
value of hybrid imaging with PET/CT compared 
to stand-alone PET was demonstrated [ 1 ]. The 
increased availability of PET/CT systems 
resulted also in an increased utilization in cardiac 
imaging. Those devices provided rapid assess-
ment of the data needed for attenuation correc-
tion which is the prerequisite of any image 
quantifi cation up to the delineation of myocardial 
blood fl ow. In addition, CT angiography allowed 
the visualization and quantifi cation of the coro-
nary anatomy, which yielded incremental diag-
nostic value over perfusion information alone 
[ 2 ]. Thus, the questions arise whether integrated 
PET/MR systems can repeat the success of PET/
CT in general and whether such a hybrid device 
adds incremental value in cardiac imaging in 
particular. 

 This review will provide (a) an overview over 
the technical challenges and implementations in 
the context of thoracic imaging, (b) report on our 
initial experiences, and based on those (c) outline 
areas of interest and relevance for cardiac PET/ MR.  

9.2     PET/MR in Cardiac Imaging: 
Technical Considerations 

 As part of a major research initiative of the 
Deutsche Forschungsgesellschaft (DFG: German 
Research Foundation), an integrated whole-body 

PET/MR scanner was installed in our department 
in late 2010. Since then we gained considerable 
experience with this novel and complex imaging 
approach – although no fi nal evaluation or assess-
ment in comparison to the established modalities 
such as PET/CT and pure MRI systems was pos-
sible [ 3 ,  4 ]. 

 From a technical point of view, two funda-
mental implementations are available today: 
Philips Healthcare (Best, Netherlands) provides a 
system with two separated units, which are con-
nected with a common patient table [ 5 ]. Siemens 
Healthcare (Erlangen, Germany) implemented a 
fully integrated PET/MR system based on earlier 
prototypes of brain-only PET inserts [ 6 ], which is 
housed directly within the bore of a conventional 
3 T magnet.  

9.3     Attenuation Correction 

 As mentioned before, the correction of attenuated 
and scattered annihilation photons is a corner-
stone in PET quantifi cation. In PET/MR, this 
topic is of particular interest as both system 
designs lack the conventional (PET-only) 
approach, namely, rotating germanium rod 
sources, and also have no access to the technique 
used in PET/CT systems, i.e., extrapolating the 
attenuation for the 511 keV annihilation photons 
from the CT data acquired with 80–140 keV. 
Without access to such an attenuation map or 
“μ-map,” PET quantifi cation – which is a funda-
mental building block of cardiac PET – is impos-
sible. In the special case of cardiac PET/CT, this 
is of even higher importance as even modest 
alignment errors between PET and CT decrease 
the diagnostic accuracy [ 7 ,  8 ], Consequently, the 
generation of the attenuation map for 511-keV 
photons poses a new challenge, as there is no 
physical relationship between MR images and 
the attenuation coeffi cients for biological tissues. 
In order to address this problem, various 
approaches are being pursued: (a) image segmen-
tation and value mapping, (b) template- or atlas- 
based, or (c) utilizing the PET data itself. Image 
segmentation is currently the technique utilized 
on both available systems and is described 
briefl y: image data is classifi ed into different 
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types of tissue, which then are associated with 
fi xed attenuation coeffi cients [ 9 ] using DIXON 
image sequences [ 10 ]. Water and fat images are 
generated and each voxel is assigned to be either 
air, lung tissue, fat, or soft tissue. As cortical bone 
is basically invisible in these images, it is ignored 
(which was also the case of the “classic” PET 
scanner with rotating rod sources). For every bed 
position, the acquisition time is about 18 s. The 
major limitations of this technique are the small 
number of tissue classes with a general (not 
patient-specifi c) attenuation coeffi cient which is 
of particular relevance in cardiac studies as in 
some cases signifi cant fl uctuations in the lung tis-
sue signal can be seen. The advantages of this 
approach are, however, that the attenuation map 
may be computed relatively quickly and in a 
reproducible way. The Siemens Biograph mMR 
uses a variant of this approach [ 9 ], and we could 
already show a good correlation of tracer uptake 
between PET/CT and PET/MR examinations in 
oncological studies [ 11 ,  12 ]. The Philips PET/
MR device uses a similar approach integrating 
soft and fat tissue into one class, however [ 13 ]. 
Of special relevance is the fact that the transaxial 
fi eld of the MR unit typically is only 40–45 cm. 
This results in a potential truncation of the atten-
uation map in some parts of the body – especially 
the arms, which are positioned usually next to the 
body [ 14 ]. An extension of the MR’s fi eld-of- 
view is technically very complex [ 15 ], and in the 
current Biograph mMR, the following approach 
is implemented to compensate for this effect: in 
the truncated parts, PET emission data is utilized 
to estimate the presence of tissue as many PET 
tracers show nonspecifi c uptake. This data is also 
segmented and included in the attenuation map 
[ 7 ,  16 ]. Finally, it should be mentioned that the 
MR imaging-related equipment such as patient’s 
bed (which is more massive than the one found in 
PET/CT scanners), MRI coils which can be freely 
placed, and positioning and monitoring devices 
such as ECG electrodes, headphones, and respi-
ratory belts all contribute to scattering and atten-
uation of the 511 keV annihilation photons. Since 
these parts are not visible in conventional MR 
sequences and thus are not used in the attenuation 
map, they may lead to image inhomogeneities 

and adversely affect quantifi cation. Despite these 
technical problems, the data obtained so far in 
cardiac PET/MR imaging in general show a rela-
tively good correlation between PET/CT and 
PET/MR [ 17 ,  18 ], but larger studies are clearly 
warranted.  

9.4     Applications in Cardiac 
Imaging 

 It has to be acknowledged that in the past, the 
probability that a patient underwent MR and PET 
sequentially was rather low – the only moderate 
body of literature to be found refl ects this. The 
main reasons were the availability of both tech-
niques in spatial and temporal proximity as well 
as cost issues. Realistically, if both MR and PET 
were used in the same patients, the objective was 
the comparison of methods and the proof of supe-
riority or at least non-inferiority of one approach 
over the other. However, there are quite some 
aspects where the combination of both modalities 
could be advantageous.  

9.5     Myocardial Viability and 
Tissue Characterization 

 The imaging-based assessment of myocar-
dial viability is a standard approach applied in 
patients with advanced coronary heart disease 
or in those who are in early or advanced states 
of heart failure. The diagnostic goal is to dis-
tinguish between under-perfused but vital heart 
tissue (so-called hibernating myocardium) 
and poorly perfused but nonvital tissue (scar). 
Patients in the fi rst group would benefi t from 
invasive revascularization, whereas patients in 
the latter group have no advantage of this inter-
vention. Of the various imaging methods, PET 
using 18 F-fl uorodeoxyglucose (FDG) is widely 
considered as the clinical gold standard. In such 
an examination, both myocardial perfusion (e.g., 
with the 13 N-ammonia as tracer) and the glu-
cose metabolism using FDG are investigated ide-
ally applying the euglycemic-hyperinsulinemic 
clamp technique [ 19 ]. From a conceptual point 
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of view, hypoxia or ischemia leads to a change 
in myocardial metabolism from the utilization 
of free fatty acids toward glucose metabolism. It 
could also be shown that the extent of the isch-
emically compromised myocardium is associ-
ated with a poorer long-term outcome [ 20 ]. 
Furthermore, this approach allows the classifi ca-
tion of the myocardial tissue into fully viable, par-
tially vital, and nonvital tissue – however, always 
within the limits of PET’s modest spatial resolu-
tion. MR imaging could provide here a valuable 
addition to PET. Late gadolinium enhancement 
(LGE) which is acquired using T1-weighted 
inversion recovery sequences 5–20 min after the 
administration of gadolinium- DTPA directly rep-
resents myocardial scar tissue [ 21 – 23 ]. Normal 
myocardium can be “nulled” and infarcted tis-
sue shows a hyperintense signal due to different 
washout constants in normal versus abnormal 
tissue. MRI’s high spatial resolution allows not 
only the distinction between transmural and non-
transmural myocardial infarction (MI), it can also 
detect even small subendocardial infarcts, which 
is common in patients with suspected coronary 
artery disease without previous MI and shows 
prognostic signifi cance [ 24 ]. Whereas the speci-
fi city of PET and MRI is comparable (63 %), 
PET shows a higher sensitivity (92 % vs. 84 %) 
[ 25 ]. This stems from the fundamentally different 
processes in the imaging process: while the LGE 
signal is based solely on an increased interstitial 
volume of distribution (gadolinium chelates are 
too large to enter a cell), the PET signal is truly 
metabolic. Furthermore, the PET also allows 
the identifi cation of myocardium at a metaboli-
cal risk – thus, the PET provides an indication 
of therapeutic relevance in addition to the known 
relationship of infarct size and prognosis [ 26 ]. In 
summary, for the assessment of myocardial via-
bility, both methods provide similar information 
[ 18 ]. However, a potentially relevant opportunity 
of hybrid imaging could arise from the observa-
tion that myocardial tissues that were classifi ed 
as vital prior to the revascularization show no 
contractile improvement [ 27 ]. Here, the PET/
MR imaging could offer an interesting approach. 
By integrating the information from morphol-
ogy and left ventricular wall motion from the 

MR and the functional information from PET, 
a better  understanding of the underlying mecha-
nisms as well as an improved prediction of myo-
cardial recovery could arise. Figure  9.1  shows 
an example of multimodality imaging with PET/
MRI of a patient after acute MI.

   In addition to the conventional approach of 
viability imaging, recently, interesting insights 
were gained into the infl ammatory process after 
acute MI. The compromised ischemic myocar-
dium undergoes a complex healing process, 
which includes infl ammation, neoangiogenesis, 
fi broblast proliferation, and collagen deposition. 
Studies indicate that an excessive infl ammatory 
response could increase myocardial remodeling 
after acute MI and thus directly affect the prog-
nosis [ 28 ]. This infl ammatory response is 
 primarily maintained by different subpopulations 
of monocytes. In a recent study in mice, it has 
been shown that the (sequentially measured) PET 
and MR scans can be used to describe and moni-
tor this infl ammatory response [ 29 ]. It was shown 
that FDG is taken up mainly by monocytes in the 
acutely infarcted myocardium. However, to reli-
ably determine this particular FDG uptake, it is 
necessary to suppress its uptake in the healthy 
(remote) myocardium. This can be achieved by a 
special low-carbohydrate diet (so-called Atkins 
diet) in combination with “glucose fasting.” [ 30 ] 
PET/MRI could play an important role in eluci-
dating the underlying pathophysiology of the 
infl ammatory response after acute MI in humans 
as well as in facilitating such a complex protocol 
as the FDG signal can be only moderate and an 
improved morphological co-localization is cru-
cial. In addition, patient compliance is improved 
if only one examination is performed shortly 
after myocardial infarction. 

 The same fasted protocol is applicable in 
hybrid PET/MR imaging for myocardial tissue 
characterization. These applications target patho-
logical entities such as sarcoidosis or Takotsubo 
cardiomyopathy. Those applications are clearly 
not for everyday clinical use, but they can point 
into a direction where a complex imaging system 
such as the PET/MRI could show its potential. 

 Cardiac sarcoidosis represents an infl amma-
tory cardiomyopathy where, in the case of car-
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diac involvement, the myocardium is replaced by 
fi brotic, fi brogranulomatous tissue. MR using 
LGE can image those fi brotic changes of the 
heart [ 31 ]. In sarcoidosis, LGE is patchy and 
appears primarily in subepicardial regions but 
only rarely in the subendocardium. In PET, dif-
ferent patterns of glucose metabolism under fast-
ing conditions and myocardial perfusion are 
known [ 32 ] (Fig.  9.2 ). Vivid glucose metabolism 
and normal perfusion indicate active infl amma-

tion, whereas reduced perfusion and high glucose 
metabolism represent an advanced stage of the 
disease. Absent or reduced perfusion and lack of 
glucose uptake indicate end-stage disease. Thus, 
hybrid PET/MR not only allows the quantifi ca-
tion of the amount of affected myocardium but 
also helps to assess the disease stage and might 
be suited to guide therapy.

   Takotsubo cardiomyopathy is an increas-
ingly recognized syndrome with symptoms 

  Fig. 9.1    Short-axis images of myocardial perfusion and 
glucose metabolism ( top ). Both reduced 13N-ammonia 
and 18F-FDG uptake are clearly depicted in the basal 
areas of the anterior, anterolateral, and lateral wall. Four-
chamber and two-chamber views show large areas of 

transmural LGE in the anterior and lateral wall ( middle  
and  bottom rows ). While clearly reduced perfusion and 
glucose metabolism is observed in the basal lateral wall, 
the majority of the anterior wall still shows signifi cant 
amount of 18F-FDG and 13N-ammonia uptake       
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 similar to acute MI, including chest pain and 
 electrocardiographic ST segment elevation, but 
in the absence of relevant stenosis. It occurs in 
the majority of cases in postmenopausal women 
of an advanced age and is characterized by tran-
sient left ventricular apical wall motion abnor-
malities associated with emotional or physical 
stress. Its pathophysiology is not well understood 
and the available literature focuses primarily on 
case studies – however, hybrid imaging offers 
attractive opportunities [ 33 ,  34 ] and PET/MRI 
using the fasted FDG protocol as described above 
shows promising results (Fig.  9.3 ).

9.6        Myocardial Ischemia 

 The most widespread application in nuclear 
 cardiology is the detection (or exclusion) of a 
hemodynamically signifi cant coronary artery dis-
ease (CAD). Although the majority of patients are 
examined with SPECT, PET offers certain advan-
tages. It shows a sensitivity and specifi city of 

about 90 % for this indication [ 35 ,  36 ] and has 
proven suitable to make quantitative statements 
for the prognostic assessment of patients and 
guidance for treatment [ 37 ,  38 ]. MRI researchers 
introduced “fi rst-pass” MRI almost two decades 
ago where signifi cant  coronary stenoses are 
detected visually after the injection of a fast bolus 
of a contrast agent such as gadolinium-DTPA 
using the different wash-in rates at rest and dur-
ing exercise. The sensitivity and specifi city of this 
method vary substantially in the literature but can 
reach values of about 91 and 81 % [ 39 – 41 ]. Most 
SPECT and PET studies are also analyzed in a 
visual manner; however, PET’s major advantage 
is the possibility to quantify myocardial blood 
fl ow in absolute terms. This allows the determina-
tion of blood fl ow at rest and during exercise and 
consequently the calculation of the myocardial 
fl ow reserve. This is particularly of interest in 
patients with 3-vessel disease or myocardial dys-
function, since a reduced perfusion under stress 
might be missed if only a visual or  semiquantitative 
assessment is utilized due to the phenomenon of 

  Fig. 9.2    Illustration of short-axis images of myocardial 
perfusion ( top row ) and infl ammation ( bottom row ). Both 
reduced 13N-ammonia and upregulated 18F-FDG uptake 
are clearly depicted in the anterolateral and lateral wall as 
a sign of active cardiac sarcoidosis in these regions ( top ). 

Four-chamber view shows an area of transmural LGE in 
the lateral wall ( left ). Here, clearly reduced perfusion 
( middle ) and upregulated glucose metabolism ( right ) are 
observed as a sign of active infl ammation. Note increased 
18F-FDG uptake in bilateral hilar lymph nodes ( bottom )       
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“balanced ischemia.” [ 42 ] While the absolute 
quantifi cation of blood fl ow is increasingly used 
in many hospitals (especially in the United States) 
with PET due to the availability of FDA-approved 
software, dynamic perfusion MR is still in clini-
cal trials and exclusively for research purposes. 
Consequentially, the body of literature is 
rather sparse although a good correlation with 
13N- ammonia PET was shown [ 41 ,  43 ]. 

 Indeed, both methods have limitations which 
could point to a mutual benefi t, if combined: 
MRI’s weak part is the reliable defi nition of the 
arterial input function (as a prerequisite for abso-
lute fl ow delineation), the relatively low “volume 
of distribution” for gadolinium-DTPA, the very 
rapid diffusion of gadolinium-DTPA into the 
extracellular space, and the limited spatial 
 coverage of the left ventricle during acquisition 
(usually 3–5 slices and not the entire ventricle). 
The biggest disadvantage of PET is that no 

 morphological information is obtained, but only 
data about the perfused myocardium. Therefore, 
PET cannot distinguish whether a reduced 
blood fl ow is a result due to an epicardial steno-
sis or a microvascular dysfunction (e.g., diabe-
tes). Furthermore, PET cannot clearly determine 
whether such a perfusion defect is caused by thin 
scar tissue, which often poses a problem in 
dilated cardiomyopathy [ 44 ]. 

 Thus, parallel PET/MR imaging allows for the 
fi rst time a direct comparison of the delineation 
of myocardial blood fl ow using PET and MR 
under identical physiological (resting or stress) 
conditions. In addition to validation studies, 
this permits the combination of MRI-derived 
information such as morphology (e.g., coronary 
anatomy (MR angiography)), wall thickness, or 
scar (LGE) with the functional PET data so that 
an improved tissue characterization becomes 
possible.  

  Fig. 9.3    Two-chamber views 
during diastole ( top left ) and 
systole ( top right ) show 
midventricular hypokinesia 
with marked ballooning 
during systole. Left  ventricular 
ejection fraction was reduced 
(46 %). LGE shows no 
enhancement of the 
 myocardium ( bottom left ). 
18F-FDG PET demonstrates 
an upregulated glucose 
metabolism in the hypokinetic 
midventricular segments while 
glucose consumption is 
suppressed in remote 
myocardium ( bottom right )       
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9.7     Considerations for 
the Clinical Workfl ow 

 It is important to remember that hybrid scanners 
always require close collaboration between 
nuclear medicine physicians, radiologists, cardi-
ologists, and technical personnel. This holds 
especially true for MR imaging, as the method-
ological complexity (different contrasts, image 
geometry, artifacts, etc.) and the patient-specifi c 
adjustments are higher and more time consuming 
than those found in stand-alone PET and/or CT 
systems. 

 But also technical workfl ow aspects need to 
be addressed: any reading of hybrid data requires 
PET and MR images to be superimposed as accu-
rately as possible. In thoracic imaging in general 
and in cardiac imaging in particular, this repre-
sents a challenge as was learned already from 
cardiac PET/CT. Both cardiac motion due to con-
traction of the heart as well as thorax movement 
due to respiration have to be taken into account 
[ 7 ]. As mentioned before, any misalignment 
between emission and “transmission” negatively 
affects the accuracy of attenuation correction: but 
in contrast to PET/CT, MRI does not require ion-
izing radiation and thus the attenuation map can 
be generated as often as needed. In general, we 
found a good agreement between the PET data, 
which is acquired over many respiratory cycles, 
and the MR attenuation map, which is acquired 
in 18 s at end-expiration. It is relevant to keep in 
mind that alignment issues are present both for 
fully integrated as well as for integrated PET/MR 
systems. Even in the latter design, PET and MR 
data will be acquired often not simultaneously 
but rather in parallel. MR imaging is usually 
done sequentially, i.e., the image data represents 
a volume usually acquired sequentially slice by 
slice with slice acquisition times ranging from 
about 50 m s for perfusion scans up to several 
seconds for high-resolution images. This differs 
in PET where truly volumetric acquisitions 
with typical frame times – depending on the pro-
tocol – from 5 s to 20 min are acquired. Basically, 
this translates into the fact that fully simultaneous 
acquisitions using PET/MR are not trivial and 
thus continue to pose a major problem with 

respect to patient movement. However,  integrated 
PET/MR scanners could offer real-time motion 
correction and partial volume correction in the 
future. 

 A major advantage of parallel imaging, how-
ever, is the patient management, because sequen-
tial imaging of PET and MR is not only 
uncomfortable for the patient but also for the 
operating personnel. Consequently, cardiac PET/
MR imaging could lead to both increased patient 
compliance as well as to better device utilization, 
and thus better cost-effectiveness.  

9.8     Clinical Cases 

9.8.1     Acute Infarction 

 Clinical History: A 31-year-old male patient pre-
sented to his general practitioner (GP) because of 
chest pain. While talking to the GP, the patient 
suddenly collapsed. The GP immediately started 
cardiopulmonary resuscitation and called the 
ambulance which transported the patient to our 
emergency department where myocardial infarc-
tion was suspected. Cardiac catheterization con-
fi rmed left main occlusion, and subsequently PCI 
was performed. 13 days later the patient under-
went PET/MR viability imaging (Fig.  9.1 ). 

 Findings: MR images indicate mostly trans-
mural myocardial infarction of the anterior, lat-
eral, and anteroseptal wall. LV ejection fraction 
was signifi cantly reduced. PET images show 
both reduced glucose metabolism and perfusion 
in the basal regions indicating transmural myo-
cardial infarction. However, PET confi rms still a 
large amount of viable myocardium. 

 Advantages of PET/MR: The integrated infor-
mation of PET and MR may allow more accurate 
prediction of the left ventricular remodeling and 
outcome after acute myocardial infarction.  

9.8.2     Cardiac Sarcoidosis 

 Clinical History: A 30-year-old male patient was 
referred to our institution because of suspected 
cardiac involvement of a newly diagnosed 
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 sarcoidosis. Coronary angiography excluded 
 coronary artery disease and showed a severely 
reduced left ventricular function. A CT of the 
chest demonstrated bihilar lymphadenopathy. 
Subsequently, the patient was transferred to our 
institution to confi rm cardiac involvement of the 
sarcoidosis by PET/MR (Fig.  9.2 ). 

 Findings: Bihilar lymphadenopathy with 
increased FDG uptake in the lymph nodes con-
firms the diagnosis of sarcoidosis. Areas in the 
left ventricle with increased FDG uptake and 
reduced perfusion indicate active inflamma-
tion and reveal cardiac involvement of the 
 sarcoidosis. Also, a severely reduced left ven-
tricular ejection fraction with severe hypoki-
nesia of the lateral wall demonstrates dilated 
cardiomyopathy (DCM) as a consequence of 
cardiac sarcoidosis. Furthermore, areas dem-
onstrating late gadolinium enhancement 
(LGE) indicate myocardial infiltration and 
scarring. 

 Advantages of PET/MR: The integrated infor-
mation of PET and MR may thus not only allow 
assessing the amount of affected myocardium by 
LGE but also exact assessment of the stage and 
infl ammatory state of the disease, and conse-
quently therapy monitoring is feasible.  

9.8.3     Takotsubo Cardiomyopathy 

 Clinical History: A 70-year-old woman pre-
sented with acute chest pain to our institution. 
She reported of progressive dyspnea while 
 experiencing personal stress during this time. 
Angiographically inconspicuous epicardial coro-
nary arteries were found during cardiac catheter-
ization. The ventriculography, however, showed 
midventricular dilatation and a hypercontractile 
apex and base. Because of these fi ndings a vari-
ant of Takotsubo cardiomyopathy (TTC) was 
suspected and the patient was referred for PET/
MR (Fig.  9.3 ). 

 Findings: Left midventricular hypokinesia 
was found on cine MR images; however, no late 
gadolinium enhancement (LGE) could be 
depicted in the entire left ventricular myocar-
dium. FDG PET showed a markedly increased 

glucose metabolism in the dysfunctional 
 midventricular myocardium while FDG uptake 
was  suppressed in the remote area. 

 Advantages of PET/MR: Takotsubo cardio-
myopathy is a rare but increasingly recognized, 
reversible disease of which the underlying patho-
physiology is unclear. However, stress-induced 
catecholamine excess to the myocardium seems 
to play an important role in pathophysiology. 
PET/MR allows the integrated imaging of hypo-
kinetic areas of the myocardium, which demon-
strate a metabolic shift from fatty acid to glucose 
consumption in the fasted state while no myocar-
dial enhancement (LGE) after MR contrast appli-
cation is seen.  

9.8.4     Outlook: Advanced Molecular 
Imaging and Neoangiogenesis 

 In addition to those more clinically motivated 
imaging approaches, previous work with sequen-
tial PET and MR imaging identifi ed potential 
applications. Although those come mostly from 
preclinical work, their translation would be 
greatly facilitated by the use of a hybrid imaging 
system. 

9.8.4.1     Stem Cell Therapy 
 After an acute MI many of the affected cardio-
myocytes die and the ischemically compromised 
myocardium loses its function and thus contrac-
tility – which may eventually lead to heart fail-
ure. A promising therapeutic approach is the use 
of stem cells. Here, the transplanted cells (e.g., 
embryonic stem cells or bone marrow stem cells) 
will replace the lost cardiomyocytes and thus 
contribute to the regeneration of the myocar-
dium. A frequently observed problem is that only 
a fraction of the transplanted cells remains actu-
ally in the myocardium [ 45 ]. PET/MR could 
assist for a better understanding of “stem cell 
engraftment” and the underlying cellular and 
molecular processes. Our group demonstrated 
earlier the advantage of a (sequential) hybrid 
imaging approach [ 46 ]. In this rodent study, 
human endothelial precursor cells were labeled 
with iron particles. In addition, the cells were 
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modifi ed using a viral vector in such a way that 
they expressed the human sodium iodide sym-
porter (NIS) and then were transplanted into 
immunodefi cient rats. The MR was well suited to 
represent the left ventricular morphology and to 
identify the location of transplanted cells. The 
vitality of the cells was shown by PET, which 
delineated uptake of radionuclide 124I only in 
living cells. Basically, the iron particles were 
taken up by macrophages after the death of the 
transplanted cells and thus were still visible on 
the MR. The PET signal (I-124), however, was 
only visible if the transplanted cells were still 
vital, which involves a sustained expression of 
the NIS.  

9.8.4.2     Imaging of Neoangiogenesis 
 This seems to play a key role after myocardial 
infarction and accordingly is an attractive target 
for molecular imaging. Integrins are of impor-
tance in cell migration, the regulation of cell pro-
liferation, cell survival, as well as in cell 
differentiation. 18F-labeled galacto-RGD was 
initially developed for oncological PET imaging 
[ 47 ] but was investigated also for imaging of 
ανβ3 integrin expression after acute MI, both in 
animals and humans [ 48 ,  49 ]. In these studies the 
co-visualization of this “hot spot” PET imaging 
using MRI for anatomical localization and func-
tional correlation was helpful. Furthermore, a 
recent study revealed that signifi cant F-18 
galacto-RGD uptake was a predictor for the 
absence of left ventricular remodeling after MI in 
rats [ 50 ]. Thus, whole-body PET/MR has the 
potential to facilitate further research, especially 
since it allows the delineation of scar extent, left 
ventricular function, and the integrin expression 
within a single examination.    

    Conclusion 

 Both PET and MRI as stand-alone modalities 
are accepted imaging methods for the assess-
ment of myocardial perfusion and vitality. 
Hybrid PET/MR combines these two methods 
in one system, but it remains to be seen 
whether this integration provides synergistic, 
diagnostic value. Currently, PET/MR is 
mostly used for research purposes, where it 

provides an excellent tool for  cross- validation 
of new imaging methods under identical 
experimental conditions. However, it seems 
not unlikely that PET/MR could become an 
indispensable method for the development of 
radiopharmaceuticals and contrast agents. 
However, it requires complex workfl ows 
and excellent interdisciplinary cooperation. 
The latter factor in addition to the proof of 
cost- effectiveness will determine a wider 
distribution.     
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