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Abstract Lung diseases cause significant morbidity and

mortality and lead to high healthcare utilization. However,

few lung disease-specific biomarkers are available to

accurately monitor disease activity for the purposes of

clinical management or drug development. Advances in

cross-modal imaging technologies, such as combined pos-

itron emission tomography (PET) and magnetic resonance

(MR) imaging scanners and PET or single-photon emission

computed tomography (SPECT) combined with computed

tomography (CT), may aid in the development of nonin-

vasive, molecular-based biomarkers for lung disease.

However, the lungs pose particular challenges in obtaining

accurate quantification of imaging data due to the low

density of the organ and breathing motion. This review

covers the basic physics underlying PET, SPECT, CT, and

MR lung imaging and presents technical considerations for

multimodal imaging with regard to PET and SPECT

quantification. It also includes a brief review of the current

and potential clinical applications for these hybrid imaging

technologies.
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Introduction

Chronic lung disease leads to the second highest utilization

of inpatient hospital care behind cardiovascular disease and

is the third leading cause of mortality behind cardiovas-

cular and oncologic disease in the United States [1].

Worldwide, chronic obstructive pulmonary disease

(COPD) alone is projected to be the fourth leading cause of

death by 2030 [2] with asthma also contributing signifi-

cantly to the overall lung disease burden [1]. Furthermore,

lung cancer is the leading cause of cancer deaths in the

United States and has one of the lowest five-year survival

rates after diagnosis, higher only than those of pancreatic

and liver cancer [3]. Despite this significant disease burden,

few therapeutics have been developed that significantly

alter the natural course of these diseases.

The lack of effective therapeutics has been attributed in

part to the inadequacy of available specific biomarkers for

lung disease activity [4]. For non-oncologic disease, pul-

monary function testing (PFT) continues to be a mainstay

of clinical lung function assessment; however, PFT does

not provide any specific information about the underlying

process causing lung function loss in a given lung disease.

Gold standard tests for lung inflammation such as bron-

choalveolar lavage (BAL) also contribute important infor-

mation regarding cell recruitment in the airways; however,

information regarding the activity of these cells can be

challenging to assess by BAL alone. Given that many lung

diseases affect the lung heterogeneously both spatially and
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temporally, sampling limitations can compromise the accu-

racy of tissue-based assays for characterizing disease activity

across the entire lungs. In oncologic disease, the mechanisms

underlying disease progression and treatment resistance also

remain unclear. Therefore, the development of new bio-

markers that can provide both global and regional disease-

specific measurements has the potential to improve our

understanding of the underlying causes of these diseases.

Such biomarkers could also aid in the translation of novel

therapeutics by confirming mechanisms of action in vivo or

demonstrating earlier evidence of benefit.

Molecular imaging has the potential to contribute

important information regarding both oncologic and non-

oncologic disease activity that is not easily obtained by

available methods. Modalities such as positron emission

tomography (PET) and single-photon emission computed

tomography (SPECT) enable the noninvasive, quantitative

assessment of the whole lungs, thus allowing both global

and regional assessments of disease activity. Because the

radiolabeled tracers used to generate these images can

target nearly any cellular pathway or receptor with the

injection of very low mass amounts, more specific infor-

mation regarding cell trafficking and activity can be

obtained more readily by these than by other modalities.

The addition of computed tomography (CT) and/or mag-

netic resonance (MR) imaging also allows the combination

of anatomical, functional and additional molecular infor-

mation to better characterize lung disease.

In this review, we discuss the technical challenges fac-

ing imaging systems for providing quantitative molecular

biomarkers of lung disease activity. With regard to CT and

MR imaging specifically, there have been substantial

developments in advanced imaging methods and applica-

tions. A thorough review of these developments is beyond

the scope of this review, although we do mention these

where they have an impact on multimodal imaging. We

consider PET and SPECT image processing in the light of

the PET/MR systems now available, opportunities for new

tracers and clinical applications, and the clinical potential

of combining information from PET/CT, PET/MR, and

SPECT/CT for assessing lung disease.

Comparing molecular imaging modalities

Imaging physics

PET

The fundamental role of a PET scanner is to form an image

of the spatially varying concentration of targeted tracers

labeled with a positron emitter [5]. PET tracers comprise a

positron emitter attached to a biological substrate or a drug

targeting a cellular pathway or receptor of interest. For

example, 18F-fluorodeoxyglucose (18F-FDG), which is used

for *90 % of all clinical PET imaging studies, comprises

an F-18 atom replacing the hydroxyl group on the 2-carbon

position of glucose. With corrections for physical effects,

most notably attenuation as well as scatter, accurate esti-

mates of the direct concentration of PET tracers within

various tissues can be obtained. To account for variations

in the injected dose and patient size, the generally preferred

unit for clinical use is the standardized uptake value (SUV)

defined as SUV ¼ R
�

d0= ~V
� �

[6, 7], where R (kBq/ml) is

the activity concentration within a region of interest (ROI),

d0 (kBq) is the decay-corrected injected dose, and ~V is a

surrogate for the volume of tracer distribution in 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 18F-FDG, the

estimated lean body mass or body surface area is some-

times used instead of weight. Unique advantages of PET

include its very high sensitivity (typically detecting *5 %

of all radioactive decays), and its quantitative accuracy

with proper calibration [8, 9].

SPECT

Like PET, SPECT also provides tomographic images of

radiolabeled tracers using single-photon counting [5].

Detecting only single photons, however, leads to a relative

disadvantage of three orders of magnitude in the resolution/

sensitivity trade-off when compared to PET. As practiced in

clinical imaging, SPECT typically has lower resolution and

significantly lower sensitivity than PET. However, higher

resolution than PET is possible at the expense of even lower

sensitivity, although this requires either longer imaging times

or restricted imaging areas. The quantitative accuracy of

regional tracer measurements with SPECT is more chal-

lenging than with PET due to depth-dependent attenuation

and collimator blurring, which cannot easily be corrected

from the SPECT images alone due to the physics of single-

photon detection [5]. However, with the wider availability of

SPECT/CT scanners, the CT images can now be used to

create an attenuation map for the SPECT data. The potential

for improved quantitation and anatomical localization (sim-

ilar to what can be obtained with PET/CT scanners) has led to

renewed interest in improving SPECT quantitation and in

new clinical applications, as discussed below.

CT and MR for lung imaging

Imaging the lung with CT uses X-ray photons and provides

an accurate image of tissue density differences; thus, CT is

an established, clinically useful modality for imaging the
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lungs as it provides exquisite detail of the lung parenchyma

architecture. In CT lung imaging, an adult patient incurs an

effective radiation dose of approximately 5–8 mSv [12].

However, given the extensive use of chest CT for thoracic

evaluation, research efforts have focused on various algo-

rithms to reduce the radiation dose while maintaining

acceptable image quality [13–15]. In cystic fibrosis

patients, iterative reconstruction techniques can lower the

radiation dose levels significantly, achieving effective

doses of 0.04–0.05 mSv per chest CT, without significantly

sacrificing image quality. This approach works particularly

well for conditions with a significant soft tissue component

such as bronchiectasis and abscesses [16]. Novel image

reconstruction approaches may help to further reduce the

radiation exposure associated with chest CT exams without

compromising the evaluation of the lung parenchyma [15].

Such advances will help to minimize the potential radiation

risks for patients with lung disease who frequently require

repeated CT or other radiographic measurements. Impor-

tantly, these radiation exposures should be compared to the

typical effective dose per year from naturally occurring

sources (i.e., background radiation levels), which has a

range of approximately 1–10 mSv, depending on where

one lives. The American Association of Physicists in

Medicine has stated that ‘‘Risks of medical imaging at

effective doses below 50 mSv for single procedures or

100 mSv for multiple procedures over short time periods

are too low to be detectable and may be nonexistent.’’ [17].

Thus, improvements in managing CT-related radiation

doses will help minimize related risks for patients with

lung disease. In relation to multimodal imaging, the typical

trend in technology and application advancement is that

new features in CT (or MR imaging) will often migrate to

the respective modality on a multimodality scanner.

Indeed, the low dose and iterative reconstruction strategies

described above for CT are already gradually being intro-

duced into PET/CT and SPECT/CT scanners. It is not clear

whether the different approaches for advanced CT tech-

niques, such as dual-energy CT, will be incorporated into

PET/CT and SPECT/CT scanners. However, the develop-

ment of clinical or research applications in which simul-

taneous acquisition of this information with PET or SPECT

is essential will likely drive the adoption of these more

advanced CT techniques on PET/CT or SPECT/CT

scanners.

MR imaging in the lung, on the other hand, presents two

well-known challenges: lack of signal as a result of the

relatively low concentration of hydrogen nuclei due to 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 using a rapid,

spin echo-based imaging sequence that utilizes respiratory

and/or cardiac gating and minimizes the signal from other

tissue [10, 11]. These approaches are especially attractive

now that PET/MR scanners are commercially available,

opening the possibility of merging anatomical information

in addition to the other unique information provided by MR

with PET. Hyperpolarized helium imaging is one example

in which an inhaled contrast agent increases the signal in

the lungs to enable detailed structural analyses. Such

approaches are now used extensively for research purposes.

While it is not clear whether PET/MR scanners will have

the capability for hyperpolarized helium MR or other

advanced MR imaging methods, the addition of such

capabilities would improve the ability to directly correlate

functional MR measures with molecular information

obtained by PET.

Quantification approaches

PET

One of the primary advantages of PET is the ease with

which tracer accumulation in a tissue or ROI can be

quantified. Both static and dynamic (i.e., time-varying)

measurements can be obtained with PET. Static measure-

ments, such as the SUV, are based on the number of counts

measured at a particular time point within a given ROI. The

SUV is easily calculated and frequently used in clinical

practice. By contrast, measurements from dynamic imag-

ing procedures are more complex but allow more sophis-

ticated calculations of tracer uptake, such as rates of tracer

movement or receptor-binding potential in a tissue of

interest. Individual rate constants that define the movement

of the tracer between different functional compartments

within a tissue (e.g., transport of a tracer from the intra-

vascular to extravascular space) 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 [18]. Therefore, dynamically acquired imaging data

under these conditions may be better suited for quantifying

tracers with low levels of uptake in lung parenchymal

disease.

Uncertainty in PET measurements is known to be due to

variations in the many steps in the imaging chain [19].

Dominant sources of error include differences in scanner

capabilities, scanner calibration errors, differences in tracer

uptake time, variations in quantitative corrections and

reconstruction parameters as well as in analysis methods

and tools, inherent biological differences between patients,

and operator error. In comparing PET/CT versus PET/MR

scanners, the two major differences are the changes in

detector technology and the method estimating intrinsic

attenuation of the 511 keV photons by patient tissue. The

high magnetic fields within MR imaging scanners require
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different PET detector technologies that can operate

effectively within the magnetic field while not interfering

with the MR scanner’s image acquisition [20]. These

technical requirements thus constrain the performance/cost

ratio in terms of resolution, sensitivity and/or imaging field

of view versus scanner cost. It is worth noting, however,

that the detector technology improvements developed for

PET/MR imaging may migrate to PET/CT scanners.

Quantitative PET imaging requires accurate attenuation

correction. Estimating the attenuation of 511 keV photons

from the PET tracer is straightforward with PET/CT but

less so with PET/MR, as described below. The estimated

attenuation factors are used for both attenuation and scatter

correction, two of the dominant corrections in PET imag-

ing. In addition, for the overall calibration of PET/CT

scanners, it is possible to use NIST-traceable standards for

absolute calibration [21]; however, for PET/MR, equiva-

lent calibration standards do not yet exist. Thus, while

well-accepted standards can validate the quantitative

accuracy of PET/CT scanners (e.g., the ACR and NEMA

PET standards), no consensus approach yet exists for val-

idating the quantitative accuracy of PET/MR scanners.

Nevertheless, it seems likely that such standards will

emerge for PET/MR, given the increasing utilization of

PET/MR for research and clinical applications [22].

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. With the growing preva-

lence of SPECT/CT, attenuation correction can now be

achieved more readily using the CT-based attenuation map,

thus enabling quantitative SPECT to be used more regularly

on a clinical basis. Imaging external radiotracer sources can

also be used to improve the accuracy of these corrections for

SPECT imaging and potentially to allow absolute measure-

ments of tracer accumulation, as is inherently possible with

PET imaging. The most common type of SPECT/CT scanner

uses slowly rotating detector heads [23], which poses a

challenge for dynamic imaging of rapidly varying tracer

uptake. However, accurate parameter estimation in dynamic

SPECT imaging is possible if certain constraints are met [24].

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. The count density is often an issue for

SPECT compared with PET in the lungs, thus presenting

particular challenges for accurately quantifying low levels of

tracer uptake for parenchymal disease imaging.

Technical developments for multimodal imaging

Attenuation correction

Attenuation of the high-energy photons by patient tissue is

a dominant physical effect in PET and SPECT imaging.

For PET/CT and SPECT/CT imaging, the attenuation

factors can be conveniently derived from the CT image as

the same processes affect photon scattering in PET, SPECT

and CT [25–27]. For MR imaging, however, the image

values typically represent a weighted average of hydrogen

proton density and T1 and T2 relaxation times, which are

influenced by the local environment [28]. For qualitative

PET/MR, current reconstruction algorithms using Dixon-

based attenuation corrections yield comparable, and even

slightly superior, PET images as evidenced by the

improved resolution of the vertebral bodies on the PET

images obtained on a Siemens mMR scanner (Fig. 1).

However, accurate PET quantification depends on appro-

priate attenuation correction. MR image values (unlike CT

image ones) do not directly reflect the tissue attenuation

values, as illustrated by the comparison of the CT with the

T2-HASTE MR whole-body images in Fig. 1. Thus, this

inaccuracy in the MRI data can confound accurate PET or

SPECT quantification. Of particular note is that the MR

signal in bone is significantly different from the signal on

the CT image. Greater differences in the blood and adipose

tissue values are also apparent. Therefore, there is no

simple scaling method that can be used to convert the MR

image to a CT-equivalent attenuation map. Differences

between CT and MR imaging information for lung paren-

chyma are further illustrated in Fig. 2, which compares CT

and T2-weighted MR lung images, illustrating the lower

MR intensity values in the lung due to the low density of

hydrogen nuclei and possibly also due to susceptibility

artifacts from the air–surface interfaces [29].

The current approach for attenuation correction, which

circumvents the different physics in PET and MR imaging,

is image segmentation to discriminate between air, lungs,

fat and soft tissue, and the use of connected component

analysis to identify the lungs, although bone is treated as

soft tissue (Fig. 3). While this approach can lead to errors

in the estimation of PET tracer uptake in bone, it is cur-

rently the most robust method for estimating PET tracer

uptake in the lung from PET/MR data [30].

Respiratory motion correction

Accommodating respiratory motion to ensure that quanti-

tative 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 res-

olution possible with CT scans, there is now a greater
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likelihood of attenuation correction artifacts and potential

uncertainty when using the CT images for 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-expi-

ration demonstrated to be most useful for minimizing

respiratory artifacts [31, 32]. There are, however, errors

introduced by this approach [33, 34], and so several

methods to compensate for respiratory motion have been

proposed.

Respiratory motion compensation is important in

quantitative multimodality molecular imaging of the lung.

In the context of PET/CT imaging of the lung, considerable

efforts have been made to develop appropriate methods for

Fig. 1 PET/CT vs PET/MR

images in a patient imaged by

PET/CT at approximately 1 h

after injection of 15 mCi of
18F-FDG followed by PET/MR

imaging at 1 h and 10 min after

PET/CT imaging. Note that the

PET images from the PET/MR

scanner demonstrate better

resolution of the vertebrae

compared to the PET/CT

images. In comparing the CT

and MRI images, the bones on

the MRI are similar in signal

intensity to the fat due to the fat

in the marrow, thus limiting the

accuracy of using MRI-based

values for generating an

appropriate attenuation

correction map. The tumor

appears brighter on the PET/MR

images because of the longer

delay in imaging after tracer

injection as the scans were

performed serially on the same

day in the same patient. Images

courtesy of Akash Sharma and

Jonathan McConathy,

Mallinckrodt Institute of

Radiology, Washington

University School of Medicine,

St. Louis, MO (color figure

online)

Fig. 2 T2-weighted MRI

(a) and (b) CT images of the

thorax of the same patient

showing the lack of similarity of

the physical properties

measured [29]. (With kind

permission from Springer

Science ? Business Media)
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this (Table 1). The most direct approach is the use of

respiratory gating to reduce the effects of respiratory

motion blurring [35]. To compensate for inter-modality

positional mismatch, one approach is to use time-averaged

CT images [36] to approximately match the respiratory

blurring that occurs during the PET image acquisition;

however, this method is at best an approximate solution,

and it 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 both respiratory motion blur-

ring and inter-modality mismatch [37]. One of the diffi-

culties with this approach, however, is the multitude of

noisy images that are produced. This has led to the

development of more sophisticated methods that remove

respiratory motion artifacts of both types while preserving

quantitative accuracy and without increasing noise [38].

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 advanc-

ing 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 a general overview is given in the review

by Nehmeh and Erdi [39].

In PET/MR imaging of the lung, additional consider-

ations apply. With the availability of clinical PET/MR

systems, novel MR sequences are now being developed to

measure respiratory motion during the PET imaging, thus

enabling the application of advanced motion compensation

Fig. 3 a PET attenuation image

formed by segmentation of MRI

images. b CT-based attenuation

map of same patient. This

research was originally

published in [30]. �By the

Society of Nuclear Medicine

and Molecular Imaging, Inc

Table 1 Diagnostic accuracy

of PET, CT and PET/CT

Reprinted by permission from

Macmillan Publishers LTD:

[Nat Clin Pract Oncol],

reference 42, copyright 2008

NSCLC non-small-cell lung

cancer, ND not determined,

TMM tumor node metastasis
a Statistically significant

difference when compared with

PET/CT

Tumor entity References Purpose of the

imaging studies

Number of

patients

Accuracy (%)

PET/CT PET CT

Head and neck Chen et al. [35] TNM staging 70 95 83a 73a

Schoder et al. [36] Lesion detection 68 96 90a ND

NSCLC Lardinois et al. [24] T stage 40 98 80a 78a

N stage 37 84 87 64

Shim et al. [37] T stage 106 86 ND 79

N stage 106 84 ND 69a

Colorectal Kim et al. [10] Recurrence 51 88 71a ND

Votrubova et al. [38] Recurrence 84 90 75a ND

Lymphoma Allen-Auerbach et al. [33] (Re)staging 73 93 84a ND

la Fougère et al. [39] (Re)staging 50 99 98 89a

Melanoma Reinhardt et al. [31] (Re)staging 250 97 93a 79a

Mottaghy et al. [40] (Re)staging 102 91 92 ND
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methods. It is possible, for example, to use MR navigator

data to measure the location of the diaphragm during a PET

scan. Respiration-gated PET data can then be co-registered

using MR-derived motion fields to obtain a single motion-

corrected PET image [40]. These early feasibility studies

indicate that unique improvements in PET activity locali-

zation and quantification in the lung may be a feature of

simultaneous PET/MR imaging.

Clinical applications

PET/CT and PET/MR

Cancer: diagnosis

PET/CT is now a standard approach for the diagnosis and

staging of lung cancer [41]. PET clearly adds information

that is not available from CT, thus improving the assess-

ment of the primary tumor and of nodal and distant

metastases [42]. Following the introduction of clinical

PET/MR scanners, early work has focused on comparing

the diagnostic value of PET/MR vs PET/CT imaging.

Published studies of PET/MR imaging demonstrate that the

PET image data are comparable to those obtained from

PET/CT scanners [43–47]. However, the equivalence of

SUV quantification from PET/MR scans has been found to

be variable [48], with the potential reasons for this dis-

cussed previously in ‘‘Technical developments for multi-

modal imaging’’. The immediate value of PET/MR

imaging in oncology, not surprisingly, appears to come

from the improved diagnostic information regarding soft

tissue lesions coming from the MR images [45, 46]. The

benefit of whole-body PET/CT for detecting distant

metastases in lung cancer and the potential added value of

whole-body MR imaging has already been demonstrated in

studies combining information from separate MR imaging

and PET/CT acquisitions [49–51]. These studies together

provide a rationale for investigating PET/MR as a diag-

nostic tool for improving whole-body assessments for lung

cancer metastases.

With regard to staging nodal stations, it is still unclear

whether PET/MR, when limited to the chest, contributes

significantly different information from that provided by

PET/CT [46, 52]. However, MR imaging information may

be useful for further assessing the extent of primary tumor

invasion by differentiating tumor from areas of consoli-

dation [53]. This information could also be combined with

metabolic information obtained using 18F-FDG, for

example, to better delineate the primary tumor. The use of

novel PET tracers will likely further improve the diagnosis

of lung cancers and help guide treatment choices to

improve outcomes [54]. [18F]fluorine-labeled thymidine

and 18F-FDG have been investigated for their prognostic

value in predicting responses to erlotinib, a tyrosine kinase

inhibitor [55–57]. New PET tracers like [11C]choline have

also been used with PET/MR for improved prostate cancer

diagnosis [45]. In addition, the molecular information

obtained by PET, as well as specific CT characteristics,

may indicate the underlying genotype of a cancer [58, 59].

Thus, the combination of the unique information provided

by each of these imaging approaches could be used not

only to provide important diagnostic and prognostic

information, but also to better stratify patients for targeted

therapies.

Cancer: treatment planning

PET and CT are mainstays of radiotherapy treatment

planning. Because the attenuation characteristics of CT

X-rays best match those of the X-rays used for radiother-

apy, CT is the gold standard for dosimetry determinations.

However, the addition of PET for gross tumor volume

delineation has improved the ability of radiotherapy to treat

the biologically relevant tissues for effective tumor control.

The chest presents special challenges given that respiratory

motion can significantly reduce the accuracy of radiation

dose delivery. Also, controlling the dose delivery in the

lungs is particularly important to reduce the risk of

developing radiation pneumonitis [60]. Thus, with the

advent of PET/MR, it may be possible to leverage the

motion-tracking capabilities of MR to improve PET target

delineation. In addition, several retrospective studies have

assessed the value of using 18F-FDG PET to predict the risk

of developing radiation pneumonitis [61–63], suggesting

that prospective trials assessing 18F-FDG PET in this role

may be warranted. Thus, PET/MR may also have a role in

identifying patients at risk of developing radiation pneu-

monitis. Further clinical studies will be needed to confirm

the results of these retrospective studies.

COPD and cystic fibrosis

CT imaging is a mainstay of COPD and cystic fibrosis

evaluation. The additional information provided by PET/

MR promises to significantly advance our understanding of

these chronic lung diseases. Both of these conditions are

characterized by abnormally persistent lung inflammation

that presumably leads to lung tissue destruction [64, 65].

However, despite the known presence of inflammation in

these diseases, most clinical decisions are still based on

PFT without the benefit of specific inflammatory measures.

The development of appropriate lung inflammation bio-

markers may thus provide new information that could be

used clinically to guide therapy decisions, particularly for

targeted anti-inflammatory therapies.
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To date, only a small number of subjects with either

COPD or cystic fibrosis have been evaluated with 18F-FDG

PET, but the available data suggest that 18F-FDG PET can

in fact quantify lung inflammation levels and may thus be a

useful biomarker of inflammatory cell activity. In COPD,

two published studies have demonstrated increased 18F-

FDG uptake in affected patients, presumably due to

increased inflammation [66, 67]. Both these studies used

the Patlak graphical analysis to quantify 18F-FDG uptake.

A third study demonstrated that differences in 18F-FDG

uptake could also be determined using the CT scan to

normalize SUV measurements for density [68]. In cystic

fibrosis, 18F-FDG uptake is also increased in the lungs and

does not always correlate to underlying CT abnormalities

[69]. 18F-FDG uptake may also serve as a biomarker for

treatment response as antibiotic therapy rapidly reduces
18F-FDG uptake in patients with acute exacerbations [69,

70]. However, the numbers of patients studied remain

small; larger studies will be needed to further confirm the

potential clinical utility of 18F-FDG PET in these patient

populations. In addition, the quantification approach for

summarizing PET data in these diseases remains to be

determined. Therefore, the technical aspects of ensuring

accurate, quantitative PET data from both PET/CT and

PET/MR scanners will be critical in ensuring the devel-

opment of robust PET measures of these lung diseases.

MR imaging with hyperpolarized 3He has also shown

promise for assessing alveolar structure and function in

COPD and cystic fibrosis. Ventilation defects visualized by

hyperpolarized 3He also resolve after antibiotic therapy in

cystic fibrosis patients with acute exacerbation, indicating

the potential for imaging the functional consequences of

such treatments [71]. 3He MR imaging may also predict

those COPD patients at risk of acute exacerbations [72].

The availability of PET/MR scanners thus creates oppor-

tunities for studying the relationship of glucose utilization

rates or uptake of novel PET tracers (as more specific

markers of inflammation) with regional lung function in

these diseases. Unfortunately, the currently available PET/

MR scanners lack the multinuclear packages needed to

acquire images with hyperpolarized gas or other novel MR

contrast agents, thus limiting the MR assessment of the

lungs in such diseases. Nevertheless, current PET/MR

scanners allow PET information to be integrated with

information from proton-based or post-contrast lung ima-

ges. Improvements in ultra-fast echo sequences that can

visualize the lung parenchyma also promise to allow lung

parenchymal assessment without the ionizing radiation of

CT [10, 11], thus potentially opening the way for PET/CT

like assessments with reduced radiation exposure. In

addition, if multinuclear packages can be incorporated into

PET/MR scanner software, PET/MR scanners will have the

unique feature of being able to simultaneously acquire

novel information regarding multiple facets of lung cellular

activity, structure and function and thereby to help inves-

tigators determine the relationships between these different

levels of lung function [73]. The ability to acquire both

PET and MR data simultaneously will also improve the

efficiency by which these data can be obtained. The clinical

utility of these approaches remains to be determined.

SPECT and SPECT/CT

Ventilation and perfusion assessment

SPECT and SPECT/CT for ventilation and perfusion

scintigraphy has recently been reviewed in detail (see issue

for reference 74). As a result of improved contrast and 3D

representation of imaging data with SPECT, improved

sensitivity for detecting ventilation and perfusion defects

can be achieved with current SPECT and SPECT/CT sys-

tems [74]. With the growing availability of SPECT/CT

scanners, combined ventilation and perfusion imaging may

also improve the diagnostic specificity by incorporating the

CT image data into the ventilation/perfusion defect

assessment. Quantitative SPECT is also more easily

attainable with SPECT/CT, using the CT data for attenu-

ation correction, thereby allowing more precise quantifi-

cation of regional ventilation and perfusion. This approach

has been used to improve the quantification of lobar per-

fusion prior to surgery [75]. In addition, quantitative ven-

tilation/perfusion SPECT/CT is now being explored to

guide radiation treatment planning, improving the ability to

avoid delivering unnecessary radiation dose to higher

functioning lung units (Fig. 4). Thus, the availability of

SPECT/CT should encourage further study geared at

improving the current clinical practice of assessing lung

ventilation and perfusion.

Future directions

Molecular imaging approaches promise to provide impor-

tant information regarding cellular activity and function

that can be combined with anatomical information from

other modalities to better characterize both lung paren-

chymal disease and lung cancers. In addition, newer

molecular-based technologies relying on optical or ultra-

sonic emissions, using either inherent tissue properties or

exogenously administered dyes [76–78], could further

expand the scope of multimodality imaging in the lungs. If

bronchoscopes with sensors adapted for such optical and

ultrasonic imaging were developed, it is possible to

imagine that the imaging information obtained from PET,

SPECT, CT, and MR could be used to guide the bron-

choscopic evaluation, or that the local information obtained
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by bronchoscopy could be used to validate a signature that

could be assessed throughout the entire lungs by means of

whole-body scanners. Thus, multifunctional probes that are

labeled for PET and acoustic or optical imaging would

further enable such combined bronchoscopy-imaging

investigations [79]. Even combined PET/MR probes could

leverage the strengths of each modality to obtain more

detailed molecular imaging signatures of lung disease.

Conclusion

In summary, the technical advances enabling simultaneous

PET/MR acquisitions, in addition to further refinements in

PET/CT and SPECT/CT acquisitions, have created

opportunities to better investigate, through imaging, the

relationships between molecular activity, lung function and

anatomy. Further study using these imaging approaches in

patients will best determine the full potential of these

technologies to advance patient care and ultimately

improve outcomes of lung disease treatment.
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