
Thorac Surg Clin 14 (2004) 125–133
Computer-aided diagnostics
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In this paper the authors provide an overview of Each of these domains is considered in turn. The
recent work in using computer analysis of CT images

of the lungs to aid the physician in diagnosing dis-

eases of the lung and planning treatments, with par-

ticular attention to lung cancer. Computers can provide

such aid in several domains:

1. Image visualization: by providing different

viewing options, the computer can present

image data to the radiologist in a more con-

venient form for diagnosis or to a surgeon in

such a way that anatomic relationships can be

recognized more easily

2. Detection: the computer can be used to detect

lung abnormalities automatically, especially in

typical situations in which whole-lung scans

consist of hundreds of images and the abnor-

mality is small and might only be visible on

one image

3. Characterization: the computer can make mea-

surements on a pulmonary nodule to determine

its malignancy status; currently, the most ac-

curate measurement for predicting malig-

nancy is growth rate, which is determined

from the change in nodule size in two time-

separated scans

4. Abnormality documentation and treatment

evaluation: if many nodules are present, the

computer is ideal for the tedious cataloging and

documenting task. Furthermore, for treatment

evaluation the computer can be used to quan-

titatively measure the difference through the

whole-lung region before and after surgical or

nonsurgical treatments
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lung is a particularly convenient organ for CT image

analysis because many abnormalities show up as

brighter image regions on the dark lung parenchyma

background, which is in contrast to other organs, in

which the contrast is much less and the delineation

of abnormal tissue is typically more difficult. The

lung also presents a unique challenge to accurate mea-

surement because of its compressible nature. Image

analysis is complicated, for example, by change in

patient position, degree of inspiration, heart motion

image artifacts, and body movement image artifacts.

CT technology has made considerable advances

over the past decade, providing better information

and greater challenges for the radiologist. Newer

multislice scanners can capture many more images

in a single breath-hold. Consequently, the radiologist

is confronted with the task of examining several

hundred images for a single whole-lung scan rather

than the tens of images characteristic of older scan-

ners. Furthermore, these images are now often re-

corded using a low-dose protocol, which means that

there is much more image noise, making the reading

more difficult. However, for computer analysis the

thinner slices provide a tremendous opportunity for

considering the CT scan as single three-dimensional

(3D) image rather than the traditional viewpoint of a

set of individual two-dimensional images. Computer

methods can use true 3D geometric analysis, which

is much simpler and more direct than the two-

dimensional counterpart.

For 3D geometric techniques to be used, the 3D

image must have a close to isotropic voxel size. The

resolution in the axial direction (slice thickness) must

be similar to the in-plane resolution (pixel size). For

example, a typical whole-lung image has a pixel size

of about 0.6 � 0.6 mm. If the slice thickness is
s reserved.
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10 mm, there is an anisotropic mismatch of 10 to 0.6

or about 18 to 1. For a 1 mm slice thickness the ratio

is 1:0.6 or about 1.8:1. The most recent multislice

scanners offer 0.5 mm slice thickness, in which the

ideal 1:1 ratio is achievable.

The main benefits of computer-aided image analy-

sis are realized when quantitative methods are used

for measuring and classifying image characteristics.

Image visualization, in which the computer provides

a more human-convenient presentation of image

data, has been the more traditional use of computer

assistance; however, such a qualitative approach

leaves the image analysis and decision making en-

tirely up to the radiologist. In contrast, quantitative

data analysis can provide three major benefits to

the radiologist:

1. More accurate and repeatable measurements.

The computer does not suffer from fatigue and

will consistently use the same measurement

algorithm with the same parameters every time

it is applied. In contrast, humans use a num-

ber of subjective judgments in making mea-

surements and there are many sources of

measurement variation. However, the computer

sometimes makes mistakes in locating the cor-

rect boundary for a region of interest. Therefore,

a good strategy is to have the human observe the

decisions made by computer and to manually

override the measurement process when any

incorrect computer decisions are observed.

2. Large database for diagnosis. Diagnosis by

computer involves comparing the quantitative

information from an image with knowledge of

all previous examples that the computer has in

its database. This knowledge can be recorded

in the computer in many ways, from a set of

actual images to a set of derived measurement

parameters. However the data are organized,

the general result is that the larger the knowl-

edge database (number of cases), the better the

quality of the computer diagnosis. Given that

memory to store the cases is no longer a major

consideration for modern computer technology,

clinicians can anticipate that performance of

computer diagnosis methods will continue

to improve with time. Compare this scenario

to the physician, who must typically make a

judgment based on a lifetime personal experi-

ence of only a few hundred cases.

3. Management of large data sets. The computer

is an excellent data manager ideally suited to

the tedious task of documenting all abnormali-

ties that might be present in a single whole-
lung scan. Furthermore, it is equally well suited

to matching two time-separated whole-lung

scans and documenting the changes that have

occurred in the period between them. For

radiologists this is an arduous, time-consuming

task that is difficult to perform consistently for

long periods of time.

Recent advances in qualitative image visualization

are considered in the next section, followed by the

advantages of using quantitative methods for de-

tection, characterization, and general documentation.
Visualization

Unlike chest radiographs (the original standard for

chest radiography), the visualization of CT images

has always required computer assistance in the form

of digital reconstruction algorithms, even when the

images are presented to the radiologist on a film

base. To acquire CT image data, several parameters,

including the dose and slice thickness, need to be pre-

established; however, to view a CT image a radi-

ologist must specify a number of post hoc parameters

when the raw CT image data has been acquired.

These parameters include brightness and contrast

(level and widow), spatial enhancement, and the field

of view (magnification). The use of film fixes these

parameters while the use of a soft-copy computer dis-

play device permits the radiologist to modify these

parameters in real time while viewing the image data.

The standard radiology soft-copy viewing station

is designed to accommodate a range of imaging

modalities. Constraints on projective images such as

chest radiographs and mammograms require high

resolution and a well-controlled viewing environment;

hence, most such soft-copy systems are costly and

involve a special high-resolution grayscale monitor.

The viewing requirements for high-contrast lung

CT scans are, in general, less stringent than for pro-

jective images. Many standard PCs offer adequate

quality viewing characteristics for viewing CT image

data, especially for the characterization of previously

identified nodules. Furthermore, they offer color as

one means of drawing attention to regions of interest

such as lung abnormalities. Standard computer

graphics methods coupled with simple computer

analysis offer alternative modes for viewing CT image

data, and vendors are introducing such methods.

Acceptance of these methods by radiologists has been

rather slow; possibly one factor is the difficulty in



Fig. 1. Axial CT image with a small pulmonary nodule

outlined.
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incorporating such techniques on the traditional high-

resolution, grayscale, soft-copy workstations.

To illustrate some of the visualization options, the

visualization of a single lung nodule is presented.

In Fig. 1, a conventional axial CT image of the lung

is shown with a 10 mm nodule outlined in the left

lung. All scanners and soft-copy workstations sup-

port this conventional visualization. Fig. 2 shows the

image slices through that nodule at the same time

in a montage display. Fig. 3 shows an alternative
Fig. 2. Consecutive 1 mm image slices th
method of viewing these data using standard com-

puter graphics techniques. A visualization is gene-

rated to resemble how the nodule might look if

it were perfectly extracted from the lung, if it had a

perfectly reflecting matt surface, and if it was illu-

minated by a single, simple light source with some

uniform background illumination. Because this

method involves creating a 3D model of the nodule

(which is made possible by the isotropic property of

the thin slice scan), the nodule can be viewed from

different viewpoints than just the conventional axial

direction. On a viewing workstation the nodule can

be rotated and viewed from any arbitrary direction. In

Fig. 3, visualizations from the three canonical view-

points, axial, sagittal, and coronal, are provided.

A second conventional nodule image is shown

in Fig. 4. The visualization of that nodule using

standard ray tracing techniques is shown in Fig. 5.

In this case the body tissue is given an opacity related

to its radiograph density, then computer algorithms

identify the nodule region and colorize the other

dense image objects in the lung according to their

geometric form, hence using color to highlight the

region of prime interest to the radiologist (Fig. 6). A

magnified image of the nodule is shown in Fig. 7.

In Fig. 8A a CT image of a nonsolid nodule or

ground-glass opacity (GGO) is shown. For this im-

portant nodule type there is a distinctive difference

in density between the nonsolid material and other

solid tissue (eg, vessels and chest wall). To visualize

the nonsolid tissue the authors use a translucent

rendering method as shown in Fig. 8B. The interac-

tion between the vessels and the nodule can now be
rough the nodule shown in Fig. 1.



Fig. 3. 3D reconstructions of the nodule shown in Fig. 2 rendered from three orthogonal viewing directions: axial, sagittal,

and coronal.
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seen. Further, the authors can remove the vessels

from consideration as shown in Fig. 8C to have an

unobstructed view of the whole nodule’s shape.

While visualization is important, especially for the

correct interpretation of image data by radiologists,

the real power of the computer is in the quantitative

analysis of the data to directly determine clinically

relevant information. The visualizations shown in

Fig. 9 show a rendering of a geometrical model of

a nodule derived from the nodule size measurements

extracted from the computer segmentation process.

This reference (see Fig. 3) is derived from the

quantitative analysis, whereas other renderings are
Fig. 4. Conventional focused study image of a small, solid

pulmonary nodule.
computed without explicit segmentation, and mea-

surements cannot be made from them.
Detection

A computer assistant for detection examines a

whole-lung CT scan for any evidence of pulmonary

nodules and reports the locations of suspected nodule

to the radiologist. The most common scenario (one

that is currently the most likely to be approved by the

U.S. Food and Drug Administration) is to use com-

puter-detected results as a second read. When the
Fig. 5. Ray-traced rendering of the nodule shown in Fig. 4.



Fig. 6. Color-coded rendering of the nodule shown in Fig. 4.

Fig. 7. Magnified view of the nodule shown in Fig. 6.
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radiologist has performed a conventional reading of

the scan, the computer highlights possible nodule

locations that have not been documented by the

radiologist. The radiologist then examines these loca-

tions with a view to modifying the report.

The critical issue is that the detection system

must be sensitive enough to detect essentially all

nodules without indicating too many false alarms

(false-positives). To achieve this performance, the

detection algorithm must have a high sensitivity and

specificity. Furthermore, a sensitivity parameter needs

to be set to fix the sensitivity/specificity tradeoff to

the optimal value for a given clinical reading task.

Of importance to a detection system is the defini-

tion of a nodule or a reportable event. In general,

large nodules are easier to identify for the radiologist

and the machine. The task of nodule identification

becomes increasingly more difficult as the nodule

size approaches the voxel size of the scanner. Fur-

thermore, as nodules of a smaller size are detected

and characterized, there is a higher probability that

smaller, benign nodules will be detected. Clinically

relevant nodules are currently considered to be in the

3 mm to 3 cm size range. In addition, other lung

abnormalities might be of interest to the radiologist,

and the issue of reporting these abnormalities should

be addressed.

Experimental computer-aided systems for lung

nodule detection are currently being developed and

evaluated. Basic algorithms now exist for nodule

detection [1–3]; however, more work is needed to

optimize these methods and to establish appropriate

parameters for general clinical use. For example, the
specification of exactly what abnormalities are to

be reported and the appropriate size and sensitivity

settings commiserate with an acceptable rate of false-

positives for clinical use must be determined. Further-

more, as technology improves and more experience

is gained, it is anticipated that future methods will

achieve a significant improvement with respect to

sensitivity and specificity.
Characterization

The computer can aid the physician in a number

of ways by characterizing the detected nodule. Be-

yond a variety of special visualizations, the computer

can provide quantitative measurements on that nodule

for the physician to interpret or it can perform a

classification on these measurements (based on a

large number of previously diagnosed nodules) to

directly determine the probability of malignancy.

The basic procedure for nodule characterization is

1. Segmentation, determining which voxels be-

long to the nodule and which do not

2. Feature extraction, making quantitative mea-

surements on the nodule voxels

3. Diagnosis/classification, determining the prob-

ability of malignancy from a statistical analysis

of the extracted features

Two basic methods have been explored to deter-

mine the malignancy status of a nodule by computer

evaluation: shape features and size change. In the



Fig. 8. Visualization of a nonsolid nodule. (A) CT image. (B) Rendered as a translucent blue region with vessels marked in red.

(C) With vessels removed.

Fig. 9. Light-shaded views of the segmented nodule in Fig. 4.
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shape feature method a number of measurements are

made on the nodule voxels from a CT scan and these

features are used to predict malignancy by way of a

classifier that has been trained on a database consist-

ing of documented malignant and benign nodules.

This method has been explored in research settings,

and while the initial results are quite promising [4],

more research is needed. The second method is to

measure growth rate from the nodule size change in

two time-separated CT scans. In preliminary studies

[5] a high growth rate has been found to be an ex-

cellent predictor of malignancy; however, this ap-

proach has the drawbacks of requiring a second CT

scan and the delay in diagnosis caused by the re-

quired time period between scans

CT manufacturers and other vendors are now pro-

viding 3D nodule growth estimation tools. Issues

with this approach are that the two scans must be

of a high quality and recorded with the same CT scan

parameters, and the time delay between scans must

be long enough to obtain a sufficiently accurate mea-

surement to predict malignancy, but this delay needs

to be minimized to reduce patient anxiety. For cur-

rent CT scanner technology, this optimal time period
Fig. 10. Nodule candidate locations displayed o
might be several months for small nodules, reducing

to perhaps less than 1 month for larger (1 cm) nodules.
Documentation and health evaluation

Beyond detecting andmeasuring nodules, the com-

puter system should also be capable of facilitating

other operations such as whole-lung health monitor-

ing and automated nodule cataloging. This is espe-

cially important for repeat scans in a screening or

treatment scenario. This operation in itself does not

require any new technological developments; rather, it

requires the development of a patient management

system that goes beyond conventional Radiological

Information Systems (RIS). For example, the authors

have built into their data management system a whole-

lung volume and emphysema analysis capability. The

computer automatically delineates the whole lung

parenchyma region from the CT images and computes

the lung volume. An analysis of the density distribu-

tion of the lung parenchyma is also computed to

produce a visualization of the spatial distribution of

emphysema. The outcome of this analysis presented
n a coronal projection image of the lungs.



Fig. 11. Emphysema visualization on a coronal projection of the lungs.
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from a coronal viewpoint is shown in Figs. 10,11.

Whole-lung analysis of this type can be applied au-

tomatically to all CT scans before physician evalua-

tion on a routine basis.
Discussion

Recent computer methods have been used to

enhance the visualization of CT images for diagnostic

purposes and to provide quantitative measurements

on these images. It is in the latter respect that

computer methods are most powerful as a diagnostic

tool. The advantages to diagnostic radiology are self-

evident; however, these methods can also be applied

to aid treatment and intervention.

Many quantitative and qualitative improvements

can be anticipated in the anatomic analysis of the

chest CT. Algorithms have been developed for the

automatic segmentation of major anatomical regions

from chest CT scans; however, the authors anticipate

that future algorithm development will result in the

automatic segmentation of all major bone and tissue

regions in the thorax. The lung regions themselves

are extracted easily, as are the trachea and major

bronchi. Current efforts include the bone structures.

For the surgeon, these methods can be used for

surgical planning in the preoperative phase. The

boundaries of the lobes can be visualized and the

abnormality can be viewed from different directions

to present its spatial relationship to other structures
within the lung. The health of other structures can be

evaluated; the diameters of vessels, for example, can

be measured. The amount of healthy lung that is being

resected can be measured in emphysema patients so

that the amount of tissue removed can be modified.

Another area of development includes methods to

model how the lobes and the remaining lung will

remodel after surgery to anticipate any complications.

In addition, better scanner sensitivity coupled with

new algorithmic developments can achieve a more

precise evaluation of invasion, especially in critical

areas of the major vessels and the mediastinum.

This 3D visualization can be made available at

the operating table on a flat-panel screen, where it can

be referred to and manipulated in real time. Such

facilities can also be integrated with video-assisted

thoracic surgery (VATS) camera images. Additional

integrated visualizations can be provided based on

camera viewpoint, previous camera images, and avail-

able CT images.

In the postoperative domain, image analysis can

also provide a number of benefits. The effects of

medication can be measured accurately, and the

volume capacity of the lungs can be compared before

and after surgery and as healing progresses. Further,

the healing process itself can be monitored carefully;

the development of scar tissue and its growth pattern

can be ascertained. The effects of medication can be

evaluated and the optimal strategies for recovery can

be determined for an individual patient and for

refining the methods of standard practice.
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Summary

The computer can be used in a number of ways

to aid the physician to interpret CT lung images.

Commercial tools are becoming available to assist

the radiologist in growth rate determination, hence

cancer diagnosis. Computer algorithms are in devel-

opment that will permit lung health evaluation, in-

cluding nodule detection. Finally, the results of such

efforts will probably produce more detailed visual-

izations of the lung region, including depictions of the

location and state of lung abnormalities. While com-

puter methods have found a first application with the

radiologist, these methods should also provide a

valuable aid to surgery and pathology.
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