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Since the 1970s CT has been used to generate porating multiple detector rows with improved reso-
cross-sectional images of human anatomy from x-ray

projection data acquired at many angular positions

around the body. The development of the first CT

scanner is credited to Hounsfield [1], using recon-

struction methods developed by Cormack [2]. Since

then several key technological advancements have

increased the usefulness of CT to the point where it

has become an essential tool in the clinical evaluation

of patients, with most hospitals having CT scanners

available 24 hours a day, 7 days a week. First-

generation CT systems, which used a single, thin

x-ray beam and a single detector element to acquire

the x-ray projection data necessary for image recon-

struction, quickly evolved into third-generation sys-

tems, which use a fan-shaped x-ray beam combined

with a rotating x-ray tube and detector to acquire the

x-ray projection data needed for image reconstruc-

tion. With the development of helical CT systems in

the late 1980s [3–6], large sections of anatomy could

be scanned quickly using linear, continuous table mo-

tion, enabling faster throughput and better registration

between adjacent slices of the body. Electron beam

CT (EBCT) technology, incorporating a stationary

detector and using an x-ray tube comprised of a

stationary target ring and a swept electron beam,

was developed in 1983 to scan the heart and coronary

arteries at subsecond scan times, thereby reducing

motion artifacts resulting from the beating of the heart

during data acquisition [7]. Recently, CT has further

evolved from single-slice scanners to systems incor-
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lution, with the introduction of multislice CT (MSCT)

in 1998, enabling high-resolution, thin-slice scanning

of large sections of human anatomy.

Over the years CT scanning has found widespread

use in imaging applications for trauma assessment,

thoracic and vascular studies, and stroke assessment, as

well as emerging applications in cardiac imaging, lung

cancer detection, colonoscopy, and brain and myo-

cardial perfusion. The goal of this article is to outline

some of the recent technological advances that will

drive future CT evolution and to describe the recently

enabled applications and trends in chest imaging.
Image acquisition aspects

Image acquisition with today’s multislice scanner

is more flexible when compared with a single-slice

scanner because many scanning modes are made

available to the clinician. For example, several com-

binations of slice thickness and helical pitch can now

be used to scan the full thorax within a single breath-

hold, giving clinicians many options to maximize the

clinical value of the acquired images. Because more

protocol options are available to the clinician, it is im-

portant to understand the relationship between scanner

parameters and resulting image quality so that the

acquisition can be tailored to meet the particular

imaging need. Some of the key geometric parameters

are identified in Fig. 1, a third-generation CT system.

Two important characteristics to consider when

thinking about CT image quality are spatial resolu-

tion and image noise. The key imaging parameters
s reserved.



Fig. 1. Third-generation multislice CT scanner. Front view (left) shows the x-ray tube and the x-ray detector. The patient lies

along the axis of rotation. The scan field of view is the circular region inscribed in the rotating fan beam. The side view (right)

shows the relationship between the cone angle, the longitudinal size of the detector, and the z-coverage, which is measured at the

isocenter. The z-dimensions are strongly exaggerated for clarity.
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that affect spatial resolution in reconstructed images

are the

� Size of the focal spot in the x-ray tube
� Length, width, and configuration of the detector

cells
� Location and number of angular positions at

which x-ray projection data are acquired as

the x-ray source and detector rotate around

the patient
� Filter used to preprocess the x-ray projection

data before image reconstruction
� Helical pitch ratio prescribing the table speed

The key imaging parameters that affect image

noise are the size and anatomy of the patient being

scanned, the operating voltage and current of the

x-ray tube, the rotational speed of the gantry com-

prising the x-ray tube and detector, in addition to all

of the parameters that affect spatial resolution.

The main source of image noise in reconstructed

CT images is the statistical nature of x-ray photons.

For each detector channel the deviation of the mea-

sured attenuation of x-rays along a particular direc-

tion from the true attenuation value decreases as the

number of detected photons increases. Consequently,

image noise decreases with increased x-ray tube

current (at the expense of increased patient dose),

increased detector size (at the expense of decreased

spatial resolution), and reduced attenuation (in a

small patient or low-density objects such as lungs).

Given the complex relationships between the imaging

parameters and their impact on image quality, future

imaging protocols will likely migrate from specifying
individual acquisition parameters to specifying image

quality and dose requirements, enabling the opti-

mal acquisition protocol to be implemented on the

scanner [8,9].
Technological advances and trends

Since its conception in the early 1970s CT has

undergone an enormous metamorphosis. The first CT

scanners [1] produced a 1 cm thick slice in about

4 minutes. Current scanners can produce 16 slices

at submillimeter resolution in less than 1 second

[10–13]. The following sections describe what the

authors believe are currently the major trends in

CT scanner technology development.

Spatial resolution

Today, modern medical CT scanners can resolve

objects that are less than 1 mm in size. Nevertheless,

many applications would benefit from the ability to

visualize even smaller structures. In particular, clini-

cians are interested in isotropic spatial resolution (ie,

the longitudinal resolution is equally good as the in-

plane resolution). Isotropic resolution allows the

clinician to visualize reconstructed data along various

planar reformats without loss of detail in the images.

The spatial resolution of a CT scanner is limited

by several factors: the effective size of the x-ray tube

focal spot, the size of the individual detector cells, the

data sampling pattern implemented by the imaging

geometry, and the stages in the reconstruction algo-

rithm. It is important to realize that spatial resolution
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is not equal to the image pixel/voxel size but is an

intrinsic property of the scanner. Therefore, the op-

erator must adjust the pixel size by appropriately

selecting the field of view of the reconstruction so

that it is not a limiting factor of spatial resolution. To

develop CT scanners that have increased spatial

resolution, one has to reduce the focal spot size,

reduce the detector cell size, and increase the number

of angular positions at which x-ray projection data are

acquired. The increased number of detector channels,

the increased number of views, and the increased

number of reconstructed image voxels result in much

larger datasets, meaning larger computation times and

larger storage requirements. To maintain an accept-

able noise level at higher spatial resolution, one has to

increase the x-ray flux, resulting in an increased

patient dose (see section on dose reduction in this

article). Using a smaller focal spot size limits the

maximum output flux from the x-ray tube for thermal

reasons, resulting in higher image noise.

Researchers at the GE Global Research Center

developed a number of research CT scanners recently

based on a flat panel detector consisting of a grid of

1024 � 1024 detector cells, each 200 mm � 200 mm
in size, to explore the clinical impact of higher spatial

resolution in combination with large volume cover-

age [14]. Fig. 2A shows the image of a plastinated

dog lung phantom scanned on a Lightspeed clinical

scanner (GE Medical Systems, Milwaukee, Wiscon-

sin). Fig. 2B shows GE’s volumetric CT research

system. The improvement in the image sharpness
Fig. 2. High-resolution axial image of plastinated dog lung phantom

1.8 cm2. (a) This image was obtained with a GE Lightspeed system

helical pitch of 1.5:1, and reconstructed with the bone kernel. (b) Th

volumetric CT prototype system capable of 250 mm isotropic re

comparing features of similar size, the high-resolution volumetric

achieved in future commercial CT scanners. Because the lung tissu

with air. (CT image courtesy of Rebecca Fahrig, PhD Stanford U

courtesy of GE Global Research Center, Niskayuna, NY; phantom
demonstrates the resolution improvement that is pos-

sible in future CT scanners.

Volume coverage

From CT’s conception until the late 1990s, CT

data have always been acquired one slice at a time.

One exception was CT Twin (Elscint, Haifa, Israel), a

dual-slice CT scanner made in 1992. It was not until

1998 that four manufacturers (GE, Siemens, Toshiba,

and Marconi) manufactured a four-slice CT scanner

simultaneously. The most recent commercial scanners

allow the acquisition of 16 slices simultaneously

[10–13]. The basic principle behind multislice CT in-

volves stacking a number of detector rows longitu-

dinally (Fig. 3) [15,16], which explains why some

people use the term multidetector instead of multi-

slice, although strictly speaking it is still one detector

consisting of a two-dimensional array of detector

cells. Typically, the detector consists of a larger num-

ber of detector rows that are binned together longi-

tudinally depending on the desired slice thickness.

Some manufacturers prefer to use thinner detector

rows in the center and thicker detector rows at the

ends; other manufacturers prefer to use detector rows

of equal size.

The main advantage of multislice scanners is the

ability to scan a given volume in a shorter time, or

vice versa, scan a larger volume within a given time.

This ability has an enormous impact on clinical

applications, as discussed in more detail in the
. Both images represent a region of interest of approximately

at 120 kVp, 100 mA, 4 � 1.25 mm detector collimation, a

e image is the same phantom imaged on a GE high-resolution

solution. The two images are not registered; however, by

CT image demonstrates the resolving power that could be

e was dried before plastination, all vessels appear to be filled

niversity, Stanford, CA; high-resolution volumetric image

developed by Dr. Robert Henry, University of Tennessee.)



Fig. 3. Comparison of single-slice and multislice CT scan-

ner. A single-slice CT scanner has only one detector row. In

multislice CT, the detector consists of multiple rows that are

stacked longitudinally and can be configured in one of sev-

eral topologies for various choices of slice thickness. The

x-ray source illuminates multiple rows simultaneously. A

16-slice scanner can read out 16 slices simultaneously.
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clinical imaging applications section of this article.

Detectors that have wider coverage could eventually

allow organ imaging in a fraction of the time required

today. This advantage could remove the demand for

faster gantry rotational speeds, and it would enable

the imaging of a whole organ for perfusion studies in

a single rotation.

One issue that needs to be taken into account when

using larger scan coverage per rotation is the in-

creased cone angle (see Fig. 1), the longitudinal angle

at which the source covers the detector. The cone

angle has two implications. First, the relative amount

of scattered radiation increases almost linearly with

the size of the cone angle. Second, and perhaps more

important, as the cone angle increases, it becomes

more difficult to reconstruct high-quality images

based on the measured data. For smaller cone angles

such as those of 16-slice scanners, the algorithms for

single-slice CT are still sufficiently accurate, at least

with some minor modifications. The most famous

adaptation is the so-called Feldkamp reconstruction

approach [17], in which the classic fan beam algo-

rithm is adapted to take into account the true geome-

try of the cone beam acquisition; however, these

adaptations are still approximations, and for larger

cone angles they become too inaccurate, resulting in

cone beam image artifacts. For larger cone angles

with axial (nonhelical) CT scans it becomes mathe-

matically impossible to perform an exact reconstruc-

tion because of incomplete data.

Two solutions have been proposed to handle this

problem. The first solution is to acquire complete data
using circle-plus-line or circle-plus-arc trajectories, in

which a small linear scan accompanies each rotation,

similar to a scout scan in conventional CT [18]. The

second solution is to take large cone angle helical CT

acquisitions, in which exact reconstruction remains

theoretically possible. Tuy [19] and Grangeat [20]

showed how cone beam measurements could be used

for mathematically exact image reconstruction. Based

on this work several exact, wide cone beam algo-

rithms have been published recently [21–23]. For

ease of implementation, a number of approximate

algorithms have been proposed [24,25]. With the

prospect of CT geometries with larger and larger

cone angles, research in cone beam reconstruction

has become an active field in the past few years.

Temporal resolution

Another trend in CT is the ever-increasing acqui-

sition speed, which is important for two reasons: (1)

to avoid motion artifacts caused by, for instance,

cardiac motion, breathing, or patient movement, and

(2) to reduce the total scan time for one examination.

Reducing the scan time prevents slice misregistration,

facilitates studies with contrast agents, and decreases

patient examination time.

The straightforward way to improve temporal

resolution is to increase the gantry rotation speed;

however, rotating a 1 ton gantry at two rotations per

second or more results in extremely challenging me-

chanical constraints. Another problem is that large

amounts of data have to be transmitted in a shorter

time. Finally, and most important to the clinician,

faster scanning limits the total number of x-ray

photons that the x-ray tube can deliver per scanned

slice, resulting in images that have increased noise.

One way to overcome the speed limitation is to use a

large, stationary circular detector, replace the x-ray

tube with an electron gun, producing a beam of elec-

trons directed on a large stationary circular target, and

sweep this electron beam around the target to scan the

patient. This technique is the basis of the EBCT

scanner [7,26]. The absence of moving parts allows

scan speeds equivalent to a ‘‘rotation’’ time of about

50 ms, or 10 � faster than conventional CT scanners.

The most challenging application for CT and other

noninvasive imaging modalities is cardiac imaging

because of the dynamic nature of the heart. For car-

diac imaging, particularly CT angiography, there is a

demand for improved image quality (ie, better spatial

and temporal resolution, whole-heart scanning in one

breath-hold, improved signal-to-noise ratio, and low-

contrast detectability for determining functional in-

formation). These characteristics drive the technology
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toward faster rotational speeds for the gantry, wider

coverage, more efficient detectors, and advanced

reconstruction techniques. The volume of the heart

changes drastically during the cardiac cycle. There-

fore, if the imaging system could acquire the neces-

sary projection data for reconstruction of the heart

during a phase of minimum motion, the resulting im-

age quality would contain reduced motion artifacts.

High temporal resolution is required to freeze the

heart motion, and high spatial resolution is needed to

allow clinicians to identify and characterize coronary

arteries, enabling visualization and quantification of

stenotic segments and discernment of constituent

components of atherosclerotic plaque that might be

present [27–30]. Fig. 4 shows an image of resteno-

sis in a stent of the proximal left anterior descend-

ing coronary artery from data acquired with a

multislice CT system at 0.625 mm slice thickness

(Lightspeed 16, GE Medical Systems, Milwaukee,

Wisconsin) and reconstructed with a multisector

approach. Sectors of x-ray projection from multiple

rotations of the gantry are combined to provide the

data necessary for image reconstruction at 0.3 mm

intervals with overlapping slices [28,29,31].
Fig. 4. Cardiac imaging using a multisector reconstruction

approach. The image shows restenosis in a stent placed in

the proximal left anterior descending coronary artery. Data

were acquired with a clinical CT scanner configured with

0.625 mm slice thickness (GE Lightspeed 16) and recon-

structed with a multisector approach at 0.3 mm intervals with

overlapping slices. Using state-of-the-art CT imaging

technology and multisector reconstruction algorithms,

today’s scanners have capabilities that approach the spatial

resolution and the temporal resolution needed to evaluate the

coronary arteries of the heart. The heart rate of this patient

during this examination ranged between 71 beats per minute

and 82 beats per minute. (Courtesy of J.L. Sablarolles, MD,

Centre Cardiologique Du Nord, Saint Denis, France.)
Dose reduction

No aspect of medical CT imaging has received

more attention in recent years than patient radiation

dose [32–34]. For diagnostic imaging in general, the

radiation dose should be kept to as low as reasonably

achievable while maintaining suitable diagnostic ca-

pability for features of interest. Radiation dose mea-

surements are reported in the CT–dose index (CTDI,

in Gy), dose– length–product (in mGy-cm), and

effective dose (in mSv). CTDI standards are useful

to objectively rate different scan protocols available

in a scanner and among different types of scanners,

but the dose index is not useful in predicting the

image quality (ie, noise level) produced in anatomical

imaging or the risk to the patient. The computation

of effective dose is used to rate the relative risk to

patients from radiologic procedures [35,36]. For the

calculation of this quantity, the absorbed dose is cal-

culated in specific organs or tissues and is weighted

by the relative sensitivity of these tissues to x-ray

radiation to predict risk to the patient (ie, tissue

weighting factors).

The noise and the quality of the diagnostic infor-

mation available in an image depend on the interplay

between the data acquisition parameters (eg, helical

pitch, detector collimation, tube current, tube voltage,

x-ray beam filtering), the reconstruction approach

(eg, helical weighting, reconstruction kernel, longitu-

dinal smoothing), and the postprocessing techniques

(eg, thresholding, segmentation, volumetric measure-

ments). Image noise also depends on the patient’s

anatomy. In modern CT scanners, the detector’s

efficiency (its ability to absorb an x-ray of a certain

energy) is near its theoretical limit; therefore, other

options must be explored to reduce patient doses.

Several techniques have been suggested to opti-

mize the information available in CT imaging or to

reduce the dose delivered to the patient. Two general

approaches are to: (1) reduce the dose by modulating

the intensity of the x-rays, and (2) use the measure-

ments in an optimal scheme to improve the diagnostic

information for a given dose.

One of the latest features on some multislice

scanners is the ability to modulate the tube current

for different sections of the body. The x-ray tube cur-

rent is increased along lateral directions in the patient,

where there is significant attenuation (eg, along the

shoulders), and reduced along anterior–posterior

directions, where less attenuation is encountered as

the x-ray tube and detector rotate around the body.

The x-ray tube current is also varied in a global

sense as the patient is translated horizontally with

the patient table in the helical scanning mode as the

Clin 14 (2004) 135–149 139
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natural contour of the human body increases or de-

creases. In both cases the x-ray tube current is ad-

justed appropriately to meet a noise requirement that

is set by the radiologist (see [37] and references

therein). These techniques have been shown to reduce

the dose delivered to the patient significantly, but it

is critical to set an appropriate noise factor that does

not inhibit diagnostic information. In the future all

CT scanners will use such techniques.

One way to optimize dose usage is to make the

measured intensities more uniform within each x-ray

projection (denoted as a view), which is accomplished

by using specially shaped filters (eg, bowtie filters).

Central rays usually traverse larger sections of the

patient and are therefore filtered minimally by the

bowtie filter. Peripheral rays in the x-ray beam usually

traverse smaller sections of the patient and are there-

fore filtered more. The net result is that all rays

undergo roughly the same amount of attenuation. This

technique reduces the harmful absorbed dose at the

peripheral of the body [38]. As the radiological com-

munity continues to advocate lower doses, one can

conceive of special x-ray beam filtering techniques

that could be optimized for a specific organ of interest.

Current multislice helical reconstruction algo-

rithms based on the filtered backprojection method

use a variety of weighting and filtering schemes to
Fig. 5. Adaptive filtering to reduce noise artifacts for low-dose i

nonsolid pulmonary nodule (arrow). (a) Image reconstructed from x

120 kVp, 200 mAs, 0.5 s gantry speed (100 mAs), 4 � 2.5 mm de

GE Lightspeed Plus (GE Medical Systems, Milwaukee, Wisconsin)

image was reconstructed from x-ray projection data acquired usin

speed (5 mAs), 4 � 1.5 mm detector collimation, and a helical pit

generate the image shown in (b) was reconstructed using a reconstr

In all three images the nodule is visible; however, the image sho

techniques, contains less noise artifact when compared with the im

compared with the image in (a). (Courtesy of Akifumi Fujita, MD
trade off noise and artifacts in the reconstructed

image with the achievable spatial resolution. A par-

ticularly difficult area in the body for low-dose

imaging is the region near the shoulders. These slices

usually suffer from structured noise, which appears as

horizontal streaks across the image, because of the

significant attenuation of the x-ray signal through the

shoulders. Various schemes have been proposed to

improve the signal-to-noise ratio of measurements

acquired along projection lines with significant at-

tenuation by using information from neighboring

detector cells or views. In some cases special filtering

schemes also incorporate signals measured in the

longitudinal direction from data measured with the

multislice detector [24,39,40]. To demonstrate one

such scheme, Fig. 5 displays a scan of the right lung

of a human patient. On the left (Fig. 5a) the chest was

scanned using an x-ray beam current of 200 mA. In

the middle (Fig. 5b) the same anatomy is scanned with

much lower dose, using an x-ray current of 10 mA. On

the right (Fig. 5c) the data used to generate the image

shown in Fig. 5b are reconstructed using an adaptive

filtering scheme incorporated as part of the recon-

struction algorithm [39]. Although the adaptive filter-

ing algorithm reduces spatial resolution slightly, as

demonstrated in Fig. 5c, the benefits of reduced image

noise are shown clearly.
maging. The scan of the right lung of this patient shows a

-ray projection data acquired using a system configuration of

tector collimation, and a helical pitch ratio of 0.75:1 using a

. (b) The same anatomy was scanned at much lower dose; the

g a system configuration of 120 kVp, 10 mA, 0.5 s gantry

ch ratio of 1.5:1. (c) The same x-ray projection data used to

uction algorithm incorporating adaptive filtering techniques.

wn in (c), which was reconstructed using adaptive filtering

age in (b), at a slight reduction in the spatial resolution when

, Showa University, Fujigaoka Hospital.)
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Another strategy to reduce noise in CT images or

to achieve the same noise level at reduced dose is the

use of statistical reconstruction algorithms, which

weigh x-ray projection data in an optimal sense for

CT image reconstruction. Although statistical re-

construction algorithms have been investigated in

nuclear medicine for many years, they have not yet

been commonly used for CT image reconstruction

mainly because of the computational complexity of

such approaches and the fact that the signal-to-noise

ratio in x-ray projection measurements is higher in

CT compared with nuclear imaging. Unlike filtered

backprojection reconstruction approaches, statistical

reconstruction has a framework that includes a statis-

tical model for the measurements. More recently, sev-

eral researchers have applied statistical reconstruction

to CT successfully [41–44]. Statistical reconstruction

also allows incorporation of prior information regard-

ing the scanned region of interest (ROI) to improve

image quality in reconstructed images in an efficient

manner. Apart from minimizing image noise, statisti-

cal reconstruction has also been shown to have

potential for artifact reduction [42,43] and for appli-

cations with missing x-ray projection data needed for

image reconstruction [45–47].
Clinical imaging applications

New scanners that have improved algorithms and

technology offer superior image resolution, greater

coverage, and shorter acquisition times. As a result of

advancing CT imaging technology, the amount of

information required for physicians to review has also

increased. To improve clinicians’ workflow and pro-

ductivity, three-dimensional image processing algo-

rithms, advanced workstations, and computer-assisted

tools have been developed. Advanced postprocessing

tools have many applications and have been shown to

improve accuracy and productivity [48,49]. Some

specific examples of advanced CT technology com-

bined with computer-assisted tools are discussed in

this section.

Lung cancer

The American Cancer Society has estimated that

171,900 new lung cancer cases would be diagnosed

and 157,200 lung cancer deaths would occur in the

United States in 2003 [50]. CT imaging currently

plays an important role in all aspects of lung can-

cer management including detection, diagnosis, stag-

ing, treatment planning, and patient follow-up care

[51–61]. In the past decade, spatial resolution achie-
vable with state-of-the-art CT scanners has increased

more than tenfold. CT now routinely provides detailed

images of early-stage lung cancer by imaging with a

spatial resolution of less than 1 mm. High-resolution

imaging has led to significant advances in clinical

understanding of early disease progression and has

redefined lung cancer management practices. This

section focuses on state-of-the-art and emerging CT

applications in the area of lung cancer and describes

the impact of future technological improvements.

Solitary pulmonary nodule detection and sizing

The superiority of CT over other radiologic

imaging techniques (eg, chest radiograph, MRI) for

the detection of solitary pulmonary nodules (SPNs)

is well documented [62–64]. Recent technological

advancements in multislice CT, namely the ability

to scan the entire human thorax at submillimeter

resolution within a breath-hold, enable the detection

of much smaller lesions [63,65]. This realization has

spurred several studies to reinvestigate the hypothesis

that the early detection of lung cancer could justify

screening for lung cancer in asymptomatic patients

(see [51] for a review of current lung cancer screen-

ing literature).

In addition to enabling the detection of small

SPNs, high-resolution CT imaging has also been

shown to be a highly sensitive for the measurement

of small changes in volume [61,66,67]. Radiologic

phantom studies, used to characterize the sensitivity of

high-resolution CT imaging for growth estimation,

indicate that volume accuracy using CT is within 3%

of the true volume in nodules between 3 and 6 mm in

diameter and within 1% in nodules greater than 6 mm

in diameter [61]. These results were obtained under

ideal imaging conditions: small field-of-view imag-

ing, application of resolution-enhancing reconstruc-

tion kernels, thin-slice imaging mode, low helical

pitch, and the absence of confounding anatomical

structure. These results should therefore be considered

an upper limit of current CT capability. The clinical

evidence for in situ volumetric accuracy of nodule

sizing is not conclusive for several reasons: (1) nodule

sizing methods have not been standardized, (2) the

highest available resolution capabilities of the scanner

are not routinely used for examinations, and (3) ad-

vanced segmentation and computation tools have only

become recently available.

In general, three-dimensional computer-assisted

segmentation tools generate the most accurate and

repeatable nodule size measurements [53]. An exam-

ple case showing results from the use of advanced

analysis tools is presented in Figs. 6 and 7. Fig. 6a

shows a CT image of an SPN attached to a vascu-



Fig. 6. Segmentation of pulmonary nodules with minimal user interaction. An SPN is detected by the radiologist, and using

advanced analysis tools (Advanced Lung Analysis, GE Medical Systems, Milwaukee, Wisconsin) the nodule is segmented

automatically and the volume is determined. (a) Solid pulmonary nodule detected by the radiologist in an axial CT scan.

(b) The Nodule and vessel structure are segmented from the parenchyma and displayed as a three-dimensional surface.

(c) Nodule is separated automatically from the vascular structures and its volume is computed. (Courtesy of Lawrence Good-

man, MD, Froedtert Hospital, Milwaukee, WI.)
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lar structure. Fig. 6b shows the nodule and vessel

structure, which have been segmented from the lung

parenchyma and displayed as a three-dimensional

surface. The nodule was separated automatically

from the vascular structure and the volume was com-

puted. The three-dimensional surface model of the
Fig. 7. Determining nodule growth rate with volumetric measurem

shown. The volume at each time instance was measured using

(a) Using the CT image of the nodule measured at time one, the di

nodule measured one month later is 12.8 mm in diameter. (c) Thre

one. (d) Three-dimensional surface model of the same nodule mea

volume, corresponding to a 103-day doubling time assuming expo

Program, New York Presbyterian Hospital, Weill Cornell Medical
nodule separated from the vascular structure is shown

in Fig. 6c.

The images in Fig. 7 show a nodule that was mea-

sured in two CTscans one month apart; the nodule size

exhibits a 24% volume increase, corresponding to a

103-day doubling time, assuming exponential growth.
ents. Multiple images of a nodule, measured 1 mo apart, are

GE Medical System’s Advanced Lung Analysis program.

ameter of the nodule is shown to be 11.7 mm. (b) The same

e-dimensional surface model of the nodule measured at time

sured at time two. This nodule exhibited a 24% increase in

nential growth. (Courtesy of The Early Lung Cancer Action

Center, New York, NY.)



Fig. 8. CAD used to detect lung nodules automatically. In

this image a radiologist detected two potential lung cancers

in the right lung (arrows). One lung nodule is a solid type

(left arrow); another nodule is a nonsolid type (right arrow).

Both of these nodules were also detected using a CAD

algorithm developed at the GE Global Research Center.

The nodule on the left is difficult for most CAD algorithms

to detect because it has structures attached to the chest

wall. The nodule on the right is challenging because the

reconstructed intensity is lower than most solid lung

nodules. The patient was scanned using a GE Lightspeed

system at 120 kVp, 60 mA, and 2.5 mm slice thickness.

(Courtesy of The Early Lung Cancer Action Program, New

York Presbyterian Hospital, Weill Cornell Medical Center,
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Another revelation in the understanding of

the characteristics of SPNs relates to the increased

frequency of detection of subsolid lesions (or ground-

glass opacities) [55,68,69]. The importance of sub-

solid lesions has recently become apparent because

nonsolid and part-solid lesions appear to be highly

correlated to malignancy. In one study, nonsolid

nodules comprised 52% of all confirmed lung can-

cers, and their probability of malignancy was between

18% (for nonsolid nodules) and 63% (for part-solid

nodules), compared with a 7% malignancy rate

among strictly solid SPNs [69]; however, it should

be noted that the prevalence of nonsolid and part-

solid lesions is much lower than the prevalence of

solid lesion types. High-resolution CT imaging will

play an important role in the further investigation of

these lesion types because many of the most subtle

occurrences of these lesion types are not detectable

when thick-slice CT scanning is used because of

partial volume effects.

Computer-automated detection of pulmonary nodules

The evaluation of today’s high-resolution MSCT

data presents a significant challenge to radiologists

because they must review up to 500 CT images for a

single examination and discriminate normal lung

anatomy from small lesions that potentially represent

the early onset of lung cancer. The promise of CT for

high-resolution imaging of early lung cancer coupled

with the challenges in reviewing these large data sets

has led to an increased focus on computer-aided de-

tection (CAD) of lung lesions [70–74]. In Fig. 8,

two nodules identified using an automated detection

algorithm are shown. The nodule identified by the left

arrow is a solid type; the nodule identified by the right

arrow is a nonsolid type. Both nodules present a

challenge for automated detection algorithms—the

solid nodule because it has structures connecting it

to the chest wall; the nonsolid nodule because it has a

lower reconstructed attenuation value when compared

with solid nodules. It is initially expected that lung

cancer CAD techniques will improve radiologic diag-

nosis by highlighting suspicious regions that the

radiologist might otherwise have overlooked. A recent

multireader, multi-institution study for lung cancer

detection demonstrated an average reduction in the

false-negative rate from 10% to 3% when comparing

the performance of a radiologist alone to that of a

radiologist using a prototype CAD algorithm [75].

As the spatial resolution and amount of data per

patient examination continues to increase, CAD tech-

nology will become a necessary tool in the radiolo-

gist’s evaluation of chest CT examinations.
CT for noninvasive diagnosis, staging, and treatment

planning

Because of the reduced scanning time for a CT

examination using advanced MSCT, there has been a

renewed interest in the use of contrast-enhanced CT

imaging for the diagnosis and staging of lung nodules

[76–78]. The use of iodine contrast agent uptake as a

measure of malignancy is predicated on the fact that

there are distinct differences in the vascular charac-

teristics of benign and malignant nodules. Although

positron emission tomography (PET) is more accurate

than CT imaging for the detection of mediastinal

metastases [79], the role of CT imaging is still recom-

mended as a diagnostic tool because it is valuable for

further workup, including biopsy or surgery planning

[80]. Furthermore, the role of CT and PET image

fusion has shown considerable promise as an optimal

method for noninvasive diagnosis and staging of lung

cancer [81,82]. CT imaging also plays a primary role

in radiation treatment planning [53].

New York, NY.)



Fig. 9. High-resolution volumetric CT for improved air-

way wall measurements. A high-resolution volumetric CT

research scanner (GE Global Research Center, Niskayuna,

NY) capable of 250 mm isotropic resolution was used to

image an excised pig lung. The airway lumen (insert) was

measured with minimal user interaction using prototype

software (GE Global Research Center, Niskayuna, NY) and

was measured to be about 0.5 mm in diameter.
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Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD)

affects roughly 16 million adults in the United States

and is the fourth leading cause of chronic morbidity

and mortality in the United States [83]. High-resolu-

tion CT imaging has been useful in the evaluation of

the presence and extent of emphysema and as a tool

to quantify morphologic changes caused by chronic

bronchitis [84]. Many of these recent advances have

been spurred by the technological improvements in

MSCT, namely the ability to acquire a large volume

of contiguous high-resolution, thin-slice data in less

than 10 seconds.

The superiority of CT imaging over chest radiog-

raphy in the detection and evaluation of the preva-

lence of bullae in the lung and the diagnosis of

emphysema has been well documented [84,85].

Researchers have commented on qualitative methods

of assessing the severity of emphysema with CT

imaging, correlating radiologic indications with lung

function [86–88]. Recent research in the radiologic

assessment of emphysema has focused on the devel-

opment of computational tools that can objectively

evaluate the extent of emphysema through the mea-

surement of lung density [89,90]. Because lung

density measurements can be affected by scanner

calibration, reconstruction parameters [91,92], patient

size, and depth of inspiration, the key to reducing

inter- and intravariability of these examinations is to

model and correct for these effects.

The ability to use CT imaging to detect bronchial

wall thickening caused by chronic bronchitis (which

is associated with reduced lung function in the case

of COPD and asthma) has been well documented in

the recent literature [84,93]. The ability to measure

small changes in the airway lumen area and in the air-

way wall area is at the limit of the resolving power of

state-of-the-art CT scanners. Because of the scanner’s

inherent resolution capabilities, quantitative measure-

ment accuracy is limited by the partial volume effect

[94]. Several reports have shown that computational

methods are more accurate than manual methods

[93,95,96], and methods that correct for the scanner

point spread function, or resolving power of the CT

system, have a higher rate of repeatability [97].

The availability of thinner slices on state-of-

the-art scanners (eg, 0.625 mm) and high-resolution

scanning protocols could further improve the accu-

racy of airway measurements. As resolution in CT

scanners continues to improve, the ability to measure

airways less than 1 mm accurately will become

possible, and the sensitivity of the detection of mor-

phologic changes will increase. For example, a high-
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resolution CT image of an excised pig lung recon-

structed from data acquired with a prototype high-

resolution volumetric CT research system is shown in

Fig. 9. The lumen of an airway that is approximately

0.5 mm in diameter is clearly visible.

Pulmonary embolism

It is estimated that the incidence of pulmo-

nary embolism (PE) in the United States is roughly

630,000 cases per year [98]. Since its introduction,

[99] CT imaging has been shown to be highly sen-

sitive and specific in the diagnosis of PE when com-

pared with angiography, which is the current standard

[100,101]. Recent technological advances in reso-

lution (thinner slices) and speed (faster scans) of

multislice CT scanners have improved the detection

of PE [102].

CT offers several advantages over other imaging

techniques for PE detection. The primary advantage

of CT imaging is that scanning can be performed

quickly in critically ill patients. Clinicians also have

the ability to evaluate patients using CT for other

lung-related conditions that could indicate an in-

creased risk of PE such as cardiac disease, chest

trauma, pneumonia, and lung cancer.

One impediment to detecting PE in CT images is

that the current resolution capability limits the detec-

tion of subsegmental PEs [103], although the clinical

importance of such cases is a subject of debate. As



Fig. 10. Multislice CT for the detection of PE. (a) On the left, an axial CT image shows an occurrence of PE (arrow).

(b) Maximum-intensity projection image of the volume is shown on the right in sagittal reformat. The PE (arrow) is readily

detectable. The patient was imaged using a GE Lightspeed 16. (Courtesy of Lawrence Goodman, MD, Froedtert Hospital,

Milwaukee, WI.)
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resolution continues to improve and advanced MSCT

technology becomes more available, these limitations

could possibly be surmounted, as suggested by some

researchers [102,104]. Some misdiagnoses are caused

by the difficulty in quickly finding an abnormality in

a complicated vessel structure [105]. To review the

entire chest in high resolution, the radiologist must

review between 100 and 300 axial images. This task

might be facilitated with advanced segmentation

techniques. For example, an occurrence of a PE is

shown in an axial image (Fig. 10a), but in a maxi-

mum-intensity projection image of a sagittal cross-

section (Fig. 10b), the PE is readily detectable and

there are considerably less images to review. Some

researchers have suggested using CAD methods to

detect PE in CT images rapidly [106,107].

Interventional procedures

CT imaging has been a standard in surgery plan-

ning, radiation therapy planning, virtual endoscopy,

and guidance for percutaneous needle biopsy. Image-

guided surgery, a procedure in which the physician

uses a two- or three-dimensional image along with

the registration of the surgical instruments in the re-

constructed volume to guide the procedure, is at the

forefront of medical technology. Two-dimensional

imaging techniques are limited because the surgeon

must virtually conceptualize the three-dimensional

and correlate the image with the anatomy. The use

of preoperative CT images and three-dimensional

visualization offers a more natural view of the anat-
omy, creating new possibilities for more minimally

invasive techniques. Procedures for use in the sinus,

spine, and head are becoming more widespread

[108–110].

Of particular interest in surgical treatment for

oncology is the use of percutaneous, image-guided,

in situ tumor ablation techniques [111]. The most

advanced of these techniques uses a radiofrequency

(RF) thermal source positioned by way of an elec-

trode placed with image guidance into the tumor to be

ablated. Although the standard of care for a detected

lung cancer is resection, some researchers have pro-

posed RF ablation for pulmonary nodules in patients

who are not candidates for surgery [112–114].

One barrier to extending these techniques to other

areas in the thorax is the fact that the chest undergoes

significant movement during the breathing cycle,

which makes it difficult to register the current location

of the electrode with a preoperative scan or requires

surgical procedures to be performed in the vicinity of

the CT scanner. The development of deformable

models [115,116], which can predict the organ move-

ment, advanced visualization techniques [117], and

multimodality data integration, will extend these

techniques in the future.
Summary

X-ray CT technology has been available for more

than 30 years, yet continued technological advances

have kept CT imaging at the forefront of medical
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imaging innovation. Consequently, the number of

clinical CT applications has increased steadily. Other

imaging modalities might be superior to CT imaging

for some specific applications, but no other single

modality is more often used in chest imaging today.

Future technological developments in the area of

high-resolution detectors, high-capacity x-ray tubes,

advanced reconstruction algorithms, and improved vi-

sualization techniques will continue to expand the im-

aging capability. Future CT imaging technology will

combine improved imaging capability with advanced

and specific computer-assisted tools, which will ex-

pand the usefulness of CT imaging in many areas.
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