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It is a well-known fact that attenuation correction is

the prerequisite of quantification in PET. It is, however,

also the (necessarily related, but even more obvious)

requirement that a structure—especially one with a

significant extent as the heart represents—with homo-

geneous tracer uptake is depicted precisely like this:

homogeneous. This property is one of the confounding

factors why cardiac PET is superior to cardiac SPECT

even using static imaging.1 Although the fraction of

attenuation-corrected SPECT examinations is increas-

ing, the overwhelming majority of SPECT scans is

performed without this procedure. From a plain techni-

cal perspective, the necessary information is relatively

simply derived from any technique, which assesses the

radio-density of the imaged body. Typically, a CT scan

is used for this purpose. However, as the energy of the

x-ray photons is anywhere between 80 and 140 keV,

only a modest extrapolation to the energy of the photons

from the radioactive decay (70 to 159 keV) is needed.

For PET/CT, it is more challenging: as the energy of the

annihilation photons is 511 keV, this extrapolation is a

non-trivial task. Fortunately, a relatively simple algo-

rithm based on experimental data can be used with

sufficient accuracy, although one should remember that

this is still an extrapolation.2 But PET/MRI further

complicates the situation. An extrapolation is not pos-

sible anymore as the MRI signal per se does not contain

information about the radio-density for photons of any

energy whatsoever. Consequently, attenuation correc-

tion was considered—and is still in some settings—an

obstacle, which can be exacerbated if we consider

scatter as it relies on an attenuation map. When we

started the development of an algorithm which is now

implemented on the vast majority of all commercially

available PET/MRI systems,3 an important element was

our knowledge of how attenuation maps from the days

of standalone PET scanners looked like (Figure 1A).

The use of rotating Germanium rod sources was time-

consuming and produced—depending on the age of the

sources—images of a quality which required a sub-

stantial amount of post-processing to reveal the basic

structures of the body—typically answering the ques-

tion:4 body or air. Still, data from those scanners

provided the solid platform of PET’s value in research

and clinical use in cardiology, neurology, and oncology.

A value which was confirmed by PET/CT systems—but

never challenged—although the patient throughput

increased almost an order of magnitude due to the rapid

CT scan. What happened, however, was a change in

visual perception (Figure 1C). As CT images show so

much detail especially in high-contrast objects such as

bones (and only a few people ever looked at conven-

tional transmission images which never showed bones

unless scanning ex vivo specimen for hours, (Fig-

ure 1A), there was the anticipation that an MR-based

attenuation map should perfectly resemble a CT scan.

Fortunately, this is not the case—at least in the thorax,

which is of interest here (the head neck area with a

proportionally higher content of cortical bone is a dif-

ferent issue). That the CT data are also mapped to the

modest spatial resolution of PET and that for the very

high energy of the annihilation photons bones actually
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appear not fully opaque (lsoft tissue = 0.096 cm-1 vs

lbone = 0.25 cm-1), simplifies the matter even more.

Thus, the driving force is the soft tissue attenuation.

However, especially in obese patients, the contribution

of fat can be significant (lsoft tissue = 0.10 cm-1 vs

lfat = 0.086 cm-1). Fortunately, MRI gives quite easy

access to a separation between fat and water due to a

slightly different resonance frequency from hydrogen

protons in fat and water. Thus, the use of a DIXON MRI

sequence, which allows this separation, was a natural

choice. From a practical point, the acquisition of a

volume covering the PET’s field-of-view with a rea-

sonable resolution can be accomplished in around

15 s—ideally during a breathhold. Especially in the

thorax, the attenuation coefficient from the lung is

another factor which needed attention: as the individual

value was not known, an average value for the lung was

used (llung = 0.018 cm-1). The air-filled cavities of the

lungs were identified using means of image processing.

This implementation was initially evaluated in

oncological patients and yielded a very good agree-

ment.5 However, all validation studies following,

suffered from the fact that the reference PET/CT scans

were acquired prior to the PET/MR examination using

FDG, and significant temporal delays were found for

logistical reasons. Thus, for physiological reasons, the

uptake of FDG is not necessarily constant and this might

be especially true if FGD uptake in oncological patients

is considered.6 But within these limits, studies targeting

cardiac tracer uptake as assessed with PET/MRI con-

firmed these results, although on a per segment level,

differences exist. Nensa and colleagues investigated a

small cohort of 11 cardiac patients (time p.i. 70 ± 12 vs

129 ± 41 minutes),7 Oldan et al a larger group of

oncological patients (n = 27, time p.i. 67 ± 13 minutes,

DTime = 42 ± 13 minutes)8 and Vontobel evaluated the

approach as implemented on the second commercially

available, fully integrated PET/MRI system (n = 23,

oncological patients, DTime 46 ± 17 minutes).9 Lau and

colleagues not only confirmed the results using SUV

Figure 1. A Transaxial slices through the chest including the heart. Shown are slices from
attenuation maps for PET, PET/CT, and PET/MRI. A Transmission map from a conventional PET
scanner using rotating germanium rod sources, B MRI-derived attenuation map using a DIXON
sequence, C original CT scan with 120 keV, D CT-derived attenuation map (A, B, and C show
different subjects, and C and D show the same subject).
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values but also investigated the effects of a variable lung

signal (n = 30, oncological patients, time p.i. 59 ± 7 vs

127 ± 23 minutes).10 This most recent study confirms

the comparability between PET/CT and PET/MR even

in the presence of the significant temporal delay between

these two scans. Furthermore, the effects of the non-

patient-specific lung attenuation coefficient were found

to be not critical for accurate quantification in heart and

lesions around the lungs. However, a fixed llung, as used
in this PET/MR implementation, has been suggested to

be overestimated compared to PET/CT for lung

lesions,11 and studies extracting patient-specific variable

llung maps from MRI (Turbo-FLASH) were able to

reduce quantification errors in volumes of interest in

lungs from 12% to 5%.12

So, where are the remaining precarious factors? As

can be seen in Figure 3 in the article from Lau et al, the

typical position in a PET/CT is ‘‘arms up.’’ This differs

from the PET/MR where it is normally ‘‘arms down’’

due to spatial constraints and patient comfort. This fact

together with the mismatch of the PET field-of-view of

60 cm and the MRI field-of-view (FOV) of 45 cm in the

used device creates the problem that the arms and other

parts of the body may be outside of the MRI scan’s FOV

used for the attenuation map.13 As one option, the

missing tissue can be extrapolated from the non-atten-

uation-corrected PET data, if there is enough unspecific

tracer uptake in these regions14—following the simple

logic that the presence of tissue is a necessary prereq-

uisite if annihilation events are detected at this

location.15 This approach was already used in the vali-

dation study from Oldan et al8 (Figure 1B).

Interestingly, this option was not used in the study by

Lau et al and could have contributed to the regional

differences observed and also the reduced image quality

in their Figure 3.

A final component which has not been investigated

so far are the artifacts from metallic compounds such as

artificial valves, pacemakers, and other interventional

devices in this specific cardiac imaging setting. From

PET/CT, it is already known that beam-hardening arti-

facts from metallic implants can impact the quality of

the PET examination.16 In MRI, however, the effect is

the other way around: conducting materials create signal

voids, which clearly extend the true object size.17 So far,

this is not a real issue in cardiac PET/MRI as the MR

compatible devices are typically cleared for 1.5 Tesla

and not yet for 3 Tesla as used in the current PET/MRI

systems, but this will likely change in the next years.

In summary, the study by Lau et al is a welcomed

contribution showing that attenuation correction in car-

diac PET/MRI is routinely feasible if appropriate

measures of quality control are observed—a statement

which, however, holds true for PET/CT as well.18
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