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Positron emission tomography (PET) has emerged

as the king of non-invasive molecular imaging, largely

due to its ability to quantify tracer concentrations in

units of Bq/mL. This ability is heavily reliant on accu-

rate correction of coincidence photon attenuation. In

cardiac imaging applications, including myocardial

perfusion imaging (MPI), accurate and robust attenua-

tion correction (AC) has been coveted as a means to

distinguish between uptake deficits and attenuation

artifacts. The notion that PET is able to deliver near

perfect AC, along with other advantages, has greatly

contributed to the growth of cardiac PET in recent years.

From its early days, AC was an integral part of PET.

Early instrumentation used weak, rotating transmission

sources (e.g., 68Ge/68Ga or 137Cs) to measure attenuation

along each line of response. The AC factors were then

applied to the measured coincidence data to compensate

for attenuation prior to image reconstruction. These

transmission scans were lengthy and produced noisy

data that propagated into the reconstructed image. With

the introduction of hybrid PET-CT, x-ray computed

tomography (CT) data could be acquired in a few seconds

and manipulated to produce nearly noise-free AC esti-

mates,1 and replaced traditional transmission scans as the

de facto AC method in clinical PET. Recently, PET-MR

hybrid systems have become available and rely on pro-

cessing of magnetic resonance images (MR) to derive AC

data. MR-based AC is a complex problem requiring fur-

ther research and development,2 but has been

demonstrated to produce equivalent clinical finding

compared to PET-CT.3,4 While the nuclear imaging

community welcomed these hybrid technologies due to

the shorter scan times and the ability to co-register

anatomical and functional information, it quickly became

clear that certain challenges lay ahead with regards to AC.

Both CT and MR approaches suffer from

misalignment problems due to patient motion between

acquisition on attenuation and emission data. Rigid-

body motion (e.g., of the head) can be effectively cor-

rected using manual or automated registration methods.5

However, compensation for non-rigid patient motion is

much more challenging and remains the topic of much

research. In the context of nuclear cardiology, respiratory

and cardiac motions further compound the challenge.

Both CT and MR data are captured split second, resulting

in mid-breath and mid-cardiac cycle images that do not

fully correspond to PET data that is acquired over many

breathing and cardiac cycles, even when emission data

are gated (respiratory or cardiac). Breath-hold regiments

during CT or MR data acquisition and cardiac triggering

are common strategies to minimize motion artifacts

within the attenuation image. Nevertheless cardiac

imaging always requires verification and often correction

to ensure optimal AC registration. Registration is per-

formed with regards to the heart, often resulting in

misregistration of other structures in the image (e.g., liver,

lung, skeletal muscle and bone).

Respiratory or cardiac motion related AC misregis-

tration can be partially accounted for using 4D-CT or

-MR techniques; however, 4D techniques typically assume

regular periodic motion such as uniform breath cycles and

cardiac motion.6 Other, more practical limitations of these

technologies have also been acknowledged. CT-AC can be

a significant source of radiation to the patient compared to

the tracer dose (e.g., *0.5 mSv CT-AC dose vs *1 mSv

from a 82Rb scan7) especially if 4D-CT-AC is used to

account for respiratory motion.16 PET-MR systems are

currently prohibitively expensive, can increase the overall
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study length, and have significant counter indications

(e.g., non-MR compatible implanted devices and claus-

trophobia).

ESTIMATING ATTENUATION FROM THE
EMISSION DATA

Another approach to correct for attenuation, which

was proposed over three decades ago,8 is to determine

the attenuation information from the emission scan

directly. Nuyts et al. explored this approach in 1999

using two algorithms: maximum likelihood (ML), and

maximum a posteriori (MAP) iterative reconstructions

using decreasing ordered subsets (OS). The results of

both algorithms showed promise in comparison to no

AC or standard AC, with MAP outperforming ML.9

Despite promising results, simultaneous estimation of

attenuation and activity suffers from cross-talk, propa-

gating errors between both images.10

Time of flight (TOF) information can be used to help

localize updates during iterative reconstructions and reduce

the cross-talk problem. With increasing prevalence of TOF

capabilities in modern PET scanners, a resurgence in

interest in extracting both attenuation and activity images

from emission scan data has happened in the past few

years.10 The trend in improved TOF resolution continues

with enhancements to scintillation crystals, photomultipli-

ers, and a move to new materials such as plastics that

convert the gamma photons directly to voltages and also

provide improved spatial resolution.11–15 As temporal and

spatial resolutions within detectors increase, the ill-posed

problem of reconstruction becomes less severe with

positron range becoming the limiting factor.

With the improved TOF information of current

scanners, the ML algorithm of Nuyts was reinvestigated

by Rezaei et al. in 2012.10 The algorithm was extended

to account for TOF, as maximum likelihood attenuation

and activity (MLAA). While MLAA is able to recon-

struct attenuation and activity images, the resulting

images are subject to a scaling factor, which is due to

estimating two related parameters—the estimated activ-

ity and the estimated attenuation. For a given measured

sinogram, if the estimated activity is increased, then the

estimated attenuation can also be increased to result in

the same sinogram. Inaccurate scaling is unacceptable

for absolute quantification with PET (e.g., standard

uptake value interpretation, kinetic analysis, or gated

imaging), but is of little concern for relative image

interpretation (e.g., MPI or viability mismatch). Never-

theless this ambiguity can be resolved post recon-

struction using attenuation and/or emission information

from a known reference region (e.g., bed insert, surface

marker, or tissue region) and applied as a scaling factor

to produce true attenuation and activity values.10

MLAA FOR CARDIAC PET

In this installment of JNC, Presotto et al. investigate

the use of MLAA on 13N-ammonia MPI using a TOF

scanner. Using a phantom experiment they demonstrate

convergence of the MLAA algorithm which is slower than

its non-MLAA counterpart. Nevertheless they conclude

that convergence can be dramatically accelerated using a

CT scan as an initial estimate of the attenuation map.

However, it would seem that the original misreg-

istration issues that MLAA sought to address has

reappeared, and therefore Presotto et al. go on to assess

the impact of initial CT misregistration on image

reconstruction. Averaged cine CT images with artifi-

cially induced misregistration as well as end-inspiration

CT were used to evaluate whether global and local

misalignment artifacts were eliminated using MLAA.

While regular TOF reconstruction resulted in misregis-

tration artifacts, MLAA reconstructed images, even after

initial AC misregistration, were clinically equivalent to

the reference images, which were reconstructed using

accurately registered averaged cine CT-AC to account

for respiratory and cardiac motions. Furthermore, end-

inspiration CT achieved similar results to averaged cine

CT—a significant radiation dose reduction. This study

provides good reason for excitement since PET without

the need for separately acquired AC data offers excep-

tional promise.

Static PET

While low-dose CT-AC is typically performed at

near end-diastole (*70% R-R interval) using an mid- to

end-expiration protocol,17 it may not accurately repre-

sent the average attenuation effects during PET

acquisition. MLAA offers an image-specific cardiac

and respiratory averaged AC.

Gated PET

Without the need for accurately registered AC data,

gated (cardiac or respiratory) images can be recon-

structed with phase-matched AC without the need to

acquire 4D-CT, which currently delivers unacceptably

high radiation dose16 and inaccurately assumes that

respiratory motion during the CT is representative of

breathing during PET.

Dynamic PET

In dynamic PET imaging (e.g., for myocardial

blood flow quantification) MLAA may offer a unique

solution to the patient motion and ‘‘cardiac creep’’

problems. These types of motion not only cause AC
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misregistration in part of the dynamic scan, but also

erroneous region of interest sampling. Both artifacts lead

to erroneous time-activity curves on which further

analysis is dependent. MLAA may be able to correct

for AC misregistration at each phase independently.

Subsequent analysis of either the emission and/or

attenuation image sequences could resolve the motion

and then correct for it post reconstruction. Use of

attenuation images may be advantageous over that of the

activity images since attenuation is presumed constant,

while the activity distribution changes between frames

complicating motion detection.

PET-MR

MLAA may be a viable solution for generating

reliable AC data from MR images, which do not directly

correspond to photon attenuation values. MLAA may be

able to refine the MR-derived attenuation maps (e.g.,

add dense bone structures) and complete missing image

data in regions outside the MR field of view.17

Nevertheless, some caution with regards to MLAA

is also warranted. In theory, MLAA can recover atten-

uation values only within the bounds of active contour18

as reflected by the phantom experiment described by

Presotto et al. in which the phantom was wrapped in

radioactive-soaked pads to emulate tracer uptake by skin.

In the patient studies, Presotto et al. investigated the use

of 13N-ammonia, which distributes to tissues other than

the heart (e.g., lungs and liver), but only marginal uptake

is present in the skeletal muscles and skin. The authors

did make an adjustment to the MLAA algorithm, wherein

they added false counts to avoid the boundary condition,

along with a prior favoring tissue or air attenuation values

at the body contour. It is unclear how MLAA would

perform with other tracers with different biodistribution,

or in early time frames of dynamic imaging in which the

activity is contained in the major blood vessels and has

not yet perfused the organs.

Another point for contemplation is the effect of

acquired counts and their relation to image noise and

robustness of the MLAA algorithm. With MLAA roughly

twice as much information must be resolved from the

emission data: activity and attenuation. A tracer with fast

decay (e.g., 82Rb or 15O-water) and/or low retention may

require higher injected activities to achieve equivalent

image quality. A similar concern applies to short time

frames (\10 s) in dynamic imaging.

As reported in earlier literature, an important

drawback of MLAA is the scaling factor, which prevents

quantitative analysis of the resulting images. This

hinders MLAA from being used in dynamic (e.g.,

quantification of blood flow or metabolic rate) and gated

studies, in which each image in the series must be on the

same absolute scale. The authors propose two methods

to resolve the inconsistent scaling factors: to use an

external reference point source, or to use the entire data

series to determine AC, and then apply the AC to each

frame. Nevertheless, to the best of our knowledge, no

scaling method has been validated to date.

Before the work of Presotto et al. could be consid-

ered for clinical applications, larger studies would need

to be performed. For example, in one experiment, only

five patient studies with defects were examined, While

three of the five resulted in similar images between the

reference and MLAA, the other two showed minor

differences. With such a small sample size, it cannot be

determined if the results are indicative of the expected

results, or simply due to chance. This limitation was

acknowledged by the authors.

With these exciting advantages and points of

concern in mind, cautious enthusiasm may be the most

appropriate response to MLAA at this point in time.
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