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Abstract 
Background: In the present study, we sought to describe a procedure for the 
creation of co-registered positron emission tomography (PET) and magnetic 
resonance imaging (MRI) polar plots of cardiac PET/MRI examinations, vali-
date the resulting plots against available standard methods in patients with 
myocardial infarction and provide examples that demonstrate the advantage 
of the novel approach over existing standards. Methods: Co-registered LGE 
and PET short-axis images were transformed into polar maps based on a radi-
al sampling pattern. LGE was automatically detected using an automated 
thresholding algorithm (ATA). In 20 PET/MRI examinations in patients with 
acute myocardial infarction, agreement between manual LGE assessment and 
the ATA classification was calculated. Also agreement between MRI-seg- 
mentation based PET polar plots and standard PET polar plots (created with 
the Corridor4DM software package) was assessed. Results: No statistically 
significant difference in infarct sizes between manual and ATA segmentation 
was found (p = 0.12). Both methods were highly correlated (Pearson’s r = 
0.96, p < 0.01). Bland-Altman analysis revealed lower and upper limits of 
agreement of −4.7 g and 3.6 g. Agreement between MRI-segmentation based 
PET polar plots and standard PET polar plots was very high (mean kappa of 
0.91 ± 0.10; p < 0.01 in all cases). In three additional patients with myocardial 
inflammation, the software successfully created polar plots that demonstrate 
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the location and extent of pathologic tracer uptake in the left ventricular myo- 
cardium. Conclusion: A straightforward software approach for the creation 
of co-registered PET and MRI polar plots was described and successfully de- 
monstrated in PET/MRI studies of myocardial infarction and inflammation. 
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1. Introduction 

Since the availability of integrated positron emission tomography (PET)/mag- 
netic resonance imaging (MRI) devices the simultaneous assessment of cardiac 
PET and MRI may be performed [1] [2] [3] [4]. However, for now, there is a lack 
of software tools that allow for an integrated reading of both modalities. Several 
software packages for the reading of cardiac PET or cardiac MRI exist, but these 
are dedicated to the use with either modality alone, and thus cannot take advan-
tage of the spatial and temporal coherence of simultaneous image acquisition. 
Apart from that, numerous packages with generic image fusion capabilities are 
available. However, these do not incorporate the typical workflows for the read-
ing of cardiac imaging studies. In particular, the comparison of left ventricular 
MRI and PET findings regarding their anatomical location and extent turned 
out to be impractical using available standard software [1]. Based on our expe-
rience and needs in clinical and scientific reading of cardiac PET/MRI studies, 
we developed a straightforward and robust software approach for the creation of 
co-registered parametric polar plots. These plots (also known as “bull’s eye” 
plots) are well established in nuclear cardiology and allow for direct segment- 
wise comparison of both modalities according to the standard 17-segment model 
of the left ventricle. 

In the present study, we describe the procedure for the creation of such polar 
plots, validate the resulting plots against available standard methods in patients 
with myocardial infarction and provide examples that demonstrate the advan-
tage of the novel approach over existing standards. 

2. Methods 
2.1. Patients 

The University Hospital Essen ethics committee approved the examinations as 
part of fundamental research on integrated PET/MRI (registry number: 11-4825- 
BO). Inclusion criteria were: age of 18 years or older, no contraindications to the 
use of gadolinium-based contrast agents or general MR imaging, and a history of 
a successfully completed PET/MRI study. All patients gave written informed 
consent prior to the examination. PET/MRI was performed in 20 patients with 
acute myocardial infarction after interventional reperfusion (20 male, mean age: 
51 [36 - 82] years, mean LVEF: 49 [27 - 66] %, time between event and PET/MRI 
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scan: 10 [2 - 17] days). Three additional FDG PET/MRI examinations utilizing 
dietary suppression of myocardial glucose uptake in patients with myocardial in-
flammation (myocarditis: n = 2, cardiac sarcoidosis: n = 1) were evaluated to 
demonstrate the feasibility of the presented technique in cases of only focal 
myocardial tracer uptake. 

2.2. PET/MRI Protocol 

All scans were performed on an integrated whole-body 3T PET/MRI system 
(Biograph mMR, Siemens Healthcare, Erlangen, Germany) [5]. Examinations 
comprised the breath-hold acquisition of ECG-triggered segmented 2D inver-
sion recovery Turbo-FLASH sequences (LGE) [6] with the following technical 
parameters: TI: 316 ± 47 [220 - 400] ms; TR: 5.66 ms; TE: 1.56 ms; flip-angle: 
20˚; bandwidth: 465 Hz/Px; reconstructed pixel size: 1.3 × 1.3 mm2; slice thick-
ness: 8 mm. Ten minutes before LGE imaging Gadobutrol (Gadovist®, Bayer 
Healthcare, Leverkusen, Germany) was administered as i.v. contrast agent at a 
weight-adapted dosage of 0.2 mmol/kg body weight. LGE imaging was per-
formed in three long axes views (4 chamber view, 3 chamber view, 2 chamber 
view) and in contiguous short-axis views (8 mm slice thickness) covering the en-
tire left ventricle.  

In patients with myocardial infarction, resting myocardial glucose uptake was 
assessed by 2-deoxy-2-(18F)fluoro-D-glucose (FDG). Studies were performed 
after a fasting period of at least 6 h. One hour before tracer injection blood glu-
cose level was checked and intravenous insulin was given in case of levels >150 
mg/dl. After that 75 g glucose was orally administered. A mean activity of 172 ± 
25 MBq FDG was administered intravenously. The PET/MRI scan started 102 ± 
34 min after injection and comprised an electrocardiographically gated cardiac 
PET-scan with 3D image reconstruction (2 × 2 × 2 mm voxel size; 344 × 344 ma- 
trix). PET attenuation correction was performed using Dixon-based tissue seg-
mentation [7]. 

2.3. Image Processing 

Volumetric PET data was resampled to match the slice thickness and orientation 
of the MRI acquisitions in short-axis views using OsiriX imaging software (Osi-
riX Foundation, Geneva, Switzerland). To reduce errors from miss-registration, 
corresponding LGE and PET slices were reregistered based on anatomical land-
marks using OsiriX. The left ventricular myocardium (LVM) was segmented 
from LGE short-axis images using ImageJ (National Institute of Health, Bethes-
da, MD, USA) and exported as binary (1 and “not available”) pixel masks Ω: 

,
1, ( , ) LVMΩ NA, ( , ) LVMi j

P i j
P i j

∈=  ∉
 

with each short-axis image consisting of a matrix of pixels P(i,j) spanning i = 1 
to L columns and j = 1 to M rows and with the upper left hand pixel as the coor-
dinate system origin, i = j = 1. 
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LGE, PET and mask images were then imported into the R-software environ-
ment for statistical computing (R Foundation for Statistical Computing, Vienna, 
Austria) using the EBImage [8] and oro.dicom [9] packages. Image import and 
export operations were performed using lossless image encoding formats. 

The area of the LVM was isolated on LGE and PET short-axis images by pix-
el-wise multiplication with the corresponding pixel masks: 

LGE LGE PET PET

LGE , PET ,
1 1 1 1

Ω and Ω .i j i j
i

L M L M

j i j
A A

= = = =

= =∑ ∑ ∑ ∑  

The center of the left ventricular blood pool (CLV) was defined as the center 
of gravity of the endocardial contour for each slice, defined with respect to the 
image origin. 

Noise was reduced in the isolated LGE images ALGE using an edge-preserving 
3 × 3 median filter. To reduce partial volume effects at the segmentation boun-
daries a second 3 × 3 median filter (including only on-mask pixels) was selec-
tively applied to pixels being adjacent to a segmentation boundary. LVM areas 
showing late contrast-enhancement was delineated using an automated thre-
sholding algorithm (ATA) based on an iterative selection method [10]. To avoid 
arbitrary thresholds in patients without LGE, regularization was added that re-
quired thresholds to be above the mean ALGE plus 2.5 standard deviations.  

Based on the principle that myocardial cells undergo necrosis first in the sub-
endocardium (wavefront phenomenon) [11] [12], areas of microvascular ob-
struction (“no-reflow”) were defined as sub-threshold areas under LGE areas (in 
the direction of CLV) and automatically detected by an iterative radial search 
algorithm (Figure 1). The combination of thresholding and no-reflow detection 
yielded a classification mask Ω' for each slice: 

( )
( )
( )

,

1, , infarcted LVM
Ω 0, , noninfarcted LVM.

NA, , LVM
i j

P i j
P i j
P i j

∈
′ = ∈
 ∉

 

 

 
Figure 1. Schematic outline of a transmural infarct in the anterolateral wall: (a) remote 
myocardium; (b) late gadolinium-enhancement; (c) no-reflow area. No-reflow areas are 
automatically detected based on the wave-front phenomenon. Therefore, hypointense 
areas located under hyperintense areas (in the epi-endocardial direction) are classified as 
no-reflow areas. 
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A radial sampling pattern of 90 wedge-shaped segments (every 4˚) perpendi-
cular to the long-axis (with CLV being the center of rotation) was used in all 
slices equally spaced over the left ventricle, except for the most apical slice and 
the most basal slice (valvular plane) which were discarded because of partial vo-
lume effects. For each segment of ALGE the fraction of infarcted myocardium 
was calculated based on the mask Ω’. For each segment of APET the mean stan-
dardized uptake value normalized to patient body weight (SUVmean) was cal-
culated and normalized to the maximum SUV of the entire left ventricle (SUV-
max). The sampled data was then rendered into polar coordinate system plots 
where the most basal slice was projected onto the outmost orbital and the most 
apical slice onto the center of the plot, locating each pair of corresponding sam-
ples from ALGE and APET at identical coordinates. Before the rendering, color 
lookup tables were applied to the sampled data. Based on the continuous spec-
trum of SUVmean samples, a linear heat map ranging from “#0000FF” to 
“#FFFAFF” (in RGB encoding) was chosen for PET data. To account for the 
asymmetric bimodal distribution of the LGE fraction data with the majority of 
segments showing no late-enhancement (resulting in sample values of “0”), a bi-
ased color ramp palette ranging from “#4AA02C” to “#FF0000” was chosen for 
MRI data, yielding a wider color space on the right tail (the infarction areas) of 
the distribution. 

2.4. Image Analysis 

Manual segmentation of LGE areas was used as the standard of reference for the 
evaluation of the ATA classification. LGE areas, including hypointense no-ref- 
low zones, were manually delineated by two readers in consensus in each 
short-axis slice using ImageJ. During manual assessment both readers were 
blinded to the results of the ATA classification. 

As the standard of reference for the evaluation of the MRI-segmentation 
based PET sampling pattern, standard polar plots were created with the Corri-
dor4DM software package (INVIA Solutions, Ann Arbor, MI, USA). According 
to the 17-segment model of the American Heart Association (AHA), but ex-
cluding the apex (Segment 17), the relative tracer uptake was assessed for each 
myocardial segment in the corresponding polar plots and expressed in discrete 
levels from 1 to 5 (1: 1% - 20%, 2: 21% - 40%, 3: 41% - 60%, 4: 61% - 80%, 5: 81% - 
100%; normalized to the overall maximum uptake of the left ventricular myo-
cardium). 

2.5. Statistical Analysis 

Agreement between the manual LGE assessment and the ATA classification was 
analyzed using the Wilcoxon signed-rank test, Pearson product-moment corre-
lation and Bland-Altman plots. Agreement between MRI-segmentation based 
PET polar plots and standard PET polar plots was assessed using intraclass cor-
relation analysis and Cohen’s kappa with squared weighting. 
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3. Results 

The software successfully produced co-registered LGE and PET polar plots from 
a testing set of 20 PET/MRI studies of myocardial infarction and a total of 196 
short-axis slices (Figure 2). Depending on the size of the ventricle a total of 630 
to 990 myocardial segments were evaluated in each patient (Figure 3).  

Between manual and ATA segmentation no statistically significant difference 
in infarct sizes was found (p = 0.12). Mean (±standard deviation) infarct size 
according to manual segmentation was 17.5 ± 7.6 g (median = 15.3 g) and 17.0 ± 
7.5 g (median = 14.6 g) according to ATA segmentation (Figure 4, left panel). 
Both methods were highly correlated (Pearson’s r = 0.96, p < 0.01; Figure 4, 
center panel). Bland-Altman analysis revealed lower and upper limits of agree-
ment of −4.7 g and 3.6 g, respectively (Figure 4, right panel).  

Agreement between MRI-segmentation based PET polar plots and standard 
PET polar plots was very high (Figure 5). Kappa analysis yielded a mean (± 
standard deviation) Cohen’s kappa of 0.91 ± 0.10 (p < 0.01 in all cases). Mean (± 
standard deviation) intraclass correlation coefficient was 0.95 ± 0.05 (p < 0.01 in  
 

 
Figure 2. The upper row shows co-registered LGE (left) and PET (right) polar plots in a 
patient with a large transmural infarction due to occlusion of the left anterior descending 
coronary artery. The lower row shows co-registered LGE (left) and PET (right) polar 
plots in a patient with a large nearly transmural infarction due to occlusion of the left 
circumflex coronary artery. 
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Figure 3. This shows a PET/MRI examination in a 40-year-old patient with an acute oc-
clusion of the circumflex artery and a consecutive transmural infarction of the inferola-
teral myocardium. The upper row displays 11 manually segmented short-axis slices ac-
quired in late gadolinium-enhancement technique (right) and a basal short-axis slice 
without segmentation (left). The lower row displays 11 co-registered PET images (right) 
and a basal short-axis fusion of LGE and PET (left). The respective polar plots are dis-
played on the lower right of each row. 
 
all cases). 

In three additional patients with myocardial inflammation, the software suc-
cessfully created polar plots that demonstrate the location and extent of myocar-
dial inflammation with respect to the 17-segment model of the left ventricle 
(Figures 6-8). 

4. Discussion 

Twenty co-registered MRI-segmentation based LGE and PET polar plots were 
successfully created in patients with myocardial infarction. In LGE images, a 
high concordance regarding the visual depiction of the infarct area and the re-
sults of an automated threshold detection algorithm was found. Agreement be-
tween MRI-segmentation based PET polar plots and corresponding plots ren-
dered with a standard software package for cardiac PET postprocessing was very 
high. This enables a visually and quantitatively consistent comparison of myo-
cardial LGE and FDG uptake regarding the extent and location of myocardial 
infarction. Furthermore, the MR-segmentation based technique was demon-
strated to create conclusive polar plots in PET/MRI studies of myocardial in-
flammation and dietary suppression of physiologic FDG uptake in the normal 
myocardium, that were not evaluable using standard software.  

The good performance of the ATA in the detection of LGE matched the re-
sults of a recent study [13] that identified the Otsu algorithm [14] as the best 
method for fully automated thresholding. Ridler’s algorithm that was used in the 
present study, is very similar to Otsu’s algorithm. In fact, Ridler’s method can be 
described as an iterative version of Otsu’s method [15]. In addition to the pre-
vious study, our method could also detect and include no-reflow areas into the 
infarction zone, thus making it unnecessary to delineate these areas manually. 
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Figure 4. The left panel shows a boxplot comparing infarct sizes resulting from manual and automated late gadolinium enhance-
ment detection (including no-reflow). No significant differences were found (Wilcoxon Test, p = 0.12). The scatterplot in the cen-
ter panel indicates a high correlation between both methods (Pearson’s r = 0.96, p < 0.01). The Bland-Altman plot in the right 
panel reveals limits of agreement between both methods from −5.3 g to 3.7 g. 

 
Despite being based on a different sampling pattern, the MRI-segmentation 

based PET polar plots were very similar to corresponding standard plots, where 
the segmentation was based on the detection of the mid-myocardial iso-surface 
[16].  

We chose the polar map as a common data representation because it allows 
for rapid quantification of myocardial pathologies with respect to the 17-seg- 
ment model of the left ventricle, gives a fast and intuitive overview and is com-
monly used in nuclear cardiology. However, currently available software for the 
creation of left ventricular polar plots was originally designed for non-hybrid 
imaging applications in nuclear cardiology. These methods perform the seg-
mentation of the left ventricular myocardial boundaries on functional (PET or  
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Figure 5. Both panels display polar plots of the same cardiac PET dataset in a patient with 
an acute occlusion of the circumflex artery and consecutive myocardial infarction. The 
left panel displays a MRI-segmentation based PET polar plot rendered with our software. 
The right panel displays a PET polar plot rendered with a standard software package for 
cardiac PET postprocessing (Corridor4DM, INVIA Solutions, Ann Arbor, MI, USA). 
Apart from different color encodings, both plots demonstrate high agreement between 
both approaches. 
 

 
Figure 6. FDG PET/MR images in a patient with myocarditis and atypical, infarct-like, 
nearly transmural late gadolinium-enhancement in the basal septum (top left image). The 
patient was prepared with a high-fat low-carbohydrate protein-permitted diet shifting 
metabolism in the normal myocardium to the utilization of free fatty acids. As intended, 
significant FDG uptake is only observed in segments infiltrated by inflammatory cells. 
The left ventricular myocardium has no sufficient visual representation in PET images 
(bottom left: axial PET image; bottom right: coronal PET image). Consequently, PET po-
lar plots cannot be created by conventional approaches that rely on the segmentation of 
the myocardium in PET image space. Co-registered polar plots of late gadolinium-en- 
hancement (top center) and PET (top right) were created using the MRI-segmentation 
based approach described in the present paper. Both plots demonstrate high agreement 
between late gadolinium-enhancement (according to myocardial necrosis) and FDG up-
take (according to inflammatory activity). 
 
SPECT) imaging data and thus strongly depend on relatively homogeneous and 
distinctive myocardial uptake of the respective tracer. In cases of specific tracers 
against certain imaging targets (like inflammatory cells) or poor myocardium to  
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Figure 7. FDG PET/MR images in a patient with cardiac sarcoidosis. PET images (top 
left, bottom left) as well as fused PET/MRI (top right) demonstrate focal FDG uptake in 
the inferolateral left ventricular wall. The extent and location of myocardial inflammation 
is visualized in one comprehensive polar plot (bottom right) created by the technique 
presented in this paper. 
 
background ratio, polar plots cannot be created using these methods. In this re-
spect, it is important to appreciate that some of the most promising applications 
of cardiac PET/MRI involve the imaging of myocardial inflammation, which 
currently is either performed using FDG with dietary suppression of myocardial 
glucose uptake [17] or with specific tracers against inflammatory cells that do 
not show significant uptake in myocardial cells [18]. In both cases it is not possi-
ble to create valid polar plots of the left ventricular tracer uptake using standard 
software. This could also happen in extensive transmural infarction where large 
parts of the left ventricle may be invisible in metabolic PET images. On the other 
hand, the standard approach of polar map generation from PET data has the 
advantage of being not dependent on co-registered morphological (MRI or CT) 
images and a high degree of automation if the respective tracer uptake demon-
strates a strong myocardium to background ratio [19].  

While polar plots are commonly used in nuclear cardiology, these plots are 
only sporadically used in cardiac MRI today [20] [21]. Because co-registered 
morphological MR images are by default available in PET/MRI, we performed 
segmentation of myocardial boundaries in MR images. This provides not only a 
straightforward workaround in cases of sparse myocardial tracer uptake but also 
results in inherently co-registered polar plots if MR imaging findings like late 
gadolinium-enhancement are mapped to a polar plots as well. Utilizing the same  
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Figure 8. FDG PET/MR images in another patient with myocarditis. PET images (top 
left, bottom left) as well as fused PET/MRI (top right) demonstrate inhomogeneous FDG 
uptake in the septum and the anterior wall. The extent and location of myocardial in-
flammation is visualized in one comprehensive polar plot (bottom right) created by the 
technique presented in this paper. 
 
underlying MRI-based segmentation and a common sampling scheme improves 
the spatial coherence of the resulting polar plots, which supports the ultimate 
goal of an integrated assessment of PET/MRI studies. Furthermore, this tech-
nique should allow for a more precise segmentation of myocardial boundaries as 
MR images provide high anatomical resolution and excellent soft tissue contrast. 
This novel approach was evaluated in a patient cohort where the classic PET- 
only approach was applicable as well, which allowed for the comparison between 
both. However, after the feasibility of MRI-based PET segmentation has been 
shown, this can be applied to all kinds of cardiac PET/MRI examinations, as it is 
completely independent of the available PET data as we have demonstrated in 
FDG PET/MRI studies of myocardial inflammation, where dietary suppression 
of myocardial glucose uptake was performed. In future, this might improve the 
quantification of findings in hybrid cardiac imaging studies, which will become 
even more important with the clinical availability of highly specific (pathology 
targeted) PET tracers. 

Since the attachment of the right ventricular wall to the left ventricle was not 
incorporated into our sampling model, a rotational deviation with regard to the 
17-segment model may occur. Alignment to the 17-segment model of the AHA 
was performed by manual rotation in the present study, however, automated 
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alignment could be easily integrated into a future version of the software. Al-
though both modalities were simultaneously acquired using ECG triggering/ 
gating and MR acquisitions were performed in breath-hold, some misalignments 
still had to be corrected with anatomical landmarks-based registration. There-
fore, minor errors on the quantitative level resulting from imperfect co-registra- 
tion have to be assumed. Segmentation of myocardial boundaries was performed 
on the pixel level. In future, accuracy could potentially be increased by using 
subpixel segmentation. While manual segmentation of myocardial boundaries 
and automated LGE (including no-reflow) detection yielded excellent results, 
this must at least partially be attributed to the overall high quality of LGE images 
on this PET/MRI device that was described before [1]. The reproducibility under 
less optimal conditions still has to be demonstrated. Finally, the most apical and 
basal short-axis slices were discarded due to partial volume effects in 2-dimen- 
sional MR images. Further development of that method could at least partially 
compensate for this by integrating long-axis LGE images, reducing the slice 
thickness of the LGE short-axis images or ultimately using a 3-dimensional sam-
pling pattern, which however would also require 3-dimensional LGE data. 

5. Conclusion 

In conclusion, we have described a straightforward and robust software ap-
proach for the creation of co-registered PET and MRI polar plots of cardiac 
PET/MRI studies that work independently of myocardial tracer uptake and thus 
are even feasible in studies with sparse myocardial tracer uptake like PET/MRI 
imaging of myocardial inflammation. 
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