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Abstract

The continued progression of chronic lung disease despite current treatment options has led to the
increasing evaluation of molecular imaging tools for diagnosis, treatment planning, drug
discovery, and therapy monitoring. Concurrently the development of multimodality PET/CT,
SPECT/CT, and MRI/PET scanners has opened up the potential for more sophisticated imaging
biomarker probes. Here we review the potential uses of multimodality imaging tools, the
established uses of molecular imaging in non-oncologic lung pathophysiology and drug discovery,
and some of the technical challenges in multimodality molecular imaging of the lung.
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1. INTRODUCTION

Molecular imaging? is receiving increasing attention for diagnosis, treatment planning, drug
discovery, and therapy monitoring of chronic lung diseases (2). During the last decade there
has been a concurrent development of multimodality PET/CT and SPECT/CT scanners, and
more recently MRI/PET2 scanners. These technological advancements have opened up the
potential for more sophisticated imaging methods. Here we review the established uses of
molecular imaging in non-oncologic lung pathophysiology imaging, the potential uses of
multimodality imaging tools and some of the remaining technical challenges in
multimodality molecular imaging of the lung.

1.1 Imaging biomarkers for lung disease

The molecular processes that contribute to the development of lung disease are complex.
Clinically useful physiologic measurements of lung function have been used to assess the
severity of any particular lung disease on pulmonary function. Other measurements, such as
bronchoalveolar lavage and exhaled nitric oxide measurements, can offer more quantitative
measurements of inflammation or related processes. Molecular imaging approaches, on the
other hand, can noninvasively measure both global and regional differences in relevant

"Corresponding Author: Paul Kinahan, PhD, Professor of Radiology, Adjunct, Bioengineering and Electrical Engineering, Director,
PET/CT Physics, University of Washington, 222 Old Fisheries Center (FIS), Box 357987, Seattle, WA 98195-7987, USA, Tel:
206-543-0236, Fax: 206-543-8356, kinahan@uw.edu, URL: faculty.washington.edu/kinahan.

1*Molecular imaging is the visualization, characterization, and measurement of biological processes at the molecular and cellular
levels in humans and other living systems." (1).
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SPECT, CT, or MRI are beyond the scope of this review.
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molecular processes throughout the lungs. These tools have the potential to contribute
significantly our understanding of the molecular basis of lung disease in patients.

Molecular imaging approaches may also facilitate the translation of effective targeted
therapies for lung disease. The identification and validation of lung-specific biomarkers that
can assess the response of a particular targeted pathway to a therapeutic intervention could
dramatically increase the efficiency of drug development. Such imaging biomarkers could
be used in all phases of drug development, from identifying the most effective compounds at
phase 0 to serving as potential surrogate endpoints (if validated as such) in phase 3 clinical
trials.

Currently available biomarkers for lung function, while clinically very useful, have certain
limitations in the setting of clinical trials that may be overcome by molecular imaging
techniques. Pulmonary function tests (PFTs) have been used as an endpoint in a number of
clinical trials; however, these measurements can be quite variable even in the absence of
treatment (3), and to use PFT measurements as an endpoint requires months to years of
follow-up to detect clinically significant changes. Pulmonary function tests are also often not
a specific measurement for the process being targeted by the therapeutic agent. Serum
parameters, such as the levels of systemic inflammatory markers, do not necessarily reflect
the activity of the same process in the lungs as these processes can be highly
compartmentalized. Bronchoalveolar lavage provides a way to sample the alveolar space
and thus to obtain lung-specific information; however, the invasiveness of the procedure
limits its repeatability over the course of a clinical trial. Additionally, it does not capture the
level of activity occurring in the entire lung as only a few segments are sampled, and the
lung parenchyma and intravascular compartments remain inaccessible expect by biopsy.
Induced sputum, while clearly a less invasive method for obtaining information about the
lung inflammatory process, is dependent on patient effort and may thus lead to variable
measurements in patients with lung disease.

Positron emission tomography (PET) and single-photon emission computed tomography
(SPECT) are both clinically applicable imaging modalities around which potentially useful
biomarkers may be developed. Both can give quantitative data regarding the activity of the
process being measured, although PET is more innately quantitative than SPECT. PET in
particular is a highly sensitive technique that can potentially be used for evaluating low
levels of cellular activity. Given that most lung diseases affect the lungs heterogeneously,
tomographic imaging techniques such as PET and SPECT enable investigators to make
regional measurements of the parameter in question. Both PET and SPECT have been used
to study regional ventilation and perfusion (4-6). PET has also been used to assess various
aspects of lung physiology in patients, including measurements of extravascular lung water
(7-11), blood flow, blood volume, regional ventilation and perfusion, vascular permeability,
(12,13), beta-adrenoceptor density (14), and inflammation (15-17). Tracer development for
both PET and SPECT, targeting a multitude of cellular and molecular processes, will expand
the potential applications of both modalities as biomarkers of lung disease. Combined with
the information that can now be obtained by CT and MR, noninvasive characterization of
the full pathophysiology of non-oncologic lung disease is now a potential reality more than
ever. With these tools, investigators can now study the relevant lung biology that leads to
progression of these diseases in patients, with the potential of identifying novel therapeutic
targets for drug development.
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2. COMPARING AND COMBINING MOLECULAR IMAGING MODALITIES

2.1 Modality-specific considerations: Imaging physics

PET: The fundamental role of a PET scanner is to form an image of the spatially varying
concentration of positron-emitters, typically 18F with a half-life of 110 minutes (18). A
positron emitter is attached to a biological substrate of interest, e.g., the glucose analogue 2-
deoxyglucose, to become a radiolabeled tracer, in this case 18F-fluorodeoxyglucose (FDG),
which is used for ~90% of all PET imaging studies. With corrections for physical effects,
most notably attenuation, accurate estimates of the spatially-varying concentration of
positron-emitters (e.g. FDG) in kBg/ml can be obtained. To account for variations in the
injected dose and patient size, generally preferred units are standardized uptake values
(SUVs) defined as SUV =R (d'/ V) (19,20), where R (kBg/ml) is the activity concentration
within a region of interest, d' (kBq) is the decay-corrected injected dose, and Vis a surrogate
for the volume of distribution of tracer inside the body. Typically patient weight (kg) is used
as a surrogate for the volume of distribution, in which case SUV units are g/ml. Since
adipose tissue, with the exception of brown fat, does not normally take up significant
amounts of FDG, the estimated lean-body-mass or body surface area is sometimes used
instead of weight. Unique advantages of PET include very high sensitivity (typically
detecting ~5% of all radioactive decays), and quantitative accuracy with proper calibration
(21,22).

SPECT: Similar to PET, SPECT also provides tomographic images of radiolabeled tracers
using photon counting (18). In contrast to PET, however, the use of single-photon emitting
radioisotopes leads to a relative disadvantage of 3 orders of magnitude in the resolution/
sensitivity trade-off. As practiced in clinical imaging, SPECT typically has lower resolution
and significantly lower sensitivity than PET, although higher resolution than PET is possible
at the expense of even lower sensitivity, e.g. longer imaging times or restricted imaging
areas. In terms of the quantitative accuracy of regional tracer measurements, SPECT is more
challenging than PET due to depth-dependent attenuation and resolution loss.

Both and PET and SPECT form images of radioisotope concentration but only after
significant corrections for several effects, including photon attenuation and scatter. These
corrections rely on a separate estimate of photon attenuation, which are typically obtained
from a CT scan or a dedicated transmission source.

Imaging the lung with PET, SPECT or CT uses high energy photons; thus, these images not
only have related imaging properties as described above, but also deliver radiation dose to
the patient. MR imaging in the lung, however, has two well known challenges: lack of signal
from the relatively low concentration of hydrogen nuclei (from low tissue density), and
distortions arising from sharp gradients of the magnetic susceptibility at the tissue/air
interfaces. Many of these problems can be overcome by using a rapid, spin echo-based
imaging sequence that utilizes respiratory and cardiac gating and minimizes signal for other
tissue (23). Other solutions to these problems are being developed (e.g. (24)) but are beyond
the scope of this review.

2.2 Modality-specific considerations

2.2.1. Quantification Approaches for PET—One of the primary advantages of PET is
the ease with which tracer accumulation in a tissue or region of interest (ROI) can be
quantified. Both static and dynamic measurements can be obtained with PET. Static
measurements such as the standard uptake value (SUV) are based on the number of counts
measured at a particular time point within a given ROI. The SUV, which is the amount of
activity in a ROI divided by the injected dose per unit of body weight, is easily calculated
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and used frequently in clinical practice. In contrast, dynamic measurements allow
calculations of the rate of tracer uptake or the amount of tracer binding to a receptor in a
tissue of interest. Individual rate constants that define the movement of the tracer between
different functional compartments (e.g. transport of a tracer from the intravascular space into
the interstitium) within a tissue can also be calculated. While static measurements are easy
to obtain, they may not be as sensitive as rate measurements to small changes in tracer
activity when overall uptake is low, such as in the lungs (25). Therefore, dynamically
acquired imaging data under these conditions may be better suited for quantifying low levels
of tracer uptake in the lungs.

Patlak graphical analysis (26,27) and compartmental modeling techniques (28) have been
used successfully to quantify lung FDG uptake in pre-clinical studies as well as in patients
and healthy volunteers (15,16,25,29-34). The generally accepted standard for quantifying
PET image data is compartmental modeling (35), which can be used to estimate the
individual rate constants defining tracer movement between the blood and tissue
compartments. However, blood samples must be carefully obtained to generate an accurate
input function. Patlak graphical analysis, on the other hand, is a “model-free” technique for
determine the influx constant K; that describes the flux of FDG into a tissue ROI and does
not require precise determination of the input function at early time points. The equation that
governs the Patlak analysis:

t ~ TM\TM
C.(t C,(*"d
f( ) _patlak K; X fo‘—ﬂnt
C.(0 C,( 11

is derived from the equations used for compartment modeling with the assumption that once
the tracer enters the tissue compartment, it is trapped irreversibly (26,27). Under these
conditions, the system being imaged eventually reaches steady-state at which time a plot can
be generated that is linear over time. Determination of the slope of the linear portion of the
plot yields a rate, the influx constant K;, for the tracer. For the lungs, the units of K; are ml
blood/ml lung/min (25). An example of a Patlak plot is shown in Figure 1. While the Patlak
graphical analysis does not require detailed characterization of the early portion of the blood
curve, inaccuracies in the blood samples obtained near the end of the scan can heavily
influence the results. Therefore, analytical approaches that use image-derived input
functions (a full discussion of which is beyond the scope of this review) may perform better
for this kind of analysis.

Since PET data is collected in terms of volume of tissue (as opposed to grams of tissue), the
amount of tissue within each voxel can vary widely as a result of changing densities.
Therefore, the measured influx of FDG, when quantified by K;j, may be either artificially low
or high if differences in the amount of tissue per voxel are not normalized. For this reason,
Jones et al introduced the concept of normalizing the K; with the intercept obtained by
Patlak graphical analysis (29). The intercept represents the initial volume of distribution of
FDG in a given ROI and correlates highly with density. In lung diseases in which the
amount of tissue specifically taking up FDG is increased, leading to an increase in tissue
density, this adjustment is likely necessary. Data from patients with pneumonia (in which
the influx of neutrophils would represent an increase in the amount of tissue taking up FDG)
(29), COPD and cystic fibrosis (in which significant parenchymal destruction can occur)
(15,16) suggest that this approach may be useful in these conditions. In contrast, data
generated in models of acute lung injury indicate that the density correction may artificially
lower the calculated rate of FDG uptake (25) and that modeling the Kinetics in lung injury to
accommodate the noncellular compartment created by the pulmonary edema observed with
acute lung injury may be required (34).
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Accommodating respiratory motion to ensure that quantitative measures of lung tracer
uptake are accurate is also a challenge, particularly with the development of PET-CT
scanners. Because of the greater spatial and temporal resolution possible with CT scans,
there is now a higher likelihood of attenuation correction artifacts and potential uncertainty
when using the CT images for region of interest (ROI) placement. A variety of breathing
protocols have been tested for clinical PET-CT imaging, with quiet free breathing or breath-
holds at normal (in contrast to maximal) end-expiration demonstrated to be most useful for
minimizing respiratory artifacts (36,37). There are, however, errors introduced by this
approach (38,39), and so several methods to compensate for respiratory motion have been
proposed, as described below.

2.2.2. Quantification Approaches for SPECT—Both static and dynamic SPECT
imaging data can be acquired to determine the level of tracer uptake in any given tissue.
Attenuation correction is particularly important for SPECT quantification as the attenuation
of the lower energy photons emitted by the radioisotopes used for SPECT imaging is
significantly higher than that of the higher-energy photons from PET radioisotopes.
Accurate scatter correction is also of utmost importance for accurate SPECT quantification
due to the lower energy photons emitted for SPECT. Imaging external radiotracer sources
can be used to improve the accuracy of these corrections for SPECT imaging and potentially
allow absolute measurements of tracer accumulation, as is inherently possible with PET
imaging. Once the accuracy of the SPECT data obtained is verified, the same kinetic
modeling approaches used for PET can also be used for SPECT data, with similar issues as
described above. Because the count density is often an issue for SPECT, this may present
challenges with tracers that accumulate only at low levels in the lungs.

2.3 Multimodality Considerations

Before considering multimodality imaging, it is useful to consider the ability of each
imaging modality to image different properties or processes. In turn, having an image of a
spatially-varying property can be used to evaluate different conditions and/or diseases. For
example, CT provides exemplary anatomical information based on photon attenuation,
which can be used to evaluate many, if not all, of the pulmonary diseases listed. In addition,
however, with the appropriate choice of contrast mechanism and/or method of operation, CT
and MRI can also be used to form images of material composition relative to ventilation or
perfusion among other properties, as described elsewhere in this issue. Conversely, all four
modalities can be used to form images of positional variations in ventilation or perfusion.
An alternative viewpoint is to consider a physiology or pathophysiology and determine the
optimal combination of modalities for imaging, potentially including secondary conditions.
The choice of the most appropriate modality is clearly task dependent and is a complex
issue.

An important consideration of multimodality imaging is the complementary nature of the
modalities. In other words, what are the advantages of contemporaneous or simultaneous
imaging? With PET/CT and SPECT/CT (both of which use contemporaneous imaging) the
CT images provide accurate anatomical localization of sites of radiotracer accumulation
(40). In particular, the use of high resolution CT in the diagnosis of lung disease is well
established. In addition CT images can provide a convenient basis for correction of scatter
and attenuation (41,42).

A potential benefit of combined MR/PET or MR/SPECT lung imaging is reduced radiation
dose, in particular for longer acquisitions using respiratory gating. Although clinical benefits
of MR/PET or MR/SPECT imaging have not yet been identified, there is clearly a role for
such multimodal imaging in research. At a base level such methods can be used for cross
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validation of new imaging methods. For example, validation of perfusion magnetic
resonance imaging has been performed against the gold standard of 1°50-water PET (43). At
a more sophisticated level, there exists the potential to measure several aspects of a disease
at the same time, such as imaging concomitant aspects of inflammation and angiogenesis in
cancer. Imaging these three related conditions at the same time has the potential to aid basic
research, drug discovery with preclinical imaging, and clinical trials for drug development.
Several MR/PET scanners suitable for research studies with small animals have already
been developed (44). There are, however, technical challenges in combined MR/PET or
MR/SPECT lung imaging for humans, as described below.

3. CLINICAL APPLICATIONS

With the development of combined PET/CT scanners, investigators now have access to
image data that can be used to more precisely localize the activity measured by PET
imaging. This combined modality information can be used to study the impact of
differentially-affected lung segments in contributing to the overall progression of lung
disease. Even with dedicated PET images, localization of activity is limited at best to lung
zones but cannot be precisely assigned to specific segments or subsegments. PET/CT now
provides a method by which this information can be obtained.

3.1 FDG-PET/CT for Lung Inflammation

Neutrophilic inflammation appears to be an important contributor to the pathophysiology of
a number of lung diseases. Both acute lung injury (ALI)/acute respiratory distress syndrome
(ARDS) and cystic fibrosis are characterized by persistent neutrophilic lung inflammation.
The presence of neutrophil-predominant inflammation in asthma and COPD patients is
being increasingly recognized as a more severe phenotype for both diseases, COPD. Data
from both animal and human studies indicate that FDG is taken up primarily by activated
neutrophils. FDG-PET has been used successfully in clinical studies to quantify the presence
of activated neutrophils in pneumonia, (29) asthma (45), COPD, (16) cystic fibrosis (15)
FDG-PET has also been used to image experimentally-induced lung inflammation in healthy
volunteers (31) and the effect of anti-inflammatory treatments in this human model (46).
These data suggest that FDG-PET will be a useful biomarker for assessing the lung’s
response to anti-inflammatory therapies.

While FDG-PET can be useful for assessing neutrophilic inflammation and possibly the
total inflammatory burden in the lungs, quantification of glucose uptake is not specific to
inflammatory processes. However, this technique is currently the only approach that is
widely available at multiple centers for clinical use; hence, this review will focus on the
applications of FDG-PET in clinical trials. [28F]JFDG-labeled leukocytes have also been
developed to improve the targeting of inflammatory lesions. This approach has been
evaluated in several small patient studies (47,48), demonstrating reasonable sensitivity and
high specificity in conjunction with PET-CT imaging (49). However, the labeling efficiency
with [18F]FDG tends to be lower on average when compared to In-111-labeled leukocytes,
potentially limiting the clinical utility of this approach (50). Other approaches for imaging
inflammatory lesions with PET or SPECT which have been evaluated in clinical studies in
the past but are being improved upon in pre-clinical development include leukocyte receptor
targeting (51) and radiolabeled antibiotics (52).

Recent clinical studies in acute lung injury and acute respiratory distress syndrome (ALI/
ARDS) (30) and cystic fibrosis (53) illustrate the potential benefits of having and challenges
in acquiring the combined PET/CT information. Ten patients with ALI/ARDS were studied
using dynamic PET/CT scanning and compared the density-normalized Ki, calculated by
Patlak graphical analysis, to two mechanically ventilated patients and four spontaneously
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breathing volunteers without underlying lung disease as controls. The parameter Ki was
elevated in all the ALI/ARDS patients compared with the normal-lung controls. They also
found that the most metabolically active areas could be found in both aerated and poorly or
non-aerated areas of the lung and that the pattern of uptake varied from patient to patient.
However, in plotting the FDG uptake vs. CT density, two overall patterns of uptake emerged
in which Ki increased with a density and another pattern in which Ki was elevated
regardless of density (Figure 2). The patients in this study were not imaged at the same time
points in their disease due to the difficulties in recruiting for such a study, and the small
numbers make it difficult to draw any firm conclusions. However, despite the study
limitations, the data provide compelling evidence that the regional information combined
with anatomic localization provided by PET/CT may be a useful means of stratifying
patients with ALI/ARDS, whether for optimizing treatment approaches or for monitoring the
progression of the disease.

For the cystic fibrosis study, 20 patients were studied on a PET/CT scanner, 13 during an
acute exacerbation and 7 of the 13 after intravenous antibiotic treatment for the
exacerbation. Static images were obtained 60-90 minutes after injection of FDG, with
uptake measured by SUV. All patients with severe disease clinically as well as all 13
patients imaged during acute exacerbation had multiple foci of increased FDG uptake,
whereas patients judged to have mild-to-moderate disease had few foci with low levels of
uptake (SUV 0.5-3). None of the foci of uptake correlated with CT findings. Interestingly,
in the seven patients who returned for repeat scanning, the foci of uptake observed on the
initial PET/CT scan disappeared on repeat imaging, and in the remaining subject, the
intensity of uptake was decreased. No change in CT was observed. These findings suggest
that FDG-PET is more sensitive than CT for evaluating therapy response and demonstrate
the known ability of PET to complement CT by demonstrating which CT lesions may be
clinically relevant metabolically active lesions. However, the CT information used for this
study was taken from the attenuation correction scan and are not of diagnostic quality. The
optimal method for combining high-resolution CT information obtained at full inspiration
and the PET data obtained over multiple respiratory cycles has yet to be determined.

Overall, these results suggest that the combination of FDG-PET and CT is a promising
method for assessing the neutrophilic inflammatory burden in patients with inflammatory
lung disease. The anatomic localization in particular may be useful not only in patients but
in better localizing the changes in induced by endotoxin in healthy volunteers, improving
upon the ability to use this model for drug development.

3.2 Drug Delivery Distribution with SPECT

Both PET and SPECT can also be used to assess the distribution of inhaled drugs (54). The
application of SPECT imaging in determining aerosol deposition is limited to non-
absorbable particles as the radiolabel for SPECT is only associated with the particle, not
inherently a part of the particle’s structure, and therefore can easily dissociate and interfere
with the evaluation of the particle’s fate (55). PET, on the other hand, can be used to assess
not only the distribution of aerosols but also evaluate the kinetics of the drug’s metabolism
in the lungs. The distribution of [18F]FDG-labeled particles has been evaluated in patients
with cystic fibrosis and compared with healthy volunteers (54). Using imaging, it is clear
that the larger 4.5 pm particles deposited more centrally in the cystic fibrosis patients than
the smaller 1.5 um particles (Figure 3). With PET/CT, it is now possible to localize the fate
of these particles anatomically more precisely and to study the relationship between
structural abnormalities and particle deposition.
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3.3. Potential Clinical Applications for MR/PET in Lung Imaging

The sophistication of MR imaging applications in the lungs continues to grow. Physiological
measurements such as regional lung function (56) and ventilation (57), gas diffusion in
airways (58), and alveolar oxygen measurements (59) can be made in patients by MR. These
techniques have been applied in diseases such as asthma (60), COPD (58), and cystic
fibrosis (61) to identify changes in regional ventilation, which is more sensitive than
detecting changes global pulmonary function measurements (62). New developments in
using F-19 MR may also allow the measurement of lung inflammation (63) based on the
accumulation of the F-19 in monocytes, although the sensitivity of this technique remains to
be determined when compared with PET.

Because MR, unlike CT, does not involve exposure of patients to ionizing radiation,
combining MR/PET for lung imaging is an attractive option. Respiratory gated MR/PET is
particularly appealing from a radiation dose perspective as obtaining the gated information
with CT can require a significant amount of radiation exposure for the patient, which is
particularly undesirable in children. However, physical constraints on this approach (Section
4) will likely make clinical application of this approach difficult at present. Improvements in
the technology will certainly make MR/PET an appealing alternative to PET/CT.

4. TECHNICAL CONSIDERATIONS OF MULTIMODAL MOLECULAR LUNG
IMAGING

4.1 Technology development

PET/CT is a well-established clinical and research multimodality combination that has
proven to be a powerful tool for diagnosis and staging of lung cancer as well as many other
forms of cancer (40,64). SPECT/CT is gradually becoming more established with several
commercial scanners available and a growing number of published studies supporting
clinical and research use (65,66). Both PET/CT and SPECT/CT with diagnostic-quality CT
are similar in design with the scanners attached side-by-side in a co-axial design (Figure 4).
There are also in-plane SPECT/CT scanners, but these use low current x-ray sources and do
not provide diagnostic-quality CT images. Neither approach allows for simultaneous PET
(or SPECT) and CT imaging as the high photon flux rate of the x-ray tube would overload
the PET (or SPECT) detector system. In-plane PET/CT scanners with diagnostic-quality CT
scanners are currently not feasible for several reasons, including design complexity and the
potential for radiation damage to the PET detectors.

There are two approaches that have been implemented for clinical MRI/PET systems. The
first is shown in Figure 5, where an MRI-compatible PET detector ring is placed inside a
standard 3T MRI scanner (67). In this system the inner diameter of the PET detector ring is
sufficient to allow insertion of an MRI head coil unit. The advantages of this type of
integrated approach are that it allows for simultaneous MRI/PET imaging and thus has a
higher throughput and the best possible image registration between the MRI and PET
images. This system, however, is necessarily limited to head imaging and thus cannot
accommodate lung imaging. An additional challenge is the lack of a transmission source to
directly measure the PET or SPECT emission attenuation image.

The second clinical MRI/PET approach utilizes standard PET and MRI scanners with a
common bed to shuttle patients between the two scanners (Figure 6). In this manner standard
systems and FOV diameters are useable, thus allowing thorax imaging. The other
advantages are that interference between the MRI and PET scanners is easier to avoid, and
that it is less expensive. The disadvantage of this approach is that simultaneous imaging is
not possible. If a PET scanner is part of a PET/CT, then it will likely need to be located
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outside the MRI-shielded room to avoid magnetic and RF interference from the rotating CT
components. This increases the likelihood of motion between the MRI and PET/CT scan. If
a PET-only system is located adjacent to the MRI scanner to reduce potential patient motion
artifacts, then there is no transmission source to directly measure the emission attenuation
image.

A potential method to allow simultaneous MRI/PET imaging of the lungs is illustrated in
Figure 5(c). In this case a narrow and MR-compatible PET detector ring is sandwiched
between split MRI gradient coils to allow for a larger diameter joint FOV for both MRI and
PET imaging. Suitable PET technologies are in the offing, with the development of small
form-factor silicon photomultipliers (68), which are in early development. There are
considerable technological challenges to be overcome in the development of such an
integrated MRI/PET scanner. In addition, direct measurement of the emission attenuation
image remains a challenge.

4.2 Attenuation Correction

The impact of attenuation on PET imaging is illustrated in Figure 6, which indicates the
typical characteristics of a PET image if correction for annihilation photon attenuation is not
applied. Similar effects apply to SPECT imaging if attenuation correction is not applied. For
PET/CT and SPECT/CT imaging, the attenuation factors can be conveniently derived from
the CT image (41,42,65). The accuracy of this estimation is illustrated in Figures 7(a) and
7(b), comparing PET transmission and scaled CT images of a patient thorax. With stand-
alone PET or SPECT scanners, typically an orbiting transmission source at the desired
energy is used to measure the attenuation factors.

With MR/PET imaging, the MR image values typically represent a weighted average of
hydrogen proton density, spin-lattice relaxation times, and spin-spin relaxation times, which
are influenced by the local environment (69). The MRI image values (unlike CT) do not
have a direct connection to the attenuation values that are the confounding factors for PET
or SPECT. This is illustrated in Figures 7(c) and 7(d), which compares CT and T2-weighted
MRI images of the lung. Of particular note is that the MR signal in bone is significantly
different from that on the CT image, as well as differences in the blood and adipose tissue
values. Therefore, there is no simple scaling method that can be used to convert the MRI
image to a CT-equivalent (or attenuation) image. Finally, we note that the MRI intensity
values in the lung are reduced due to the low density of hydrogen nuclei in the lungs and
possibly also due to susceptibility artifacts, some of which are visible. Solutions to these
problems are being developed, such as the use of inhaled hyperpolarized gases (57).

Two approaches to MR-based attenuation correction have been proposed (70). The first is
the use of image segmentation to identify distinct regions of tissue values and then replace
them with known attenuation values. The second approach uses attenuation image templates
based on population averages or CT images of the same patient. The attenuation images are
then aligned to the MRI image using non-rigid image registration for attenuation correction
of the emission data. Each method has well-known challenges (70,71). In addition, while the
MRI receiver coils are not visible in the MRI image, they will still attenuate the PET signal
and so should be accounted for in the attenuation correction process. There is no accepted
solution to this problem at the moment.

4.3 Respiratory Motion

Multimodality imaging of the lung necessarily involves considerations of respiratory
motion. High resolution CT images of the lung can readily be acquired during a single
breath-hold due to significant advances in CT imaging technology over the last decade.
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Most notably, the use of helical (spiral) continuous imaging with multi-row detectors allows
lung imaging in a few seconds with ideal imaging properties. This is not the case, however,
for MRI, PET, or SPECT lung imaging, due to their slower acquisition speeds.

There are two major respiratory motion effects in multimodality molecular imaging. The
first is respiratory blurring that leads to shape distortion and loss of signal, as illustrated in
Figure 8. In the standard PET image the SUV of a 1 cm lesion is 2.0. In a respiratory-gated
PET image (seven respiratory phase bins) the SUV increases to 6.0, showing the impact of
respiratory motion on PET image quantitation accuracy.

The second effect is the potential for inter-modality positional mismatch. This effect also
impacts the use of CT (or potentially MR) for attenuation correction of PET or SPECT data.
Mismatch in PET/CT imaging is illustrated in Figure 9, where a detailed computer
simulation shows several effects that result from using a misaligned CT image for
attenuation correction of PET data. Finally, Figure 10 gives an example of the combined
effects of respiratory blurring and inter-modality misalignment. Respiratory motion during
the CT scan causes an artifact in the lung bases on the CT image. Subsequently using the
artifact-containing CT image for attenuation correction of the PET image introduces a
related artifact in the lungs on the PET image.

In light of the above discussion and examples, respiratory motion compensation for
quantitative multimodality molecular imaging of the lung is important. In PET/CT imaging
of the lung, there has been considerable effort on such methods (Table 1). The most direct
approach is the use of respiratory gating to reduce the effects of respiratory motion blurring
(72). To compensate inter-modality positional mismatch, one approach is the use of time-
averaged CT images (73) to approximately match the respiratory blurring that occurs during
the PET image acquisition; however, this method is at best an approximate solution and also
requires longer CT acquisition times, increasing the radiation dose delivered to the patient.
A different approach is to use phase-matched respiratory-gated CT and PET images to
jointly solve for both respiratory motion blurring and inter-modality mismatch (74). One of
the difficulties with this approach, however, is the multitude of noisy images that are
produced. This has lead to the development of more sophisticated methods that remove
respiratory motion artifacts of both types while preserving quantitative accuracy and without
increasing noise (75).

These methods can be considered to some extent as a hierarchy, with more sophisticated
(and complex) methods providing more accurate compensation for respiratory blurring and
PET-CT mismatch. This is a rapidly advancing field, and a review of potential methods is
beyond the scope of this report. A summary of these methods is given in Table 1 and general
overview is given in the review by Nehmeh (76). In SPECT/CT and MRI/PET imaging of
the lung, similar considerations apply. However, the multimodality aspects of SPECT/CT
and MRI/PET respiratory compensation methods are less advanced given the nascency of
these technologies.

5. CONCLUSIONS

PET/CT is already established as a useful clinical and research tool for multimodality
molecular imaging of the lung. There is also considerable clinical and research promise for
SPECT/CT imaging given the number approved SPECT radiotracers. With MRI/PET
perhaps comes the greatest flexibility given the range of applications of MRI. The clinical
path for MRI/PET lung imaging is not clear, and there are significant technical challenges,
including MRI signal levels, attenuation correction, and respiratory motion. However given
the separate abilities of PET, SPECT, CT, and MRI separately in basic research, drug
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iscovery and clinical trials, it seems likely that multimodality molecular imaging scanners

will be even more useful in these application areas.
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Figure 1.

Sample Patlak plots obtained in 2 dogs, 1 injected with a low dose of endotoxin prior to PET
imaging and 1 normal control. Linear regression was performed on all data points after 10
minutes of scanning as the plot was linear in all animals after this time point. Clinical studies
have shown that it is possible for the system to reach equilibrium within 5 minutes after
injection (see (15)). Reproduced with permission of American Physiological Society, from
(32); permission conveyed through Copyright Clearance Center, Inc.
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Figure 2.

0

Distribution of PET regional metabolic activity (Ki) versus CT measures of lung density
(CTp). Mean and std. dev. of normal controls are indicated by the solid line. Data from

patients with ALI/ARDS are indicated by dotted lines: Open and solid circles are for
patterns 1 and 2. as described in the text. (With kind permission from Springer Science

+Business Media: (30)).
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Society (54).
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Illustration of coaxial (left) and in-plane (right) PET/CT and SPECT/CT imaging.
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Figure 5.
Illustration of a MRI/PET scanner combinations. (a) MR scanner with a PET insert suitable

for head imaging.(b) Tandem MRI/PET scanner with a FOV diameter sufficient for lung
imaging. (c) Potential integrated MRI/PET scanner with a FOV diameter sufficient for lung
imaging and also capable of simultaneous MRI and PET imaging.

J Magn Reson Imaging. Author manuscript; available in PMC 2011 December 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Chen and Kinahan

Figure 6.
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CT and PET images showing the affects of photon attenuation in the PET emission data.
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Figure 7.

MRI, CT, PET transmission images of the thorax. (a) PET transmission and (b) CT images
of the same patient showing the similarity of the physical properties measured. (c) MRI and
(d) CT images of the thorax of a different patient showing the lack of similarity of the
physical properties measured (With kind permission from Springer Science+Business
Media: (80)).
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Figure 8.

Impact of respiratory motion on PET image values. Left: Standard whole-body PET image.
Right: Respiratory-gated PET image that is one of seven phase bins, and thus contains only
1/7 of the data and is correspondingly nosier. However, the SUV of a lesion at the base of
the lung (arrow) shows a significantly higher uptake.
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Computer simulation of using a misaligned CT image for attenuation correction of PET
data. A: true PET tracer uptake image with a lung lesion and myocardial uptake (arrows). B:
CT attenuation image. C: PET image reconstructed after using incorrect respiratory phase of
CT for attenuation correction, showing significant artifacts in PET tracer uptake in the lesion
and left ventricle.
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Figure 10.

Combined effects of respiratory blurring (arrow) in CT image, and inter modality
misalignment of attenuation correction introducing artifacts in the lung (arrow) in the PET
image.
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Table 1

Overview of methods used for PET/CT respiratory motion compensation.

Respiratory compensation methods developed for PET/CT imaging*

Quiescent breathing (37,77)

Breath hold (38)

Cine CT attenuation correction (CTAC) (73)
Respiratory gated PET (4D-PET) (72)
Phase-matched 4D-PET and 4D-CT (74)
Temporal smoothing of 4D PET (78)
Quiescent period gating (79)

Non-rigid image registration (75)

*
Methods are listed in order of increasing complexity. Cited references are for illustrative examples.
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