
Radiol Clin N
Preface

Essentials of Thoracic Imaging

Caroline Chiles, MD

Guest Editor
Diagnostic radiology, like many other medical

specialties, does not allow physicians to maintain

competence solely on the basis of accumulating ex-

perience, but requires a commitment to life– long

learning. Keeping pace with new knowledge and

new technology competes with clinical demands on

a radiologist’s time. At the 2002 annual meeting in

Chicago, the Radiological Society of North America

initiated a series of continuing medical education

lectures called bThe Essentials.Q Attendance and

audience feedback surpassed all expectations. Sur-

veys of radiologists attending bThe EssentialsQ
lectures showed an equal mix of general radiologists,

and radiologists who practice subspecialties outside

the lecture topic. The participants were seeking prac-

tical information that would impact their daily radiol-

ogy work—applying new technologies to diseases

that are encountered every day.

My goal for this issue of Radiologic Clinics of

North America is to condense the overwhelming
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amount of current literature in thoracic radiology to

the application of new technologies to bread-and-

butter cases. Thank you to my colleagues who have

shared their expertise in the basics of thoracic imag-

ing: lung cancer, metastatic disease, the solitary pul-

monary nodule, pneumonia, cardiovascular disease,

and high resolution CT. Thank you as well to Ron

Zagoria, who included me in the initial Radiological

Society of North America Essentials faculty, and to

Barton Dudlick, who saw this project through from

start to finish.
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Lung cancer is the most common type of cancer

and the leading cause of cancer deaths in the United

States for both men and women. It was estimated that

173,770 new cases and 160,440 deaths from lung

cancer would occur in 2004 [1]. More Americans die

of lung cancer than of colorectal, breast, and prostate

cancers combined, which are the second through

fourth leading causes of cancer mortality, respec-

tively. Even though major efforts at improving sur-

vival have occurred over the years, the overall 5-year

survival of lung cancer remains dismal at 14% for all

stages (clinical staging), 61% for stage IA, 38%

for stage IB, 34% for stage IIA, 24% for stage IIB,

13% for stage IIIA, 5% for stage IIIB, and 1% for

stage IV [2].

Once lung cancer has been established, the Inter-

national System for Staging Lung Cancer is used to

stage newly diagnosed non–small cell lung cancer

(NSCLC). This system describes the extent of

NSCLC in terms of the size, location, and extent of

the primary tumor (T descriptor); the presence and

location of lymph node involvement (N descriptor);

and the presence or absence of distant metastatic

disease (M descriptor) [2]. Radiologic evaluation is

an important component of the clinical staging

evaluation and can greatly influence whether the

patient is treated with surgical resection, radiation

therapy, chemotherapy, or a combination of these

modalities [3]. In addition to staging, the radiologic

evaluation of the patient undergoing treatment and

subsequent follow-up is important to the clinician for
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assessing treatment effects and complications. This

article discusses the imaging in patients with NSCLC

and its use in caring for these patients.
Importance of staging lung cancer

Because surgical resection of lung cancer offers

the best chance of cure, accurate staging is important

to determine if patients are surgical candidates. In

general, clinical stage I, II, and some stage IIIA pa-

tients are considered to have disease that is resectable,

whereas more extensive disease as in some patients

with stage IIIA and most with stage IIIB and IV is

treated with radiation therapy, chemotherapy, or a

combination of both [4]. More than 60% of patients

with lung cancer receive radiotherapy at some point

in their disease, 17% of which is for palliation [5].

Patients with early stage disease (stage I–II) who are

not surgical candidates because of medical comor-

bidities or who refuse surgery may undergo radio-

therapy with curative intent [6]. Radiotherapy may

also be used as preoperative concurrent chemo-

radiotherapy in locally advanced lung cancer to

‘‘downstage’’ the patient to a lower stage and make

them a candidate for surgical cure. Preliminary

studies suggest this technique may have a role in

treating NSCLC, but remains controversial [7]. For

locally advanced and inoperable lung cancer, chemo-

therapy is used in conjunction with radiation therapy

to improve survival [8–10]. Chemotherapy alone is

used in stage III and IV NSCLC patients who are not

candidates for surgery or chemoradiation.

Because the determination of disease extent is

often based on clinical staging, imaging studies and

the radiologist’s interpretation are very important
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Fig. 1. A 60-year-old man with T2 non–small cell lung

cancer. Axial image from a contrast-enhanced CT scan

shows that the primary tumor is located centrally (arrow),

causing distal postobstructive atelectasis. Note the difficulty

of differentiating tumor from collapsed lung parenchyma.
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aspects of the treatment plan decision between

surgery, radiation therapy, chemotherapy, or a combi-

nation of treatments. Common imaging modalities

for staging lung cancer are chest radiographs, CT,

MR imaging, positron-emission tomography (PET),

and fused PET-CT. Although a common method of

detecting lung cancer, chest radiographs are of lim-

ited value in staging lung cancer. The most common

radiologic examination in the lung cancer patient is

chest CT [11] because of its ability to provide

anatomic information regarding the primary tumor

and evaluate the extent of intrathoracic and regional

extrathoracic disease. Whole-body PET using fluorine-

18–fluorodeoxyglucose (18F-FDG) has become a

very useful tool in staging lung cancer; fused PET–

CT imaging is a newer technique that has further

improved staging [3,12,13].
Staging

The radiologic evaluation of the primary tumor

(T descriptor) should describe the size, location, mar-

gins, and relationship to adjacent structures for the

surgeon, radiation oncologist, or medical oncologist

to determine an appropriate treatment plan. T1 tumors

are technically the easiest to resect because they are

smaller (< 3 cm) and are limited to the lung paren-

chyma. T1 tumors are surrounded by lung paren-

chyma but may reside near other structures that are

important to note. As an example, tumors adjacent to

pulmonary vessels may require a change in surgical

technique or radiotherapy treatment plan.

T2 tumors are larger (� 3 cm), but should not be

closer than 2 cm to the carina and may have asso-

ciated atelectasis or pneumonitis that does not include

the entire lobe (Fig. 1). As with T1 tumors, the ana-

tomic relationship of the tumor to nearby structures

may influence the treatment plan and should be

reported. For instance, if the lobar bronchus or main

bronchus is involved by tumor, a sleeve resection or

pneumonectomy may be required [14]. Associated

atelectasis is important because it may require an

alteration in the radiotherapy treatment plan.

T3 tumors can be any size; invade the chest wall,

diaphragm, mediastinal pleura, parietal pericardium,

or be within 2 cm of the carina; or have associated

atelectasis or pneumonitis of the entire lobe. Appro-

priate description of location is important because if

the tumor is less than 2 cm from the carina, a carinal

pneumonectomy needs to be performed [15]. The

extent of chest wall invasion is also important to

convey because more extensive surgical techniques

or larger radiotherapy treatment plans are required.
The sensitivity and specificity of CT in determining

chest wall invasion is reported to vary from 38% to

87% and 40% to 90%, respectively [16]. Glazer et al

[17] reported CT to have 87% sensitivity, 59% speci-

ficity, and 68% accuracy for assessing chest wall

invasion; however, local chest pain was more specific

(94%) and accurate (85%). MR imaging sensitivity

and specificity (63%–90% and 84%–86%, respec-

tively) in diagnosing chest wall invasion are similar

to those of CT [16,18,19]. Even though radiologic

evaluation for chest wall invasion is somewhat limi-

ted, at times definite invasion can be determined, and

important to note for treatment planning. Likewise,

if invasion is not definite, this uncertainty should also

be noted.

Invasion of the primary tumor into the medias-

tinum is also important to assess. As in chest wall

invasion, CT and MR imaging can be accurate

(56%–89% and 50%–93%, respectively) for con-

firming gross invasion of the mediastinum [20–22],

but have limited accuracy when invasion is subtle.

Definite invasion, however, should be reported.

Improvement in determining the extent of chest wall

or mediastinal invasion by the primary tumor using

PET and PET–CT has not been reported.

T4 tumors involve the mediastinum, heart, great

vessels, trachea, esophagus, vertebral body, carina,

or have a malignant pleural or pericardial effusion

(Fig. 2). If the patients have no other contraindication

to surgery, some of these tumors represent the one

subset within clinical stage IIIB patients who remain

good candidates for surgery [23]. Surgical resection

of selected tumors involving the left atrium, great

vessels, superior vena cava, vertebral body, trachea,

and esophagus in selected patients has been shown to



Fig. 3. A 72-year-old woman with mucinous adenocar-

cinoma of the right upper lobe. Axial CT demonstrates

a spiculated right upper lobe mass and satellite nodules

in the same lobe. The presence of satellite nodules results

in classification of the tumor as a T4 lesion.

Fig. 2. An 83-year-old man with adenocarcinoma of the

left lower lobe that invaded the descending thoracic

aorta (arrow) and left main pulmonary artery, depicted by

contrast-enhanced CT. The invasion of these structures

results in classification of the tumor as a T4 lesion.
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have an improved survival [24]. Also of note, the

most recent version of the International Staging

System states that primary tumors of any size asso-

ciated with satellite nodules in the same lobe are also

classified as T4 (Fig. 3), whereas nodules in other

lobes are classified as metastatic (M1) [2]. Classi-

fication of primary tumors with satellite nodules as

T4 may imply a worse prognosis than is warranted,

and some authors advocate that patients with satellite

nodules undergo definitive resection if no other

contraindications to surgery exist [25,26]. Malignant

pleural effusion can be difficult to diagnose because

cytologic evaluation is positive in only approximately

66% of patients [27]. In the absence of cytology-

positive fluid, a clinical T4 staging is assigned if there

is clinical suspicion of a malignant effusion, which

may be raised because of the radiologic appearance

[2,28]. PET imaging with 18F-FDG may aid in

characterizing pleural disease [29–32]. It is important

for the radiologist to indicate the presence of pleural

disease in the radiologic report and to correlate CT

and PET images when available.

The goal of radiotherapy is to treat the tumor

adequately with minimal damage to the surrounding

normal tissues. As with surgeons, radiation oncolo-

gists need to understand the size and location of the

primary tumor and proximity of tumor to critical

structures, particularly the spinal cord, esophagus,

and heart where radiation tolerance imposes dose-

volume constraints. Even though current imaging

techniques cannot determine the true microscopic

limits of tumors, radiologic definition of tumor mar-

gins is critical for radiotherapy treatment planning.
Radiation oncologists take into consideration imaging

limitation of defining tumor margin. Accordingly,

the International Commission of Radiation Units and

Measurements [33,34] has defined the gross tumor

volume as tumor that is visible by any imaging

modality; clinical target volume as the volume that

is likely to contain microscopic disease based on

reported patterns of recurrence; and planning target

volume (the area to be irradiated) as the clinical

tumor volume with an added margin to account for

daily setup error and target motion. Assessment of

gross tumor volume is becoming more important in

radiotherapy with an increasing use of conformal

radiation therapy, which is a technique that uses mul-

tiple radiation beams that conform tightly to target

volumes and limit damage to surrounding normal

structures. As the area around the tumor to be treated

is decreased, accurate determination of tumor margin

becomes more critical. Underestimation of tumor ex-

tent can lead to high local recurrence rates and over-

estimation can lead to destruction of normal tissue

and complications. Accurate description of tumor

margins is needed and at times diagnostic radiologists

may assist in delineating gross tumor margins.

For those patients treated by medical oncologists,

determination of tumor location is important if the

patient is at potential risk for a significant complica-

tion or potentially life-threatening event, such as

invasion into a vascular structure that may lead to

exsanguination. The most important radiologic infor-

mation for medical oncologists is the assessment of

the effectiveness of treatment (whether the disease is

stable, improved, or progressed). Determination of

disease response is generally done by assessing the
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primary tumor and metastatic disease for a change in

size. To standardize the methods of determining

effectiveness of treatment, uniform criteria for report-

ing response, recurrence, disease-free interval, and

toxicity were adopted at a meeting in 1979 on the

Standardization of Reporting Results of Cancer

Treatment [35,36]. These criteria, known as the

‘‘World Health Organization criteria,’’ are based

largely on tumor measurements in two dimensions

(bidimensional), which are obtained by multiplying

the longest diameter of the tumor by the greatest

perpendicular diameter in the axial plane. This

product is the tumor size, and if there are multiple

evaluable tumors, then the sum of the products is

obtained to determine the total tumor size. Treatment

response is defined as complete response (no evi-

dence of tumor); partial response (decrease in tumor

size by 50%); stable disease (no change in tumor

size); or progressive disease (increase in tumor size

by 25%) [36].

In 1994, the WHO criteria were revised and

guidelines known as the ‘‘Response Evaluation

Criteria in Solid Tumors’’ (RECIST) were proposed,

whereby tumor measurements are performed with

a single measurement (unidimensional), obtained by

measuring the longest diameter of the tumor in the

axial plane. This measurement is the tumor size, and

if there are multiple tumors used, then the sum of

the diameters is used to calculate total tumor size.

Using RECIST criteria, treatment response is defined

as complete response (no evidence of tumor); partial
Fig. 4. A 73-year-old woman with non–small cell lung cancer of

image from a contrast-enhanced CT scan reveals a left lower

(long arrow) indicating N1 disease. (B) Image more cephalad re

(C) More superiorly, an image demonstrates right lower paratrach
response (decrease in tumor size by 30%); stable

disease (no change in tumor size); and progressive

disease (increase in tumor size by 20%). RECIST is

now the preferred method of assessing response [37].

Regardless of which criteria are used, new metastatic

disease is also indicative of progressive disease and

needs to be emphasized. It is important for the

radiologist to be aware of these criteria and identify

the primary tumor, if present, and any metastatic

disease that can serve as measurable disease.
Nodal disease

The presence and location of regional lymph node

metastases (N descriptor) is another important com-

ponent of radiologic staging. Accurate assessment of

lymph nodes of the mediastinum is essential in

selecting the appropriate treatment plan for patients

with NSCLC [38]. To standardize the description of

nodal metastases, the American Thoracic Society

defined nodal stations in relation to anatomic

structures or boundaries that can be identified before

and during thoracotomy. Although the American

Thoracic Society description of nodal stations is the

most commonly used system, others, such as that

proposed by Naruke et al [39], are also in use, but this

article uses the American Thoracic Society system.

The presence of nodes within the ipsilateral

peribronchial region or hilum indicates N1 disease.

N1 lymph nodes can usually be resected at surgery,
the left lower lobe and N1, N2, and N3 disease. (A) Axial

lobe mass (short arrow) and ipsilateral hilar adenopathy

veals subcarinal adenopathy (arrow) indicating N2 disease.

eal adenopathy (arrow) consistent with N3 disease.
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but technically are more difficult to remove if they

involve the pulmonary artery.

Ipsilateral mediastinal or subcarinal adenopathy

constitute N2 disease and may be resectable. In con-

trast, contralateral mediastinal adenopathy, scalene, or

supraclavicular adenopathy constitutes N3 disease,

which is considered nonsurgical disease (Fig. 4). Two

meta-analyses of staging NSCLC with CT, however,

indicate the limitations of CT for staging the

mediastinum [40,41]. In one review by Dales et al

[40] of 42 studies, there was a combined sensitivity of

83%, a specificity of 82%, and an accuracy of 80%.

Dwamena et al [41] reviewed 29 studies and reported

a combined sensitivity of 60%, specificity of 77%,

and accuracy of 75%. This limitation is primarily

because CT only shows the size, shape, and location

of mediastinal lymph nodes, not the biologic activity.

MR imaging has similar limitations.

PET imaging with FDG, which demonstrates

metabolic activity, has been shown to be more accu-

rate (reported accuracy, 81%–96%) than CT and MR

imaging in the detection of nodal disease [41–47].

PET is also useful in differentiating hyperplastic

nodes from metastatic nodes and for detecting

metastases within normal-size nodes [45,46,48]. In

one meta-analysis of nodal staging, the sensitivity

of PET was 79% and specificity was 91% compared

with 60% and 77% for CT [41]. Fused PET–CT

imaging provides registration of FDG metabolic

activity with anatomic detail of CT and is an exciting

new development (Fig. 5). PET–CT has recently

been reported to be more accurate than PET or CT

alone in staging patients with NSCLC [3,13]. Antoch

et al [13] reported that the accuracy for detecting
Fig. 5. Fused PET-CT image of a 59-year-old man with

non–small cell lung cancer of the right upper lobe. There is

FDG activity (yellow areas) within the right upper lobe

mass, right and left paratracheal lymph nodes, and aorto-

pulmonary window lymph nodes that indicate metaboli-

cally active malignancy.
metastatic mediastinal lymph nodes was 63% for CT

alone, 89% for PET alone, and 93% for PET–CT,

whereas the sensitivity and specificity was 89% and

94% for PET–CT, 89% and 89% PET, and 70% and

59% for CT [13].

Even with improvements in resolution and CT

techniques, the value of CT in assessing mediastinal

lymph nodes in patients with T1 lesions is contro-

versial among thoracic surgeons [49]. If there are no

mediastinal lymph nodes detected on CT, some

surgeons do not routinely perform mediastinoscopy

for peripheral T1 lesions because the prevalence

of nodal metastasis associated with T1 tumors is

reported to be only 5% to 15% [11], and because they

view the procedure as invasive with significant

morbidity and mortality [49]. Another report advo-

cates mediastinoscopy be avoided in patients with

potentially resectable lung cancer and PET studies

showing normal uptake of FDG mediastinal nodes

[45]. Other surgeons, however, advocate mediastino-

scopy for all patients with T1 lesions [49–51]

regardless of CT findings. Seely et al [50] reported

a prevalence of up to 21% nodal metastasis in

104 patients with T1 tumors, although CT was

reported to be 77% sensitive for ruling out such me-

tastases. Despite this controversy, radiologists should

continue to evaluate critically the mediastinum with

available imaging techniques and work to improve

the ability of these techniques to provide accurate

staging of the mediastinum.

Assessment of mediastinal adenopathy for the

radiation oncologist is also important because in-

volved nodes are included in their treatment plan. CT

done for radiotherapy treatment planning is usually

done without contrast, and a good description of

nodal disease in the diagnostic examination can as-

sist the radiation oncologist. Furthermore, many of

these patients do not undergo mediastinoscopy and an

opinion on the presence of metastatic nodal disease

is important. Fused PET–CT imaging is another

valuable tool in treatment planning for patients who

are to undergo radiation therapy. PET–CT is reported

to alter the treatment plan in more than 50% of

patients with NSCLC when compared with CT alone

[52]. Fused imaging can also be used to differentiate

suspected metastatic disease from benign lesions and

to help differentiate recurrent tumor from radiation

fibrosis (Fig. 6).
Metastatic disease

The risk of metastases in NSCLC increases with

more advanced local tumor stage and varies accord-



Fig. 6. A 72-year-old man who had undergone right pneumonectomy for squamous cell carcinoma developed a new left upper

lobe nodule that was treated with radiation therapy. (A) Follow-up CT at 6 months demonstrated signs of evolving radiation

fibrosis, manifesting as linear opacities associated with volume loss and traction bronchiectasis. (B) Follow-up CT at 14 months

demonstrated a new area of mass-like consolidation within the radiation fibrosis. (C) Coronal fused PET-CT shows FDG activity

within the mass (arrow) consistent with recurrent disease.
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ing to tumor cell type. Sites of spread include the

adrenal glands, bones, brain, liver, and more distant

lymph nodes. Systemic metastases are reported to

occur more commonly with adenocarcinoma than

with squamous cell carcinoma [53]. The presence of

distant metastatic spread implies stage IV lung cancer

and generally indicates inoperable disease, although

resection of isolated metastases can sometimes

improve survival. Conventional methods to evaluate

for metastases include a combination of biochemical

markers (alkaline phosphatase, liver function tests);
bone scintigraphy; and imaging of the brain with CT

or MR imaging. The decision to search for metastatic

disease, however, is not uniform. The risk of occult

metastases in patients with early stage (T1 or 2, N0)

lung cancer is less than 1% and routine evaluation for

metastases in these patients is not advocated [68,69].

Tumor staging in some institutions may be limited to

a chest CT and laboratory tests in patients with early

stage disease and without extrathoracic symptoms or

signs. Other centers may use a more complex range

of imaging examinations in asymptomatic patients
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with early stage lung cancer [54,55]. One of the

commonest sites for metastatic disease is the adre-

nal gland, occurring in up to 20% of patients with

NSCLC at initial presentation [56–59]. Staging tho-

racic CT examinations are normally extended cau-

dally to include an assessment of the adrenal glands.

Benign adrenal adenomas are present in 2% to 10%

of the population [4], however, and the detection of

an adrenal nodule by CT in the course of lung cancer

staging often requires further evaluation. On a non–

contrast-enhanced CT scan, an average Hounsfield

unit density reading of less than 10 HU in an adrenal

nodule indicates a benign adenoma with a high

degree of confidence, whereas a density of greater

than 20 HU is associated with a high probability of

malignancy [60,61]. Unfortunately, most staging CT

examinations are performed with intravenous con-

trast. In such cases, adrenal nodules can undergo

further evaluation by delayed CT examination (a de-

crease in attenuation of at least 50% 10 minutes

following intravenous contrast injection indicating

benign disease), chemical-shift MR imaging, PET, or

fused PET-CT imaging [60–63]. In cases where

metastatic disease cannot be excluded by imaging and

where such disease affects clinical management,

adrenal nodules should be biopsied. It is important

to determine the presence of metastatic disease in the

adrenal glands, because resection of isolated adrenal

metastases has been reported to improve survival,

whether such metastases are synchronous or meta-

chronous [64]; in patients who are not candidates for

adrenal surgery, radiofrequency ablation has shown

promise as an alternative therapy [65].

Extending the chest CT inferiorly to include the

adrenal glands also allows most of the liver to be

imaged; however, such images are generally not

acquired during the phase of optimal contrast

enhancement (the portal venous phase). Suspicious

lesions need to undergo further evaluation with multi-

phasic CT or with MR imaging of the liver.

Metastatic disease to the liver is uncommon in early

stage disease, and the necessity for dedicated liver

imaging is controversial. The liver is included in

whole-body staging, which is increasingly being per-

formed with fused PET–CT imaging.

Metastases to the brain may be present in up to

18% of patients with NSCLC at initial presentation

[53,66–68], but most patients have suggestive symp-

toms and signs. Resection of isolated metachronous

cerebral metastases can improve survival [69,70];

when disease is synchronous, surgical results are

more disappointing [69,70]. In the absence of a clini-

cal suspicion of cerebral metastatic disease, system-

atic imaging of the brain may not be performed
[71,72]. MR imaging is more sensitive than CT

imaging in the detection of cerebral metastases [73].

Metastases may also be detected by whole-body PET

imaging if the entire brain is included as part of the

staging scan [74], but it is not certain whether this

technique is as sensitive as dedicated imaging of the

brain with brain CT, MR imaging, or PET [75,76].

Bone metastases occur in up to 13% of patients

with NSCLC at initial presentation [77]. Occult mi-

crometastases to the bone marrow have been shown

to be present in up to 34% of patients, but are not an

independent marker of long-term prognosis [78]. In

patients with early stage NSCLC, imaging of the

skeleton has traditionally been reserved for patients

with symptoms or signs to suggest bone involvement

[53,72,79–81]. A recent PET–CT study has shown,

however, that skeletal metastases can occur with

NSCLC in the absence of clinical suspicion [77].

In cases of advanced local disease or where bone

metastases are already known to exist, additional

unsuspected sites of skeletal metastatic involvement

can occur; timely detection of such disease is of

major palliative importance where such metastases

occur in the spine or weight-bearing bones, to avoid

fracture or paralysis. Methods of whole-body imag-

ing for metastases include technetium-99m bone

scintigraphy, whole-body MR imaging, and, increas-

ingly, whole-body fused PET–CT [82,83]. There

have been no direct comparisons of the diagnostic

performances of whole-body MR imaging and FDG–

PET or PET–CT, however, in the detection of bone

metastases from NSCLC in adults. The optimal

method for evaluation of bone metastases and the

future role of possible fused PET–MR imaging

awaits further research.

Increasing experience with the use of fused PET–

CT is changing the understanding of the patterns and

incidence of metastatic spread. In patients with

NSCLC initially selected for curative resection using

standard tumor staging, fused PET–CT has been

reported to detect occult metastatic disease in 11% to

14% of patients, and alters patient management in up

to 40% of cases [41,43,84]. The addition of PET–CT

to conventional NSCLC work-up has been found to

change the initial tumor stage in 20% of cases [85],

and can reduce the incidence of futile thoracotomies

from 41% to 21% [86]. Although there have only

been a limited number of randomized, controlled

studies on the use of PET–CT as a staging tool for

NSCLC [85,86], whole-body PET–CT imaging is

being increasingly used as a single staging test for

NSCLC in centers where it is available. Despite the

fact that PET–CT imaging may increase the need for

invasive diagnostic procedures, such as mediastino-
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scopy to exclude false-positive disease, its reduction

of inappropriate surgery and other imaging tests

means that it is a cost-effective tool [87]. Since

2001, PET has been reimbursed through Medicare for

the diagnosis, staging, and restaging of NSCLC [88].

One caveat to the effectiveness of PET–CT imaging

applies to bronchoalveolar carcinoma, which is

associated with false-negative findings at PET–CT

in up to 40% of cases [89].
Follow-up imaging in lung cancer

Conventional surveillance of tumor response to

chemotherapy or radiotherapy and of tumor recur-

rence after surgery has been based on anatomic

changes depicted by CT imaging. Complications of

therapy must be identified, and signs of recurrent

or metastatic tumor must be differentiated from the

range of normal CT appearances in the thorax fol-

lowing surgery and radiotherapy.

The optimal interval for performing surveillance

CT scans has not been determined, and follow-up

imaging schedules are often based on local prefer-

ences, ranging from every month to every 6 months.

In individual cases, clinical suspicion of complica-

tions or disease recurrence may lead to earlier scan

requests, which may heighten the radiologist’s sus-

picion of significant disease.

Following surgery, adequate interpretation of

follow-up scans depends on an understanding of the
Fig. 7. Bronchopleural fistula in a 57-year-old man who underwen

cell lung cancer. (A) Posteroanterior chest radiograph 3 months aft

apical pleural space in the right hemithorax consistent with prior s

surgery demonstrates the presence of a gas collection within the pre

development of a bronchopleural fistula. The fistula resolved after
different surgical interventions used. In patients who

have undergone pneumonectomy, recurrent tumor

may be suggested by an enlarging hydrothorax or

the appearance of a new air-fluid level within the

hydrothorax. Following lobectomy or sleeve resec-

tion, distortion of the normal bronchial anatomy can

make CT interpretation difficult: the interval appear-

ance of pulmonary nodules, subtle changes in soft

tissue at the hilum, the appearance of new bronchial

stenosis, or enlarging hilar or mediastinal lymph

nodes may suggest disease recurrence. Some sur-

geons may use muscle flaps from the latissimus dorsi,

serratus anterior, or intercostal muscles to wrap

around the sites of anastomosis to reduce the risk of

ischemia or bronchial air leaks (Fig. 7), particularly

following radiation therapy [90]; the normal appear-

ances of such myoplasties must be recognized and

not be confused with recurrent tumor [91].

The range of appearances of radiation injury of the

lung following radiotherapy has been well described

and occurs in an acute phase, termed ‘‘pneumonitis,’’

and a chronic phase, termed ‘‘fibrosis.’’ Pneumonitis

presents as ground glass opacities within the first

3 months following completion of therapy, but also

may be intermixed with irregular or poorly margi-

nated nodules (Fig. 8) [92,93]. Radiation fibrosis

presents with volume loss associated with bronchiec-

tasis and consolidation that conforms to the site of

irradiation [92,93]. Radiation fibrosis usually evolves

from pneumonitis and is well established by 1 to

2 years. Such findings must be differentiated from

infection, recurrent tumor, and lymphangitis. Detec-
t right upper lobectomy for poorly differentiated non–small

er surgery demonstrates diffuse opacification of the residual

urgery. (B) Posteroanterior chest radiograph 9 months after

viously opacified pleural space, which was secondary to the

treatment incorporating pleural drainage.



Fig. 8. Surveillance by CT of a 57-year-old woman who underwent radiation therapy for a right upper lobe bronchoalveolar

cell carcinoma with metastatic mediastinal adenopathy. (A) Axial image 4 months after completion of radiation therapy

demonstrates ground glass opacities with a nodular component that is consistent with radiation pneumonitis. (B) Axial image

12 months after completion of radiation therapy shows organization of the ground glass opacities and nodules into fibrosis,

indicated by volume loss, bronchiectasis, and consolidation.

non–small cell lung cancer imaging 475
tion of tumor recurrence within areas of radiation

pneumonitis can be difficult but may be suggested

by filling in of air bronchograms or by an area

of enlarging consolidation within a region of estab-

lished fibrosis [94]. Complications of radiation

therapy also need to be recognized, such as peri-

carditis, myocarditis, cardiomyopathies, and pleural

and pericardial effusions [95–99], which may require

aspiration to exclude the possibility of malignant

disease. Pleural effusions usually develop within

6 months after completion of therapy [95,98]; if they

develop after 6 months, continue to increase in size,

or present as large effusions, then a thoracentesis to

differentiate benign from malignant disease may be

required. The development of pericardial effusions

usually occurs within 6 to 9 months after completion

of therapy [96,97,99].

Typically, areas of radiation pneumonitis conform

to a two-dimensional field of irradiation, exhibiting

relatively sharp interfaces with normal nonirradiated

lung, do not conform to normal segmental or lobar

anatomy, and may cross fissures [92,93]. More re-

cently, three-dimensional conformal therapy has been

developed to limit damage to normal tissue, using

multiple irradiation planes to concentrate most of the

radiation energy at the tumor site with relative sparing

of normal adjacent tissue. This has been reported to

result in improved local tumor control [100–103],

although the impact on long-term survival is not

yet clear [104]. These newer techniques result in

CT appearances that differ from the more typical

findings of radiation pneumonitis, being more cen-

tripetal in configuration with edges that are less

well defined [105–107]. The resultant lung consoli-
dation may appear more mass-like. Awareness of the

method of radiotherapy in individual patients and

knowledge of the range of possible CT appearances

can help interpretation.

Treatment with radiotherapy, chemotherapy, or a

combination, either concurrently or sequentially, in-

creases the risk of toxic side effects. An important

aspect of the radiologist’s role in treating the patient

with NSCLC is the detection of complications from

chemotherapy. The most common complications are

infections and drug toxicity and radiologists can aid

in early detection. Both can present with fever,

malaise, and cough. The lung is the most common

site of serious infections in cancer patients and eti-

ologies include bacterial, fungal, or viral sources, all

of which can be detected with imaging.

Because drug toxicity can mimic infections, pneu-

monitis, or tumor, a high index of suspicion is needed

for detection [108]. Drug toxicity presents radio-

logically as ground glass opacities, interstitial opaci-

ties, or fibrosis. The most common histopathologic

patterns include noncardiogenic pulmonary edema;

diffuse alveolar damage; nonspecific interstitial pneu-

monia; cryptogenic organizing pneumonia (bronchi-

olitis obliterans organizing pneumonia); pulmonary

hemorrhage; or fibrosis [108]. Although traditionally

associated with chemotherapeutic drugs, such as

bleomycin, busulfan, carmustine, methotrexate,

cyclophosphamide, and Ara-C, newer therapeutic

agents commonly used in lung cancer, such as

gemcitabine [109], etoposide [110], and paclitaxel

[111], have been reported to cause lung injury.

Another example is the new agent gefitinib (Iressa),

a new antiepidermal growth factor useful in the
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treatment of NSCLC, which has been reported to

cause pulmonary fibrosis in a small percentage of

patients [112], a complication that should be recog-

nized by radiologists.

Fused PET–CT can differentiate between viable

tumor and scar tissue resulting from surgery, radio-

therapy, and chemotherapy, and is becoming increas-

ingly important in the follow-up surveillance of

patients with NSCLC [113–116]. It is useful both

for assessing tumor response to therapy and for

detecting recurrent tumor. A baseline PET–CT study

is of particular importance for monitoring tumor

response to chemotherapy: a reduction in maximum

standard uptake value (SUV) of greater than 50% on

follow-up PET–CT has been shown to be a better

predictor of survival than conventional anatomic

imaging criteria [113]. Weber et al [114] have demon-

strated improved survival of 44% for patients who

had a 20% fall in maximum SUV after one cycle of

chemotherapy, compared with only 10% for patients

who did not respond. Because SUV values vary

according to methods of image acquisition, follow-up

of patients with PET–CT should be performed on the

same scanner.

In the surveillance for recurrent tumor, fused

PET–CT imaging is useful for its ability to identify

viable metabolically active tissue located within areas

of radiation fibrosis or postoperative scarring, and

for the early detection of unsuspected metastatic dis-

ease. Nevertheless, the specificity of PET–CT for

discriminating recurrent tumor from radiation fibrosis

is somewhat limited, because radiation fibrosis itself

can display FDG avidity [116].
Radiologists’ role in cancer care

There are many aspects of imaging and treating

patients with NSCLC that have involved the radiol-

ogist in caring for these patients. Improvements in

imaging techniques, in particular the development of

fused PET-CT imaging, are changing the under-

standing of tumor behavior and patterns of spread.

Metastatic disease is being detected earlier, as is

previously unsuspected and undetected disease that

may influence the patient’s prognosis, and limitations

of conventional methods of tumor staging are being

recognized. In addition, tumor response can now be

monitored more closely using functional assessments,

which may influence the decision to continue or

change therapy at an earlier stage. Improvements in

treatment, such as the emergence of newer, tumor-

specific chemotherapeutic agents, development of
three-dimensional conformal radiation therapy, com-

bination treatment regiments of chemotherapy and

radiotherapy to maximize tumor sensitivity and treat

systemic disease [117,118], and deployment of more

aggressive interventional techniques, such as isolated

metastasis resection and radiofrequency ablation,

have influenced the use of imaging. Optimization of

all of this new information depends on a multi-

disciplinary approach that combines input from all

professionals involved in the care of the lung cancer

patient, and will necessarily change the way in which

lung cancer is staged, treated, and surveilled.
Summary

The radiologist serves a critical role in the initial

assessment and future follow-up of NSCLC. Accurate

diagnosis and staging of the primary tumor requires

an understanding of the different treatment options

available, particularly where therapy involves a

multidisciplinary approach involving surgeons, radia-

tion oncologists, and medical oncologists. New

developments in imaging and in treatment require

greater collaboration between the different medical

disciplines and are changing the understanding of

tumor biology.
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The pulmonary interstitium is affected by a broad

group of diseases. Of roughly 150 diseases, only a

small subset is encountered regularly. Idiopathic

interstitial pneumonias, sarcoidosis, Langerhans cell

histiocytosis (LCH), hypersensitivity pneumonitis,

and pneumoconiosis are among the most common.

The consensus statement on interstitial pneumo-

nias further classifies interstitial lung diseases into

idiopathic interstitial pneumonias, diffuse parenchy-

mal lung disease from known causes (eg, collagen

vascular diseases), granulomatous disease (sarcoido-

sis), and a miscellaneous group that includes lym-

phangioleiomyomatosis (LAM) and LCH [1].

This article presents the imaging findings in

sarcoidosis, silicosis, asbestosis, LAM, LCH, colla-

gen vascular diseases, hypersensitivity pneumonitis,

and pulmonary alveolar proteinosis (PAP) (Table 1).

The idiopathic interstitial pneumonias are discussed

in the second article on imaging of interstitial

lung disease.
Plain radiography

Plain chest radiography that uses posteroanterior

and lateral chest views is an important part of the

initial imaging of diffuse lung disease. The advan-

tages of plain radiographs include low cost, high

spatial resolution, and low dose of radiation. In

assessing diffuse lung disease, the goals of interpret-
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ing the chest radiograph are to: (1) determine the

pattern of the lung disease; (2) recognize any abnor-

mality of lung volume; (3) note any accompanying

abnormalities, such as lymphadenopathy, pleural ef-

fusion, pleural thickening, cardiomegaly, bone or joint

disease, and soft-tissue calcification; and (4) note

changes from previous images.

The pattern of abnormality

Common patterns include nodular, reticular, air-

space disease, or a combination of these. A reticulo-

nodular pattern is encountered most commonly. A

predominantly nodular pattern is found in sarcoido-

sis, silicosis, coal worker’s pneumoconiosis (CWP),

miliary tuberculosis or fungal infection, berylliosis,

and LCH. A reticular pattern is found in idiopathic

pulmonary fibrosis (IPF), asbestosis, collagen vascu-

lar disease, and chronic hypersensitivity pneumonitis.

Airspace filling is the dominant pattern in crypto-

genic organizing pneumonia (COP), eosinophilic

pneumonia, alveolar proteinosis, vasculitis, and so-

called ‘‘alveolar sarcoidosis.’’

Lung volumes

Upper lung volume loss is found in sarcoidosis,

chronic hypersensitivity pneumonitis, silicosis, CWP,

ankylosing spondylitis, and radiation pneumonitis.

Lower lobe volume loss is found in IPF, asbestosis,

and collagen vascular disease. Lung volumes are

preserved in LAM and LCH.

Accompanying abnormalities

Associated abnormalities, such as penciling of the

clavicles (in rheumatoid arthritis) or dilation of the
43 (2005) 589 – 599
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Table 1

Interstitial lung disease: dominant patterns and characteristic HRCT features

Type of interstitial

lung disease HRCT features Dominant finding Distribution Characteristic pattern

Sarcoidosis Hilar, mediastinal lymphadenopathy,

5–10 mm nodules, conglomerate

nodules, and masses

Hilar/mediastinal nodes

and pulmonary nodules

Upper and mid lung Hilar, mediastinal adenopathy ±

parenchymal nodulesPerilymphatic distribution

(peribronchovascular,

subpleural)

Silicosis Hilar, mediastinal lymphadenopathy,

5–10 mm nodules, conglomerate

nodules, and masses

Noncalcified and calcified

(egg-shell) lymphadenopathy

and pulmonary nodules

Upper and mid lung Hilar, mediastinal

lymphadenopathy ± nodules

and occupational history

Asbestosis Interlobular and intralobular septal

thickening, honeycombing,

ground-glass opacity

Reticular abnormality Basal and peripheral Usual interstitial pneumonitis

pattern with features (pleural

plaques) or history of exposure

LAM Discrete cysts, pleural effusion,

pneumothorax

Cysts Diffuse Discrete cysts, preserved lung

volume, chylous pleural effusion

in a woman of reproductive age

LCH Small nodules with or without cysts Nodules in early stages and

combined cystic and nodular

or purely cystic forms

in later stages

Upper and mid lung Nodules, cysts in upper lungs;

preserved lung volume; history

of smoking

HP (acute) Ground-glass opacity and air-trapping Ground-glass opacity Upper and mid lung Ground-glass opacity and

air-trapping

HP (subacute) Fuzzy centrilobular nodules, Ground-glass

opacity ± air-trapping

Fuzzy centrilobular nodules Upper and mid lung Fuzzy centrilobular nodules

and air-trapping

HP (chronic) Interlobular and intralobular septal

thickening, traction bronchiectasis,

and honeycombing

Fibrosis and upper lobe

volume loss

Upper and mid lung UIP pattern in upper- and

mid-lung distribution

PAP Ground-glass opacity with superimposed

reticular ‘‘crazy-paving’’

Ground-glass opacity Often central and

symmetric; may have

‘‘geographic’’ margination

by septa of spared lobules

Ground-glass opacity
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esophagus (in progressive systemic sclerosis [PSS] or

calcinous cutis, raynaud phenomenon, esophageal

dysmotility, sclerodactyly, telangiectasia [CREST]

syndrome) can help in diagnosis. Similarly, soft tis-

sue calcification may be a clue to dermatomyositis,

CREST syndrome, or PSS. Mediastinal lymphade-

nopathy can occur with sarcoidosis or PSS. Pleural

effusion points to rheumatoid disease, lupus erythe-

matosus, or LAM. Pleural plaques indicate asbestos

exposure and the possibility that basal fibrosis could

represent asbestosis.

Comparison with old radiographs can help to

distinguish interstitial diseases—which typically run

a subacute or chronic course—from acute diseases,

such as infection or edema. Comparison helps in

assessing progression and response to treatment.

The limitations of plain radiographs are well-

known. They include obscured or hidden lung zones;

limited contrast resolution, which impairs sensitivity

to subtle alterations in lung density (eg, ground-glass

opacity or emphysema); and overlap and super-

imposition of the interstitial opacities within the lung

which makes it difficult to characterize their shape

and distribution. These difficulties in plain radio-

graphic interpretation of interstitial disease were

demonstrated by McLoud et al [2]. They found that

the correct histologic diagnosis was predicted by the

first two differential diagnoses based on plain

radiography in only 50% of cases. Furthermore, there

was only 70% interobserver agreement in classifying

the opacities and in grading severity.
High-resolution CT

The main difference between HRCT and conven-

tional CT is the thickness of the slice, although there

also are differences in image reconstruction. Conven-

tional CT uses a slice thickness between 5 mm and

10 mm, whereas HRCT uses a thickness of 0.5 mm to

2 mm (typically 1 mm or 1.25 mm). The problem

with thick slices is that all of the structures therein

are imaged as if they were in a single plane. Thus,

anatomic resolution is compromised and the density

measurements are unreliable because the apparent

density is an average made over the whole slice

thickness. This degradation of density discrimination

makes it difficult to detect subtle alterations of

lung density, such as emphysema and ground-

glass opacity.

HRCT images usually are not contiguous, but are

spaced at intervals to sample different parts of the

lung. The lack of contiguous images means that
important findings, such as tumor nodules, can be

missed. Thus, HRCT is intended for sampling

of diffuse disease, rather than for scrutinizing every

bit of lung; HRCT is not appropriate for all imag-

ing tasks. Furthermore, HRCT images have to be

acquired separately from conventional CT images

and thus entail additional radiation dose, although

low-dose HRCT can be effective. HRCT images that

are acquired at 20 mAyield anatomic information that

is equivalent to that obtained with 200-mA scans in

most patients, without losing spatial resolution and

creating streak artifacts [3]. The patient’s ability to

hold his breath is more critical in HRCT than con-

ventional CT. Motion artifacts that are caused by

breathing or cardiac contraction can create false posi-

tive findings, especially ground-glass opacity, pseu-

dobronchiectasis, and double images of fissures

and vessels.

A standard HRCT imaging protocol for evaluation

of diffuse interstitial lung diseases includes supine

and prone images in full inspiration and supine

images in full expiration. Prone images are helpful

in differentiating dependent atelectasis from actual

lung disease. Expiratory images are useful in detect-

ing air-trapping, which is a sign of dysfunction of

small airways.

Two recent studies compared the high-resolution

spiral CT scans that were obtained from a multi-slice

CT scanner and sequential HRCT scans that were

obtained on a single slice CT scanner [4,5]. These

studies concluded that a comprehensive diagnosis is

feasible in patients who have suspected focal and

diffuse lung disease by obtaining a single scan

(multislice scanner) instead of a two-step process.

The investigators acknowledged, however, that the

massive amount of data that is generated by this

technology puts significant strain on any image

analysis and archiving system. Until new modalities

for data transfer, data archiving, and image inter-

pretation are devised, multi-slice helical CT will re-

main underused.

The radiologist needs to have good clinical infor-

mation to formulate a proper differential diagnosis.

CT interpretation in interstitial lung disease depends

on assessing the morphology and density of the lung

abnormalities (eg, nodular, reticular, cystic, ground-

glass) and their distribution in relationship to the sec-

ondary pulmonary lobule. HRCT is much better than

conventional CT at these tasks.

A glossary of terms that is used in HRCT inter-

pretation is provided in the article ‘‘Standardized

terms for high resolution computed tomography of

the lung: a proposed glossary’’ in the Journal of

Thoracic Imaging [6].



Fig. 1. Line diagram of a secondary pulmonary lobule. Note

the bronchiole and pulmonary arteriole (black arrow) in the

center and the lymphatics and venous structures (white

arrow) in the periphery.
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The principal terms that we use in reporting

HRCT scans include:

Air-trapping. Abnormal retention of gas within a

lung or lung units following expiration.

Conglomerate mass. A large opacity that often

encompasses bronchi and vessels in the central

or parahilar lung.

Consolidation. An increase in lung opacity that

results in obscuration of blood vessels.

Cyst. A clearly-marginated lucency with a wall

that contains air, and no residual lung tissue.

Emphysema is another cause of lucency in the

lung, but an emphysematous space lacks clear

margins and may contain some tissue strands,

including blood vessels.

Ground-glass opacity. A hazy increase in lung

opacity (compared with the density of normal

lung) not associated with obscuration of under-

lying vessels.

Honeycombing. Cystic spaces ranging from sev-

eral millimeters to several centimeters in diame-

ter, characterized by thick, clearly definable

fibrous walls, which typically are lined by

bronchiolar epithelium.

Interlobular interstitial thickening. Abnormal

thickening of the interlobular septae.

Intralobular interstitial thickening. Thickening of

the intralobular interstitium, resulting in a fine

reticular appearance to the lung parenchyma.

Nodule. A discrete, round, small opacity, ranging

from 1 mm to 3 cm.

Reticulation . A network of linear strands of

thickened interstitium.

Traction bronchiectasis. Bronchial dilation and

irregularity occurring in patients who have

pulmonary fibrosis, because of traction by

fibrous tissue on the bronchial wall. True

bronchiectasis is defined as irreversible bron-

chial dilation as a result of various causes

other than fibrosis. Traction bronchiectasis

probably does not cause much loss of bron-

chial function in terms of ciliary motility and

bronchial toilet.

Anatomy of the secondary pulmonary lobule

HRCT interpretation depends on understanding

the anatomy of the secondary pulmonary lobule

(Fig. 1). This building block of the lung is a poly-

hedron that measures approximately 1 cm to 2.5 cm

on a side and contains a few terminal bronchioles,

which ultimately supply 3 to 12 acini (a pulmonary
acinus is defined as the portion of the lung that is

supplied by a first order respiratory bronchiole). Pul-

monary arterioles accompany the bronchioles. The

lobule is marginated by interlobular septa, which

contain connective tissue, venules, and lymphatics.
Sarcoidosis

Sarcoidosis is a multi-system disease with distinct

intrathoracic manifestations. On plain radiographs,

this disease is categorized into four stages:

Stage 0: Normal chest radiograph

Stage 1: Mediastinal and hilar lymphadenopathy

Stage 2: Lymphadenopathy with pulmonary pa-

renchymal lesions

Stage 3: Pulmonary parenchymal lesions in the

absence of hilar lymphadenopathy

Stage 4: Significant lung fibrosis with architec-

tural distortion or bullae

Untreated patients who have stage 1 disease

(Fig. 2) may have resolution of symptoms and radio-

graphic abnormalities in 50% to 90% of cases,

compared with 30% to 70% of patients who have

stage 2 disease, 10% to 20% of patients who have

stage 3 disease, and, as expected, 0% of patients who

have stage 4 disease [7]. Many times the radiographic

severity may be substantially greater than the clinical

manifestations. Thus, treatment is more helpful when



Fig. 2. Sarcoidosis. Chest radiographs (posteroanterior [A] and lateral [B]) show bilateral hilar lymphadenopathy.
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based on clinical symptomatology, rather than on

radiographic abnormalities. Radiographic abnormali-

ties may precede clinical symptoms in patients who

relapse after a course of treatment [8].

CT findings in sarcoidosis can be classified

broadly into typical and atypical features. Typical

features include bilateral hilar and mediastinal lym-

phadenopathy with or without calcification. Some-

times the nodes are calcified at the periphery, creating

so-called ‘‘egg-shell’’ calcification. Interstitial abnor-

malities include smooth or nodular peribronchovas-

cular interstitial thickening and small, well-defined

nodules (Fig. 3) in a perilymphatic distribution in

relation to the pleural surfaces, interlobular septa, and

centrilobular structures. Most nodules are in the range
Fig. 3. Sarcoidosis. CT shows 5- to 10-mm nodules in random dis

sible for volume loss in the middle lobe.
of 5 mm to 10 mm, but miliary nodules (Fig. 4) also

occur. Larger nodules and consolidation occur

uncommonly. The interstitial abnormalities are con-

centrated in the mid and upper lungs. In later stages,

septal thickening, traction bronchiectasis, and honey-

combing (Fig. 5) may occur. In some cases of severe

stage 4 disease, conglomerate masses develop near

the hila with surrounding paracitricial emphysema.

These lesions resemble progressive massive fibrosis

in complicated silicosis.

An uncommon pattern of sarcoidosis is the

‘‘acinar,’’ ‘‘alveolar,’’ or ‘‘nummular’’ (Fig. 6) form.

Acinar sarcoid carries a better prognosis than the

reticular form. Ipsilateral hilar lymphadenopathy may

be associated with this form.
tribution. Also note endobronchial disease which is respon-



Fig. 4. Sarcoidosis. HRCT shows miliary nodules, an un-

common but distinctive pattern of sarcoidosis. (Courtesy of

J. Takasugi, MD, Seattle, WA.)
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Solitary pulmonary nodules, multiple lung masses,

and cavitary nodules are uncommon manifestations.

The presence of cavitary disease should prompt ex-

clusion of other conditions, such as vasculitis, super-

infection, and necrotizing sarcoidosis.

Necrotizing sarcoid granulamatosis, first de-

scribed by Liebow [9], consists of confluent gran-

ulomas with or without central necrosis associated

with a necrotic granulomatous vasculitis of the pul-

monary vessels. It differs from Wegener’s granulo-

matosis in the extensive nature of the sarcoid-like

reaction and in its benign clinical course.

Silicosis, CWP, and berylliosis have features that

mimic sarcoidosis. Silicosis and CWP tend to be

more symmetric than sarcoidosis. Upper lung pre-

dominance and conglomerate masses can occur in

each of these conditions.
Fig. 5. Sarcoidosis (late, fibrotic stage). HRCT shows fi-

brosis and honeycombing in the upper lungs on both sides.
Silicosis

Silicosis is caused by inhalation of dust that

contains crystallized silicon dioxide. An appropriate

history of exposure, combined with characteristic

findings on chest radiographs, often suffices to make

the diagnosis.

Simple silicosis

On chest radiographs and on CT scans the char-

acteristic finding is small nodules that range from

3 mm 10 mm. Nodules are concentrated in the

upper lungs with a centrilobular and, sometimes, sub-
pleural predilection; this suggests a perilymphatic

distribution (Fig. 7) [10]. CT may show a posterior

predominance. Hilar or mediastinal lymphade-

nopathy may occur, with or without calcification; a

characteristic feature is egg-shell calcification, as

in sarcoidosis.

Complicated silicosis

In complicated silicosis, the individual small nod-

ules have begun to pull together and coalesce because

of scarring. The advanced form of this coalescence is

progressive massive fibrosis, which consists of dense

masses of consolidation (conglomerate masses which

form near the hila) on a background of small nodules.

Conglomerate masses may develop central necrosis

and cavitation, which is unusual in sarcoidosis and

CWP. Apical scarring, bullae, and paracicatricial em-

physema often accompany silicosis.

CWP and silicosis may be distinct diseases;

however, radiographic features are similar. Without

appropriate history, distinction by radiographic fea-

tures is difficult.
Asbestosis

Pleural plaque is the characteristic finding of

asbestos exposure (Fig. 8). Diffuse pleural thickening

also may occur, but is much less specific for asbestos

exposure. Diffuse pleural thickening can result in

round atelectasis in the adjacent lung.

Asbestosis is lung fibrosis that results from as-

bestos exposure. It can be distinguished from other

kinds of lung fibrosis if pleural plaques are demon-

strated. CT is superior to plain radiography in de-



Fig. 6. ‘‘Alveolar’’ sarcoidosis: Pre- (A) and posttreatment (B) chest radiographs show airspace opacities and bilateral hilar

lymphadenopathy. There is significant resolution on the posttreatment radiograph.
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tection of pleural and pulmonary manifestations

of asbestos exposure, and HRCT is better still [11].

The interstitial abnormalities are concentrated at the

bases and periphery and consist of interlobular

septal thickening, intralobular interstitial thickening,

honeycombing, and parenchymal bands (Fig. 9).

Ground-glass opacity was believed to be an early

finding that is caused by thickening of alveolar walls;

however, ground-glass opacity has many other

causes, including simple atelectasis. HRCT is sensi-

tive to early detection of these findings but its

specificity is variable. Aberle et al [11] found good
Fig. 7. Silicosis. Simple silicosis with 5- to 10-mm nodules in

conglomeration (single arrow). Advanced silicosis (B) with multi

(double arrows).
correlation between CT scores and pulmonary func-

tion impairment.
Lymphangioleiomyomatosis

LAM is a disorder of women of reproductive age

(17–50 years) [12]. It is characterized by prolifera-

tion of spindle cells in lung tissue. Proliferation

around bronchioles leads to development of cysts.

Involvement of the lymphatics may cause obstruction

and accumulation of chylous pleural effusions.
both upper lungs (A). Some of the nodules show early

ple nodules and a large lung cancer in the right upper lobe



Fig. 8. Asbestos pleural plaque and pleural thickening. There

are calcified and noncalcified pleural plaques (arrows),

including calcified plaque along the right hemidiaphragm.
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CT features include thin-walled lung cysts with

intervening normal lung tissue (Fig. 10). The cysts

occur throughout the lung and lung volume is pre-

served. The presence of pleural effusion helps to

distinguish the cystic lung disease from LCH. Intra-

abdominal manifestations include renal angiomyoli-

pomas, lymphangiomatosis, and lymphadenopathy.
Fig. 9. Asbestosis. Basal and peripheral intralobular and

interlobular fibrosis. Pleural plaques are not visible on this

lung window.
Langerhans cell histiocytosis

LCH is an idiopathic disease of young or middle-

aged adults, who present with cough and dyspnea. As

many as 90% [13] of these patients are cigarette

smokers and there is a slight male predominance.

Pneumothorax is the presenting manifestation in up to

20% of cases.

Common features on CT include nodules of 1 mm

to 5 mm diameter in a peribronchiolar (centrilobular)

distribution (Fig. 11). These nodules may cavitate.

Thin-walled lung cysts (Fig. 12), which usually are

less than 10 mm in diameter, are the other common

finding in later stages. Nodules and cysts are

concentrated in mid and upper lungs; characteristi-

cally, the costophrenic angles are spared on chest

radiographs. Many cases resolve if the patient stops

smoking. Follow-up CT scans may show regression

of nodules, whereas any cysts that have formed are

permanent. In cases that do not resolve, scarring may

supervene which results in reticulation, thickening of

the cyst walls, and architectural distortion with an
upper lung concentration. Pulmonary arterial hyper-

tension may develop.

In LCH, cysts tend to spare the basal parts of the

lung near the costophrenic angles, whereas in LAM,

they occur throughout the lung. In both conditions,

lung volumes are preserved and pneumothorax can

occur. The presence of pleural effusion helps to

distinguish LAM from LCH.
Collagen vascular diseases

Rheumatoid arthritis associated interstitial lung

disease, PSS, and CREST syndrome are the principal

entities that affect the lung.

Rheumatoid arthritis associated interstitial lung

disease

More than 75% of patients who have rheuma-

toid arthritis have extra-articular manifestations. In

the thorax, pleural effusion is the most common:

however, lung disease occurs in up to 20% of pa-

tients [14,15]. These include interstitial pneumonitis

(COP, usual interstitial pneumonia [UIP], nonspecific

interstitial pneumonia [NSIP]), pulmonary vascular

disease (eg, pulmonary arterial hypertension), bron-

chiectasis and bronchiolitis (specifically, follicular

bronchiolitis), and drug reactions (eg, hypersensi-

tivity pneumonitis from methotrexate).

Necrobiotic nodules in the lung are rare. Typically,

they affect men who have advanced joint disease and

usually are asymptomatic [16]. They are well-defined



Fig. 10. LAM. HRCT image shows multiple cysts with interspersed normal lung (A) and right pneumothorax (black arrow).

CT of the abdomen (B) shows low-attenuation retroperitoneal masses caused by lymphangiomas (white arrow).
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and may cavitate. Caplan’s syndrome is a syndrome

of multiple necrobiotic nodules in coal miners who

have rheumatoid arthritis.

Progressive systemic sclerosis and CREST syndrome

HRCT shows some degree of interstitial disease

in a substantial number of these patients and may

be used for monitoring the disease over time [17].

The most common abnormalities that are seen on CT

are peripheral and basal ground-glass opacities and

fibrosis, pleural or pericardial effusion, esophageal

dilation, mediastinal lymphadenopathy, and, some-

times, pulmonary arterial dilation that reflects pulmo-

nary hypertension.
Fig. 11. LCH. CT image shows noncavitary and cavitary

nodules in both upper lungs.
Hypersensitivity pneumonitis

Hypersensitivity pneumonitis (HP) is caused by

exposure to various occupational and environmental

antigens [18]. Its diagnosis is based on clinical

radiographic, cytologic, and histopathalogic findings.

Clinical and radiographic features often are charac-

teristic enough to make the diagnosis.

In the acute and subacute stages, the predominant

abnormalities on HRCT are ground-glass opacities

(Fig. 13) and ill-defined centrilobular nodules (re-

flecting inflammation around small airways) (Fig. 14).

The ground-glass opacities may be concentrated in

the centers of the secondary pulmonary lobules with

sparing of the periphery. Small airway dysfunction
Fig. 12. LCH. CT shows multiple cysts of variable sizes in

both upper lungs, a late and irreversible finding.



Fig. 13. Acute HP. HRCT images (inspiratory and expiratory) show ground-glass opacity (A) with interspersed low-attenuation

regions indicating air-trapping (B).
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can lead to air trapping that becomes visible on expi-

ratory HRCT scans as a mosaic pattern (see Fig. 13).

In late stages, fibrosis and emphysema may develop.

Plain films often show no definite abnormality in

HP, despite dramatic findings on HRCT. For this

reason, the physician should have a low threshold for

ordering HRCT when HP is a consideration.
Pulmonary alveolar proteinosis

In PAP, a proteinaceous material accumulates in

the alveolar air spaces and causes hypoxemia, re-

strictive lung disease, and dramatic abnormalities

on chest radiographs. Complications are unusual, but
Fig. 14. Subacute HP. Ill-defined centrilobular ground-glass

opacities in upper lungs, in combination with the right

clinical presentation, suggest subacute HP.
of the ones that do occur, infection (particularly with

nocardia asteroids) and fibrosis are the most common.

Varying combinations of air-space and interstitial

patterns may be seen [19]. The CT appearance is of

bilateral, symmetric alveolar consolidation or ground-

glass opacity, particularly in a perihilar or hilar distri-

bution. Typically, HRCT shows diffuse ground-glass

attenuation with superimposed intra- and interlobular

septal thickening, often in polygonal shapes (Fig. 15)

that are known as ‘‘crazy-paving’’ [20]. Some lobules

are spared and the sharp margination of the ground-

glass opacity by the interlobular septa of the spared

lobules is called ‘‘geographic’’ distribution, because it

resembles continents that are marginated by oceans

on a map.
Fig. 15. PAP. HRCT image shows typical ground-glass

opacity with superimposed ‘‘crazy-paving’’ pattern (arrow).

Crazy-paving is the meshwork of lines that represent

reversible intralobular and interlobular interstitial thickening

by edema and cells.
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Iatrogenic respiratory disease is an important cause

of patient morbidity and mortality. Clinical and radio-

logic findings are nonspecific and diagnosis can

be difficult. Therefore, it is important for physicians

to be familiar with the iatrogenic diseases for which

their patients are at risk, as well as their common

radiologic appearances. Causes of iatrogenic respira-

tory disease include drugs, transplantation, radiation,

transfusion, or other miscellaneous therapies.
Drug-induced lung disease

Radiologic manifestations of drug-induced respi-

ratory disease correspond to the underling histologic

findings and include nonspecific interstitial pneumo-

nia (NSIP), usual interstitial pneumonia (UIP), hyper-

sensitivity lung disease, pulmonary edema with or

without diffuse alveolar damage (DAD), bronchiolitis

obliterans, bronchiolitis obliterans organizing pneu-

monia (BOOP), and diffuse pulmonary hemorrhage.

Drug agents that cause respiratory disease can be

divided into cytotoxic agents, specifically chemothera-

peutic agents, and noncytotoxic agents, such as anti-

biotics, anti-inflammatory agents and antiarrhythmics.

Nonspecific interstitial pneumonia

All forms of interstitial pneumonitis can be seen

with drug therapy, but the most commonly occurring

form is NSIP [1]. On chest radiography, NSIP can
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appear as bilateral ground-glass opacities, consolida-

tion, or interstitial infiltrates. Typically, these are most

prominent in the lower lungs [2]. High-resolution CT

(HRCT) most often shows patchy ground-glass

opacities or consolidation and irregular reticular

opacities [3]. These typically have a peripheral and

basilar predominance [2]. Honeycombing is uncom-

mon in NSIP, which helps to distinguish it from

UIP [4]. Fibrosis and extent of disease increases with

severity of drug-induced damage.

Several drugs can cause NSIP. It is the most

commonly encountered drug-induced lung disease

caused by amiodarone, methotrexate, and carmustine

(Fig. 1) [5–8]. Amiodarone toxicity also may cause

characteristic high-attenuation areas in the lung

parenchyma (Fig. 2) that result from incorporation

of amiodarone breakdown products into hyperplastic

type II pneumocytes [1,9]. High attenuation in the

liver and spleen also may be seen with amiodarone

use [5,10,11].

Usual interstitial pneumonitis

Cytotoxic chemotherapeutic agents, such as bleo-

mycin and methotrexate, are the most common cause

of UIP. Plain radiographs show bilateral irregular

linear opacities that form a reticular pattern that is

most prominent in the lung bases [12–15]. The

predominant feature on HRCT is fibrosis that leads to

subpleural cystic airspaces with thick walls that is

known as ‘‘honeycombing’’ (Fig. 3). There is a lower

lung and peripheral predominance [16]. Additional

findings of fibrosis include traction bronchiectasis

and bronchiolectasis. The presence of prominent

honeycombing with a subpleural and basilar predomi-

nance on HRCT is diagnostic of UIP [17–19] in the

appropriate clinical setting.
43 (2005) 601 – 610
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Fig. 1. NSIP in a 75-year-old woman taking cytoxan. HRCT

shows bilateral patchy ground-glass opacities and absence

of honeycombing.

Fig. 3. UIP in a 57-year-old woman taking bleomycin.

HRCT image shows subpleural fibrosis with honeycombing

(arrows) and traction bronchiectasis. This pattern was most

prominent in the lung bases.
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Hypersensitivity lung disease

Several drugs can result in a hypersensitivity

reaction in the lungs. Among the more common

causes are methotrexate, bleomycin, penicillamine,

cyclophosphamide, nitrofurantoin, procarbazine, car-

mustine (BCNU), sulfonamides, and nonsteroidal

anti-inflammatory drugs (NSAIDs) [7,10,20,21].

Chest radiographs may be normal or may show

nonspecific ground-glass opacities with or without

small areas of consolidation. The HRCT appearance

is similar to that seen in hypersensitivity pneumonitis

that is due to other causes. Bilateral patchy ground-

glass opacities are the most common HRCT finding

(Fig. 4A). Ground-glass centrilobular nodules and

air trapping may also be seen on HRCT (Fig. 4B)

[22–25].
Fig. 2. Amiodarone toxicity in a 69-year-old man. Non-

contrast axial CT shows a focal area of high attenuation

consolidation in the anterior right midlung, consistent

with amiodarone.
Bronchiolitis obliterans

Bronchiolitis obliterans primarily has been de-

scribed in association with penicillamine use in

patients who have rheumatoid arthritis (RA). Peni-

cillamine’s role is controversial because bronchiolitis

obliterans also can be seen in patients who have RA

who do not use penicillamine [26] Sulfasalazine may

also cause bronchiolitis obliterans [7]. Chest radio-

graphs often are normal. Hyperinflation with de-

creased peripheral vascularity is the most common

abnormality that is seen on chest radiographs [27].

Bronchial dilatation and wall thickening also may be

seen. HRCT findings include hyperinflation, de-

creased vascularity, bronchiectasis, bronchial wall

thickening, mosaic perfusion, and air trapping on

expiratory images [28,29].
Bronchiolitis obliterans with organizing pneumonia

Many drugs can result in BOOP, including bleo-

mycin, nitrofurantoin, cyclophosphamide, metho-

trexate, amiodarone, and gold salts [30]. Chest

radiographs typically show bilateral patchy opacities

or consolidation in a peripheral distribution (Fig. 5)

[31]. HRCT findings include bilateral patchy con-

solidations or ground-glass opacities (Fig. 6). These

are predominantly peripheral and also may be seen in

a peribronchovascular distribution [31,32]. Nodular

consolidation also may be seen in a similar distribu-

tion, and, on rare occasions, may mimic pulmonary

nodules (Fig. 7) [33].



Fig. 4. Hypersensitivity lung reaction secondary to methotrexate in two patients. (A) HRCT image of a 42-year-old woman

shows patchy areas of ground-glass opacities in both lungs. (B) HRCT image of a 46-year-old man shows ground-glass nodules

in the right lung (arrows).
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Pulmonary edema with or without diffuse alveolar

damage

Noncardiogenic pulmonary edema with or without

DAD may occur with a variety of drugs. It most

commonly occurs with cytotoxic agents, such as

bleomycin, cytosine arabinoside (Ara-C), methotrex-
Fig. 5. A 70-year-old woman with drug-induced BOOP.

Chest radiograph shows bilateral patchy opacities/consoli-

dation in a peripheral distribution.
ate, and cyclophosphamide [7,34,35]. Other agents

include aspirin, NSAIDs, tricyclic antidepressants,

and narcotics, either prescription or illicit [20,36].

The onset is usually acute; symptoms occur within

days of drug initiation. The probable mechanism of

edema is an increase in capillary permeability. With

DAD, capillary epithelial damage also has occurred.
Fig. 6. BOOP in a 68-year-old man on promace cytabom for

non-Hodgkin’s lymphoma. HRCT image at the level of the

aortic arch shows bilateral peripheral patchy ground-glass

opacities and small areas of consolidation.



Fig. 7. Nodular appearance of BOOP in a 72-year-old

woman on nitrofurantoin. HRCT findings include bilateral

patchy areas of consolidation, many of which appear

nodular. Distribution is primarily peripheral with some in

a peribronchovascular distribution.

Fig. 9. A 65-year-old man who has pulmonary edema and

DAD secondary to amiodarone. Portable chest radiograph

shows alveolar infiltrates and consolidation involving the

right lung diffusely and the left in a perihilar distribution.
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Chest radiographs of pulmonary edema without DAD

show findings similar to hydrostatic pulmonary

edema, including bilateral interstitial thickening and

scattered or diffuse alveolar infiltrates (Fig. 8) [37].

HRCT shows interlobular septal thickening with or

without alveolar ground-glass opacities [38]. Pleural

effusions may be seen on radiographs or CT. When

DAD is present, infiltrates are more extensive and

consolidative (Fig. 9). On HRCT there are patchy or

diffuse bilateral ground-glass opacities or consolida-

tion with predominance of findings in the dependent
Fig. 8. Pulmonary edema in a 55-year-old man taking

nitrofurantoin. Chest radiograph shows interstitial infiltrates

with Kerley B lines that are consistent with edema.
regions of the lungs (Fig. 10) [10]. This often results

in a gradient of attenuation with more normal lung

attenuation anteriorly which progresses to dense

consolidation posteriorly.

Pulmonary hemorrhage

Pulmonary hemorrhage is an unusual drug-

induced lung disease that has occurred with agents,

such as anticoagulants, amphotericin B, Ara-C, mito-

mycin, penicillamine, and high-dose cyclophospha-

mide [7,20,30]. It also can be seen as a complication

of bone marrow transplant. Ground-glass opacities or

consolidations are seen scattered or diffusely in both
Fig. 10. A 68-year-old man who has pulmonary edema and

DAD. HRCT shows extensive left base and patchy right

base consolidations with predominance of findings in the

dependent regions of the lungs.



Fig. 11. A 70-year-old patient who received a kidney

transplant who has invasive pulmonary aspergillosis. CT

scan through the upper lungs shows bilateral pulmonary

nodules, some with halos of ground-glass attenuation. There

also is focal consolidation of the posterior right upper lobe.
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lungs on chest radiograph or CT [39]. A predomi-

nance of ill-defined centrilobular nodules is a less

common CT appearance. Crazy-paving (intralobular

and interlobular septal thickening superimposed on

ground-glass opacities) may develop on HRCTwithin

days after the acute episode as hemosiderin-laden

macrophages accumulate within the interstitium.
Transplant-related lung diseases

Transplant related lung diseases include infection,

lymphoproliferative disorders, and graft versus host

disease (GVHD) [40,41]. Familiarity with the radio-
Fig. 12. CMV pneumonitis in a 44-year-old man after bone

marrow transplant. HRCT image through the upper lobes

shows patchy areas of ground-glass attenuation and con-

solidation in both lungs, greater on the right.
logic findings of these diseases is important in the

care of a transplant recipient.

Infection

Infection is a common and serious transplantation

complication. Several fungi, bacteria, and viruses are

known to infect transplant recipients. Knowledge of

the common infecting organisms and possible imag-

ing appearances can be helpful in diagnosis.

Fungal pneumonia is a significant transplant

complication that may increase patient morbidity

and mortality. A notable example is Aspergillus.

During the first 30 days after a bone marrow trans-

plant, Aspergillus is the most common pulmonary

infection [41,42]. Because the patients are severely

neutropenic, the angio-invasive form of Aspergillus is

commonly seen. As with other fungal infections,

single or multiple nodules or areas of focal consoli-

dation may be seen on chest radiograph and CT [43].

On HRCT, the nodule may have a halo of ground-

glass attenuation that is characteristic of, although not

specific for, angio-invasive Aspergillus infection

(Fig. 11) [41,44]. An air-crescent sign may appear

within the nodule as the patient’s neutropenia im-

proves [41].

Another common infectious agent in transplant

patients is cytomegalovirus (CMV). In patients who

have undergone bone marrow transplant, CMV

pneumonitis most commonly occurs 2 to 6 months

after transplantation [45]. A variety of findings are

possible on chest radiographs, including consolida-

tion, reticulation, or a nodular pattern [44]. Likewise,

HRCT findings of CMV pneumonitis also vary.

Patchy areas of ground-glass opacification or con-

solidation may be seen (Fig. 12). Other possible
Fig. 13. A 56-year-old woman who has CMV pneumonitis

status post bone marrow transplantation. HRCT image

through the upper lobes shows small nodular ground-glass

opacities scattered in both lungs.
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HRCT patterns include scattered bilateral small

nodules or reticulation (Fig. 13) [46]. Findings tend

to be bilateral and symmetric. The nodules tend to

involve the lungs diffusely, whereas consolidation

tends to predominate in the lower lungs [46].
Fig. 15. A 45-year-old woman status post heart, lung, and

liver transplantation for primary biliary cirrhosis and

pulmonary hypertension. CT scan shows a mass in the left

lower lobe that contains dilated bronchi. Biopsy of the mass

showed malignant lymphoma consistent with posttransplant

lymphoproliferative disorder.
Posttransplant lymphoproliferative disorder

Posttransplant lymphoproliferative disorder oc-

curs most commonly within 2 years of bone marrow

or solid organ transplantation, but may occur at any

time [47]. It affects approximately 2% of patients

who receive transplants, most commonly lung trans-

plant recipients. Epstein-Barr virus is a major

causative factor [40]. Histology may vary from

plasmacytic hyperplasia to malignant lymphoma.

Chest radiographs most commonly show single or

multiple pulmonary nodules with or without hilar and

mediastinal lymphadenopathy [48]. On HRCT, these

nodules may be well- or ill-defined and may have a

halo of ground-glass attenuation. The nodules may

show a peribronchial distribution and may be diffuse

or subpleural (Figs. 14, 15) [40].
Graft versus host disease

The imaging findings of chronic GVHD are those

of bronchiolitis obliterans [49]. Chest radiographs

may be normal or show hyperinflation, bronchial
Fig. 14. A 62-year-old man 1 year status post heart and liver

transplant for amyloidosis. CT scan shows bilateral pulmo-

nary nodules. Biopsy of the right lower lobe showed

posttransplant lymphoproliferative disorder with features of

large cell lymphoma.
dilatation, and wall thickening. Bronchiectasis, bron-

chial wall thickening, decreased vascularity, mosaic

perfusion, and expiratory air trapping may be seen on

HRCT [28,29]. Pulmonary findings in acute GVHD

are minimal, but, if present, often appear as non-

cardiogenic edema [41].
Radiation-induced lung disease

Radiologic manifestations of radiation-induced

lung injury can be divided into two stages; radiation
Fig. 16. A 67-year-old man who has TRALI after receiving

blood transfusion products during surgery. Portable chest

radiographs shows diffuse alveolar infiltrates bilaterally,

with near ‘‘white-out’’ of the upper lungs.



Fig. 18. A 55-year-old man with cirrhosis status post–

endoscopic injection sclerotherapy of a gastric varix using a

mixture of acrylic glue (n-butyl-2-cyanoacrylate) and lipio-

dol (iodized oil). Maximum intensity projection images from

a contrast-enhanced CT shows areas of increased attenuation

in multiple segmental and subsegmental pulmonary arteries,

consistent with embolization of the acrylic glue mixture.

The iodized oil allows for radiographic visualization.
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pneumonitis and radiation fibrosis. Radiation pneu-

monitis occurs first, within 1 to 3 months after

radiation therapy and peaks in intensity at 3 to

4 months [50,51]. CT shows patchy or homogeneous

ground-glass attenuation or consolidation in a char-

acteristic distribution of the radiation port. The

involved area crosses segmental and lobar boundaries

[51,52]. Radiographic abnormalities include a diffuse

hazy infiltrate or a more dense consolidation in the

same characteristic distribution. Air bronchograms

are common [51]. Pleural effusions are uncommon

but should resolve with the radiation pneumonitis.

Abnormalities may be seen infrequently outside the

radiation port and may be due to edema, hyper-

sensitivity reaction, BOOP or even DAD [52,53].

Radiation pneumonitis may lead to radiation

fibrosis, which typically occurs 6 to 12 months after

radiation therapy [54,55]. Radiographs and CT show

development of reticular opacities, volume loss,

progressive consolidation, traction bronchiectasis,

and pleural thickening in the area of the radiation

port [51,56]. The involved area is usually well-

demarcated. These findings typically stabilize 2 years

after radiation therapy. Radiation injury also may
Fig. 17. A 66-year-old woman status post neurointerven-

tional coil embolization of a large occipital lobe arterio-

venous malformation. Chest CT scan shows that one coil

unintentionally embolized to a right lower lobe subsegmen-

tal pulmonary artery.
cause calcified lymph nodes, pericardial effusions,

and thymic cysts that also may be seen on radio-

graphs or CT [52].
Miscellaneous

A variety of additional iatrogenic respiratory

diseases are worth mentioning. These include trans-
Fig. 19. Chest radiograph shows a tiny linear metallic

density in the right lung base (arrow). The loop at the tip of

the metallic density identifies it as a brachiotherapy seed.

This seed has embolized to the right lung in this 74-year-old

man undergoing bronchiotherapy for prostate cancer.
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fusion-related lung injury (TRALI); embolism of

iatrogenic materials, such as sclerotherapy materials

and prostate brachytherapy seeds; and transbronchial

biopsy-induced lung injury.
Transfusion-related lung injury

TRALI is believed to be secondary to an immune-

mediated event [57]. It usually occurs within 2 hours

of a transfusion, but may be seen up to 6 hours after

transfusion. In the early stages, chest radiographs

show signs of pulmonary edema with a distribution in

the dependent portions of the lungs [57]. With time,

the interstitial and alveolar infiltrates progress and

may become so extensive that there is a complete

‘‘white-out’’ of the lungs (Fig. 16) [57]. TRALI

should be distinguished clinically from transfusion-

associated circulatory overload, which also presents

as pulmonary edema [57].
Fig. 20. Transbronchial biopsy lung injury that mimics a cavitary le

biopsy shows a new cavitary lesion in the right lung that corresp

attenuation that could be due to hemorrhage from the biopsy or lav

attenuation have resolved on this CT taken 14 days later.
Iatrogenic embolization

Several therapeutic interventions can result in

material embolization to the pulmonary arteries.

Among these are prostate brachytherapy seeds [58],

vascular embolization coils (Fig. 17), vascular cathe-

ters, and materials that are used in sclerotherapy

(Fig. 18) and vertebroplasty procedures [59]. Nag et al

[58] reviewed 107 patients who had radioactive pros-

tate seeds and found that 18% had embolization of

one or more seeds to the lung (Fig. 19). Fortunately,

all of the seed emboli were asymptomatic.
Transbronchial-induced lung injury

Patients who undergo lung transplants may

develop solid or cavitary nodules as a result of direct

transbronchial biopsy injury (Fig. 20) [60,61]. These

typically resolve but can be seen up to 1 month
sion. (A) CT image immediately following the transbronchial

onds with the biopsy site as well as areas of ground glass

age fluid. (B) The cavitary lesion and areas of ground glass
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following biopsy [61]. Diagnosis is supported by

correlation with biopsy site and resolution on follow-

up imaging.
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The list of vascular diseases in the thorax has been

narrowed to three, which are considered essential

information for radiologists interpreting CT scans of

the thorax: (1) aortic dissection and its variants, intra-

mural hematoma (IMH) and penetrating atheroscle-

rotic ulcer; (2) acute pulmonary embolism (PE); and

(3) coronary artery disease. The spatial resolution

of multidetector CT (MDCT) is such that CT has

become the imaging modality of choice for aortic

dissection and PE. This move away from angiog-

raphy has transpired over the last decade; perhaps the

next decade will see the same occur for evaluation of

coronary artery disease.
Aortic dissection and its variants

An aortic dissection is characterized by an en-

trance tear within the intima and media of the aorta,

which allows blood flow to create a false lumen

within the medial layers of the aortic wall. The media

separates in a course parallel to that of the flow of

blood. The false lumen lies within the outer half of

the media, so that the outer wall of the false lumen is

very thin, usually only about one quarter as thick as

the original aortic wall [1]. The intimal flap consists

of the intima, and one half of the media, so that it is

about three times as thick as the outer wall of the false

lumen, and about three quarters as thick as the

original aortic wall. The thinness of the outer wall of

the false lumen explains its tendency to rupture.
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In autopsy series, the entrance tear is located in

the ascending aorta in 70% of patients, in the aortic

arch in 10%, in the descending thoracic aorta in 20%,

and rarely within the abdominal aorta [1]. This

contrasts with surgical or radiologic studies, in which

dissections in the descending aorta are more com-

mon, because these studies include the survivors of

aortic dissection. From the entrance tear, the dis-

section of the media occurs in a predominantly an-

terograde direction, although retrograde dissection is

also seen. Re-entrance tears are found less frequently,

and in some cases a single tear may be present so that

flow within the false channel is bidirectional. Re-

entrance tears are most commonly found in the

descending thoracic aorta, abdominal aorta, and

iliac artery.

In dissections involving the ascending aorta, the

entrance tear is typically in the right lateral aortic

wall, and the dissection extends in an antegrade

fashion along the greater curvature of the ascending,

transverse, and descending thoracic aorta (Fig. 1).

The arch arteries arise from this portion of the aorta,

so that dissection into the right brachiocephalic, left

common carotid, and left subclavian arteries is com-

mon [1]. The dissection extends along the aorta until

it encounters sufficient atherosclerotic plaque or scar-

ring to interrupt its course. At that point, the dissec-

tion either stops or rejoins the aortic lumen through

the second, re-entrance, tear.

The most frequent cause of death in patients who

have aortic dissection is aortic rupture. The rupture

site is typically near the original entrance tear. In pa-

tients who have entrance tears in the ascending aorta,

blood from a ruptured ascending aorta collects in the

pericardial sac. Massive hemopericardium is often
43 (2005) 543 – 569
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Fig. 2. Dissection of the ascending aorta with mediastinal hematoma (H) extending along the right pulmonary artery (PA).

(A, B) The ascending aorta and pulmonary artery share a common adventitia. Hemorrhage that enters the adventitial layer of

the ascending aorta extends along the right pulmonary artery, causing compression of the right pulmonary artery and pulmo-

nary hemorrhage.
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rapidly fatal, but some patients remain hemodynami-

cally stable long enough to reach the hospital, where

hemopericardium may be seen on imaging studies.

Rupture in the ascending aorta may also cause blood

to dissect along the adventitia. The ascending aorta

and pulmonary trunk have a common adventitia, so

that hemorrhage into the adventitia can extend along

the pulmonary trunk, causing compression of the

lumen of the main pulmonary arteries (Fig. 2). Blood

in various anatomic compartments indicates the most

likely site of rupture: hemomediastinum is caused by

rupture of the aortic arch, left-sided hemothorax may

indicate rupture of the descending thoracic aorta, and

hemoperitoneum may be caused by rupture of the

abdominal aorta (see Fig. 1).

Compromise of aortic branch arteries is a signifi-

cant contributor to the morbidity and mortality of this

disease. The dissection flap may extend into the

branch vessel, or the flap may cover the lumen of the

vessel, causing ischemia or necrosis of the organ or
Fig. 1. Stanford type A dissection. (A) The true lumen can be reco

tear in type A dissection is often in the right anterolateral wall of th

curvature of the ascending aorta (arrow). In the descending aorta, th

than the true lumen. (B) The false lumen (F) is larger than the true lu

hematoma dissects the media of the aortic wall. The left main coron

Mediastinal hematoma can be recognized by measuring the atte

ventricular outflow tract. The presence of mediastinal hematoma su

dissection. (E) At the level of the carina, the true lumen is filled wit

CT examination. Note the reversal of the contrast attenuation in

flap extends into the right brachiocephalic artery (arrow). F, false
tissue normally perfused by that vessel (see Fig. 1B

and F) [2]. The coronary arteries may be compro-

mised when dissections in the ascending aorta extend

retrograde into the aortic sinus. In these patients, the

dissection may also cause loss of commissural sup-

port of the aortic valve cusps, resulting in aortic

regurgitation. When the dissection involves the

transverse portion of the aorta, the arch vessels may

become compromised, producing ischemia of the

brain or arm. In the abdominal aorta, the renal and

mesenteric arteries and celiac axis may be involved,

so that the patient presents with signs of renal failure

or abdominal organ insufficiency.

Although the cause of spontaneous aortic dis-

section is unknown, most patients have a history of

systemic hypertension. Marfan syndrome is also con-

sidered a cause of aortic dissection, but patients who

have this syndrome and its characteristic medial cys-

tic necrosis are more likely to have fusiform aneu-

rysms of the ascending aorta than dissection. Other
gnized by its continuity with the left ventricle. The entrance

e ascending aorta, creating the false lumen along the greater

e false lumen (F) fills with contrast material at a different rate

men in the ascending aorta, and exhibits the beak sign as the

ary artery (arrow) is seen, arising from the true lumen. (C, D)

nuation of fluid surrounding the ascending aorta and right

ggests rupture of the ascending aorta, associated with type A

h a greater concentration of contrast material in this dynamic

images obtained a few seconds later (A). (F) The intimal

lumen.
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entities associated with an increased risk of aortic

dissection are bicuspid aortic valves (with or without

aortic stenosis); aortic coarctation; and trauma (with

aortic transsection). Aortic dissection may also occur

as an iatrogenic complication of catheter insertion.

Elefteriades [3] reviewed a Yale database of

1600 patients who had thoracic aortic aneurysms

and determined hinge points for the likelihood of

rupture or dissection based on aortic diameter. When

the ascending aorta was 6 cm in diameter, the like-

lihood of rupture or dissection was 31%; when the

descending aorta reached a diameter of 7 cm, the

likelihood of a critical event was 43%. He recom-

mended intervention for the ascending aorta at a

diameter of 5.5 cm and for the descending aorta at

6.5 cm. It should be noted, however, that dissections

frequently occur in aortas of normal caliber. Aneu-

rysmal dilatation develops only as the false lumen

expands after the onset of dissection.

Classification of aortic dissection

Two classifications of aortic dissection are in

widespread use. In 1965, DeBakey et al [4] classified

dissecting aneurysms into three types, related to ana-

tomic and pathologic features. Types I and II involve

the ascending aorta, with type I dissections extending

beyond the aortic arch and type II dissections stop-

ping proximal to the brachiocephalic artery. Type III

dissections involve only the descending aorta. In

1970, Daily et al [5] reviewed the experience at

Stanford and reported a significant difference in the

clinical course and prognosis in patients who had

dissections involving the ascending aorta as opposed

to those in whom the disease did not extend proximal

to the left subclavian artery. They suggested further

simplification of the classification to two types: type

A indicates involvement of the ascending aorta, and

type B dissections are limited to the descending aorta.

This classification has been known as the ‘‘Shumway

classification,’’ after the senior author on that paper

or, more recently, the Stanford classification. The

simplicity and relevance of this classification to the

management of the patient with aortic dissection has

helped to make this the most widely used classifica-

tion system.

Clinical presentation

The International Registry of Acute Aortic Dis-

section (IRAD) is a multicenter registry, which

includes consecutive patients who have acute aortic

dissection seen at 18 large referral centers since 1996.

The objective of the registry is to assess the etiology,
presentation, management, and outcomes of patients

who have acute aortic dissection. Of 550 patients who

have type A aortic dissections entered into the IRAD

in the 3-year interval from 1996 to 1999, the mean

age was 62 ± 14 years, and 65.5% were men. Of

384 patients who have type B dissections entered into

the IRAD in the 4-year interval from 1996 to 2000,

the mean age was 65 ± 13 years, and 71.4% were

men. The average duration of symptoms from onset

to presentation was 2.9 hours in those with type A

dissections. A history of hypertension was recorded

in 69.2% of those with type A dissections and 79.9%

of those with type B dissections [6,7]. The typical

clinical presentation was an acute onset of chest pain.

A murmur of aortic regurgitation was present in

41.7% of those with type A dissections [6].

Natural history and treatment

Aortic dissection has long been recognized as a

serious disease with a rapidly fatal course without

treatment. Anagnostopoulos et al [8] in a 1972 meta-

analysis reported death within 1 week in 70% of

963 patients, and death within 3 months in 90%. Of

the 550 patients who have type A aortic dissections

entered into the IRAD from 1996 to 1999, 79.5%

were treated with surgical repair [6]. Ascending aortic

replacement was performed in 91.4% of those

patients. The mortality for patients who have type

A dissections treated surgically was 26.7% compared

with a 55.9% mortality for those treated medically. In

patients who have type B dissections, 73% received

medical management; 15% underwent surgery; and

12% were treated with percutaneous interventions,

such as stent placement. In-hospital mortality was

32.1% for those treated surgically, 9.6% for those

receiving medical therapy, and 6.5% for those

undergoing percutaneous intervention [7]. Three risk

factors (the deadly triad) predicted in-hospital death

in patients who have acute type B aortic dissection:

(1) hypotension or shock, (2) lack of chest or back

pain at presentation, and (3) branch vessel involve-

ment [7]. Although medical management has long

been the standard of care for type B dissections, the

5-year mortality remains high. Of 50 patients fol-

lowed with chronic aortic dissection, a fatal rupture

occurred in 9 patients (18%) [9]. This has to be con-

sidered against the considerable mortality and mor-

bidity in surgical series of descending aorta repair.

Endovascular techniques are emerging as an

alternative to surgical repair. Placement of a self-

expanding stent-graft in patients who have expanding

aortic dissections, active bleeding, or suspected im-

minent rupture of a descending thoracic aortic dis-
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section was described in 22 patients by Fattori et al

[10]. Criteria for inclusion included 1 cm or more of

normal aortic wall distal to the origin of the left

subclavian artery, 42 mm or smaller diameter of the

aorta proximal and distal to the dilated portion, and

9 mm or larger diameter of the femoral or iliac ar-

teries. Identification of entry and reentry sites, true

and false lumina and their relationship to visceral and

femoral vessels, and the extent of the dissections were

usually obtained with MR imaging and aortography.

The patient was excluded from percutaneous stent-

graft placement if a reentry site could not be

identified in the abdominal aorta and the origin of

one or more visceral vessels was from the false

lumen. In their series of 22 patients, there was one

death from aortic rupture (at 20 days); one patient

with subsequent extension of dissection; and one who

developed endoleak at the end of the graft. Two

patients were converted to surgical repair.

Hansen et al [11] reported endovascular repair

of 24 patients who had aortic dissections (16 acute,

8 chronic). Indications for treatment of acute type B

dissections included intractable pain, uncontrollable

hypertension, progression of dissection, or end-organ

ischemia. Six patients had hemothorax as a primary

indicator for treatment. Patients who have chronic

type B dissections were considered candidates for

endovascular repair if there was aneurysmal dilatation

of the proximal descending aorta or if the patient

developed acute symptoms. Procedure-related mor-

tality was 13%; one death was attributed to rupture

caused by endoleak, and two deaths occurred from

retrograde dissection of the ascending aorta leading to

cardiac tamponade. Overall mortality was 19% in

patients who had acute type B dissections and 13% in

patients who have chronic type B dissections, at an

average follow-up of 2 years.

Choice of imaging modalities

Aortography was long the procedure of choice for

the examination of patients who had aortic dissection.

That technique has given way to less invasive, less

expensive, and more accurate technologies, includ-

ing CT, transesophageal echocardiography, and MR

imaging. A review of the imaging studies performed

in patients enrolled in the IRAD from 1996 through

1999 showed that the initial imaging modality choice

was CT, followed by transesophageal echocardiog-

raphy [12]. CT was selected for 63% of patients

compared with transesophageal echocardiography in

32%. MR imaging was ordered less frequently, in part

because of the greater distance of many MR imaging

scanners from emergency rooms, and the greater
difficulty in monitoring critically ill patients in the

magnetic field. Aortography was ordered infre-

quently, perhaps because of its greater cost, longer

examination time, and inability to detect IMH. A

comparison of spiral CT, transesophageal echocar-

diography, and MR imaging in 49 patients who had

clinically suspected aortic dissection showed 100%

sensitivity for aortic dissection for all three tech-

niques, specificity of 100% for CT, and 94% for both

transesophageal echocardiography and MR imaging.

In the diagnosis of aortic arch vessel involvement, CT

was clearly superior with sensitivity and specificity of

93% and 97% compared with transesophageal echo-

cardiography (60% and 85%) and MR imaging (67%

and 88%) [13]. Yoshida et al [14] found similarly

high accuracy in the CT recognition of arch branch

vessel involvement. Comparison with surgical find-

ings in 57 patients who had either aortic dissection or

IMH showed a sensitivity of 95%, specificity of

100%, and overall accuracy of 98%.

In the IRAD patients, the chest radiograph was

abnormal in most cases. The mediastinum appeared

widened in 62% of type A and 56% of type B dis-

sections [6,7]. The aortic contour was abnormal in

45% of type A and 49% of type B dissections. A

pleural effusion was present in 19% of patients who

had type A dissections.

CT scanning technique

Examination of the thoracic aorta using CT angi-

ography is rapid, noninvasive, and allows depiction

of the aorta in a number of imaging planes and in

three dimensions. The scan should include the base of

the neck, so that the proximal aspects of the carotid

and vertebral arteries can be evaluated. Inferiorly, the

scan should extend to at least the level of the celiac

axis, although imaging through the abdomen and

pelvis is often indicated. An unenhanced scan is

performed initially, using relatively thick (5 mm)

collimation. Intravenous contrast material is injected

through an 18- to 20-gague catheter inserted in the

right antecubital vein. Injection in the left arm may

produce more artifacts because of the horizontal

course of the left brachiocephalic vein, near the

origins of the aortic arch arteries [15]. The bolus of

contrast material should be calculated to continue

throughout the duration of the CT scan. Typically, a

bolus of 80 to 150 mL of nonionic iodinated contrast

material at a rate of 4 to 5 mL per second provides

adequate opacification. Bolus tracking software

provides the optimal scan delay for initiation of the

scan, but an empiric scan delay of 30 seconds can be

used. The scan should ideally be performed during a



Fig. 4. Mediastinal hematoma. In patients who have aortic

rupture, the high attenuation of acute blood (arrow) is

readily apparent within the mediastinum on unenhanced CT.
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single breathhold, but quiet breathing can be used in

the dyspneic patient. The contrast-enhanced scan can

be performed at a section thickness of 2.5 to 3 mm,

at a pitch of 1.3 to 1.7 for MDCT. A 1.5-mm re-

construction interval, using standard or soft tissue

reconstruction algorithm, is created from the scans.

Reconstructions that are useful in assessing the

thoracic aorta include thin-slab maximum intensity

projections in the coronal and sagittal oblique planes,

curved planar reformations, volume renderings, and

surface-shaded displays [16]. Some authors have

used ECG gating for CT angiography, which helps

to reduce pulsation artifacts [17,18].

Findings on CT

Unenhanced CT

Unenhanced CT images provide information that

can be obscured by intravenous contrast material. On

CT scans performed without intravenous contrast

material, displacement of intimal calcification from

the aortic wall is consistent with a diagnosis of aortic

dissection. This can mimic, however, calcification of

mural thrombus within an aortic aneurysm. A major

role for unenhanced images is the depiction of IMH.

In patients who have aortic IMH, a narrow rim of

high-attenuation material is present within the aortic

wall, either in a crescentic or circumferential pattern

(Fig. 3) Prosthetic aortic valves and grafts are easier
Fig. 3. Aortic intramural hematoma. On an unenhanced CT,

intimal calcification (arrowheads) is displaced from the wall

of the descending aorta by a crescentic area of increased

attenuation. This is consistent with acute bleeding into the

aortic wall, presumably caused by rupture of the vaso

vasorum. The patient has previously undergone graft repair

(arrow) of the ascending aorta.
to recognize on unenhanced CT (see Fig. 3). In

patients who had aortic rupture, the high attenuation

of acute blood is readily apparent within the

mediastinum, pericardial sac, or pleural space on

unenhanced CT (Fig. 4).

Enhanced CT

On enhanced CT, the hallmark of aortic dissection

is the intimal flap, separating the true and false lumen

(see Fig. 1). The entrance tear is usually at the most

proximal extent of the intimal flap. Correlation with

surgical findings of entrance tears in 57 patients who

had either aortic dissection or IMH showed that CT

was 84% accurate in the identification of the entrance

tear (sensitivity 82%, specificity of 100%) [14].

False-negative findings were caused by a small entry

tear, an aortic pulsation artifact, and artifact caused by

catheter or venous enhancement. Correct identifica-

tion of the entry tear is helpful to surgical planning,

because grafts are selected to replace the affected

thoracic aorta, including the entrance tear.

Differentiation of true and false lumen

Identification of the true and false lumen in aortic

dissection is important in the planning of surgical

repair or endovascular graft placement. The origin of

major vessels, including coronary, carotid, renal, and

mesenteric arteries from either the true or false lumen

should be specifically addressed. Arteries arising

from the false lumen are at risk of occlusion should

the false lumen either spontaneously thrombose or

become obliterated during repair. Branch vessels may

be obstructed when the dissection flap extends into
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the origin of the branch vessel (static obstruction) [2].

Dynamic obstruction occurs when the intimal flap

does not directly involve the vessel origin, but is

flattened over the vessel origin because of pressure

changes in the true lumen.

In most cases, the true lumen can be recognized

by continuity with an uninvolved portion of the aorta

(see Fig. 1). The true lumen is usually small, con-

taining blood flow traveling at a high velocity, com-

pared with slower blood flow in a larger false lumen.

On contrast-enhanced CT, these differing rates of

blood flow may be apparent as differing rates of

contrast enhancement (see Fig. 1).

On cross-sectional imaging, the junction of the

intimal flap and the outer wall of the false lumen

forms an acute angle, created as the sharp wedge of

the hematoma cleaves the aortic media [19]. On CT,

this has been called the ‘‘beak sign’’ (see Fig. 1). The

space formed by the acute angle can be filled with

either high-attenuation contrast-enhanced blood, or

low-attenuation hematoma. Another indicator of the

false lumen is the presence of aortic cobwebs (Fig. 5).

Aortic cobwebs most likely represent strands of fi-

brous tissue that have been incompletely sheared

from the aortic walls during the dissection, and are a

hallmark of the false lumen [20]. They range in size

from barely noticeable to several millimeters thick,

and have been observed within the false lumen in

80% of anatomic specimens in acute dissection, and

in 74% of chronic dissections [20]. On CT, cobwebs

are thin filling defects, attached at one end to the

aortic wall, within the contrast-filled false lumen.
Fig. 5. Aortic cobweb. A thin line of fibrous tissue (arrow)

is consistent with an aortic cobweb, incompletely sheared

from the aortic wall during dissection, and a hallmark of the

false lumen.
Atherosclerotic calcification in the outer wall of

an aortic lumen indicates the true lumen of an acute

aortic dissection, and may appear continuous with the

calcified intimal flap representing the inner wall of

the false lumen. In chronic dissection, the outer wall

of the false lumen may endothelialize and calcify,

so that this sign may not be valid. Displaced cal-

cification on the intimal flap is a hallmark of aor-

tic dissection, and is best seen on unenhanced CT

(see Fig. 3). Occasionally, the calcification on the

intimal flap is seen to lie eccentrically and, in this

situation, faces the true lumen.

LePage et al [21] reviewed the most useful CT

indicators of the true and false lumen in 51 patients

who had aortic dissection. They found that the most

reliable signs of the false lumen were the beak sign

and a larger cross-sectional area. The beak sign was

seen only in the false lumen, and was present on all

CT scans. Aortic cobwebs were also present only in

the false lumen, but were seen in only 9% of acute

dissections and 17% of chronic dissections. Outer

wall calcification was seen in the true lumen in 60%

of acute dissections, and never in the false lumen

in acute dissection. In chronic dissection, however,

outer wall calcification was seen in 17% of false

lumens. Intraluminal thrombus was seen in 46% of

false lumens and only 6% of true lumens in the acute

setting. In chronic dissection, intraluminal thrombus

was present in 83% of false lumens, and 4% of true

lumens. The false lumen is larger than the true lumen

in most cases. The intimal flap may be either curved

toward the false lumen, or flat, in acute dissection.

In chronic dissections, the intimal flap is flat in 75%

and curved toward the false lumen in 25%.

On intravascular ultrasound, the intact outer wall

of the true lumen has three visible layers, similar to

that of an inverse Oreo cookie [19]. The middle layer

is hypoechoic, bordered on each side by a hyper-

echoic outer layer and hyperechoic inner layer. The

outer wall of the false lumen, however, is visible as a

single hyperechoic layer, continuous with the hyper-

echoic outer layer of the true lumen. Aortic cobwebs

and thrombus may also be visible within the false

lumen on intravascular ultrasound.
Intramural hematoma

IMH, or hemorrhage into the aortic wall, may be

an early stage or variant of aortic dissection. It is

presumably caused by spontaneous rupture of the

vaso vasorum, and is distinguished from aortic

dissection by the lack of an intimal flap, and lack

of communication with the true lumen. This entity
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has been called noncommunicating aortic dissection

and aortic dissection without intimal rupture [22].

Bleeding in the media layer of the aorta evolves over

a short period of time; the blood may be reabsorbed

or progress to aortic dissection or rupture. Current

therapy for IMH parallels that for aortic dissection;

early surgical repair or endovascular placement of a

stent-graft is considered for patients who have IMH

involving the ascending aorta [23]. Patients who

have IMH involving only the descending aorta are

managed medically, with aggressive antihypertensive

treatment and frequent follow-up imaging examina-

tions. A minority opinion exists, suggesting that per-

haps 50% of patients who have type A IMH can

be managed with medical treatment only [24,25].

Moizumi et al [25] suggest that surgery be reserved

for patients who have cardiac tamponade, rupture, or

impending rupture, and for patients initially managed

medically but who experience recurrence of chest or

back pain, progression to type A dissection, progres-

sive aortic dilatation to a maximum diameter greater

than 6 cm, or progressive enlargement of an ulcerlike

projection to greater than 2 cm depth. This con-

servative approach requires close interval monitoring,

because complications forced late surgical interven-

tion in 22% of type A IMH and 26% of type B IMH.

Improved recognition of IMH with cross-sectional

imaging has changed the understanding of this entity.

IMH was perhaps underdiagnosed for many years,

because it is difficult to diagnose with aortography.

The mortality of IMH in the first 3 months of evolu-

tion is high: 19% in a study of 68 consecutive patients

who had IMH [26]. Predictors of early mortality were

a maximum aortic diameter greater than 5 cm, and

involvement of the ascending aorta. Mortality in

those with an aortic diameter greater than 5 cm was

50%. In patients who had involvement of the ascend-

ing aorta, early mortality was 8% in those undergoing

surgical repair, compared with 55% in those without

surgery [26]. Nienaber et al [27] also reported a high

mortality in patients who had IMH of the ascending

aorta: 80% in those treated medically. In contrast, in

patients who had type B IMH, 1-year survival was

80% in the group treated medically and 83% in the

group treated surgically.

On unenhanced CT, IMH is visible as a crescent

of high-attenuation material within the aortic wall

(Figs. 3 and 6). This rim of high attenuation

represents acute bleeding into the aortic wall, and

occasionally involves the entire circumference of the

aorta. Some authors believe that IMH by definition

lacks an entrance tear; others believe that the ulcerlike

projection sometimes seen within the IMH represents

an entrance tear. Ganaha et al [28] suggest that the
presence of penetrating atherosclerotic ulcer predicts

progression of IMH. Other features that have been

reported as predictors that IMH will progress to overt

dissection include a greater maximum thickness of

the hematoma (a thickness of 16.4 ± 4.4 mm versus

10.5 ± 3.8 mm in the group that did not progress to

dissection); flattening of the true lumen so that the

short-axis diameter is less than 75% of the long-axis

diameter; involvement of the ascending aorta; and the

presence of either pericardial or pleural effusion [29].

A hematoma thickness greater than 11 mm was pre-

dictive of adverse outcome in a series of 25 patients

who had IMH involving the ascending aorta [24]. A

normal aortic diameter in the acute phase has also

been associated with IMH regression without com-

plications [30].

Differentiation of IMH from intraluminal throm-

bus on a contrast-enhanced CT may be difficult.

Features that suggest IMH are displaced intimal

calcifications, and a crescentic or circumferential

distribution of the now (relative to contrast) low-

attenuating material. Intraluminal thrombus is often

localized, and within a dilated aorta, whereas IMH

may extend over a longer distance, within a non-

dilated aorta (see Fig. 6). IMH involved an 8.5 ±

5–cm length of the aorta in a study of 25 patients

who had IMH [27]. MR imaging allows detection of

the age of the IMH, and may be useful to monitor

IMH over time. On sequential T1-weighted images,

acute blood is of intermediate signal intensity be-

cause of the presence of oxyhemoglobin. Subacute

(8–30 days) blood is of high signal intensity because

of the presence of methemoglobin in the evolving

hematoma [31]. The absence of these characteristic

changes in signal intensity may indicate on-going

hemorrhage in patients who have recurrent pain.

Echocardiographic criteria of IMH include circular or

crescentic thickening (>5 mm) of the aortic wall con-

taining an echo-free space, and absence of an intimo-

medial tear [32].

Follow-up of IMH over time has shown very

similar outcomes in two series. Evangelista et al [30]

followed 68 consecutive patients, with a mean

follow-up of 45 ± 31 months. They found that the

most common outcome was progression to aortic

aneurysm or pseudoaneurysm. At the end of follow-

up, the IMH had evolved to aneurysm in 54%

(fusiform aneurysm in 22%, saccular aneurysm in

8%, and pseudoaneurysm in 24%); regressed com-

pletely without dilatation in 34%; and progressed to

classic dissection in 12%. Sueyoshi et al [33] reported

similar findings. A follow-up of 32 patients who

have IMH found that all IMH decreased over time,

and 34% disappeared almost completely. Aneurysm



Fig. 6. Aortic intramural hematoma (IMH). (A) On unenhanced CT, intramural hematoma is visible as a crescentic area (arrow)

of increased attenuation in the aortic wall. (B) Following intravenous contrast administration, the intramural hematoma may be

mistaken for thrombus within an aortic aneurysm. (C, D) On coronal and sagittal reformats, the intramural hematoma extends

along the posterolateral wall of the descending aorta. IMH typically extends over a long segment of an aorta of normal

caliber, whereas thrombus is usually seen along a short segment of a dilated aorta. The diagnosis of IMH requires visualization

of displaced intimal calcification or increased attenuation of the aortic wall, both of which may be obscured by intravenous

contrast material.
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developed in 56% (fusiform in 19%, and saccular

aneurysm in 37%). Progression to overt dissection

occurred in 6%. Ulcerlike projections were present at

the initial study in six patients, and appeared on

follow-up studies in 14 patients (Fig. 7). The ulcer-

like projections progressed to saccular aneurysm in

12 patients.

Penetrating atherosclerotic ulcer

A penetrating atherosclerotic ulcer forms when

an ulcerated atherosclerotic plaque breaks through
the intima, resulting in hematoma formation within

the media of the aortic wall. Extension of the ulcer

beyond the expected margin of the aortic wall and the

presence of a hematoma cap over the ulcer helps to

differentiate this entity from the more commonly

occurring atheromatous ulcer (Fig. 8). It is differ-

entiated from IMH, which has an intact intima, by the

ulcer extending beyond the aortic lumen [34]. On

unenhanced CT images, acute blood in the aortic wall

may be visible as an area of increased attenuation, as

in IMH. Contrast-enhanced CT allows recognition of

the ulcer and enhancement of the aortic wall [35].



Fig. 7. Aortic intramural hematoma. An ulcerlike projec-

tion (arrow) may be seen within the intramural hematoma

following intravenous contrast administration. This may

indicate a greater likelihood of progression to pseudoaneu-

rysm formation.

chiles & carr552
Similarly with MR imaging, the associated hematoma

is well demonstrated on conventional MR imaging,

and gadolinium-enhanced MR angiography is better

for recognition of the ulcer. The hematoma is also

well seen with transesophageal echocardiography,

although the ulcer itself is more difficult to identify

than with CT or MR imaging.
Fig. 8. Penetrating atherosclerotic ulcer versus atheromatous ulcer.

an ulcerated atherosclerotic plaque breaks through the intima, resu

wall. Extension of the ulcer (u) beyond the expected margin of the

ulcer helps to differentiate this entity from the more commonly oc
The clinical presentation of a penetrating athero-

sclerotic ulcer mimics aortic dissection, with the

typical patient elderly, hypertensive, and presenting

with symptoms of chest or back pain. Penetrating

atherosclerotic ulcer most commonly involves the

middle or distal third of the descending thoracic aorta,

although any part of the aorta may be involved. In

a retrospective review of 105 patients who have

penetrating atherosclerotic ulcers by Cho et al [36],

a penetrating atherosclerotic ulcer involved the

descending aorta in 94% and the ascending aorta in

11% (multiple ulcers were present in 10%).

Over a period of weeks to months, the hematoma

associated with a penetrating atherosclerotic ulcer

becomes smaller, whereas the ulcer may enlarge. In

the series by Cho et al [36], the initial thickness of the

hematoma was 10 mm, which decreased or resolved

in most patients within 1 month and in all patients

within 1 year. The average depth of the ulcer was

11 mm, the width of the mouth of the ulcer was

15 mm, and the length of the ulcer was 16 mm.

The natural history of a penetrating atherosclerotic

ulcer is variable. In 33 ulcerlike lesions of the aorta

reviewed by Quint et al [37], 21 were stable over a

mean follow-up period of 18.4 months. In 10 of

33 lesions, progression over time included an in-

crease in the diameter of the aorta with or without an

increase in the size of the ulcer. As the ulcer enlarges

and extends through the media, it may be contained

by the adventitia, resulting in a saccular pseudo-
(A, B) A penetrating atherosclerotic ulcer (PAU) forms when

lting in hematoma formation within the media of the aortic

aortic wall and the presence of a hematoma cap (*) over the

curring atheromatous ulcer, seen in B.
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aneurysm. Among 54 penetrating atherosclerotic ulcer

patients who had serial scans, 26 (48%) developed an

asymmetric aneurysm [36]. Less commonly, the

hematoma associated with the ulcer extends longi-

tudinally, producing a classic aortic dissection. The

dissection continues until it reaches sufficient athero-

sclerotic plaque to halt its progress. Rupture is an

infrequent, but often fatal, complication of penetrat-

ing atherosclerotic ulcer.

Patients who are hemodynamically stable and in

whom penetrating atherosclerotic ulcers are found are

generally managed with antihypertensive therapy and

close monitoring. Emergent surgery is indicated for

patients who are hemodynamically unstable and in

those with pseudoaneurysm formation or aortic rup-

ture. Indications for late surgical intervention include

persistent or recurrent pain, expanding IMH or

pseudoaneurysm, distal embolization, and hemody-

namic instability. Operative treatment requires place-

ment of an interposition graft at the site of the ulcer.
Pulmonary embolism

Most cases of PE result from thrombi that become

dislodged from their sites of formation in the pelvis or

in the deep veins of the legs. There are a number of

risk factors for venous thromboembolism, including

malignancy, immobilization after surgery or trauma,

central venous catheter or pacemaker placement, obe-

sity, oral contraceptive use, and inherited thrombo-

philia [38,39]. The actual scope of PE is difficult to

determine. PE was responsible for 14.6% of all in-

hospital deaths in one autopsy series [40]. In 1998,

Silverstein et al [41] estimated the incidence of PE to

be 69 per 100,000 of population. Most patients

develop PE while hospitalized for surgery (24%) or

medical illness (22%), or while in a nursing home

(13%) [38]. Risk factors are identified in 74% of all

cases [38].

Two large prospective studies of PE have pro-

vided much of the current understanding of the

diagnosis of PE. These studies include the Prospec-

tive Investigation of Pulmonary Embolism Diagnosis

(PIOPED) in the United States, and the Prospective

Investigative Study of Acute Pulmonary Embolism

Diagnosis (PISA-PED) in Europe [42,43]. The results

from PIOPED II were pending at the time of this

writing. The clinical presentation of PE patients in

the PIOPED study was dyspnea, tachypnea, or

pleuritic chest pain, which were present in 97% of

patients. These symptoms were present in non-PE

patients, however, in a similar number of patients.
The PISA-PED study found that three symptoms

(sudden onset of dyspnea, pleuritic chest pain, and

fainting) were significant for the presence of PE,

particularly when combined with findings on ECG

and chest radiography [43]. Sudden onset of dyspnea

was the most common symptom, described by 80%

of PE patients. One or more of these three symptoms

were present in 96% of PE patients, but they were

also present in 59% of non-PE patients. Correct

classification of patients who had suspected PE was

possible in 88%, but only with the use of EKG and

chest radiograph findings.

Laboratory tests for PE include the partial

pressure of oxygen in arterial blood on room air

(Pao2) and the alveolar-arterial oxygen gradient

(Pao2-Pao2). PE is usually accompanied by arterial

hypoxemia and hypocapnia [43]. These measure-

ments have not proved to be sufficient, however, for

the distinction of PE from non-PE patients. The fibrin

D-dimer, a degradation product released into the

circulation after the breakdown of cross-linked fibrin,

is increased in patients who have thrombosis and can

be used as a marker for PE. The ELISA method

D-dimer has been reported to have a negative pre-

dictive value of 99% for PE [44]. A raised level of

D-dimer does not imply the presence of PE, because

D-dimer levels can be elevated from nonthrombotic

conditions. Currently, a negative D-dimer level in a

patient with a low or moderate clinical suspicion for

PE is considered sufficiently reliable that other

diagnoses should be sought for the patient’s signs

and symptoms [45]. The experienced clinician who

accurately assesses a patient’s clinical probability for

PE can, in combination with the D-dimer assay,

significantly reduce the need for imaging.

The value of incorporating the D-dimer assay in a

diagnostic algorithm for PE has been supported by

many studies. Perrier et al [46] prospectively evalu-

ated 918 consecutive patients presenting to the

emergency room with clinically suspected venous

thromboembolism. A normal D-dimer concentration

(<500 mg/L by a rapid ELISA) ruled out venous

thromboembolism in 286 (31%) members of the

study cohort. The 3-month thromboembolic risk in

patients not given anticoagulants, based on the results

of the diagnostic protocol, was 1.8% (95% con-

fidence interval 0.9–3.1). In a separate study,

Abacarian et al [47] reported that, in 84 patients

who had a negative D-dimer assay, 82 had negative

findings on CT pulmonary angiography (CTPA) and

the remaining 2 patients had indeterminate CT scans

but low-probability ventilation-perfusion scans.

Although the ELISA method D-dimer has proven to

be an important part of the diagnostic protocol in
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outpatients who have clinical suspicion of PE, it has

not been shown to be effective in the management of

inpatients who have suspected PE [48].

The chest radiograph plays an ancillary role in

the evaluation of patients who have clinical suspicion

of PE. It is helpful in the diagnosis of diseases

that may mimic PE clinically, such as pneumonia.

It is also helpful in the interpretation of ventilation-

perfusion scintigraphy. The ventilation-perfusion

scan was, for many years, the primary test in the

patient with clinical suspicion of PE. The PIOPED

study was conducted from 1985 to 1986 to develop

accurate standards for the interpretation of ventila-

tion-perfusion scans. In the PIOPED population,

scans were normal to near-normal in 14%, low

probability in 34%, intermediate probability in 39%,

and high probability in 13%. When the results of the

ventilation-perfusion scan were concordant with

the clinical suspicion, the diagnosis was accurate in

96% to 98% of patients. For example, when a high-

probability scan occurred in a patient with a high

clinical suspicion, 96% of patients had PE [42]. In

patients who have a low-probability scan with a low

clinical suspicion, the diagnosis of PE was excluded

in 96% of patients. Unfortunately, these combinations

applied to only 16% of patients. The large percentage

of intermediate scans left a need for a more reliable

test. Interobserver variability in the interpretation of

ventilation-perfusion scans is another limitation of

this imaging study. Although interobserver agreement

was high in the interpretation of high-probability,

very-low-probability, and normal scans, disagreement

among observers was 25% and 30%, respectively, for

intermediate-probability and low-probability scans in

the PIOPED study. The ventilation-perfusion scan is

more likely to be diagnostic when the chest radio-

graph is normal and there is no pre-existing cardio-

pulmonary disease. When the ventilation-perfusion

scan is normal, PE is reliably excluded.
CT pulmonary angiography

Over the last decade, CTPA has become the

imaging modality of choice in patients who have

clinical suspicion of PE [49,50]. On single-slice

CT scans in the 1980s and 1990s, PE was often

an incidental finding. With the advent of helical CT,

and particularly with MDCT, thromboemboli within

the pulmonary arterial system can be directly

viewed on high-quality images obtained in a single

breathhold with optimal contrast bolus timing. The

accuracy of CT in the diagnosis of PE in studies

published from 1992 through 1998 ranged from
74% to 100%, but standard CT technique at that

time was 5-mm slice thickness on single-detector

CT scanners [51–56]. A major concern at that time

was the lower accuracy in the detection of emboli

within subsegmental arteries, an issue that has been

addressed with MDCT scanners. This concern is not

new for radiologists. Diffin et al [57] point out that,

even with pulmonary angiography, one-third of pa-

tients who have isolated subsegmental emboli may

be initially misdiagnosed.

The difficulty in evaluating the accuracy of

the current generation of MDCT (4-, 8-, 16-, and

64-detector) scanners is that CT may now be more

accurate than the gold standard of conventional

pulmonary angiography [58]. The high resolution of

1-mm or submillimeter collimation data sets, ac-

quired in a single breathhold, allows evaluation of

pulmonary vessels down to the level of sixth-order

branches, and increases the rate of detection of

segmental and subsegmental emboli [59,60]. Ghaye

et al [59] found that 1.25-mm scans reconstructed

from data sets obtained on a four-detector CT scanner

allowed analysis of 94% of subsegmental arteries,

74% of fifth-order, and 35% of sixth-order arterial

branches. In the evaluation of subsegmental emboli,

Schoepf et al [60] reported a substantial decrease in

the number of indeterminate cases and greater inter-

observer agreement when 1-mm section thickness

images were compared with 3-mm section width.

A review of the diagnosis of PE in 220 consecu-

tive patients using four-detector row helical CT

showed consistent interpretation (k = 0.88) in two

reading sessions, and a small (9%) percentage of

nondiagnostic CT studies [61]. Of the 54 PE patients,

8 had only subsegmental PE. The 3-month rate of

thromboembolic events after negative CTPA or

negative CT venography was 1.8% (95% confidence

interval 0.2%–6.4%). Coche et al [62] performed

CTPA using a four-detector CT scanner and ventila-

tion-perfusion scans in 94 consecutive patients who

had clinical suspicion of acute PE. The interpretations

were concordant in 82 patients (58 negative CT per

normal or low probability V/Q; 24 positive CT per

high probability V/Q). In the remaining 12 patients

in whom there was discordance between the CT and

the V/Q interpretations, the pulmonary angiogram

was concordant with the CT interpretation in 10 of

11 patients; the angiogram was negative in the twelfth

patient, in whom CT was indeterminate. The sensi-

tivity and specificity of both the CT and the V/Q

scans was high (96% and 86% for CT, 98% and 88%

for V/Q). Examinations with CT yielded more con-

clusive results more often, however, than ventilation-

perfusion scintigraphy.
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A major advantage of CT over other imaging

modalities is that it can provide alternative diagnoses

in patients who have other causes for dyspnea and

pleuritic chest pain, including pneumonia, malig-

nancy, pleural effusion, esophagitis, pericarditis, and

aortic dissection. Helical CT identified an alternative

diagnosis in 25% to 46% of patients who had signs

and symptoms suggestive of PE [63–65].

Just as in the era before performing dedicated CT

to diagnose PE, emboli are occasionally diagnosed in

patients referred for routine contrast-enhanced chest

CT in whom PE is not clinically suspected. Gosselin

et al [66] found a prevalence of PE of 0.6% in

outpatients and 5% in inpatients. Of the 12 patients

who had unsuspected PE, 10 had an underlying

diagnosis of malignancy.

CT technique

CT scanning for suspected PE should include the

entire thorax. Many radiologists choose to scan in a

craniocaudal direction, so that if the patient cannot

maintain the breathhold, the lung bases (the more

likely site for PE) are scanned at the beginning of

the study, and the upper lobes, which are less suscep-

tible to respiratory motion artifact, are scanned at the

end of the study. Optimal bolus timing is achieved

with bolus tracking software or, alternatively, with a

fixed scan delay of 15 to 20 seconds. A 100 to

150 mL bolus of nonionic iodinated contrast material

is injected at a rate of 4 to 5 mL per second, by

an 18- to 20-gauge catheter inserted into the right

antecubital vein. On a four-detector scanner, the

raw data set is obtained with a 4 � 1-mm, or 4 �
1.25-mm, collimation with a pitch of 6 (table feed of

6 mm per 500-millisecond scanner rotation), and

reconstructed to 1- or 1.25-mm section thickness.

Interpretation of 1.25-mm images, compared with

2.5-mm collimation, significantly improves visuali-

zation of segmental and subsegmental pulmonary

arteries, with greater interobserver agreement in

the diagnosis of PE [67]. Review of the images at a

computer workstation is essential, because this al-

lows scrolling through the large number of images

obtained and manipulation of the window and

level settings, which can improve conspicuity of fill-

ing defects within the contrast-enhanced pulmo-

nary arteries.
CT findings

Findings of PE on CTPA are similar to the

observations on conventional pulmonary angiogra-
phy. Most patients have more than one embolus,

which on 1.25-mm images are visible on more than

one contiguous image. An angiographic study of the

anatomic distribution of PE showed that patients

who underwent bilateral pulmonary angiography had

an average of three emboli (range 1–16), with most

(58%) located in the central (segmental or larger)

arteries [68]. The Advances in New Technologies

Evaluating the Localization of Pulmonary Embolism

group reported that the largest pulmonary arterial

branch involved in 130 PE patients was central

or lobar in 51%, segmental in 27%, and isolated

subsegmental in 22% [69]. Sixty percent of the em-

boli were nonocclusive. Fifty-eight percent of emboli

were in the lower lobes.

On CT, a PE is most commonly seen as a filling

defect within the lumen of a contrast-filled pulmo-

nary artery (Fig. 9). The thrombi typically originate in

the deep veins of the lower extremities, and the long,

narrow thrombi straddle the bifurcations of the

pulmonary arteries. The largest ones, straddling the

bifurcation of the main pulmonary arteries, are called

‘‘saddle emboli,’’ but this same phenomenon also

occurs throughout the smaller arteries. The embolus

may appear somewhat eccentrically located at the

level of the bifurcation, with the two limbs floating in

the lumen of the downstream vessels. Because most

emboli are longer than 1 to 2 mm, filling defects that

are visible on only one 1.25-mm image, and not on

contiguous images, are more likely to be artifacts

than emboli. The emboli are typically nonocclusive,

although complete vessel cutoff may also be seen

when the thromboembolus occludes the vessel. When

an artery is imaged longitudinally, contrast may be

seen coursing along the margins of the filling defect,

producing a ‘‘railway track’’ appearance.

PE may rarely be visible on unenhanced CT, as

either hyperattenuating or hypoattenuating areas of

intraluminal thrombus in the central pulmonary ar-

teries [70,71]. On lung window settings, pulmonary

parenchymal abnormalities may also be seen in pe

patients. Two signs, linear bands of subsegmental

atelectasis and wedge-shaped peripheral areas of

parenchymal consolidation, occur more commonly

in PE patients than non-PE patients [72]. Pleural

effusions, however, are present in similar proportions

in PE and non-PE patients [73]. Regions of decreased

enhancement within areas of nonaerated lung are seen

in 19% of PE patients, but are also nonspecific

(Fig. 10) [74].

Massive PE may cause acute right ventricular

dysfunction and reduced cardiac output. Right ven-

tricular dilatation may be visible on CT, with dis-

placement of the interventricular septum toward the



Fig. 9. Pulmonary emboli. (A) Filling defects are present bilaterally (arrows), in the right pulmonary artery, extending into the

right descending pulmonary artery, and in the left descending pulmonary artery. (B) Thromboemboli are visible as filling defects

(arrows) in the segmental and subsegmental pulmonary arteries of both lower lobes. The clot burden caused an increase in right

heart pressures, with right ventricular dilatation and bowing of the interventricular septum (arrowheads) visible on CT.

chiles & carr556
left ventricle (Fig. 11) [75]. Reid and Murchison [76]

suggest that a ratio of right ventricle:left ventricle

short-axis diameter of 1.5:1 or greater indicates

severe right ventricular strain. Reflux of contrast

material into the inferior vena cava may also be en-

countered. Quiroz et al [77] measured the ventricular

diameters in patients who had CT-confirmed PE on

both axial images and a multiplanar axial reconstruc-

tion of a four-chamber view. The maximal distance

between the ventricular endocardium and the inter-

ventricular septum, perpendicular to the long axis,
Fig. 10. Pulmonary embolus. Regions of decreased enhance-

ment (*) within areas of nonaerated lung are seen in 19% of

patients who have pulmonary embolism, but are nonspecific.
was defined as the chamber diameter. When the right

ventricle– left ventricle diameter was greater than

0.9 on the four-chamber view, adverse events, such

as 30-day mortality or need for cardiopulmonary re-

suscitation, embolectomy, or mechanical ventilation,

occurred more commonly (80% versus 51%). The

measurements from the axial views were not pre-

dictive of an adverse outcome.

CT measurement of clot burden has also been

recommended as a predictor of outcome. Qanadli

et al [78] proposed a CT index to quantify arterial

obstruction, which was based on the sum of the

values of the proximal clot site multiplied by the

degree of obstruction (1 = partial, 2 = complete ob-

struction). Proximal clot in the right or left pulmo-

nary artery was assigned a value of 10, because each

artery supplies 10 segmental arteries; values of lo-

bar arteries were based on the number of segmental

arteries within the lobe (range 2–5); the segmental

and subsegmental arteries were each assigned a value

of 1. These sums are divided by 40 (the highest

possible score) and multiplied by 100 to develop a

percentage value. A CT obstruction value of greater

than 40% correlated well with the finding of right

ventricular dilatation on echocardiography. Wu et al

[79], using this CT index, found that five of six

patients who had an index greater than 60% died,

whereas 52 of 53 patients who had an index of less

than 60% survived.

Pitfalls in the interpretation of PE on CT include

a number of patient factors, technical factors, and

anatomic features [80]. Respiratory motion can wreak



Fig. 11. Massive pulmonary embolism. (A) Thromboembolus causes occlusion (arrow) of the right pulmonary artery. A clot

burden of this magnitude may cause acute right ventricular dysfunction and reduced cardiac output. (B) Right ventricular

dilatation is visible on CT, with displacement of the interventricular septum (arrowheads) toward the left ventricle. A ratio of

RV:LV short-axis diameter of 1.5:1 or greater indicates severe right ventricular strain.
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havoc on image quality, such that CT may not be

indicated in the patient who cannot be expected to

maintain the breathhold. CTPA should be performed,

when possible, on CT scanners with the fastest ac-

quisition times, to minimize respiratory artifacts. Pa-

tient size is also a factor in image quality, because

significant noise may be encountered on images of

obese patients, despite compensatory increases in

kilovolt (peak) and milliamperes.

In a small number of scans, adequate contrast

material may be present in the superior vena cava and

right heart, and also in the left-sided cardiac chambers

and aorta, yet opacification of the pulmonary arteries

is inadequate (Fig. 12). This has the appearance of

two separate contrast boluses, with an intervening

gap. It may be caused by a column of unopacified

blood from the inferior vena cava, which transiently

interrupts the contrast bolus [81,82]. This flow arti-

fact may be associated with inspiratory effort. Right-

to-left shunting across a patent foramen ovale caused

by a Valsalva’s maneuver during the breathhold has

also been postulated [83]. The artifact can be recog-

nized by the symmetric absence of contrast material

in both the right and left pulmonary arteries at the

same level in the thorax (see Fig. 12).

Anatomic details that may help in the identifica-

tion of PE include the position of pulmonary arteries

relative to bronchi. Segmental and subsegmental pul-

monary arteries are part of a bronchoarterial bundle,

visible in cross-section as a contrast-filled artery ad-

jacent to an air-filled bronchus of similar diameter.

In the upper lobes, the segmental and subsegmental
arteries lie anterior and medial to their corresponding

bronchi; in the middle and lower lobes, the arteries lie

posterior and lateral to their corresponding bronchi.

Pulmonary veins occur in isolation, and review of

images on ‘‘lung windows’’ may help to differentiate

arteries from veins.

A number of normal-sized lymph nodes can be

seen, and are most often located between major bron-

chi and pulmonary arteries [84]. These can mimic

eccentric filling defects and cause false-positive inter-

pretations. Knowledge of the normal locations of

these lymph nodes and reconstruction of the images

in the coronal plane aids in the recognition that these

lie outside the vessel lumen.

Venous ultrasound and CT venography

Diagnostic algorithms that have been devel-

oped for patients who have suspected venous throm-

boembolism differ in their recommendations for the

use of venous ultrasound. In a patient with clinical

suspicion of deep venous thrombosis (DVT), it is

reasonable to include leg ultrasound as an initial test.

Identification of DVT precludes the need for addi-

tional testing because treatment can be instituted. A

negative examination is less useful, however, in that

one cannot distinguish those in whom thrombus was

never present from those in whom the thrombus has

completely embolized to the lungs. Some authors

recommend venous ultrasound as an initial imaging

modality only in patients who have clinical suspicion

of DVT, and CTPA as the initial imaging modality in



Fig. 12. Artifact caused by unopacified venous return from the inferior vena cava. (A, B) Adequate contrast material is present in

the superior vena cava and right heart, and also in the left-sided cardiac chambers and aorta, yet opacification of the pulmonary

arteries is inadequate. This has the appearance of two separate contrast boluses, with an intervening gap. (C) The flow artifact

may be caused by a column of unopacified blood from the inferior vena cava (*), which transiently interrupts the contrast bolus.

This flow artifact may be associated with inspiratory effort or a Valsalva’s maneuver.
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patients who have suspected PE but without clinical

evidence of DVT [39,49,85]. Other authors recom-

mend venous ultrasound as the initial imaging

modality in all inpatients who have suspected PE

or DVT, and in all outpatients who have a positive

D-dimer [86]. The prevalence of DVT in patients

suspected of having PE is 18% [87]. In patents with

proved PE, the prevalence is twice that at 36%.

Because DVT and PE are both manifestations of a

single disorder, venous thromboembolism, which

uniformly requires anticoagulation, combined CTPA

and venography has been recommended as an imag-

ing technique capable of identifying both PE and

DVT [88,89]. Currently, compression venous ultra-
sonography is the procedure of choice in patients who

have suspected DVT because of its noninvasive

nature, portability, wide availability, and low cost.

CT venography has been shown to correlate well with

lower-extremity venous sonography, but has the

advantage of depicting the iliac veins and inferior

vena cava [90,91]. The additional cost and radiation

dose of CT venography has resulted in limited use of

this technique.

The CT venogram is performed in a caudal-cranial

direction, with 5-mm-thick slices at 5-cm intervals

from the upper calves to either the iliac crest or

diaphragm, after a delay of 2 to 3.5 minutes following

the CTPA. CT findings of DVT are intraluminal



Fig. 13. Deep venous thrombosis. CT findings of deep

venous thrombosis are intraluminal filling defects within the

popliteal, femoral (arrow), iliac veins, or inferior vena cava.

The vein is often distended, and the wall may show contrast

enhancement. In most patients, an intraluminal filling defect

involves multiple venous segments, and is visible on

multiple contiguous images.
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filling defects within the popliteal, femoral, or iliac

veins or inferior vena cava (Fig. 13). In some cases,

the vein is distended, and the wall may show contrast

enhancement. In most patients, an intraluminal filling

defect involves multiple venous segments, and is

visible on multiple contiguous images [92]. A pitfall

of interpretation of DVT is inadequate contrast en-

hancement, which can occur with a scan delay that

is too short, or in patients who have severe peripheral

vascular disease. Beam-hardening artifacts can also

occur, caused by adjacent arterial calcification or or-

thopedic hardware.
Fig. 14. ECG gated cardiac CT examination without

intravascular contrast demonstrating calcified coronary

plaque in the wall of the distal left main and proximal left

anterior descending (LAD) coronary arteries. A small

calcified plaque is present in the distal LAD at the origin

of the second diagonal.
Coronary artery disease

Cardiac CT has rapidly evolved in the past decade

from, at best, a niche test with minimal impact on

clinical medicine to where now it is poised to play a

primary role in both the identification and diagnosis

of cardiac diseases. The constant beating of the heart

results in complex motions of not only the coronary

arteries but also the valves and chambers of the heart.

Previously, when using CT to image the thorax, the

region of the heart located centrally within the thorax

was simply a blur of motion unsharpness. The de-

velopment and clinical introduction of the electron-

beam CT scanner in the late 1980s and 1990s demon-

strated the capability of CT when coupled with rapid
image acquisition times and cardiac gating [93]. The

advent of helical CT in the 1990s coupled with

improved gantry rotation speeds of under a second

provided the temporal and spatial resolution to image

not only the pulmonary arteries but to begin to

resolve cardiac structures and the coronary arteries.

The addition of cardiac gating and multiple detectors

from 4 to 8 to 16 to 64 and beyond has allowed

cardiac imaging with CT to play a major role in the

identification and diagnosis of cardiac-related dis-

eases. Currently, cardiac imaging with CT can be

broken into two distinct roles. The first and more

established role is using noncontrasted cardiac CT to

measure calcified coronary plaque for coronary heart

disease risk assessment. The second rapidly evolving

role is using cardiac CT with intravenous contrast

material in a diagnostic role to evaluate the anatomy,

pathology, and function of the coronary arteries, heart

chambers, pericardium, and surrounding structures.

Measuring calcified plaque with cardiac CT

Calcified coronary plaque or atheroma is an

established component of the atheromatous lesion

[94]. Expert consensus statements agree that calcifi-

cations of the coronary artery documents the presence

of coronary atherosclerosis, and that individuals with

calcified coronary plaque are at higher risk for car-

diovascular events [95,96]. An individual in whom

calcified plaque is identified in the wall of a coronary

artery has crossed the threshold from having risk

factors to documented subclinical cardiovascular

disease (CVD) (Fig. 14). The amount of calcified

plaque is highly correlated with total coronary
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atheroma at histology but not correlated with the

presence of stenosis [97,98]. Studies correlating mea-

sures of atherosclerosis remodeling of coronary ves-

sels with intracoronary ultrasound and CT coronary

angiography with MDCT have likewise indicated

very high correlations in the ability of cardiac CT to

quantify coronary atherosclerosis [99]. The culprit

lesion or plaque of acute myocardial infarction seems

to be associated with what has been termed a ‘‘spotty

pattern’’ of calcified plaque by intracoronary ultra-

sound and this pattern of calcification can be demon-

strated by cardiac CT [100].

The development of the electron-beam CT

coupled with cardiac gating provided a means for

quantification of the amount of calcified plaque

and the development of the Agatston calcium score,

which is widely used to report the burden of calcified

plaque [101]. The sum of the calcified plaque in each

of the main coronary arteries using the Agatston

method is often reported as a total calcium score. The

score is calculated by defining calcified plaques as

lesions meeting a predefined minimum size and

measuring greater than 130 HU. Based on the highest

pixel within the lesion a discrete weighting factor of

1, 2, 3, or 4 is multiplied by the area of the lesion to

determine the lesion score. Numerous alternative

methods for measuring calcified plaque have been

proposed, including the volume and mass of calcified

plaque. In clinical practice the Agatston or Total

Calcium Score remains the primary method of com-

municating results.

The published literature strongly supports that

calcified coronary plaque measured by cardiac CT

predicts future CVD events and provides significant

additional information to traditional CVD risk fac-

tors. Support for this is strong historically based on

cardiac fluoroscopy studies, which demonstrate that

calcified plaque, even when qualitatively assessed,

provided significant information about an individu-

al’s future risk of a cardiovascular event independent

of other risk factors and had significantly greater

mortality when compared with those without calci-

fied plaque after adjusting for other factors, such as

ejection fraction or percent stenosis [102,103]. The

initial studies evaluating the predictive ability of

calcified coronary plaque in populations asympto-

matic for coronary heart disease indicate increased

risk of cardiovascular events in individuals with

coronary calcified plaque (relative risk ratios between

2.3 and 20.2) [104–110]. Although these studies

have limitations, expert panels, which have reviewed

the data from these studies including the two

previously mentioned consensus statements and the

Preventions V Conference of 2000 by the American
Heart Association [111,112], all concluded that

the presence of calcified plaque by CT significantly

increased the risk for future CVD events. What

remained unknown in 2000 was whether the coronary

calcium score provided additional information con-

cerning CVD risk when added to traditional risk

factors. The value of adding the calcium score to

traditional CVD risk factor screen, such as the

Framingham Risk Index or the National Cholesterol

Education Panels–Adult Treatment Panel III, needed

to be determined to justify its implementation as a

screening tool. The Prevention V Conference went

on to recommend that a physician use the coronary

calcium score as a risk assessment tool in those

individuals at intermediate risk for CVD in whom

the test could be used to guide the physician and

patient in determining the most effective prevention

strategy [112].

In 2004, the South Bay Heart Study reported

results in which they demonstrated that the calcium

score added significant risk prediction to traditional

CVD risk factors as measured by the Framingham

risk score [109] for myocardial infarction and

coronary heart disease death. Participants in this

study who had a total calcium score greater than

300 (Agatston score) at entry into the study had sig-

nificantly more events after an average of 7 years of

follow-up. This elevated risk of hard coronary heart

disease events was present in individuals determined

to be at low, intermediate, or high risk by the

Framingham risk score, again at entry into the study.

Guidelines for risk assessment for CVD based

on calcified coronary plaque need to be specific for

gender and likely ethnicity because these factors

impact the prevalence of CVD. The National Heart,

Lung and Blood Institute’s Multi-Ethnic Study of

Atherosclerosis (MESA; http://www.mesa-nhlbi.org/)

is a population-based cohort study studying risk fac-

tors for CVD in 6118 individuals [113]. This cohort

study was initiated in 2000 with baseline measure-

ments of coronary calcified plaque by cardiac CT

already completed. MESA has demonstrated that

measurement of calcified plaque with both electron-

beam CT and MDCT can be performed efficiently at

clinical centers across the United States [114] and

provide the prevalence and incidence of calcified

coronary plaque in the United States. MESA will

track cardiovascular events and will have good power

in determining the predictive ability of the calcium

score in men and women in four different ethnic

groups. Moreover, the comparative ability of coro-

nary calcium to predict events with other diagnostic

tests, such as cholesterol levels, C-reactive protein,

and other inflammatory markers, and other imaging

 http:\\www.mesa-nhlbi.org\ 
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tests, such as cardiac MR imaging and intimal medial

thickness by carotid ultrasound, will be available for

the first time.

Cardiac CT systems for measuring calcified

plaque require temporal resolution and cardiac gating

to obtain images of the coronary arteries, which

minimize motion unsharpness and compensate for

cardiac motion. The specifics and rational of the

protocols have been detailed previously [114,115].

The minimum configuration is a 0.5-second gantry,

four-slice MDCT or a C-150 electron-beam CT. More

recent configurations, such as a 16-, 32-, 40-, or

64-channel MDCT or the newest version of the

electron-beam CT termed the ‘‘E-Speed,’’ improve the

measurement of calcified plaque through enhanced

temporal resolution or improved signal to noise. In

addition, for the MDCTs the use of an eight-channel

or greater system dramatically reduces the breathhold

time to less than 15 seconds requiring fewer heart-

beats for imaging the entire coronary system.

The basic protocol for acquiring the images for

calcium scoring uses a 2.5- to 3-mm slice collimation,

cardiac gating, 120 kilovolt (peak), and 50 to

100 milliamperes depending on type of scanner. It

is important to note that the various vendors

determine and report milliamperes or effective milli-

amperes in different ways and these values are

guidelines that must be modified based on the

specific scanner. The calcium scoring protocol uses

a low-dose technique with an effective dose for

the typical protocol ranging from 0.8 to 1.8 mSv

depending on the technique used, the CT system, and

individual scanned. Prospective ECG gating or

triggering is used to initiate image acquisition at a

specific time during the cardiac cycle based on the

R-wave of the QRS complex. Traditionally, in the

electron-beam CT literature, imaging was in late

diastole (70%–80% of the R to R interval) although

arguments have been made for imaging earlier in

diastole (40%–50% of the R to R interval) [116,117].

Higher resolution imaging of the coronary arteries

without contrast using thinner slice collimation and a

helical cardiac acquisition are areas of active

research; however, at this time the benefits have not

been established. The cardiac helical acquisition, in

particular, results in a significant increase in dose. At

this time there are no data to support that enhanced

accuracy, and the measurement of the calcified plaque

would significantly improve the risk assessment

when compared with the traditional 2.5- to 3-mm

slice collimation using the low-dose technique.

The typical examination can be obtained in less

than 10 minutes and consists of a scout image

followed by a single low-dose scan through the heart
requiring 10 to 40 seconds depending on the vintage

of the CT system used. Once the scan is completed

the axial image data are transferred to a computer

work station in which an individual knowledgeable

of the coronary artery anatomy reviews the images

and in a semiautomated manner identifies calcified

plaques related to the coronary arteries. These plaques

are then measured and tabulated by coronary vessel

into an Agatston score, a volume of calcified plaque

and the mass of calcified plaque. The Agatston score

was defined for the original electron-beam CT using a

3-mm slice collimation and did not formally take into

account the slice width in calculating the score.

Subsequent modifications of the Agatston score have

been implemented to account for slice collimation

resulting in a modification of the original Agatston

score. Currently, for clinical purposes the Agatston

score is used for decision making; however, there are

methodologic reasons that the volume and mass score

may be more appropriate metrics and research is

ongoing [118].

The application of the calcium score to CVD pre-

vention in the clinical setting remains incompletely

defined at this point in time. The identification of

calcified plaque documents the presence of coronary

atherosclerosis and the presence of subclinical dis-

ease. Furthermore, the amount of calcified plaque is

tightly correlated with the overall plaque burden seen

at histology. The calcium score is a good estimate of

total plaque burden. Over the years various strategies

for grouping individuals based on their absolute cal-

cified plaque burden or percentile have been pro-

posed. Recently, the results from the South Bay Heart

Study indicate that individuals with an Agatston score

greater than 300 are at significantly greater risk of

having a CVD event, such as a myocardial infarc-

tion or a cardiovascular death, than those with lower

scores irregardless of their current risks based on

traditional cardiovascular risk factors as determined

by the Framingham Score [119]. This prospective

study using ‘‘hard end points’’ (myocardial infarction

and CVD death) provides strong rational for using

an Agatston score of 300 as a threshold value for

more aggressive CVD prevention strategies.

Cardiac CT with contrast

Electron-beam CT provided the foundation for

the types of data one could acquire with the contrast-

enhanced CT. These include imaging the coronary

arteries, evaluating coronary bypass graft, and per-

forming functional studies of the heart. The advent of

the MDCT opened the door for imaging the coronary

arteries with higher spatial resolution and the initial



Fig. 15. Thoracic CT angiography (without ECG gating)

demonstrating contrast within the patent left internal

mammary graft located directly anterior to a thrombosed

saphenous vein graft both adjacent to the main pulmonary

artery in this individual with a thoracic aortic aneurysm

with extensive thrombus.
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studies using four-channel systems demonstrated the

feasibility of coronary CTA and the limitations in

comparison studies to conventional coronary angiog-

raphy. The 16-channel MDCT provided the first near

isotropic spatial resolution imaging of the heart with

cardiac gating. Images could be obtained with a sub-

millimeter spatial resolution resulting in reasonable

image quality of the coronary arteries. The subse-

quent advances to 32, 40, and 64 improved the ro-

bustness of cardiac CT. This enhanced image quality

makes it possible to perform high-quality cardiac

imaging on most individuals.

The CT scanner for cardiac imaging is faced

with a daunting task. It must image rapidly moving

coronary arteries at specific phases during the cardiac

cycle [116]. To achieve this, the CT system must

image at both high spatial resolution and rapid tem-

poral resolution while compensating for the cardiac

motion. Currently, to achieve this combination, all

MDCT vendors use a helical cardiac gated acquisi-

tion. The reconstruction algorithm incorporates the

ECG tracing of the cardiac cycle and the relative

position of the heart to the various detector channels

and with this information reconstructs images of a

specific cardiac phase and location [120]. These re-

construction algorithms are vendor specific and are

rapidly evolving in conjunction with the evolution of

the cardiac CT systems. Simplistically, the cardiac

helical acquisition algorithms use a low-pitch scan in

which a given location of the heart (eg, the origin of

the left main coronary artery) has data acquired

throughout the entire cardiac cycle on more than one

detector row. This oversampling provides redundant

views (or sectors), which can be used to reconstruct a

given location at a given time during the cardiac

cycle. Furthermore, the images can be assembled

from views (or sectors) from multiple channels. By

obtaining data from multiple channels, the effective

temporal resolution of the images is reduced (or

shortened). This method is analogous in many ways

to cardiac gating strategies used in cardiac MR

imaging or nuclear medicine. The low pitch results

in increased radiation exposure, which is reduced in

part through a technique termed ‘‘milliampere modu-

lation.’’ The primary diagnostic images requiring the

highest image quality remain those in diastole. By

modulating the tube current (milliampere) based on

the ECG waveform dose reductions of 20% to 50%

can be achieved during systole while maintaining

image quality during diastole. The continued im-

provement in gantry speed to less than 400 milli-

seconds with the 64 MDCT system provides better

temporal resolution. The shorter imaging times result

in higher image quality and a wider range of ac-
ceptable heart rates further improving the robustness

of cardiac CT.

Cardiac CT, like all of imaging, requires attention

to all of the technical aspects to obtain high-quality

studies. The delivery of intravenous contrast material

and the selection of contrast material are equally

important to the CT scanner and require attention to

several factors [121]. Significant improvements in

image quality can be obtained with a dual-chamber

power injector to administer intravenous contrast ma-

terial followed by saline and is essential for obtaining

high-quality studies. The saline allows for a reduction

in the amount of contrast used and a reduction in

artifact by dramatically lowering the concentration of

contrast material in the superior vena cava and right

heart, which cause streak artifacts and can obscure

portions of the coronary arteries. Experience with CT

coronary angiography using 16-channel systems

indicates that using 100 mL of contrast material with

an injection rate of 4 mL/s followed by a saline chaser

with imaging beginning 18 seconds after the injec-

tions provides good opacification of the coronary

arteries in individuals with normal cardiac function.

Circulation timing scans are valuable in those

individuals suspected of reduced cardiac output or

intravenous access other than an antecubital vein.

Clinical applications of cardiac CT with contrast

Cardiac gating and imaging the heart and atten-

dant vessels with high resolution provides a rapid
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way of gaining valuable information in numerous

clinical scenarios. Cardiac CT and ungated CT

angiography of the chest, such as routinely performed

for PE evaluation, can provide diagnostic imaging of

coronary artery bypass grafts. Saphenous vein grafts

originating from the ascending aorta and internal

thoracic (internal mammary) arteries are easily iden-

tified. Failure for the grafts to enhance with contrast

can document graft occlusion (Fig. 15). Congenital

anomalies related to the coronary arteries are also

well demonstrated thanks to the three-dimensional

capability of cardiac CT. Anomalies of the coronary

artery determined at catheter-based coronary angiog-
Fig. 16. Anomalous left coronary artery originating from the right

the course anterior to the main pulmonary artery. (B) Curved refo

sinus of the ascending aorta and anterior to the pulmonary ar

demonstrating the separate ostia of the right and anomalous left co
raphy range from 0.3% to 1%, although the preva-

lence with CT angiography is likely to be higher.

Cardiac CT can clearly identify the course of an

anomalous coronary artery and demonstrate or

exclude the presence of an interarterial course

between the ascending aorta and pulmonary artery,

which places the individual at higher risk for sudden

death. CT coronary angiography can also document

the locations and origins of the coronary arteries from

the ascending aorta (Fig. 16). Cardiac masses can also

be well demonstrated with cardiac CT with the

identification of their location in relationship to the

cardiac chambers and other structures (Fig. 17).
sinus of Valsalva. (A) Volume-rendered image demonstrating

rmat image showing the course of the vessel from the right

tery. (C) Thin slab maximum intensity projection image

ronary arteries.



Fig. 17. Low-attenuation mass identified in the inferior right atrium following removal of a dialysis catheter. (A) Single slice

from a cardiac helical acquisition demonstrating the low-attenuation mass within the right atrium. (B) A 3-minute delay image,

which equalizes contrast enhancement on the right and left sides of the heart, reformatted in the coronal plane again

demonstrating the thrombus in the right atrium, which resolved following therapy.
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Cardiac CT is excellent for imaging the pericardium

and can identify focal and diffuse involvement of

the pericardium.

The three-dimensional anatomic detail possible

with cardiac CT has created new applications, such

as mapping the pulmonary veins and left atrium in

preparation for interventional electrophysiology pro-

cedures. The high resolution of CT allows easy iden-

tification of the presence of middle pulmonary veins

and other anatomic variants and can reduce procedure

time (Fig. 18). These three-dimensional models can

be exported to the electrophysiology suite and pro-

vide an anatomic road map for the cardiologist.
Fig. 18. Volume-rendered image with the left atrium and

pulmonary veins segmented into a separate volume. These

images can be interactively manipulated on a computer

screen and coregistered with electrophysiologic data to

provide an anatomic roadmap during the intervention.
Contrast-enhanced CT is also used to evaluate the

coronary arteries. Previous studies have documented

the sensitivity and specificity of four-channel MDCT

[122,123]. Limitations, principally related to motion

and other factors, such as calcified plaque, resulted in

a significant number of coronary artery segments not

being of sufficient quality for diagnosis. The advent

of the 16-channel MDCT cardiac systems improved

spatial and temporal resolution [124,125]. In both

published studies using MDCT 16-channel systems,

beta blockade was used to lower the heart rate before

the scan. Using these techniques inadequate image

quality was present on 7% to 12% of the coronary

segments. With 16-slice MDCT, Nieman et al [125]

was able to obtain an accuracy of 78% of classifying

an individual as having multivessel, single vessel, or

no vessel with significant stenosis. At the time of

this writing, the improved spatial resolution and tem-

poral resolution possible with the 64-channel systems

has been demonstrated but not systematically evalu-

ated. It is clear from the early reports that the im-

proved image quality results in an even more robust

test for imaging the coronary arteries. That said,

before widespread clinical application, additional

comparative studies with coronary angiography are

required and the development of new diagnostic and

treatment strategies are need to guide patient care.

Given the rapid technologic advance and the

demands of clinical practice, how can CT coronary

angiography be implemented into clinical practice?

The authors’ practice uses CT coronary angiography

as an integrated tool along with the other cardiac

imaging modalities. They tailor the use of cardiac CT

based on the clinical scenario. The primary clinical

patients who had been referred for coronary CT
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angiography have been those individuals with symp-

toms predicted to be at low risk of coronary artery

disease in whom the likelihood of positive findings

at coronary angiography are believed to be low.

These individuals typically are younger individuals

often presenting with atypical chest pain of an un-

defined origin. The differential may include anoma-

lous coronary artery or other atypical cause of chest

pain. The second group of individuals is those with

established CVD secondary to prior stent placement

or coronary artery bypass graft with recurrent

symptoms. In these individuals, there is often com-

plex anatomy with the presence of coronary artery

bypass grafts and multiple stents and CT coronary

angiography can identify both the cardiac anatomy

and the coronary arterial anatomy to aid in the

decision process concerning continued conservative

management verses reintervention by a catheter-

based or surgical approach. Further benefits of the

cardiac CT in these situations are imaging the

surrounding chest, mediastinum, and lung paren-

chyma in individuals commonly with multisys-

tem disease.
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High-resolution CT (HRCT) has become a valu-

able tool for the evaluation of patients with diffuse

pulmonary diseases. HRCT is now widely recognized

as more sensitive and specific than chest radiography

for the assessment of such patients, and it has been

integrated into the diagnostic algorithms for the as-

sessment of a number of diffuse lung processes, most

notably the idiopathic interstitial pneumonias, eosino-

philic lung diseases, and obstructive lung diseases.

Furthermore, HRCT has become a front-line test

for the evaluation of patients with a number of very

common clinical complaints, including patients with

chronic cough and progressive shortness of breath or

exertional dyspnea. Because HRCT is a commonly

requested imaging technique, familiarity with the

basis of interpretation of HRCT images is critical for

accurate diagnosis.

In essence, HRCT imaging, by use of narrow

collimation and high spatial frequency reconstruction

algorithms, seeks to maximize spatial resolution and

thereby approach a pathologic representation of a

disease process. Maximizing spatial resolution allows

HRCT findings frequently to correlate closely with

pathologic findings. As stated in the forward to the

first edition of High-Resolution CT of the Lung by
0033-8389/05/$ – see front matter D 2005 Elsevier Inc. All rights
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Webb et al [1], ‘‘. . .to the extent that gross pathology

can be used to diagnose lung disease, HRCT can as

well.’’ In some circumstances, this observation may

even be extended to the histopathologic level. For this

reason, much of the HRCT literature has focused on

radiologic–pathologic correlations for various pul-

monary diseases to improve appreciation for disease

patterns on imaging. It is clear that detailed knowl-

edge of normal pulmonary anatomy and an under-

standing of how normal anatomy is altered in disease

states are required to appreciate fully HRCT findings

in patients with pulmonary disease. With such a

foundation, a pattern approach to HRCT interpreta-

tion may be used successfully.
Pulmonary anatomy: the requisites for

high-resolution CT interpretation

The pulmonary interstitium

A basic understanding of pulmonary anatomy is

required for accurate HRCT interpretation. Pulmo-

nary anatomy may be broadly divided into the pul-

monary gas exchange units and the pulmonary

interstitium. The pulmonary interstitium may be fur-

ther subdivided into the central peribronchovascular

interstitium and the peripheral centrilobular intersti-

tium; these two fiber networks are continuous with

one another. The central peribronchovascular inter-
43 (2005) 513 – 542
reserved.

radiologic.theclinics.com



Fig. 1. Secondary pulmonary lobular anatomy. Centrilobular

bronchus (single wide white arrow) and artery (double white

arrow, 1-mm size); interlobular septa (single arrowhead,

0.1-mm thickness); pulmonary vein (double arrowheads,

0.5-mm size); visceral pleura (single black arrow, 0.1-mm

thickness); and pulmonary acinus (single thin white arrow,

5–10 mm size).
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stitium invests the larger central bronchi and vessels

near the pulmonary hilum and courses peripherally,

producing the peripheral centrilobular interstitium,

eventually merging with the subpleural interstitial

fiber network. The latter is located immediately be-

neath the visceral pleura and extends into the under-

lying lung parenchyma at various intervals to produce

interlobular septa.

In the peripheral lung, the components of the

pulmonary gas exchange units, including the respira-

tory ducts, alveolar ducts, and alveoli, are suspended

from the interlobular septa and the peripheral

centrilobular interstitium by the intralobular intersti-

tium. Fibers of the intralobular interstitium consist

of a very fine web of connective tissue that is not

routinely visible on HRCT studies.
Table 1

Typical high-resolution CT protocols: techniques and commonly r

Protocol

HRCT imaging

Supine

Technique 1 mm every 10 mm with expiratory HR

Clinical presentation Chronic cough

Fever in an immunocompromised patie

Pulmonary hypertension

Pulmonary function

test abnormalities

Obstructive lung patterns

Decreased diffusion capacity of carbon
The secondary pulmonary lobule

The secondary pulmonary lobule is defined as the

smallest unit of lung function marginated by con-

nective tissue septa; these connective tissue septa are

the interlobular septa [1]. Pulmonary veins course

within the interlobular septa at the edges of a sec-

ondary pulmonary lobule (Fig. 1). Secondary pulmo-

nary lobules vary in size from 1 to 2.5 cm and are

usually most easily visible over the upper lobes, the

anterior and lateral aspects of the right middle lobe

and lingula, and over the diaphragmatic surfaces of

the lower lobes, where they are the most well devel-

oped. On average, each secondary pulmonary lobule

contains 12 or fewer pulmonary acini. Secondary

pulmonary lobules are supplied by an artery and

bronchus, termed the ‘‘centrilobular artery and

bronchus.’’ The centrilobular artery and bronchus

branch dichotomously within the secondary pulmo-

nary lobule, successively producing intralobular ar-

teries and bronchi, acinar arteries, and respiratory

bronchioles, eventually terminating in pulmonary gas

exchange units.
Intralobular anatomy

The centrilobular artery and bronchus are approxi-

mately 1 mm in diameter and are located about 5 to

10 mm from the visceral pleural surface [1]. Intra-

lobular arteries are slightly smaller, and smaller still

are the acinar arteries, which vary in size from 0.3 to

0.5 mm (see Fig. 1) [1–3]. Acinar arteries may be

visible on HRCT scans as a small dot positioned

about 3 to 5 mm from interlobular septa or the

visceral pleural surface [2,3]. Although very small

arteries within the secondary pulmonary lobule are

often visible on clinical HRCT scans, the resolution

of HRCT for tubular structures, such as bronchi, is

considerably less. Bronchi within the secondary

pulmonary lobule are not normally visible on HRCT
equested indications

Supine and prone

CT 1 mm every 20 mm with expiratory HRCT

Exertional dyspnea

nt Progressive or chronic shortness of breath

Suspected idiopathic interstitial pneumonia

Restrictive lung patterns

monoxide



Fig. 2. Value of prone HRCT imaging. (A) Axial supine HRCT images shows opacity in the posterior lungs (arrows), which

could represent either dependent density (atelectasis) or pulmonary inflammation. (B) Axial prone HRCT image shows complete

resolution of the posterior opacity, indicating that it represented atelectasis.
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studies; visibility of intralobular bronchi on HRCT

studies usually represents a disease state [1,2].

Within the secondary pulmonary lobule is a series

of meshlike connective tissue fibers that suspend the

various lobular structures to the interlobular septa

marginating the lobule. Collectively, this connective

tissue framework is referred to as the ‘‘intralobular

interstitium.’’ An understanding of this anatomy is

quite important. One of the earliest manifestations of

fibrotic lung disease on HRCT is abnormal thicken-

ing of the intralobular interstitium.
High-resolution CT technique

Narrow collimation and the use of a high spatial

frequency reconstruction algorithm are the two most

important technical factors that distinguish a thoracic
Fig. 3. Value of prone HRCT imaging. (A) Axial supine HRCT im

which could represent either dependent density (atelectasis) or p

image shows persistence of the posterior reticular opacities (arrow

or fibrosis.
CT examination as an HRCT study. Other technical

modifications may be used to enhance the quality of

an HRCT examination, such as targeted reconstruc-

tions and higher kilovolt (peak) or milliamperage

values [4], but these techniques are not required to

produce diagnostic-quality HRCT images. In fact, in

recent years increasing awareness of the radiation

dose attributable to diagnostic imaging, in particular

CT, has led a number of investigators to reduce

kilovolt (peak) and milliampere to limit patient ra-

diation dose [5–11]. In general, it has been shown

that diagnostic-quality HRCT examinations may be

obtained with substantially decreased radiation doses

compared with standard-dose HRCT examinations

[8,11]. Nevertheless, because some subtle abnormali-

ties may be less visible on HRCT examinations

performed with reduced-dose technique [5], and

because optimal low-dose HRCT techniques likely
ages shows reticular opacity in the posterior lungs (arrows),

ulmonary inflammation or fibrosis. (B) Axial prone HRCT

s), consistent with the presence of pulmonary inflammation



Table 2

High-resolution CT findings of pulmonary disease: increased and decreased lung opacity

HRCT finding Further pattern subclassification Diseases frequently implicated

Increased lung capacity

Nodules Centrilobular, perilymphatic,

random

Bronchiolitis, sarcoidosis, Hematogenously

disseminated infection

Linear abnormalities Interlobular septal thickening,

parenchymal bands, subpleural lines

Pulmonary edema, lymphangitic

carcinomatosis

Reticular abnormalities Coarse or fine reticulation,

intralobular interstitial thickening

Idiopathic interstitial pneumonias,

pneumoconioses

Ground-glass opacity Must be based on clinical history

and associated scan findings

Opportunistic infection, idiopathic

interstitial pneumonia, pulmonary

alveolar proteinosis

Consolidation Must be based on clinical history

and associated scan findings

Pneumonia, cryptogenic organizing

pneumonia, pulmonary hemorrhage

Decreased lung capacity

Areas of decreased attenuation with

walls (cysts or ccystlike appearance)

Cyst shape, distribution, wall

thickness, pattern of organization

Langerhans’ cell histiocytosis,

lymphangioleiomyomatosis, bronchiectasis,

paraseptal emphysema, idiopathic interstitial

pneumonias

Areas of decreased attenuation

without walls

Emphysema, mosaic perfusion Centrilobular or panlobular emphysema,

diseases affecting small airways

Fig. 4. HRCT findings in patients with diffuse lung disease.

gotway et al516
vary among patients and indications and have not yet

been established, several investigators have advo-

cated that initial HRCT examinations be performed

with standard-dose techniques and that low-dose

HRCT be reserved for following patients with known

abnormalities or screening large numbers of patients

at high risk for a particular disease [1].

Display parameters, especially window width and

level, are crucial for accurate HRCT interpretation.

In general, window levels ranging from �600 to

�700 HU and window widths ranging from 1000 to

1500 HU are appropriate for displaying ‘‘lung

windows.’’ Window widths below 1000 HU produce

too much contrast for optimal viewing, whereas

excessive window widths inappropriately decrease

the contrast between and adjacent structures and can

render fine detail inconspicuous. Once proper display

parameters are chosen, the same parameters should

be used when evaluating serial studies for a particu-

lar patient. Viewing serial imaging using different

display parameters makes determination of interval

change difficult and can contribute to diagnos-

tic inaccuracy.

Centrilobular nodules with (small black arrow) and without

(double small black arrows) tree-in-bud; perilymphatic

nodules (black arrowhead); peribronchovascular nodules

(double black arrowheads); ground-glass opacity (G); con-

solidation (C); lobular low attenuation representing mosaic

perfusion (white arrow); parenchymal bands (white double

arrows); subpleural lines (white arrowhead); paraseptal

(double white arrowheads) and centrilobular emphysema;

and lung cysts (*).
Collimation

HRCT imaging requires narrow collimation, usu-

ally on the order of 1 mm, to achieve maximal spatial

resolution, and is typically performed at full inspira-

tion. Usually, HRCT imaging is performed using
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axial technique. The rapid acquisition times provided

by multislice CT (MSCT) have allowed the relatively

recent development of volumetric HRCT, a technique

that is described later.

Typical HRCT protocols (Table 1) use 1- to

1.5-mm collimation every 10 to 20 mm throughout

the thorax, which effectively images only approxi-

mately 10% of the lung parenchyma. Because HRCT

is typically used for the assessment of diffuse lung

disease, such a sampling technique provides adequate

representation of the disease process while minimiz-

ing the radiation dose delivered to the patient.
Fig. 5. Nodules on HRCT: distribution within the secondary p

immediately in contact with interlobular septa and the visceral ple

10 mm from costal and visceral pleural surfaces and interlobular

present with pathologic processes that involve the lymphatic tissue

For this reason, centrilobular nodules are seen with processes produ

pattern. (C) Random nodules. Random nodules show no obvious

They are found in relation to the visceral pleura, interlobular septa
Supine HRCT protocols, often used for the assess-

ment of patients with suspected obstructive lung

diseases (including bronchiectasis, emphysema, and

bronchiolitis obliterans), patients with suspected

opportunistic infections (eg, Pneumocystis jiroveci

pneumonia), and patients with suspected cystic lung

disease (see Table 1) typically use 10-mm spacing

between images (interslice gap). HRCT protocols

using both supine and prone imaging often use a

20-mm interslice gap; the radiation dose associated

with supine and prone HRCT imaging is nearly

equivalent to that delivered by supine HRCT protocol.
ulmonary lobule. (A) Perilymphatic nodules. Nodules are

ura. (B) Centrilobular nodules. Nodules are positioned 5 to

septa. Note that peribronchovascular nodules are also often

s, and may be part of the spectrum of perilymphatic nodules.

cing perilymphatic nodules, but they are not the predominant

relationship to any secondary pulmonary lobular structures.

, and center of the lobule roughly equally.
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Supine and prone HRCT imaging is often used for

the evaluation of patients with suspected idiopathic

interstitial pneumonias or patients with restrictive

patterns on pulmonary function testing (see Table 1).

Prone imaging is essential in this context for distin-

guishing dependent density (atelectasis) from pulmo-

nary inflammation or fibrosis-atelectasis detected on

supine imaging resolves with prone imaging (Fig. 2),

whereas alveolitis or fibrosis persists on prone im-

aging (Fig. 3) [12–14]. Furthermore, the relatively

small interslice gap used with supine HRCT protocols

allows one to track abnormalities more easily se-

quentially from image to image (eg, ectatic bronchi in

patients with bronchiectasis) than do prone protocols

that use a wider interslice gap.
Fig. 6. Centrilobular nodules: Mycobacterium avium –complex in

predominant bronchiectasis with bronchiolar impaction, represen

enclosing part of the lingula are detailed in B. (B) Schematic view o

represent bronchiolar impaction (tree-in-bud), with smaller, cluster

centrilobular nodules (arrows). The thin rim of lung peripheral to

ecstatic bronchus (arrowhead), confirming airway disease. (D) His

and abnormally dilated airway (arrowhead). Note position of nod
Expiratory scanning

Expiratory scanning is a critical component to

any HRCT protocol [15]. Expiratory HRCT may be

performed using static HRCT methods or dynamic

expiratory HRCT (imaging during a forced vital

capacity maneuver). Static methods of expiratory

scanning image the patient’s lungs at or near func-

tional residual capacity, and are performed by imag-

ing after complete exhalation (‘‘take a deep breath

in and blow it all out’’) or using lateral decubitus

CT [16]. The latter is particularly useful when expi-

ratory imaging is desired but patient cooperation with

specific breathing instructions is not ensured, as is

often the case when language barriers are present.
fection. (A) Axial CT shows right middle lobe and lingular

ting tree-in-bud. The findings present within the rectangle

f A details the centrilobular nodules. The branching nodules

ed nodules representing rosettes. (C) Gross specimen shows

the nodules is consistent with a centrilobular position. Note

topathologic specimen shows centrilobular nodules (arrows)

ules from visceral pleura at top of image.
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Dynamic expiratory HRCT is performed by im-

aging the patient during a forced vital capacity

maneuver, using either a spiral CT scanner or an

electron-beam CT scanner [17–19]. Dynamic expira-

tory HRCT is also performed easily with MSCT

scanners. Images are acquired at user-selected levels

with imaging performed in cine mode (without table

increment), usually for six to eight images per level

[17,19]. Dynamic expiratory HRCT provides a

greater overall increase in lung attenuation compared

with static expiratory methods and may be more

sensitive for the detection of subtle or transient air

trapping than static expiratory methods. Dynamic

expiratory HRCT may be performed using low-dose

techniques with no compromise in diagnostic qual-

ity [19].

Volumetric (multislice) high-resolution CT

Volumetric HRCT has been performed using

several different methods, including clustered axial

scans at user-selected levels [20]; single breathhold

single-slice CT [21,22]; and, most recently, entire-

thorax MSCT-HRCT [23–27]. Although volumetric

HRCT of the chest was performed with some success

using conventional and single-slice CT methods, until

the introduction of MSCT, the difficulty inherent in

imaging the entire thorax with these older methods

limited their use. MSCT, particularly scanners with

16 detectors or greater, easily allows imaging of the

entire thorax using 1-mm collimation within a single

breathhold. The volumetric dataset obtained with

current MSCT scanners allows near-isotropic imag-

ing, which provides the ability to view the dataset

in any desired plane and for the creation of maxi-

mum intensity or minimum intensity projected im-

ages, also in any desired plane or level. For example,

volumetric MSCT-HRCT may provide improved

assessment of the distribution of parenchymal lung
Table 3

Diagnostic utility of nodule distribution relative to the secondary p

Nodule distribution

on HRCT

Relevant secondary pulmonary

lobular anatomic structures

Centrilobular Centrilobular artery and bronchus

Perilymphatic Interlobular septa, subpleural

interstitium, centrilobular bronchus

Random All structures of the lobule
abnormalities in patients with diffuse lung diseases

[24,28], and volumetric MSCT-HRCT may allow for

simultaneous assessment of small airway and large

airway pathology [28]. The major drawback to the

widespread use of volumetric MSCT-HRCT is the

increased radiation dose: volumetric MSCT-HRCT

studies may deliver more than five times the radia-

tion dose compared with routine axial HRCT tech-

niques [23].
High-resolution CT patterns of disease

An organized approach to HRCT scan findings is

critical to successful interpretation. Although simple

pattern recognition can often provide the correct

diagnosis in a number of cases, a firm understanding

of the pathologic presentations of disease on HRCT is

far more rewarding in many circumstances.

HRCT scan findings may be broadly classified

into findings of increased lung opacity (Table 2) and

decreased lung opacity (Table 2 and Fig. 4). HRCT

disease patterns, both those manifesting as increased

lung opacity and those manifesting as decreased

lung opacity, may be further subclassified to facilitate

organization and differential diagnosis. Occasionally,

findings of increased and decreased opacity may be

present on the same imaging study, either reflecting

the presence of two or more diseases or, in certain

cases, a pathologic process that manifests with both

an infiltrative and obstructive process.

High-resolution CT scan findings manifesting as

increased lung opacity

HRCT scan findings manifesting as increased

lung opacity may be further subclassified into nodu-

lar abnormalities, linear abnormalities, reticular ab-
ulmonary lobule

Representative diseases

Infectious bronchiolitis, diffuse panbronchiolitis,

hypersensitivity pneumonitis, respiratory bronchiolitis,

lymphocytic interstitial pneumonia, pulmonary edema,

vasculitis, plexogenic lesions of pulmonary hypertension,

metastatic neoplasms

Sarcoidosis, lymphangitic carcinomatosis, amyloidosis

Hematogenously disseminated infections and neoplasms
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normalities, ground-glass opacity, and consolidation

(see Table 2).

Nodules

A pulmonary nodule may be broadly defined as

any relatively sharply defined, discrete, nearly circu-

lar opacity within the lung, ranging in size from 2 to

30 mm. Nodules are usually further characterized

with respect to size, border definition, density,

number, and location. The term ‘‘micronodule’’ is

occasionally used when describing HRCT findings,

usually referring to nodules less than 3 to 7 mm in

size, but the significance of this designation is

uncertain [29].
Fig. 7. Centrilobular nodules: Mycobacterium tuberculosis infecti

peripheral, branching opacity consistent with bronchiolar impact

projected image from Fig. 7A demonstrates centrilobular nodules

the nodules approach, but do not contact, pleura, consistent with a

bud opacity (arrows).
The diagnostic value of HRCT for the assessment

of diffuse nodular diseases relies heavily on the dis-

tribution of the nodules relative to the secondary

pulmonary lobule, a diagnostic approach that was

first recognized as valuable for interpretation of bi-

opsy and surgical histopathologic specimens. HRCT

technique allows imagers to extrapolate these patho-

logic findings to imaging findings [30]. Histopatho-

logically, at least four nodule distributions within the

secondary pulmonary lobule are recognized: (1) bron-

chiolocentric, (2) angiocentric, (3) lymphatic, and

(4) random [30]. Nodules that are bronchiolocentric

in distribution are related to the centrilobular and

lobular bronchi, and angiocentric nodules are related
on. (A) Axial HRCT image through the upper lobes shows

ion (tree-in-bud) (arrow). (B) Sagittal maximum intensity

(arrows), some showing tree-in-bud (arrowhead). Note that

centrilobular distribution. (C) Gross specimen shows tree-in-



Box 1. Centrilobular nodules with or
without tree-in-bud opacity: diagnostic
considerations

With

Bacterial pneumonia with infectious
bronchiolitis

Typical and atypical mycobacterial
infections

Aspiration
Allergic bronchopulmonary aspergillosis
Cystic fibrosis
Diffuse panbronchiolitis
Endobronchial neoplasms (particularly

bronchioloalveolar carcinoma)

Without

All causes of centrilobular nodules with
tree-in-bud opacity

Hypersensitivity pneumonitis
Respiratory bronchiolitis and respiratory

bronchiolitis-interstitial lung disease
Cryptogenic organizing pneumonia
Pneumoconioses (especially silicosis

and coal-worker’s pneumoconiosis)
Langerhans’ cell histiocytosis
Pulmonary edema
Vasculitis
Pulmonary hypertension
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to the pulmonary arteries within the secondary

pulmonary lobule; because the artery and bronchus

are in close proximity to one another, both nodule

types are located in or very near the center of the

secondary pulmonary lobule. These two distributions

are not readily distinguished from one another on

HRCT, so bronchiolocentric and angiocentric nodule

histopathologic distributions are grouped together as

centrilobular nodules, and three distributions of

nodules within the secondary pulmonary lobule are

recognized on HRCT: (1) centrilobular, (2) peri-

lymphatic, and (3) random (Fig. 5).

Centrilobular nodules. Centrilobular nodules are

distributed primarily within the center of the sec-

ondary pulmonary lobule (see Figs. 5B and 6).

Centrilobular nodules range in size from a few

millimeters to slightly greater than 1 cm, and may

be well-defined or ill-defined, depending on the

underlying disease process. A centrilobular nodular

distribution may be recognized when nodules are

roughly evenly spaced from one another and ap-

proach, but do not contact, visceral pleural surfaces

(see Figs. 4, 5B, and 6); the nodules are usually

positioned about 5 to 10 mm from the visceral pleural

surface. Because the centrilobular artery and bron-

chus are the structures that predominate in the center

of the pulmonary lobule, diseases affecting these two

anatomic structures account for most processes that

produce centrilobular nodules on HRCT (Table 3).

Centrilobular nodules may be further character-

ized by the presence or absence of a branching

configuration, so-called ‘‘tree-in-bud.’’ Tree-in-bud

reflects the presence of impaction of the centrilobular

bronchus with mucous, pus, or fluid, resulting in

dilation of the bronchus, associated with peribron-

chiolar inflammation (see Figs. 6A, 6B, and 7) [31].

Dilated, impacted bronchi produce Y- or V-shaped

structures on HRCT imaging, and have been likened

to a budding tree in spring [32,33], hence the term

‘‘tree-in-bud.’’ The presence of centrilobular nodules

with tree-in-bud morphology is very diagnostically

useful, because this finding is almost always seen

with pulmonary infections. When centrilobular nod-

ules are present but tree-in-bud morphology is absent,

infections remain a consideration, but the differen-

tial diagnosis must be expanded (Box 1) to include

several noninfectious etiologies and certain vascular

lesions. Despite the relatively large and varied

differential diagnosis that requires consideration

when centrilobular nodules without tree-in-bud are

encountered, other features of the nodules themselves

may provide useful information. For instance, poorly

defined centrilobular nodules distributed evenly from
pulmonary apex to base are characteristic of subacute

hypersensitivity pneumonitis, whereas well-defined

centrilobular nodules in the posterior portions of the

upper lobes, associated with nodules in the subpleural

region of lung, are suggestive of silicosis (Fig. 8).

Additionally, other findings are often present to assist

in generating a sensible differential diagnosis. For

example, well-defined centrilobular nodules, associ-

ated with bizarre-shaped cysts distributed primarily

within the upper lobes in a smoker, are characteristic

of Langerhans’ cell histiocytosis [29,34].

Perilymphatic nodules. Perilymphatic nodules are

seen with diseases that preferentially involve lym-

phatic structures, such as sarcoidosis, lymphangitic

carcinomatosis, lymphoproliferative disorders, and

amyloidosis (Box 2). Pulmonary lymphatics are

normally found within the visceral pleura, within

the interlobular septa, and along the veins and bron-

chovascular bundles, so diseases involving the lym-



Fig. 8. Centrilobular nodules without tree-in-bud morphology: silicosis. (A) Axial HRCT shows numerous small nodules in a

somewhat patchy distribution throughout the upper lobes. Some of the nodules approach, but do not contact, visceral pleural

surfaces (arrows). Consistent with silicosis, nodules are also present along interlobular septa (arrowhead). (B) Gross specimen in

a patient with silicosis shows a combination of centrilobular (arrows) and subpleural (arrowhead) nodules.
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phatics may produce nodules in relation to these

structures (see Fig. 5A). Perilymphatic nodules are

recognized on HRCT as nodules that abut costal and

fissural pleural surfaces, usually in a patchy distribu-

tion (Fig. 9). Note that because pulmonary lymphatics

are present along bronchovascular bundles, centri-

lobular nodules are commonly also seen in diseases

producing perilymphatic nodules; however, the nod-

ules are predominately found along interlobular

septa and the visceral pleura and not within the

center of the lobule.

Random nodules. Random nodules show no defin-

able distribution relative to the secondary pulmonary

lobule; nodules are seen in the center of the lobule

and in contact with interlobular septa and visceral

pleural surfaces (see Fig. 5C). The differential
Box 2. Perilymphatic nodules: diagnostic
considerations

Sarcoidosis
Lymphangitic carcinomatosis
Follicular bronchiolitis and lymphocytic

interstitial pneumonia
Lymphoproliferative disorders
Amyloidosis
diagnosis of randomly distributed nodules on HRCT

is listed in Box 3. Random nodules, in contrast to

perilymphatic nodules, usually do not show a patchy

distribution in the lung parenchyma; rather, random

nodules are usually distributed uniformly throughout

the lung parenchyma in a bilaterally symmetric dis-

tribution (Fig. 10).

Anatomic nodule localization. Localizing nodules

on HRCT begins first with assessing whether or not

subpleural nodules are present (nodules in contact

with the visceral pleura surfaces, either costal pleura

or fissures) (Fig. 11). If subpleural nodules are absent,

then the nodules are centrilobular in location (see

Figs. 5B and 6–8). Once nodules are identified as

centrilobular, one should search for tree-in-bud. The

presence of tree-in-bud opacity essentially limits the

differential diagnosis to infections (see Box 1).

If subpleural nodules predominate, then either a

perilymphatic or random distribution is present. In

this case, the overall distribution of nodules, with

reference to the upper, mid, and lower lungs, should

be assessed. If the nodules are patchy in distribution,

a perilymphatic distribution is present (see Fig. 9). If

the nodules are scattered rather evenly throughout the

upper, mid, and lower lungs, a random distribution is

present (see Fig. 10).

When small nodules detected on HRCT are

approached using the anatomic localization method

just described, HRCT possesses a high diagnostic



Fig. 9. Perilymphatic nodules: sarcoidosis. (A) Axial HRCT image shows multiple nodules, many of which are in contact with

the costal (arrows) and fissural pleural (arrowheads) surfaces, consistent with a perilymphatic nodule distribution. (B) Gross

specimen in a patient with sarcoidosis shows multiple small nodules predominantly within the upper lobes, some of which are

easily appreciated along the fissural pleural surface (arrowheads). Hilar lymphadenopathy is also present (*).
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accuracy. In a study by Gruden et al [34], anatomic

nodule localization using the method described

previously allowed the proper classification of the

nodule distribution in 94% of cases with high inter-

observer agreement.
Linear abnormalities

A number of linear abnormalities may be evident

on HRCT scans of the thorax, including interlobular

septal thickening, parenchymal bands, subpleural

lines, and irregular linear opacities. Among these

linear findings on HRCT, interlobular septal thicken-

ing is the most diagnostically useful.
Interlobular septal thickening. Interlobular septa

are normally about 0.1 mm thick and are just at the

threshold for detection on HRCT imaging. Visuali-
Box 3. Random nodules: diagnostic
considerations

Hematogenous metastases
Miliary tuberculosis
Miliary fungal infection
Disseminated viral infection
Silicosis or coal-worker’s

pneumoconiosis
Langerhans’ cell histiocytosis
zation of a few interlobular septa, usually anteriorly

or along the mediastinal pleural surfaces, is normal,

but visualization of numerous septa indicates an

abnormal condition. Thickening of interlobular septa

may be seen in conditions associated with dilatation

of the pulmonary veins; infiltration of the pulmonary

lymphatics; or with infiltration of the pulmonary

interstitium by cells, fluid, or fibrosis. Thickened

septa should be characterized as smooth, nodular, or

irregular (Box 4). Smooth interlobular septal thicken-

ing is commonly seen with pulmonary edema

(Fig. 12) and pulmonary alveolar proteinosis, among

other etiologies (see Box 4). Lymphangitic carcino-

matosis also often produces smooth interlobular

septal thickening, although nodular interlobular septal

thickening is more characteristic.

Nodular interlobular septal thickening is typical of

diseases that involve the pulmonary lymphatics,

particularly lymphangitic carcinomatosis (Fig. 13)

and sarcoidosis. Both of these diseases may also pro-

duce perilymphatic nodules, but sarcoidosis is often

associated with architectural distortion, reflecting

underlying pulmonary fibrosis, whereas lymphangitic

carcinomatosis is a nonfibrosing process and does

not produce architectural distortion.

Irregular interlobular septal thickening is usually

seen in fibrosing lung diseases (Fig. 14). Generally,

the presence of irregular interlobular septal thicken-

ing is of limited diagnostic value and usually other

findings are present on HRCT to assist in generating

a differential diagnosis.



Fig. 10. Random nodules: miliary tuberculosis. (A) Axial HRCT image shows multiple nodules scattered uniformly throughout

the lung parenchyma. Some nodules show a centrilobular distribution (arrow), whereas others are located in the subpleural

regions of lung (arrowhead) or along interlobular septa, consistent with a random nodule distribution. (B) Gross specimen shows

numerous, widely scattered small nodules, some of which are centrilobular in location (arrow), whereas others are subpleural in

location (arrowhead), consistent with a random distribution.

Box 4. Interlobular septal thickening:
differential diagnostic considerations

Smooth
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Parenchymal bands. The term ‘‘parenchymal band’’

refers to a nontapering linear or reticular opacity

ranging from 2 to 5 cm in length, usually perpendicu-

lar to and in contact with the pleural surfaces

(Fig. 15). Parenchymal bands vary in thickness from
centrilobularcentrilobular

TBTB
MACMAC
PNAPNA

ABPAABPA
CFCF

small nodulessmall nodules

no pleural nodulesno pleural nodules pleural nodulespleural nodules

sarcoidosissarcoidosis
PLCPLC
LIPLIP

amyloidamyloid

metastasesmetastases
TBTB

fungusfungus

t-i-bt-i-b no t-i-bno t-i-b
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nono
predominancepredominance
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infxninfxn
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EG, HPEG, HP
edemaedema

Fig. 11. Anatomic nodule localization on HRCT. ABPA,

allergic bronchopulmonary aspergillosis; BAC, bronchio-

loalveolar carcinoma; CF, cystic fibrosis; COP, cryptogenic

organizing pneumonia; EG, Langerhans’ cell histiocytosis;

HP, hypersensitivity pneumonitis; infxn, infection (bacterial,

fungal, or viral); LIP, lymphocytic interstitial pneumo-

nia; MAC, Mycobacterium-avium –complex; PLC, pulmo-

nary lymphangitic carcinomatosis; PNA, pneumonia (most

commonly bacterial); RB-ILD, respiratory bronchiolitis –

interstitial lung disease; TB, Mycobacterium tuberculosis;

tib, tree-in-bud.

Pulmonary edema
Pulmonary alveolar proteinosis
Lymphangitic carcinomatosis
Pulmonary hemorrhage
Lymphoproliferative disease
Infections (especially subacute

Pneumocystis jiroveci pneumonia)
Amyloidosis

Nodular

Lymphangitic carcinomatosis
Sarcoidosis
Lymphocytic interstitial pneumonia
Amyloidosis
Lymphoproliferative diseases

Irregular

Chronic hypersensitivity pneumonitis
Sarcoidosis
Silicosis/coal worker’s pneumoconiosis
Asbestosis
Usual interstitial pneumonia



Fig. 12. Smooth interlobular septal thickening: pulmonary

edema. Axial HRCT shows extensive smooth interlobular

septal thickening (arrows) in the lung bases of a patient with

congestive heart failure. Note presence of centrilobular nod-

ules without tree-in-bud opacity.

Fig. 14. Irregular interlobular septal thickening in a patient

with pulmonary fibrosis of uncertain etiology. Axial HRCT

shows peripheral reticulation and irregular linear opacities

and several irregularly thickened interlobular septa (arrows).
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one to several millimeters and are most commonly

encountered in patients with atelectasis or fibrosing

lung diseases. Occasionally, a parenchymal band

represents several contiguous interlobular septa.

Parenchymal bands have been reported to occur fre-

quently in patients with asbestos exposure [13], al-

though they may be encountered in a wide variety of

fibrotic lung processes and are ultimately nonspecific.
Subpleural lines. A subpleural line is a curvilinear

opacity measuring less than 10 mm in thickness that
Fig. 13. Nodular interlobular septal thickening: lymphangitic carcin

septal thickening (arrow) in the anterior right lung (more comm

interlobular septal thickening (arrowheads) in the posterior right lu

Note presence of ipsilateral pleural effusion and the marked asym

lymphangitic carcinomatosis shows nodular interlobular septal thic
parallels the pleura (Fig. 16). Subpleural lines are

nonspecific, and usually represent atelectasis, fibro-

sis, or inflammation. Subpleural lines were first

described in patients with asbestosis, and are seen

more commonly in this disease than other fibrotic

lung diseases, but they are not excusive to patients

with asbestosis.
Irregular linear opacities. Irregular linear opacities

are nonspecific linear structures that cannot be

classified as a parenchyma band, subpleural line, or

interlobular septa. They range in thickness from 1 to
omatosis. (A) Axial HRCT image shows smooth interlobular

only seen with lymphangitic carcinomatosis), with nodular

ng base (more characteristic of lymphangitic carcinomatosis).

metry of the process. (B) Gross specimen of a patient with

kening (arrows).



Fig. 15. Parenchymal band in a patient with sarcoidosis.

Axial HRCT through the upper lobes shows a thin, linear

opacity in the medial left upper lobe (arrow), consistent with

a parenchymal band. Note presence of traction bronchiec-

tasis secondary to fibrosis related to sarcoidosis.

Fig. 17. Intralobular interstitial thickening and reticulation in

a patient with usual interstitial pneumonia – idiopathic

pulmonary fibrosis. Axial HRCT shows bilateral subpleural

coarse reticular opacities (arrows) representing a combina-

tion of intralobular interstitial thickening and irregular linear

opacities. Surgical lung biopsy showed usual intersti-

tial pneumonia.
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3 mm and are most commonly encountered in fibrotic

lung diseases, and are quite nonspecific.
Reticular abnormalities

Reticular opacities represent linear opacities that

intersect one another at various angles, producing a

netlike pattern. The most important form of reticular

opacity encountered on HRCT imaging is intralobular

interstitial thickening. Intralobular interstitial thicken-

ing reflects infiltration and thickening of the inter-

stitial framework of the secondary pulmonary lobule

and may be caused by pulmonary fibrosis or inflam-

mation in the absence of fibrosis. When underly-

ing fibrosis is present, the reticulation often appears
Fig. 16. Subpleural line in a patient with asbestos exposure.

Axial HRCT through the lower lobes shows a thin,

curvilinear opacity in the left lower lobe (arrows), consistent

with a subpleural line. Note presence of calcified pleural

plaque, consistent with asbestos-related pleural disease.
coarse, and traction bronchiolectasis and architectural

distortion may also be seen [2,35].

Intralobular interstitial thickening is a common

finding in patients with usual interstitial pneumonia–

idiopathic pulmonary fibrosis, and may be the pre-

dominant finding before honeycombing is evident

(Fig. 17). Intralobular interstitial thickening is also a

common finding in patients with nonspecific inter-

stitial pneumonitis and pulmonary disease associated

with collagen vascular diseases (Fig. 18) [36–39].

Intralobular interstitial thickening may also be seen

in other idiopathic interstitial pneumonias, pulmo-
Fig. 18. Intralobular interstitial thickening and reticulation in

a patient with nonspecific interstitial pneumonia associated

with scleroderma. Axial HRCT shows bilateral subpleural

fine reticular opacities (arrows) representing intralobular

interstitial thickening. Surgical lung biopsy showed non-

specific interstitial pneumonia.



Fig. 19. Ground-glass opacity on HRCT imaging: Pneumo-

cystis jiroveci pneumonia. Axial HRCT image shows

multifocal bilateral ground-glass opacity in a patient with

AIDS, fever, and progressive shortness of breath. Sputum

induction recovered P jiroveci.

Fig. 21. Ground-glass opacity on HRCT imaging: hyper-

sensitivity pneumonitis. Axial HRCT image shows multi-

focal bilateral ground-glass opacity in a patient with

shortness of breath and exposure to avian antigen. Surgical

lung biopsy findings were consistent with hypersensitiv-

ity pneumonitis.
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nary infections, pulmonary edema, and lymphangi-

tic carcinomatosis.
Ground-glass opacity

Ground-glass opacity is defined as hazy increased

attenuation that does not obscure visibility of the

underlying vasculature (see Fig. 4). Ground-glass

opacity is a nonspecific finding that may reflect vol-

ume averaging of abnormalities that cannot be

completely resolved with HRCT technique, a purely

interstitial abnormality, a purely alveolar abnormality,

or a disease process that involves both the pulmo-

nary interstitium and the air spaces [40,41]. A study

by Leung et al [41] of the histopathologic correlates
Fig. 20. Ground-glass opacity on HRCT imaging: pulmo-

nary hemorrhage. Axial HRCT image shows multifocal

bilateral ground-glass opacity, best appreciated in the right

lung, in a patient with hemoptysis and systemic lu-

pus erythematosis.
of ground-glass opacity on HRCT showed that 54%

of patients had a primarily interstitial abnormality,

32% had a mixed interstitial and alveolar process, and

14% of patients had primarily an alveolar process.

The significance of ground-glass opacity depends

on the patient’s symptoms (acute versus chronic,

and the actual presenting symptoms); the distribution

of the ground-glass opacity on HRCT; and the

presence or absence of other findings on the HRCT

study. In severely immunocompromised patients with

a clinical presentation suggesting infection, ground-
Fig. 22. Ground-glass opacity on HRCT imaging: poten-

tially reversible pulmonary inflammation. Axial HRCT

image shows basilar, posterior-predominant ground-glass

opacity in a patient with collagen vascular disease. Some

traction bronchiectasis and reticulation is present, but the

amount of ground-glass opacity is far in excess of the

findings suggesting pulmonary fibrosis. Surgical lung

biopsy showed nonspecific interstitial pneumonitis.



Box 5. Peripheral and subpleural
consolidation on HRCT imaging:
differential diagnosis

Cryptogenic organizing pneumonia
Chronic eosinophilic pneumonia
Atypical pulmonary edema
Churg-Strauss syndrome
Drug reactions
Pulmonary contusion
Pulmonary infarct
Sarcoidosis
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glass opacity often reflects active infection, such as

viral pneumonia or P jiroveci pneumonia (Fig. 19). In

patients presenting with hemoptysis, falling hema-

tocrit, or pulmonary capillaritis, multifocal ground-

glass opacity often reflects pulmonary hemorrhage

(Fig. 20). For patients with a suggestive antigen

exposure, multifocal ground-glass opacity reflects

the histopathologic presence of poorly formed granu-

lomas, cellular bronchiolitis, and interstitial in-

flammation caused by hypersensitivity pneumonitis

(Fig. 21).

The presence of ground-glass opacity in patients

with idiopathic interstitial pneumonias often, but not

invariably, reflects active pulmonary inflammation

and potentially reversible disease. In the study by

Leung et al [41] cited previously, 82% of patients

with ground-glass opacity on HRCT had reversible

disease shown on lung biopsy. Similarly, Remy-
Fig. 23. Consolidation on HRCT imaging: chronic eosinophilic p

lower (B) lungs show multifocal, bilateral, peripheral consolida

pneumonia or cryptogenic organizing pneumonia. Recognition

bronchoscopy, which showed pulmonary eosinophilia, confirmin

opacities resolved completely 1 week later following steroid treatm
Jardin et al [40] showed that ground-glass opacity on

HRCT corresponded to active, reversible pulmonary

inflammation in 65% of patients undergoing biopsy.

In this same study, however, 22% of patients with

ground-glass opacity on HRCT had lung biopsies

showing more fibrosis than inflammation, and in 13%

of patients only fibrosis was found on biopsy. For

these latter patients, ground-glass opacity on HRCT

represented fibrosis below the limit of HRCT

resolution. Ground-glass opacity should be inter-

preted as active, potentially reversible disease when

unaccompanied by other findings suggestive of

fibrosis, such as traction bronchiectasis and honey-

combing (Fig. 22) [40,42]. In patients with ground-

glass opacity in some areas of lung but findings

suggesting fibrosis in other areas, biopsy should be

directed toward the areas of ground-glass opacity and

away from areas more suggestive of fibrosis [40,42].
Consolidation

Consolidation is defined as increased attenuation,

which results in obscuration of the underlying

vasculature, usually producing air bronchograms

(see Fig. 4). The presence of consolidation implies

that the air within affected alveoli has been replaced

by another substance, such as blood, pus, edema, or

cells. When consolidation is evident on a chest

radiograph, HRCT does not usually provide addi-

tional diagnostically useful information. HRCT may

detect consolidation earlier than chest radiography,

however, and in certain circumstances may provide

useful information regarding the distribution of con-
neumonia. Axial HRCT images through the upper (A) and

tions (arrows) highly suggestive of chronic eosinophilic

of the peripheral nature of these opacities prompted

g the diagnosis of chronic eosinophilic pneumonia. The

ent.



Table 4

Causes of bronchiectasis and characteristic disease distribution

Etiology Characteristic disease distribution Comment

Postinfectious (bacterial and viral) Lower lobe —

AIDS-related airway disease Lower lobe —

Cystic fibrosis Upper lobe Mucoid impaction

Allergic bronchopulmonary

aspergillosis (see Fig. 26)

Central, upper lobe Mucoid impaction (may be high attenuation)

Williams-Campbell syndrome Central —

Mycobacterium avium complex

infection (see Fig. 6A)

Right middle lobe, lingula Older women

Immotile cilia syndromes Right middle lobe, lingula,

lower lobes

May be accompanied by situs invertus in

Kartagener’s syndrome

Hypogammaglobulinemia Right middle lobe, lingula —

Airway obstruction

(neoplasm, stricture)

Focal, distal to obstruction Often shows a lobar distribution

Distribution reflects predominant areas of involvement. Other regions may also be simultaneously involved.

lung hrct: disease & differential diagnosis 529
solidation and detect findings diagnostically impor-

tant but not visible radiographically.

The differential diagnosis of consolidation is ex-

tensive, and requires integration of clinical history

with other relevant scan findings to become man-

ageable. One circumstance where HRCT is quite

valuable in the assessment of consolidation is the de-

termination of the distribution of findings. Although

many etiologies of consolidation may often be in-

distinguishable from one another on HRCT imaging,

consolidation in a peripheral or subpleural distri-
Fig. 24. HRCT assessment of bronchiectasis: the ‘‘signet

ring’’ sign. Coned axial HRCT image shows a dilated

bronchus (arrow) in cross-section. Note that the internal

diameter of the bronchus exceeds the diameter of the

adjacent pulmonary artery.
bution should evoke a specific differential diagnosis

(Box 5). Recognition of this particular distribution

of consolidation can be diagnostically quite useful

(Fig. 23).
High-resolution CT scan findings manifesting as

decreased opacity

Bronchiectasis

Bronchiectasis is defined as localized, irreversible

dilation of the bronchial tree. There are numerous
Fig. 25. HRCT assessment of bronchiectasis: lack of

bronchial tapering. Coned axial HRCT image shows

bronchial dilation with lack of tapering (arrows). Bronchial

morphology is consistent with varicose bronchiectasis.



Fig. 26. HRCT assessment of bronchiectasis: mucoid impaction. (A) Axial HRCT image shows extensive, bilateral mucoid

impaction (arrows). Bilateral inhomogeneous lung opacity represents mosaic perfusion caused by large and small airway

obstruction. Small centrilobular nodules are visible in the right lower lobe. (B) Sagittal maximum intensity projected image

shows the mucoid impaction (arrows) to advantage; ‘‘finger-in-glove’’ appearance is clear.
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causes of bronchiectasis. Several of the most com-

mon etiologies are listed in Table 4. Bronchography

was traditionally performed to confirm the diagnosis

of bronchiectasis, but now has been replaced by

HRCT. HRCT findings of bronchiectasis include in-

creased bronchoarterial ratios, lack of appropriate

airway tapering, bronchial wall thickening and ir-
Fig. 27. Pitfalls in the HRCT assessment of bronchiectasis: wide co

obtained with 7-mm collimation and degraded by respiratory motio

HRCT image clearly shows bronchiectasis in the right middle lob
regularity, mucoid impaction, and mosaic perfusion

with air trapping.
Bronchial dilation (increased bronchoarterial

ratio). Bronchial dilation is the most specific

finding for bronchiectasis. In general, bronchiectasis
llimation and respiratory motion. (A) Coned axial CT image

n fails to demonstrate bronchiectasis clearly. (B) Coned axial

e (arrows) and the right lower lobe.



Fig. 28. Pitfalls in the HRCT assessment of bronchiectasis:

traction bronchiectasis. Axial HRCT image shows extensive

lower lobe bronchial dilation (arrows). Note corrugated ap-

pearance of bronchi; this morphology is characteristic of

traction bronchiectasis. Surrounding architectural distortion,

ground-glass opacity, and coarse reticulation are present and

suggest presence of fibrotic lung disease. Bronchi are also

visible in the immediate subpleural regions of lung. This

finding indicates an abnormal condition, and may be seen

with traction bronchiectasis or primary large and small

airway diseases.
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is present when the bronchoarterial ratio (the ratio

of the internal diameter of the bronchus to its adja-

cent pulmonary artery) exceeds 1. When an increased

bronchoarterial ratio is seen in cross-section, it has

been termed the ‘‘signet ring’’ sign (Fig. 24). This

sign is suggestive of bronchiectasis, but it does have

limitations. The ratio may not be perceptibly

increased in areas of consolidation, and patients
Table 5

Pitfalls in high-resolution CT diagnosis of bronchiectasis

Pitfall Commen

Inadequate HRCT technique-collimation too wide,

large interslice gap (see Fig. 27)

Use narr

Respiratory (see Fig. 27) and cardiac motion Usually

mimic o

Look for

Consolidation Avoid di

atelectas

Cystic lung diseases Use narr

apprecia

(cystic lu

bronchie

pulmona

Increased bronchoarterial ratios in normal patients Obtain h

Traction bronchiectasis (see Fig. 28) Look for
who live at altitudes well above sea level or

asthmatics often have bronchoarterial ratios greater

than 1 [43].
Lack of bronchial tapering. Perhaps the earliest

sign of cylindrical bronchiectasis, lack of bronchial

tapering, is often subtle, but is important to appre-

ciate. It is probably easiest to see in longitudinal

section (Fig. 25). In cross-section, with noncontigu-

ous HRCT images, the finding is difficult to assess.

One indication of this finding in cross-section is

lack of change in the size of an airway over 2 cm

after branching.
Visualization of peripheral airways. Visualization

of an airway within 1 cm of the costal pleura is

abnormal and indicates potential bronchiectasis. Air-

ways may be seen within 1 cm of the mediastinal

pleura, but should never be seen actually to abut the

mediastinal pleura.
Mucoid impaction. Fluid- or mucous-filled, dilated

bronchi are usually easily appreciated on HRCT.

They may be seen as branching structures when

imaged in longitudinal section, or as nodules when

imaged in cross-section (Fig. 26).
Ancillary findings. Ancillary findings of bronchi-

ectasis include indicators of bronchiolectasis (with

mucoid impaction and tree-in-bud); mosaic perfu-
t

ow collimation; interlslice gap should not exceed 1 cm

maximal near heart in right middle lobe and lingula. May

r obscure (see Fig. 27A) diagnosis of bronchiectasis.

motion elsewhere on the scan

agnosing bronchiectasis when active infection or significant

is is present; obtain follow up imaging

ow collimation and narrow interslice gap to facilitate

tion of airway origin of pulmonary cystic lucency

ng diseases lack tubular morphology). To suggest

ctasis, look for constant relationship of cysts to

ry arteries and for ‘‘cluster of grapes’’ morphology

istory of asthma or residence at altitude

other findings of fibrosis



Fig. 29. HRCT assessment of bronchiectasis: cystic bron-

chiectasis. Axial HRCT imaging shows extensive bilateral

cystic bronchiectasis (arrows), consistent with the diagnosis

of tracheobronchomegaly. Note dilated trachea (T).
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sion (discussed later); air trapping; and bronchial

wall thickening.
Pitfalls in the high-resolution CT diagnosis of

bronchiectasis. Pitfalls in the diagnosis of bron-

chiectasis (Figs. 27 and 28) are listed in Table 5.

Careful attention to technique is essential for avoid-

ing some of these pitfalls. MSCT-HRCT imaging

of the thorax may play a role in the evaluation of

suspected bronchiectasis because volumetric imag-

ing obtained in a very brief time period avoids several

of the pitfalls in bronchiectasis imaging that may

occur with routine HRCT technique.
Use of high-resolution CT for the diagnosis of the

etiology of bronchiectasis. Bronchiectasis may be

classified, in ascending order of severity, as cylin-
Table 6

Emphysema on high-resolution CT imaging: distinguishing feature

Pattern Distribution Appearance

Centrilobular Upper lobe Rounded lo

minimal or

May see ce

within area

Panlobular Generalized or lower lobe Lobular low

low attenua

of pulmona

Paraseptal Upper lobe Thin-walled

regions of u

Spontaneou

Irregular air space

enlargement

None (more commonly

upper lobe)

Irregular lo

proximity t

massive fib
drical (see Fig. 24), varicose (see Fig. 25), and cystic

(Fig. 29), although this classification provides little

information regarding the etiology of bronchiectasis

in individual cases. It is more diagnostically reward-

ing to approach the assessment of the etiology of

bronchiectasis based on the distribution of the

bronchiectasis on imaging studies. Some etiologies

of bronchiectasis have particular distributions visible

on HRCT imaging that may allow a specific diag-

nosis to be suggested (Table 4), although this ap-

proach has met with variable success [44–47]. The

likelihood of diagnosing a specific cause of bron-

chiectasis is enhanced when the imaging studies are

interpreted in the presence of specific clinical infor-

mation [45].
Emphysema

Emphysema is defined as a condition ‘‘of the lung

characterized by permanent, abnormal enlargement

of the airspaces distal to the terminal bronchiole,

accompanied by destruction of the air space walls’’

[48,49]. Emphysema results from an imbalance

between proteolytic and antiproteolytic enzymes, and

the balance is shifted toward proteolysis by smoking

or enzymatic deficiencies, such as a1-antiprotease

deficiency [50].
Classification of emphysema: approach using

high-resolution CT. Emphysema may be classified

into centrilobular, panlobular, and distal acinar (para-

septal) patterns using both histopathologic techniques

and HRCT imaging (Table 6). Centrilobular emphy-

sema (Fig. 30) is found most commonly in the upper

lobes and manifests as multiple small areas of low

attenuation without a perceptible wall, producing a
s

Comment

w attenuation with

no perceptible wall.

ntrilobular artery

of low attenuation

Smokers

attenuation, diffuse

tion with simplification

ry architecture

a-1–Antiprotease deficiency.

May be difficult to appreciate

until moderate or severe

cyst in subpleural

pper lobes.

s pneumothorax

Smokers, associated with other

forms of emphysema. May be

seen in nonsmokers

w attenuation in

o scars or progressive

rosis

Silicosis, sarcoidosis



Fig. 30. HRCT assessment of emphysema: centrilobular

emphysema. Axial HRCT image through the upper lobes

shows numerous scattered low-attenuation foci with mini-

mal or no perceptible walls (arrows) consistent with

centrilobular emphysema. Some of the lucencies have small

dots within them (arrowheads), representing the centri-

lobular artery.

Fig. 32. HRCT assessment of emphysema: panlobular

emphysema. Axial HRCT image through the lower lobes

shows diffuse low attenuation and simplification of pulmo-

nary architecture. Note how the vasculature in the lower

lobes seems stretched and attenuated. Discrete areas of

low attenuation are more difficult to appreciate in patients

with panlobular emphysema than those with centrilobu-

lar emphysema.
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punched-out appearance. Often the centrilobular

artery is visible within the center of these lucencies.

On occasion, a very thin, barely perceptible, wall may

be encountered in patients with centrilobular emphy-

sema, probably related to some degree of surrounding

fibrosis. When centrilobular emphysema becomes

more pronounced, areas of confluent low attenuation

become evident. This appearance has been referred to

as ‘‘confluent centrilobular emphysema’’ (Fig. 31).
Fig. 31. HRCT assessment of emphysema: confluent centri-

lobular emphysema. Axial HRCT image through the upper

lobes shows large areas of decreased attenuation (arrows),

representing confluent centrilobular emphysema.
In contrast to centrilobular emphysema, panlobu-

lar emphysema is histopathologically characterized

by complete destruction of the entire pulmonary

lobule, and shows either diffuse or lower lobe pre-

dominance. This is the pattern of emphysema

commonly present in patients with a1-antiprotease

deficiency [50]. On HRCT, panlobular emphysema

appears as extensive low attenuation that manifests as

diffuse ‘‘simplification’’ of pulmonary architecture
Fig. 33. HRCT assessment of emphysema: distal acinar and

paraseptal emphysema. Axial HRCT image through the

upper lobes shows subpleural areas of low attenuation with

very thin, uniform walls (arrows) consistent with paraseptal

emphysema. Note how paraseptal emphysema forms a sin-

gle layer in the subpleural regions of lung.



Fig. 34. HRCT assessment of emphysema: irregular air

space enlargement (previously referred to as ‘‘cicatricial

emphysema’’). Axial HRCT image through the upper lobes

in a patient with complicated silicosis shows opacities

consistent with progressive massive fibrosis (arrows),

associated with irregular low attenuation in the wake of

the upper lobe opacities; the low-attenuation areas represent

irregular air space enlargement.
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(Fig. 32) [51], and the pulmonary vessels appear

stretched and attenuated in the presence of panlobular

emphysema. Centrilobular emphysema and parasep-

tal emphysema are uncommonly associated with

panlobular emphysema.

Distal acinar, or paraseptal, emphysema com-

monly occurs in smokers and shows upper lobe

predominance, although paraseptal emphysema may

be seen associated with other types of emphysema

and even in nonsmokers. Because this pattern of
Table 7

Honeycomb cysts: diagnostic utility of distribution of honeycomb

Disease etiology Distribution Com

UIP Lower lobe Inclu

aspir

NSIP Lower lobe Inclu

Other idiopathic interstitial pneumonias

AIP Variable Asso

and

DIP Variable Smo

Hypersensitivity pneumonitis Mid-lungs Tend

Sarcoidosis Upper lobe May

Radiation injury Variable Depe

nona

ARDS (postrecovery) Anterior lung Post

toxic

Abbreviations: AIP, acute interstitial pneumonia; ARDS, adult re

pneumonia; NSIP, nonspecific interstitial pneumonia; UIP, usual in
emphysema preferentially destroys the distal portion

of the pulmonary acinus, findings on HRCT are

characteristically peripheral in distribution (Fig. 33).

Paraseptal emphysema appears on HRCT imaging

as multiple areas of low attenuation with thin, defin-

able, uniform walls distributed in the subpleural

regions of lung, forming a single layer. Spontaneous

pneumothorax may occur in association with para-

septal emphysema.

Finally, cicatricial emphysema, now more prop-

erly termed ‘‘irregular air space enlargement,’’ may

be recognized in association with parenchymal scars,

especially in the setting of progressive massive fi-

brosis in patients with pneumoconiosis. Irregular

emphysema appears on HRCT as low attenuation in

immediate proximity to progressive massive fibrosis

or pulmonary scars (Fig. 34).
Honeycomb lung

Honeycomb lung represents the presence of

end-stage lung and may occur from a wide variety

of insults. Pathologically, honeycomb cysts consists

of air-containing spaces with thick walls that are lined

with bronchiolar epithelium and fibrous tissue. The

HRCT demonstration of honeycomb cysts allows for

a confident diagnosis of a fibrosing pulmonary

process, and the specific distribution of the honey-

comb cysts may be a clue to the etiology of the

fibrotic lung disease (Table 7). Note, however, that

microscopic honeycomb cysts may be shown on

surgical lung biopsy in patients without clear evi-

dence of honeycomb cysts on HRCT.
cysts on high-resolution CT imaging

ment

des idiopathic pulmonary fibrosis (UIP), asbestosis,

ation, and connective tissue disorders

des fibrotic NSIP, connective tissue disorders

ciated with respiratory failure, diffuse ground-glass opacity

consolidation

kers with multifocal or diffuse ground-glass opacity [61,62]

s to spare extreme bases, unlike UIP [63]

see associated perilymphatic nodules (see Fig. 15)

nds on port; may recognize abrupt margins and

natomic distribution

erior atelectasis in ARDS may be protective from oxygen

ity, allowing preferential damage to anterior lung [64]

spiratory distress syndrome; DIP, desquamative interstitial

terstitial pneumonia.



Fig. 35. HRCT demonstration of honeycomb lung in patients with idiopathic pulmonary fibrosis–usual interstitial pneumonia

(UIP). (A) Axial HRCT image through the lung bases shows multiple cystic structures in the subpleural regions of lung (arrows),

consistent with honeycomb lung. Note how the cysts stack on themselves in layers and share walls with one another. (B) Axial

HRCT image through the lung bases shows subpleural reticulation (arrow), suggestive of fibrotic lung disease. Several honey-

comb cysts are present within the right lower lobe, allowing the diagnosis of UIP to be suggested on the basis of imaging.
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Fig. 36. Inhomogeneous lung opacity: differentiating between

infiltrative and obstructive etiologies. BO, bronchiolitis

obliterans; GGO, ground-glass opacity; HP, hypersensitivity

pneumonitis; infxn, infection (bacterial or viral); PA HTN,

pulmonary hypertension; PE, pulmonary embolism; RB-ILD,

respiratory bronchiolitis– interstitial lung disease.

lung hrct: disease & differential diagnosis 535
Honeycomb cysts on HRCT appear as cystic areas

with clearly definable walls, ranging from a few

millimeters to several centimeters in size. Honey-

comb cysts may form a single layer in the subpleural

lung, although when the disease process becomes

more advanced, honeycomb cysts stack on one

another in several layers (Fig. 35A); this allows them

to be readily distinguished from bullae in patients

with paraseptal emphysema. Honeycomb cysts usu-

ally share walls with one another, and associated

findings of fibrosis (architectural distortion, coarse

reticulation, intralobular interstitial thickening, and

traction bronchiectasis) are also commonly present

(Fig. 35).

The determination of the presence or absence of

honeycombing on HRCT in patients with idiopathic

interstitial pneumonia is of great importance. The

confident diagnosis of lower lobe, subpleural honey-

combing in such patients strongly suggests usual

interstitial pneumonia– idiopathic pulmonary fibrosis,

and obviates the need for surgical lung biopsy (see

Fig. 35). In a group of patients from multiple centers

selected on the basis of the suspicion of idiopathic

pulmonary fibrosis, thoracic radiologists confidently

diagnosed usual interstitial pneumonia in nearly 60%

of patients, with a positive predictive value of 96%

[52]. In a subsequent analysis of these data, the

presence of either of two HRCT features (upper lobe

reticulation and lower lobe honeycombing) was

found to increase the probability of a histopathologic
diagnosis of usual interstitial pneumonia by fivefold

to sixfold [53]. Similarly, in another study of patients

suspected of having an idiopathic interstitial pneumo-

nia, the presence of honeycombing on HRCT in at

least one lobe had a positive predictive value of 92%



Fig. 37. Inhomogeneous lung opacity: mosaic perfusion in a patient with bronchiectasis. (A) Axial HRCT image shows central

bronchiectasis with multifocal, bilateral inhomogeneous lung opacity, particularly in the left upper lobe (arrows), left lower lobe,

and right lower lobe. Note how the vessels within the areas of abnormally low attenuation are smaller than their counterparts

in areas of normal lung attenuation. (B) Axial minimum intensity projected image shows the multifocal mosaic perfusion

to advantage.
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[54]. The diagnosis of usual interstitial pneumonia

cannot be confidently offered on HRCT imaging

when honeycomb cysts are not seen. Some patients

without HRCT evidence of honeycombing subse-

quently have usual interstitial pneumonia diagnosed

on surgical lung biopsy (see Fig. 17) [52].
Fig. 38. Inhomogeneous lung opacity: lobular low attenua-

tion indicating presence of mosaic perfusion. Coned axial

HRCT image in a patient with hypersensitivity pneumonitis

shows areas of decreased attenuation in the shape and size

of secondary lobules (arrows). This pattern of lobular

low attenuation, in the presence of physiologic evidence

for airflow obstruction or when extensive, suggests mo-

saic perfusion caused by an airway etiology, most com-

monly bronchiolitis.
Mosaic perfusion and inhomogeneous lung opacity

Pulmonary tissue density is in part determined by

the blood volume present within lung tissue. Any

pathologic process that disturbs the distribution of

pulmonary blood volume may alter pulmonary

parenchymal attenuation. Alterations in pulmonary

parenchymal attenuation that are seen on HRCT

imaging that either result from infiltration of the lung

parenchyma or from disturbances in pulmonary blood

volume may be collectively referred to as ‘‘inhomo-

geneous lung opacity.’’ When infiltrative pathology is

the cause of inhomogeneous lung opacity, either

ground-glass opacity or consolidation is seen; when

alterations in pulmonary blood distribution are the

cause of inhomogeneous lung opacity, decreased lung

opacity is encountered and the term ‘‘mosaic perfu-

sion’’ may be used. The alterations in lung paren-

chymal perfusion that result in mosaic perfusion

produce both areas of relatively increased attenuation

(hyperperfused lung) and areas of relatively de-

creased attenuation (hypoperfused lung), although

the latter are more striking on HRCT imaging.

Two major categories of pathologies producing

mosaic perfusion are recognized: airway obstruction

and vascular occlusion. Obstructive airway lesions

that may produce mosaic perfusion include large
airway diseases, such as bronchiectasis, and the

various forms of bronchiolitis (particularly chronic

bronchiolitis with hypersensitivity pneumonitis and

constrictive bronchiolitis). Vascular occlusion is com-

monly the result of chronic thromboembolic dis-



Fig. 39. Mosaic perfusion caused by airway obstruction: value of expiratory imaging with HRCT in a patient with

hypersensitivity pneumonitis. (A) Axial HRCT image through the lower lobes shows bilateral inhomogeneous lung opacity

consistent with a combination of increased lung attenuation, representing ground-glass opacity, and decreased lung attenuation,

representing mosaic perfusion (arrows). (B) Axial low-dose expiratory HRCT image shows accentuation of the inhomogeneous

lung opacity. There is failure of the low-attenuation areas seen on the inspiratory image (arrows) to increase in attenuation

appropriately, indicating air trapping.
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ease, pulmonary hypertension, or capillaritis caused

by vasculitis.
Inhomogeneous lung opacity: distinguishing between

ground-glass opacity and mosaic perfusion

When inhomogeneous lung opacity is encoun-

tered on HRCT, infiltrative pathology must be

distinguished from obstructive pathology; occasion-
Fig. 40. Air trapping on expiratory imaging in the absence of inspi

(A) Axial inspiratory image through the lower lobes shows no

expiratory image shows abnormal low attenuation (arrows) caused

in lung attenuation that should normally occur with expiratory im
ally both patterns may be present. An algorithmic

approach to the assessment of inhomogeneous lung

opacity facilities accurate diagnosis (Fig. 36). Mosaic

perfusion may be differentiated from ground-glass

opacity by the observation that vessels within the

areas of relatively decreased lung attenuation are

abnormally small (Fig. 37), whereas in the cases of

ground-glass opacity, vessels are equal in size

throughout all areas of inhomogeneous lung opacity
ratory scan findings in a patient with bronchiolitis obliterans.

clear evidence of inhomogeneous lung opacity. (B) Axial

by air trapping, representing failure of the expected increase

aging.



Fig. 41. Mixed infiltrative and obstructive pathology af-

fecting the lung: the head-cheese sign. Axial HRCT image in

a patient with hypersensitivity pneumonitis shows a com-

bination of ground-glass opacity, normal lung, and mosaic

perfusion (arrow) on the same inspiratory image.
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[55]. The small size of the vessels within areas of

mosaic perfusion reflects the diminished blood flow

within these areas of lung. The presence of lobular

low attenuation, in which the outlines of individual

secondary pulmonary lobules may be recognized,

also favors the presence of mosaic perfusion over

ground-glass opacity (Fig. 38) [56]. Lobular low

attenuation is encountered when the small lobular

bronchioles are diseased.
Fig. 42. Cystic pulmonary disease: Langerhans’ cell histiocytosi

multiple bilateral bizarre-shaped cysts (arrows) and small centrilob

histiocytosis. (B) Gross pathologic specimen demonstrating the cys
Once mosaic perfusion is diagnosed, airway and

vascular pathologies must then be distinguished; this

may be accomplished with expiratory imaging

[55,57]. When the cause of mosaic perfusion is

vascular, the inhomogeneous opacity seen on the

inspiratory image remains roughly similar on the

expiratory image. When the cause of the mosaic

perfusion on the inspiratory image is related to

bronchiolitis, however, the appearance of the in-

homogeneous lung opacity is accentuated (Fig. 39)

[55,58]. This occurs because lung parenchymal

attenuation increases with expiratory imaging as air

within the lung is exhaled. For vascular causes of

mosaic perfusion, air trapping is not present and all

areas of lung increase in attenuation in a similar

fashion. With airway causes of inhomogeneous

opacity, however, air trapping impedes the escape

of air from some areas of lung, whereas other areas

decompress normally. This results in an accentuation

of the inhomogeneous opacity with expiratory imag-

ing. As a general rule, small airway causes of mosaic

perfusion are far more common than vascular eti-

ologies [57,58].
Normal inspiratory scans with air trapping on

expiratory imaging

Most patients with air trapping seen on expiratory

scans have inspiratory scan abnormalities, such as

bronchiectasis, mosaic perfusion, airway thickening,

or nodules with or without tree-in-bud that suggest

the proper differential diagnosis. Occasionally, air
s. (A) Axial HRCT image through the upper lobes shows

ular nodules (arrowheads) in a smoker with Langerhans’ cell

ts (arrows). Note the upper lobe predominance of the cysts.



Fig. 43. Cystic pulmonary disease: lymphangioleiomyomatosis. (A) Axial HRCT image through the upper lobes shows multiple

bilateral uniform, thin-walled cysts (arrows). (B) Gross pathologic specimen demonstrating the cysts (arrows).
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trapping may be the sole abnormal finding on an

HRCT study; the inspiratory scan is normal (Fig. 40)

[57]. In this situation, expiratory HRCT techniques

are valuable for demonstrating the presence of an

underlying airway abnormality. This circumstance

may reflect less extensive physiologic derangements

than conditions in which abnormalities are visible

on the inspiratory images. The differential diagnosis

of this air trapping on expiratory imaging in the

presence of normal inspiratory scan findings includes

constrictive bronchiolitis (bronchiolitis obliterans);

asthma; chronic bronchitis; and hypersensitivity pneu-

monitis [57].
Fig. 44. Cystic pulmonary disease: lymphocytic interstitial

pneumonia. Axial HRCT image through the lower lobes

shows multiple thin-walled cysts (arrows) in a patient with

Sjögren’s syndrome.
The ‘‘head-cheese’’ sign

The head-cheese sign represents the simultaneous

presence of ground-glass opacity, normal lung,

and mosaic perfusion on inspiratory HRCT images

(Fig. 41). This finding is produced by mixed infil-

trative and obstructive diseases, and carries the name

‘‘head-cheese sign’’ because of its resemblance to the

variegated appearance of sausage made from the parts

of the head of a hog [59]. The differential diagnosis

of this observation includes hypersensitivity pneumo-

nitis (especially chronic disease); sarcoidosis; and

atypical infections (eg, Mycoplasma pneumoniae).

Respiratory bronchiolitis– interstitial lung diseasemay

also produce this sign.
Cystic lung diseases

Lung diseases characterized by cysts include

Langerhans’ cell histiocytosis (Fig. 42), lymphangio-

leiomyomatosis (Fig. 43), lymphocytic interstitial

pneumonia (Fig. 44), postinfectious pneumatoceles,

and amyloidosis (Table 8). Recently, lung cysts have



Table 8

Cystic lung diseases: distinguishing features on high-resolution CT

Disease Clinical HRCT features

Langerhans’ cell histiocytosis Smoker Upper lobe predominance

Centrilobular nodules

Bizarre-shaped cysts

Lymphangioleiomyomatosis Women of childbearing age Diffuse distribution

Pleural effusion

Uniformly shaped cysts

Lymphocytic interstitial

pneumonia

Connective tissue disorders

(especially Sjögren’s syndrome)

Cyst size range: 1–30 mm

Septal thickening

Centrilobular nodules

Postinfectious pneumatoceles Children with Staphylococcus aureus pneumonia Cyst evolves with bronchopneumonia

Severely immunocompromised patients (AIDS,

Pneumocystis jiroveci pneumonia

Multifocal ground-glass opacity,

pneumothorax

Infection in endemic region (coccidioidomycosis) Cyst evolves from a nodule
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been reported in association with hypersensitivity

pneumonitis [60]. The various features on HRCT that

allow these disorders to be distinguished are outlined

in Table 8.
Summary

HRCT is a very powerful tool in the assessment

of patients with diffuse lung disease. Complete

appreciation of the diagnostic capabilities of HRCT

requires a firm understanding of pulmonary anatomy,

particularly the anatomic arrangement of the sec-

ondary pulmonary nodule, and the technical factors

required for optimal HRCT imaging. With such

knowledge, abnormalities on HRCT may be effec-

tively approached by using an organized, algorithmic

method. Rigorous application of an ordered, pattern

approach to HRCT abnormalities allows for reprodu-

cible and accurate interpretation.
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Thoracic masses are usually detected by chest

radiograph or CT during a screening procedure, as

part of a routine physical examination, or in the

evaluation of some symptom or sign referable to the

thoracic structures such as chest pain, cough, hemop-

tysis, wheezing, or dyspnea. The most common ma-

lignant tumor of the thorax is carcinoma of the lung,

specifically the non–small-cell type, which includes

adenocarcinoma and squamous cell carcinoma. Other

masses requiring different management are also en-

countered, including small-cell lung carcinoma; bron-

chial carcinoid (benign and malignant); mediastinal

masses, including thymoma, teratomas, lymphomas,

and mestastases from carcinomas such as breast,

colon, head and neck tumors, thyroid carcinoma, and

choriocarcinoma. In addition, carcinoma of the lung

might be present as a second primary in patients

known to have one of these other malignancies.

Traditionally, when a pulmonary mass has been

identified a decision must be made regarding whether

to perform a biopsy or surgical resection to charac-

terize the lesion as a neoplasm versus granuloma or

other inflammatory lesion and to determine a suitable
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course of management. In some instances surgical

intervention is deferred and the lesion is reevalu-

ated over time. Both approaches carry the risk of

performing unnecessary surgery with the potential

attendant morbidity or delaying evaluation with the

associated risk of disease progression. This approach

to management of the patient who has a thoracic

lesion is rapidly changing with the development of

nuclear medical imaging procedures that are capable

of characterizing lesions according to their molecular

biology. Radionuclide imaging is based on tissue or

tumor function, metabolism, or other biochemical

characteristics that provide information that is com-

plementary to traditional diagnostic imaging tech-

niques in terms of assessing if a lesion is malignant

or not, and if malignant, determining the extent

of disease.

In recent years radionuclide imaging has made

great progress as a consequence of the development

of novel radiolabeled compounds, which identify

specific molecular processes and remarkable ad-

vances in the instrumentation used for acquisition

and display. Nuclear medicine imaging has pro-

gressed to the point where it can provide crucial

information about lesion biology and can thus play

an integral part in the evaluation and management of

the patient who has a suspected or known pulmonary

malignancy, including noninvasive characterization

of the solitary pulmonary nodule, assessment of the

extent of disease in the patient who has a known

malignancy, planning and optimizing radiation ther-

apy, monitoring the response to treatment, and even
43 (2005) 571 – 588
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predicting prognosis. State-of-the-art nuclear medi-

cine imaging is clinically efficacious and cost-

effective, leading to more accurate diagnoses at less

risk and lower cost to the patient and to society.
Technical advances

Nuclear medicine instrumentation

Nuclear medicine images, or scintigraphs, are

generated by the external detection of emissions from

radioactive isotopes that localize in certain tissues,

organs, physiologic or pathophysiologic processes,

or lesions. In the past, conventional nuclear medicine

images were so-called planar images; data were re-

corded in multiple views: anterior, posterior, lateral,

and oblique. Each image compressed the data ob-

tained from the volume image into two dimensions,

resulting in the loss of object contrast caused by

the presence of background radioactivity (ie, radio-

activity surrounding the object of interest). More

recently, nuclear medicine has evolved toward tomo-

graphic imaging. In recent years clinicians and

radiologists have become familiar with tomographic

images as a result of the broad application of CT

and, more recently, MRI (ie, transaxial slice images

derived from reconstructed transmission data). Data

are recorded in 360� geometry around the patient.

Initially, backprojection techniques were used to

create transverse, or transaxial, images (slices) that

revealed the distribution of radioactivity, or, in the

case of CT, absorption coefficient maps. Tomo-

graphic imaging is a more accurate representation

of the actual distribution of radioactivity in a patient

and results in improved image detail. Tomographic

radionuclide imaging can be performed with single-

photon or positron-emitting radionuclides.

Single-photon emission CT (SPECT) is the tomo-

graphic imaging technology employed with tradi-

tional radionuclides such as technetium-99m (99Tc),

gallium-67 (67Ga), and thallium-201 (201Tl). SPECT

uses traditional collimated gamma camera posi-

tioning logic. Data are obtained at small angular in-

tervals as the camera revolves around the patient.

A gamma camera with a single detector must acquire

data over 360�, whereas a device with two or three

detector units requires that each head orbit only a

fraction of the full circumference. Multihead systems

permit greater data acquisition over a shorter period

of time with a resultant improvement in image

quality. Data acquired by the gamma camera are

reconstructed into transaxial planes using sophisti-

cated processing algorithms such as filtered back-
projection and iterative reconstruction. In addition to

the transaxial images, images from the coronal and

sagittal planes are reconstructed readily. Modern

computer capacity also makes it feasible to view

three-dimensional, or volume, images.

Positron emission tomography (PET) is based

upon the unique decay characteristics of positrons. A

positron undergoes annihilation by combining with

a negatively charged electron. As a result of this

annihilation, two 511 keV gamma rays are emitted

180� apart. Special electronics determine if two

recorded events are coincident, thus identifying the

axis along which the two photons were emitted,

which provides a significant advantage in terms of

reconstructing the position of an event and allowing

for the elimination of cumbersome lead collimators.

In contrast to SPECT, in which single events are

detected, PET makes use of two detector elements

on opposite sides of the subject to detect coincident

photons arising from the annihilation of a positron

and electron. Most PET radiopharmaceuticals have

short half-lives; consequently, until just a few years

ago PET imaging was limited to centers that

had cyclotron production facilities. After numerous

investigational studies confirmed the value and cost-

effectiveness of PET imaging with fluorine-18-

fluorodeoxyglucose ([18F]-FDG) in the management

of patients who have tumors, third-party insurers

and eventually governmental agencies approved

the technique for reimbursement. Despite its short

(2-hour) half-life, [18F]-FDG is now available from

commercial sources in most of the United States.

Until recently, PET imaging devices cost more

than $1 million and were available only at larger

centers. The contribution of this technology to patient

management, however, has been so significant that

this situation is changing rapidly. The increased clini-

cal demand for these studies has stimulated develop-

ment of less costly instrumentation, and a spectrum of

devices is now available including a $250,000 to

$350,000 upgrade of conventional dual detector

gamma camera systems, a 360� simultaneous acqui-

sition imaging system that uses six large curvilinear

sodium iodide crystals (costing approximately

$1.3–$1.5 million), and bismuth germanate multi-

crystal, multiring systems (costing $1.7–$2.3 million).

Using a phantom in an experimental comparison

of a gamma camera-based coincidence imaging

system with a dedicated ring detector PET system,

the dedicated PET system identified nodules as small

as 6 mm in diameter, whereas the camera-based

system resolved 1 cm and larger lesions [1]. There

has been no direct comparison between imaging with

the dedicated ring system and the less expensive
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devices in the clinical milieu. A meta-analysis pub-

lished in 2001 found that the performance of the

camera-based system was comparable to that of

dedicated PET in the evaluation of lung nodules in

patients who had lesions greater than 1 cm in diame-

ter [2]. Lesions as small as 7 mm in diameter can be

detected on the dual detector coincident camera

system, but overall image quality and lesion detection

on a dedicated high-end system are significantly

better. The ability to detect a lesion based upon the

resolution and sensitivity of the systems. In this re-

gard the dedicated ring systems will regularly out-

perform (ie, show improved detection) dual detector

systems even though coincident dual detector camera-

based systems’ imaging of [18F]-FDG are frequently

useful to characterize lesions greater than 1 cm.

In summary, the dedicated ring detector systems

represent the state-of-the-art in PET imaging with

greater sensitivity for lesion detection. Nevertheless,

dual detector camera-based systems provide access to

[18F]-FDG imaging, and the positive predictive value

is probably equivalent to that of the more expensive

system. The negative predictive value of the dual

detector system is likely to be somewhat less than that

of the dedicated system because small lesions will

not be detected as a result of volume averaging and

reduced sensitivity.

As with most nuclear studies, PET images suffer

from a paucity of anatomic detail. To maximize the

accuracy of their interpretation, they should be read

together with anatomic cross-sectional studies such

as CT and MR, which has been accomplished by

viewing the studies side-by-side on viewboxes or

computer monitors or through the use of fusion soft-

ware that allows direct superimposition of the images.

Recently, instruments have been engineered that ac-

quire PET and CT images. Patients undergo sequen-

tial PET and CT studies on the same instrument

during the same imaging session. Fused PET and CT

images and PET and CT images alone can be viewed

on a slice-by-slice basis. Though costly and still new,

these devices have already demonstrated that they

have advantages in terms of accuracy and confidence

in interpretation, and they are likely to eventually

replace PET-only and CT-only devices [3].

Radionuclides

In the past, nuclear medicine assessed thoracic

masses with 67Ga citrate and, more recently, with
201Tl and 99mTc-MIBI [4,5]. 67Ga scintigraphy is

positive in inflammatory and neoplastic lesions. De-

spite this degree of nonspecificity, the technique was

useful but limited in application because of the
comparatively poor resolution achieved with this

radionuclide. Tumor localization of 201Tl and
99mTc-MIBI is a consequence of perfusion and rapid

extraction of these tracers from tumor tissue. 99mTc-

MIBI has the advantage of greater photon flux than
201Tl because a larger dose can be given because of

the shorter (6-hour) half-life. The 140 keV photon

energy is more suitable for imaging than the lower

energy photons of 201Tl. Furthermore, 99mTc-MIBI

binds to intracellular elements, providing improved

target to background ratios.

These techniques, however, provide limited im-

provement over CT or MR imaging in terms of de-

tection of disease. 99mTc-MIBI could also be used to

characterize tumor multiple-drug resistance by exam-

ining the retention or washout of 99mTc-MIBI over

time because 99mTc-MIBI is eliminated from tissue by

the same p51 glycoprotein multiple drug resistance

(MDR) mechanism [6].

Any historical review should include iodine-13I

(131I), which is used to detect metastases from thyroid

carcinoma—even in patients who have a negative

chest radiograph or CT examination (Fig. 1). Thyroid

carcinoma frequently has a subtle micronodular

appearance, although it might occasionally appear

as single or multiple nodules. It is important to

correctly identify lung metastases from thyroid

carcinoma because they respond to radionuclide

therapy with 131I.

Radiolabeled peptides

Radiolabeled compounds that bind to receptors

present in normal and abnormal tissues form the basis

of receptor imaging. Tumor expressing receptors can

be visualized with radiolabeled antibodies or radio-

labeled messenger molecules. To date, the most

successful of these agents has been radiolabeled ana-

logs of regulatory peptides. Regulatory peptides are

small, easily diffuseable, naturally occurring sub-

stances that possess a wide spectrum of receptor-

mediated actions. High-affinity receptors for these

peptides are present on many neoplasms. These

receptors offer molecular targets for diagnosis and

therapy [7]. Currently, two radiolabeled peptides,

Octreoscan (Mallinkrodt, St. Louis, Missouri) and

Neotect (Diatide, Londonderry, New Hampshire),

both of which are somatostatin analogs, are approved

for diagnostic use in the United States.

Somatostatin is an endogenous neuropeptide that

exists in two forms: a 14 amino acid form and a

28 amino acid form. It is synthesized in the central

nervous system, the hypothalamopituitary axis, the

gastrointestinal tract, the pancreas, and the immune

system. Somatostatin receptors, of which there are
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five subtypes, are present on many cells, particularly

those of neuroendocrine origin. These receptors have

also been identified on activated lymphocytes and

the vasa recta of the kidney. All five receptor sub-

types bind to naturally occurring somatostatin with

nearly identical affinity [8,9].

In addition to their presence on normal tissues,

somatostatin receptors are expressed on a wide va-

riety of human tumors. Three main groups of tumors

have been identified as having the highest density of

somatostatin receptors. Neuroendocrine tumors, in-

cluding islet cell tumors, gastrinomas, pheochromo-

cytomas, paragangliomas, and carcinoid tumors are

one group. Central nervous system tumors such as

astrocytomas and meningiomas represent another

group. The third group of tumors that possess

somatostatin receptors consists of lung carcinoma

(small-cell and non–small-cell), breast tumors, lym-

phomas, and renal cell carcinoma.

The short biologic half-life of somatostatin

(~1 min) precludes its use for diagnostic or thera-

peutic purposes, which led to the development of

synthetic somatostatin analogs that had longer bio-

logic half-lives. Octreotide is an eight amino acid

analog with a high affinity for somatostatin subtype

receptors 2 and 5 but a decreased affinity for subtype

3 and no affinity for subtypes 1 and 4 [7]. Octreoscan

is produced by radiolabeling diethylene tetra amine

penta acetic acid (DTPA)-pentetreotide (a derivative

of octreotide) with indium-111 (111In) and is used to

image somatostatin receptor-bearing tumors. Exten-

sive studies in large numbers of patients have shown

that somatostatin receptor scintigraphy (SRS) with
111In DTPA-pentetreotide is most useful in detecting

and staging neuroendocrine tumors [8–10].

In the thorax, SRS is especially useful in small-

cell lung carcinoma and bronchial carcinoid. In small-

cell lung carcinoma, the sensitivity of SRS is more

than 90% for the primary lesion. More than half

of metastatic lesions, however, lose their somatostatin

receptor expression as a consequence of dedifferen-

tiation and increasing malignancy [11]. Visualization
Fig. 1. Twenty-year-old man postthyroidectomy for differentiated

the right supraclavicular region. The mass was positive on diag

bone marrow radiation absorbed dose, the patient received 300 m

confirming 131I uptake in the right supraclavicular mass and dem

fields. Uptake had not been recognized on diagnostic imaging with

thorax using a dual detector system with a low-output CT device (

Milwaukee, Wisconsin, USA). (Top row) CT images in the coronal,

images corresponding to CT slices. (Bottom row) Fused CT plu

the chest is negative; on the lower right is the anterior rendering o

Division of Nuclear Medicine, Department of Radiology, New

New York, NY.)
of metastatic small-cell lung carcinoma lesions indi-

cates that the tumor is relatively well differentiated,

whereas nonvisualization is associated with dediffer-

entiation and a poorer prognosis. Thus, it is possible,

using scintigraphic imaging, to not only localize le-

sions but also to determine prognosis through in vivo

tissue characterization.

Bronchial carcinoid is an uncommon neoplasm,

accounting for less than 5% of all lung tumors.

Thought at one time to be benign, this entity is, in

fact, a low-grade, slow-growing, malignant neoplasm

that has the potential for local invasion and distant

metastatic spread (Fig. 2). Several investigators have

reported on the role of SRS in bronchial carcinoid

[12–14]. In a series of 21 patients, SRS revealed all

eight primary lesions at the time of diagnosis,

demonstrated disease in all five patients who had

recurrent or metastatic disease (including two patients

who were asymptomatic at the time of imaging), and

identified an increase in tumor size in two patients

who had unresectable disease [13]. In a series of

31 patients who had bronchial carcinoid, six patients

(nearly 20%) had lesions that were identified only

on SRS. Lesions identified only with SRS included

pulmonary, hepatic, and osseous. In two patients who

had inconclusive CT studies, SRS correctly excluded

recurrent disease. Only two pulmonary lesions, both

in the same patient, which were detected with other

modalities were not detected with SRS [12].

The implications of the findings in these inves-

tigations are important. Although sensitive for the

detection of neuroendocrine tumors, SRS cannot be

used for diagnosis because other lung tumors also

express somatostatin receptors. SRS is used to guide

patient management. For example, the exquisite

sensitivity of SRS can determine whether or not, at

the time of diagnosis, curative surgery is possible. In

patients who have recurrent disease, localized surgi-

cal resection has met with some success. The ability

to identify recurrent disease in asymptomatic patients

suggests that SRS might be useful for identifying

individuals who have recurrent disease when they are
thyroid carcinoma was found to have a palpable mass in

nostic 131I imaging. Following dosimetry to determine the

Ci of 131I. (A) Whole-body scan 1 week post 131I therapy

onstrating unexpected diffuse uptake throughout both lung

a lower dose of 131I. (B) SPECT images of the same patient’s

GE Millenium Hawkeye, General Electric Medical Systems,

sagittal, and transaxial plane. (Middle row) 131I tomographic

s 131I images. On the upper right, the scout radiograph of

f the 131I volume (all images summed) display. (Courtesy of

York Presbyterian Hospital, Weill Cornell Medical Center,
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still amenable to surgery. This is of value to deter-

mining if metastatic disease is limited to the liver,

because in some cases current surgical practice makes

it possible to consider liver transplantation. Extra-

hepatic metastatic disease is a contraindication, how-

ever, and SRS is useful for identifying or excluding

patients for this procedure. Finally, determining the

presence or absence of somatostatin receptors with

SRS identifies patients who are likely to respond

to medical therapy.

Another radiolabeled somatostatin analog, 99mTc-

depreotide (Neotect), has been developed. 99mTc-

depreotide is a synthetic cyclic six amino acid

peptide labeled with 99mTc is approved for the dif-

ferential diagnosis of the solitary pulmonary nodule.

This agent is a high-affinity ligand for human

somatostatin receptor subtype 3, with in vitro

characteristics that suggest it should also be useful

for imaging the extent of disease in patients who have

non–small-cell and small-cell lung carcinoma. In a

series of 30 patients who had solitary pulmonary

nodules at least 1 cm in diameter who were at high

risk for lung carcinoma but had indeterminate CT

criteria, the sensitivity of 99mTc-depreotide for detect-

ing malignancy was 93% (12/13), the specificity was

88% (15/17), and the accuracy was 90% (27/30). The

study was falsely negative in one patient who had

squamous cell carcinoma and falsely positive in two

patients who had necrotizing granulomas [15]. In a

114-patient multicenter trial, the sensitivity, speci-

ficity, and accuracy of 99mTc-depreotide was 97%

(85/88), 73% (19/26), and 91% (104/114), respec-

tively. The three false-negative lesions were adeno-

carcinomas; two were primary lung lesions and one

was thought to be metastatic colon carcinoma. Six

false-positive results were granulomatas; the seventh

was a hamartoma. The data suggest that 99mTc-

depreotide scintigraphy is a sensitive and accurate

method for the noninvasive evaluation of the solitary

lung nodule that is at least 1 cm in diameter [16].

An analysis of the cost-effectiveness of 99mTc-

depreotide imaging in 114 patients who had indeter-

minate lung nodules found that in individuals who
Fig. 2. (A) 111In-DTPA-pentetreotide (Octreoscan) SPECT scintigra

carcinoid; status right upper lobe (RUL) resection 30 months earlie

on GE Millennium dual detector camera system with Hawke

(Middle column) Corresponding 111In images. (Right column) Fuse

display. Note 111In-DTPA-pentetreotide-positive mass in region of

(Courtesy of Division of Nuclear Medicine, Department of Radiolo

Center, New York, NY.) (B) 111In-DTPA-pentetreotide (Octreos

44-year-old man who had small-cell lung carcinoma. Tumor foci a

and the left anterior cervical triangle. (Courtesy of Division of

Jewish–Hillside Medical Center, New Hyde Park, NY.)
had a 50% probability of having a malignancy, CT

alone and CT followed by 99mTc-depreotide scintig-

raphy showed an incremental cost-effectiveness ratio

of approximately $11,200 and $8600, respectively,

per year of life saved. Radiograph follow-up is only

cost-effective when the probability of malignancy is

less than 0.14, whereas CT alone is cost-effective

when the probability of malignancy is 0.71 to 0.90.

When the probability of malignancy is greater than

0.90, thoracotomy is the best choice. CT plus 99mTc-

depreotide is the most cost-effective strategy, result-

ing in a savings of $68 to $1800 for the majority of

patients, depending on the risk, when the probability

of malignancy is between 0.14 and 0.71. Based on a

Medicare reimbursement of approximately $900,
99mTc-depreotide imaging of pulmonary nodules that

are indeterminate by CT criteria would result in an

annual savings of up to $54 million compared with

selecting patients for thoracotomy based on CT

results alone [17]. Another beneficial aspect of this

approach would be a decrease in the cost and com-

plications of unnecessary needle biopsies.

Currently, no data are available on the accuracy of
99mTc-depreotide imaging for evaluating lesions

smaller than 1 cm in diameter, nor on its role in the

staging of lung carcinoma, monitoring response to

therapy, or detecting recurrent disease.

Fluorodeoxyglucose

FDG is a structural analog of 2-deoxyglucose,

which, like glucose, is transported into cells and

phosphorylated by a hexokinase to FDG-6 phosphate.

FDG accumulates intracellularly in proportion to the

glycolytic rate of the cell. FDG uptake by tumor cells

is also related to the presence of increased glucose

transporter molecule expression at the tumor cell sur-

face and to increased levels of hexokinase in these

cells. Labeled with the positron emitter 18F, FDG is

useful for detecting areas of normal and abnormal

glucose metabolism. Although it is filtered by the

glomerulus, FDG is not reabsorbed in the proxima1

renal tubules, and the blood concentration of this

compound falls quickly, providing high contrast be-
phy in a 67-year-old woman who had a history of pulmonary

r with negative follow-up scans. (Left column) CT acquired

ye configuration (transaxial, coronal, and sagittal slices).

d images. Extreme right: Scout radiograph and 111In volume

right hilum superimposed on superior portion of CT density.

gy, New York Presbyterian Hospital, Weill Cornell Medical

can) planar scintigraphy of the thorax and abdomen in a

re identified in the right hilar area, the left paratracheal area,

Nuclear Medicine, Department of Radiology, Long Island
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tween foci of increased glucose metabolism and

background activity within 1 hour of injection. Many

tumors are characterized by increased anaerobic

glucose metabolism, and [18F]-FDG provides a sen-

sitive tool for their detection. In lung cancer, [18F]-

FDG-PET imaging provides important information

about the diagnosis, pretreatment staging, and assess-

ment of the effects of treatment in this entity. Its

potential role in predicting prognosis is currently be-

ing assessed.
Fluorine-18-fluorodeoxyglucose–positron

emission tomography and lung carcinoma

Nearly 1 million new cases of lung cancer are

diagnosed annually, principally in developed nations.

At the time of diagnosis, the disease has already

spread to adjacent hilar or mediastinal lymph nodes

in about 25% of patients, and 35% to 45% of pa-

tients have distant metastases [18,19]. A systematic

approach to the diagnosis, staging, and treatment

of lung cancer optimizes therapy for each indi-

vidual patient.

Diagnosis

The diagnosis of lung carcinoma, as for any other

tumor, is the first challenge with which the clini-

cian is faced when presented with a patient suspected

of having this entity. While morphologic imaging

studies such as planar radiographs, CT, and MRI can

detect a pulmonary lesion, they often cannot deter-

mine whether it is benign or malignant. Only about

one third of pulmonary nodules can be diagnosed as

benign or malignant on the basis of CT criteria alone.

In the other two thirds, diagnosis depends on more

invasive procedures such as bronchoscopy and per-

cutaneous CT-guided transthoracic needle aspiration

[20,21]. The overall sensitivity of bronchoscopy in

detecting malignancy is about 65%. If transbronchial

biopsy is performed, the sensitivity approaches 80%

[22,23]. The sensitivity of the CT-guided procedure is

greater than 90% if an adequate sample is obtained.

The frequency of sampling errors depends on the size
Fig. 3. (A) Fifty-three-year-old woman who had a recently diagn

history of cigarette smoking. The [18F]-FDG-PET images are entirel

five-year-old man who had a history of an right lower lobe (RLL) s

The nodule had increased in size recently. [18F]-FDG-PET ima

malignant process. There is no evidence of regional lymph node

surgical candidate. (Courtesy of Division of Nuclear Medicine, D

Weill Cornell Medical Center, New York, NY.)
and location of the lesion and on operator expertise.

The most common complication of needle biopsy

is pneumothorax, which occurs in up to 10% of pa-

tients [24].

The characterization of a pulmonary nodule as

benign or malignant with [18F]-FDG-PET was one of

the earliest oncologic applications investigated, and

its value for this purpose is now well established

(Fig. 3). The sensitivity and specificity of [18F]-FDG-

PET imaging in the evaluation of solitary lung

nodules ranges from 82% to 100% and 63% to

90%, respectively [25–34]. A meta-analysis of

1474 pulmonary lesions found that the mean sensi-

tivity and specificity of [18F]-FDG-PET was 96%

and 74%, respectively [2].

Several factors affect the sensitivity of [18F]-FDG-

PET imaging for the diagnosis of malignancy. Lesion

visualization depends on the amount of [18F]-FDG

incorporated into the tumor. Abnormalities typically

present as areas of focally increased activity, collo-

quially referred to as hotspots. Images can be

analyzed visually and semiquantitatively. In the chest,

mediastinal blood pool activity is often used as the

reference point. Uptake in a lesion that is more

intense than mediastinal blood pool activity is likely

to be malignant, whereas activity equal to or less than

mediastinal blood activity is likely to be benign. It is

also possible to quantify activity by calculating the

standardized uptake value (SUV), which reflects

the ratio of activity per estimated tumor volume to

the total activity administered to the patient, corrected

for the lean body mass. Although not absolutely

diagnostic, SUVs greater than 2.5 are often associated

with malignancy, and malignant lesions generally

have SUVs greater than 2.5. Fractional [18F]-FDG

uptake is affected by specific tumor metabolic

activity. Consequently, tumors such as bronchio-

alveolar cell carcinoma and bronchial carcinoid with

relatively low metabolic activity might not concen-

trate sufficient [18F]-FDG to be identified as malig-

nant. Nevertheless, subsets of these tumor types

(bronchioalveolar carcinoma and carcinoid or other

neuroendocrine tumors) might be metabolically

active and identifiable as malignant on [18F]-FDG

imaging. Metastatic differentiated thyroid carcinoma

can be positive or negative on [18F]-FDG imaging
osed RUL pulmonary nodule. Patient had a 30 pack-year

y normal. The patient will continue to be followed. (B) Sixty-

olitary pulmonary nodule that had been followed since 2000.

ges demonstrate a hypermetabolic focus consistent with a

involvement, indicating that the patient is an appropriate

epartment of Radiology, New York Presbyterian Hospital,
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depending, apparently, on the degree of biologic

aggressiveness at the time of imaging. The degree of

tumor aggressiveness is reflected in the metabolic

rate. Although some well-differentiated adenocarci-

nomas might demonstrate only modest accumulation

of [18F]-FDG, their SUVs are nevertheless typically

in the malignant range [35]. Sensitivity is also af-

fected by lesion size. Lesions below the limits of

resolution of PET scanners (currently about 4–8 mm

depending upon the system hardware configuration)

might not be detected [36,37]. The lesion intensity

and the measured SUV will be blunted by the phe-

nomenon known as volume averaging, in which the

absolute uptake in a lesion below the spatial reso-

lution of the system is distributed over the minimal

resolution area, resulting in an apparent lowering of

the activity per pixel. Sensitivity is also adversely

affected by hyperglycemia. Presumably, competitive

inhibition results from elevated serum glucose levels,

reducing [18F]-FDG uptake. In addition to this direct

competitive effect, the insulin response to the glucose

level is greatest in acute hyperglycemia. This

response promotes muscle and hepatic uptake of

glucose and [18F]-FDG. Chronic hyperglycemia has a

lesser effect on FDG uptake by tumors [38]. In pa-

tients who are diabetic, control of the disease should

be optimized and serum glucose levels checked

before injecting [18F]-FDG. In general, patients who

have serum glucose levels above 250 mg/dL should

probably not undergo [18F]-FDG imaging until serum

glucose levels have been controlled.

Increased glycolysis is not unique to tumors,

however; it occurs in benign conditions such as

granulomas, histoplasmosis, coccidioidomycosis,

and pneumonia, in which false-positive findings are

observed [39–42]. Some data suggest that the speci-

ficity of the overall results can be improved by per-

forming dual time point imaging. [18F]-FDG uptake

in tumor tends to increase over time, whereas inflam-

mation tends to remain constant or decrease over

time [43]. By acquiring a second set of images about

1 hour after the first set, it might be possible to dis-

tinguish [18F]-FDG uptake in benign inflammatory

conditions from that in tumors.

[18F]-FDG-PET obviates the need for invasive

biopsy in many patients who have lung nodules. To

be used for this purpose, the test must have a high

negative predictive value, which depends not only

on sensitivity and specificity but also on the pretest

likelihood of malignancy. Using decision analysis

modeling, it has been shown that only patients who

have a 50% or lower pretest likelihood of cancer

should undergo [18F]-FDG-PET imaging. If the

pretest likelihood of malignancy is more than 50%,
the posttest probability of disease will exceed 10%

even if the [18F]-FDG images are negative for one

reason or another (ie, size, metabolic activity, blood

glucose), and histopathologic evaluation will be

necessary regardless of the [18F]-FDG-PET results

[44]. Because there is always the risk of a false-

negative result even when the negative predictive

value is high (eg, a negative [18F]-FDG-PET study in

a patient who has < 50% pretest probability), patients

who have lung nodules and negative [18F]-FDG-PET

studies should undergo routine clinical and imaging

follow-up every 6 to 12 months (as with other poten-

tially malignant lesions) to monitor for any increase

in the lesion size.

Staging

Pretreatment staging of non-small cell lung carci-

noma (NSCLC) is necessary to assess prognosis and

to determine appropriate therapy (Figs. 4–6). For

example, patients who do not have mediastinal lymph

node or distant metastatic disease usually undergo

surgical resection of the tumor, whereas patients who

have mediastinal or distant disease can undergo in-

duction chemotherapy or radiotherapy before surgery.

CT imaging is used to anatomically define the extent

of the primary tumor and pleural or chest wall

involvement and is superior to FDG-PET for these

purposes because of its inherently better spatial

resolution and delineation of normal structures and

anatomic detail. CT identification of hilar and medi-

astinal lymph node involvement is less than optimal,

however, because it depends upon lesion size. Using

a size criterion of 1 cm as the threshold for iden-

tification of malignant disease leads to under- and

overstaging. Normal-sized lymph nodes that are

infiltrated by tumor will not be recognized, whereas

lymph nodes that are enlarged secondary to benign

processes will be incorrectly interpreted as containing

tumor. The sensitivity, specificity, and accuracy of

mediastinal staging by CT, as reported in a meta-

analysis, is approximately 60%, 77%, and 65%,

respectively [45]. In a prospective study, the sensi-

tivity and specificity of CT was 52% and 69%, re-

spectively [46]. Mediastinoscopy has, consequently,

been the reference technique for mediastinal lymph

node staging.

The accuracy of [18F]-FDG-PET for assessment of

mediastinal nodal involvement has been investigated

extensively. The sensitivity and specificity of the

procedure, when reported as positive or negative for

the ipsilateral or contralateral side, have ranged from

67% to 92% and 86% to 97%, respectively [47–52].

When analyzed by nodal stations, the reported results



Fig. 4. Selected transaxial slice demonstrating [18F]-FDG-PET images in a 68-year-old woman who smoked 1 pack of cigarettes

per day for many years. She presented to her primary care physician with complaints of back pain but was otherwise in good

health. A chest radiograph revealed a hilar mass and lung nodules. Transbronchial biopsy was positive for poorly differentiated

non–small-cell lung carcinoma. The patient was referred for evaluation of the extent of disease. The so-called hilar mass was

actually the primary lung tumor adjacent to hilar structures with a nearby second and third focus. A metastatic lesion in the

vertebral body was also demonstrated. The accompanying CT image shows multiple tumor masses and evidence of a sclerotic

lesion in the vertebral body (lung CTwindow). [18F]-FDG-PET indicates the extent of viable tumor. Recently, radiation treatment

plans using intensity modulated radiation therapy (IMRT) were designed to provide booster radiation doses to the well-

circumscribed viable tumor defined by [18F]-FDG-PET as opposed to simply delivering the prescribed dose to the entire CT

defined tumor volume. (Courtesy of Jacqueline Brunetti, MD, Department of Radiology, Holy Name Hospital, Teaneck, NJ.)
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are similar. A study published in 1999 compared

[18F]-FDG-PET and CT in 75 patients prospectively

[53]. [18F]-FDG-PET imaging and CT were concor-

dant in 39 patients, correctly in 35 of the 39 patients

but overstaging in two patients and understaging in

two patients. The results of the two studies were

discordant in 36 patients; [18F]-FDG-PET was correct

in 28 of these patients. Hence, [18F]-FDG-PET was

correct in 63 of 75 patients, whereas CT was correct

in only 43 of 75 patients. In a meta-analysis of

staging, the mean sensitivity and specificity of [18F]-

FDG-PET was 79% (± 3%) and 91% (± 2%)

respectively, versus 60% (± 2%) and 77% (± 2%),

respectively, for CT [45].

The anatomic–functional correlation of [18F]-

FDG-PET and CT images using fusion imaging (in

which the two studies are obtained sequentially on

the same instrument) will undoubtedly further refine

the classification of patients who have nodal or

mediastinal disease by separating the primary tumor

from adjacent lymph nodes, differentiating hilar from

adjacent mediastinal nodes, and precisely identifying

the mediastinal lymph node groups involved. It is

especially important to differentiate between N1 and

N2 disease because the former is directly operable
and the latter is not. These conclusions are based

upon traditional methods of staging. The identifica-

tion of N1 disease by [18F]-FDG-PET at an earlier

time than would have been possible with CT provides

a basis for modifying surgical resection to include

these positive nodes rather than to conclude that

there is no nodal involvement based upon CT imag-

ing alone.

Patients who have distant, or systemic, metastases

at the time of diagnosis cannot be cured by surgery

and are not likely to achieve a long-term remission.

Despite the fact that the incidence of distant re-

currence after complete removal of the primary tumor

is at least 20%, conventional staging procedures per-

formed at the time of diagnosis are generally un-

rewarding [54]. Because the diagnostic yield of

anatomic imaging is low, [18F]-FDG-PET offers a

rapid method for whole-body imaging that identifies

systemic metastatic disease effectively. [18F]-FDG-

PET detects distant disease in up to 15% of patients

who have negative conventional staging procedures

[52,55,56]. In addition to improving the detection of

disease, a negative study can also exclude disease in

patients who have false-positive or equivocal conven-

tional imaging results.



Fig. 5. (A) [18F]-FDG-PET images from a 62-year-old woman admitted with confusion who was a cigarette smoker, 1 pack/day

for 50 years. A solitary pulmonary nodule on the chest radiograph was subsequently confirmed as adenocarcinoma on biopsy.

Brain metastases were present on MRI. A CT of the chest and abdomen to the kidneys was interpreted as normal except for the

primary pulmonary lesion. Coronal, sagittal, and transaxial [18F]-FDG-PET images are triangulated (crosshairs) on the primary

lesion (arrow 1). A metastatic ipsilateral hilar lymph node is identified (arrow 2), and a metastasis to the left adrenal is also seen

(arrow 3), although the right hilar node and left adrenal are normal on CT. (B) Transaxial slices (CT, PET, and fusion images)

demonstrating adrenal metastasis in a normal left adrenal gland on CT examination. (Courtesy of Division of Nuclear Medicine,

Department of Radiology, New York Presbyterian Hospital, Weill Cornell Medical Center, New York, NY).



Fig. 6. [18F]-FDG-PET, CT, and fusion transaxial images in a patient presenting with a chest wall mass. No satellite lesions or

lymph node involvement was demonstrated; biopsy demonstrated chondrosarcoma. (Courtesy of Division of Nuclear Medicine,

Department of Radiology, New York Presbyterian Hospital, Weill Cornell Medical Center, New York, NY).
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Adrenal masses are identified on CT in up to 20%

of patients who have NSCLC, and [18F]-FDG-PET

can accurately characterize the lesion as benign or

malignant (Fig. 5). In one series of 27 patients, [18F]-

FDG-PET was 100% sensitive and 80% specific for

adrenal metastases [57]. The high negative predictive

value of this technique can reduce the need for

routine biopsy of adrenal masses.

Lung carcinoma frequently metastasizes to bone

(Fig. 5). Radionuclide bone scintigraphy using 99mTc-

methylene diphosphonate (MDP) had been consid-

ered to be the procedure of choice for the clinical

assessment of possible skeletal involvement. Bone

metastases from NSCLC are often osteolytic, and
[18F]-FDG is reportedly more sensitive than conven-

tional radionuclide bone imaging for this type of bone

lesion. In addition, [18F]-FDG-PET produces fewer

false-positive results in degenerative, inflammatory,

and posttraumatic bone disease [58,59]. False-

positive [18F]-FDG-PET results have been reported

with acute fractures [60].

Liver metastases are readily detected by conven-

tional imaging studies. [18F]-FDG-PET is most useful

for resolving abnormalities that are indeterminate on

conventional studies [61]. Although [18F]-FDG-PET

can detect lung metastases, CT has higher resolution

and is less affected by respiratory motion than [18F]-

FDG-PET images. For optimal detection of brain
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metastases, a dedicated brain acquisition should be

performed. This additional study is probably not

routinely warranted in light of the low incidence of

brain metastases in asymptomatic patients and be-

cause of the excellent results obtained with contrast-

enhanced CT and MRI.

The effectiveness of [18F]-FDG-PET in the stag-

ing of NSCLC is a direct result of its ability to detect

metastases that are not apparent on conventional

imaging modalities and to clarify the etiology of in-

determinate lesions found on CT. It has been esti-

mated that [18F]-FDG-PET imaging results in

changes in patient management in 20% to 40% of

patients. Perhaps most important is the exclusion of
Fig. 7. [18F]-FDG-PET, CT, and fusion images from a 73-year-old

4 years earlier followed by a course of chemotherapy. The patie

(CEA) value and suspicion of a mediastinal mass. A hypermetabo

mediastinum and a large mass is seen in the liver. These fin

indistinguishable from a second primary neoplasm. (Courtesy of

New York Presbyterian Hospital, Weill Cornell Medical Center, N
surgery in up to 15% of patients as a result of the

detection of distant metastases [56,62–64].
Treatment and prognosis

In addition to assisting in the identification of

individuals who are suitable for curative surgery,

[18F]-FDG-PET is also used for radiotherapy plan-

ning by defining functional tumor volume and

providing an outline of the radiotherapy volume for

inclusion of tumor and sparing of adjacent, un-

involved structures. In one series, changes in staging

were made in 33% of patients and changes in radia-
man who had a history of colon carcinoma that was resected

nt now has an elevated serum carcino embryonic antigen

lic (increased [18F]-FDG) mass is seen in the right anterior

dings are metastatic colon carcinoma. The chest mass is

Division of Nuclear Medicine, Department of Radiology,

ew York, NY.)
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tion treatment volumes were made in 25% of patients

as a direct result of [18F]-FDG-PET imaging [65]. In

addition, [18F]-FDG-PET differentiates scarring from

residual or recurrent disease accurately. In one study

it was more sensitive than, and as specific as, other

modalities employed for this purpose. In a study of

63 patients suspected of NSCLC relapse, results of

[18F]-FDG-PET and conventional evaluation methods

were discordant in 43 patients. In 39 patients (91%),

[18F]-FDG-PET was correct, resulting in major

changes in the diagnosis in 25 patients (59%) [66].

To maximize the accuracy of the study, [18F]-FDG-

PET should be performed 2 months after surgery and

4 to 6 months after radiotherapy [67].

Although prognosis in NSCLC is determined pri-

marily by disease stage, tumor aggressiveness and
Fig. 8. [18F]-FDG-PET, CT, and fusion images from a 50-ye

mass in the right lung and mediastinal lymphadenopathy an

lymphoma. (Courtesy of Division of Nuclear Medicine, Departm

Cornell Medical Center, New York, NY.)
invasiveness—and even metabolic activity—might

also be important factors. Some data indicate that

patients who have more intense uptake of 18FDG

have a shorter survival time. Other data have shown

that patients who have persistent or recurrent abnor-

malities have shorter survival times than patients who

have negative follow-up studies [66,68].
Fluorine-18-fluorodeoxyglucose–positron

emission tomography and other thoracic tumors

Increased anaerobic glucose metabolism, which is

the basis for [18F]-FDG identification of carcinoma of

the lung, is a feature of other malignant tumors of the

thorax (Figs. 6–8). Accordingly, identification of an
ar-old HIV-positive man demonstrating a hypermetabolic

d infradiaphragmatic disease. Diagnosis: non-Hodgkin’s

ent of Radiology, New York Presbyterian Hospital, Weill
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[18F]-FDG-avid mass does not exclude metastatic

foci from other adenocarcinomas, lymphoma, thyroid

carcinomas, or even active necrotizing granulomas.

The nuclear medicine physician should be provided

with pertinent patient clinical history to be able to

fully assess the likely etiology of the findings on the

PET images. Likewise, the nuclear medicine physi-

cian should evaluate the [18F]-FDG images from the

neck to the mid-thigh to fully assess the extent of

disease and to identify other clinical conditions that

might be present.
Summary

Over the past decade a variety nuclear medicine

imaging studies have become available that are of

considerable value to patients who have pulmonary

malignancies. By far the greatest impact on the man-

agement of patients who have thoracic malignancy

has been the availability of [18F]-FDG-PET imaging.

In the patient who has newly diagnosed lung

carcinoma, [18F]-FDG-PET improves the accuracy

of staging the disease by identifying or excluding

mediastinal disease and distant metastatic foci. [18F]-

FDG-PET is superior to anatomic methods for evalu-

ating the response to therapy and for distinguishing

recurrent disease from posttreatment changes. Studies

are in progress to evaluate the role of [18F]-FDG-PET

imaging in assessing prognosis.

In patients who have bronchial carcinoid, somato-

statin receptor imaging with 111In-DTPA-pentetreo-

tide (Octreoscan) can help identify patients who are

candidates for curative surgery, detect unsuspected

metastatic spread, and identify patients who might

benefit from certain types of medical therapy.

Although it was initially speculated that [18F]-FDG-

PET imaging would not be sensitive for tumor detec-

tion in patients who have neuroendocrine tumors

because of the usual slow metabolism and biology of

these tumors many neuroendocrine tumors are

positive on [18F]-FDG-PET imaging. Nevertheless,

there has been no direct comparison of [18F]-FDG-

PET imaging and somatostatin receptor imaging, nor

does a positive or negative [18F]-FDG-PET image

exclude neuroendocrine tumor.

[18F]-FDG-PET imaging and somatostatin recep-

tor imaging with 99mTc-depreotide (Neotect) are safe,

cost-effective methods that are valuable in the diag-

nosis and management of patients who have sus-

pected or known lung cancer. [18F]-FDG-PET and
99mTc-depreotide imaging have a high degree of sen-

sitivity, specificity, overall accuracy, and positive

and negative predictive values in the evaluation of
the solitary pulmonary nodule. These agents provide

noninvasive, cost-effective methods for selecting pa-

tients for aggressive intervention without contributing

to increased morbidity. Both methods have incre-

mental value over CT imaging in selecting patients

who have solitary pulmonary nodules for invasive

biopsy or for thoracotomy.
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Tumor imaging is at the forefront of radiology

technology and is the focus of most cutting edge re-

search and clinical applications. Radiologic applica-

tions for imaging of metastases are applied to initial

staging, restaging after neoadjuvant therapy before

planned definitive surgical treatment, and follow-up

surveillance after therapy for tumor recurrence.

CT has evolved as the routine choice in staging,

restaging, and detection of recurrence. Studies have

shown that CT is superior to the chest radiograph for

the detection of pulmonary metastases. Its sensitivity

in detecting small nodules, however, can also be a

limitation. Because of its excellent spatial resolu-

tion, CT detects small lesions that resemble meta-

static foci but are frequently benign. Such limitations

especially come into play in the initial diagnosis

of patients with extrathoracic malignancies and no

prior radiographic studies to document pre-existing

parenchymal disease [1]. For instance, a study by

Chalmers [2] showed pulmonary nodules in 20% of

patients with extrathoracic malignancies who had

normal chest radiographs; however, 80% of these

nodules were benign. Similar results were found by

Kronawitter et al [3]. They found that most nodules

on chest CT scans were benign in patients with colon

cancer undergoing routine preoperative imaging

for liver metastasectomy. Only 5% of patients had

true metastases. Povoski et al [4] reported that CT

detected pulmonary metastases in 4 of 100 patients

with colon cancer who had normal preoperative chest

radiographs before hepatectomy. Picci et al [5] re-

ported that in 51 children with osteosarcoma, CT

was sensitive but not specific in detecting pulmo-

nary metastases. They found, however, that the

likelihood of a patient having metastases was pro-
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portional to the number of nodules detected. Four

out of 13 patients with a single nodule had a true

metastasis. All patients with more than seven nod-

ules had metastases.

Debate has arisen as to whether a thoracic CT scan

is necessary in all patients initially diagnosed with

cancer. Reports have demonstrated that the stage of

an extrathoracic malignancy should be taken into

consideration when determining if a thoracic CT

should be included in the work-up [6–8]. Lim and

Carter [7] found that the incidence of metastases

from small renal cell carcinomas detected by CT

was low. With more advanced tumor stage or the

detection of a nodule on radiograph, however, they

found CT very useful in detecting pulmonary metas-

tases. Similarly, Heaston et al [9] reported that CT

improved the detection of metastases in patients

with locally advanced melanoma and helped identify

extrapulmonary metastases.

Reiner et al [10] found that thoracic CT was es-

sential in the management of patients with newly

diagnosed squamous cell carcinoma of the head and

neck. Sixty-six of 189 patients had significant ab-

normalities on CT of which only 23% were detected

by chest radiograph. Thirty-six patients had 41 tu-

mors of which 13 were synchronous primary lung

cancers and 28 were metastases. Plain film detected

only 12 (29%) of these tumors. The authors recom-

mended routine pretreatment thoracic CT for this

patient population, which has a significant ciga-

rette smoking history and greater risk for broncho-

genic carcinoma.

In the follow-up management of patients treated

with cancer and who undergo surveillance for re-

currence, CT has been shown to be very useful in the

detection of new pulmonary metastases [3]. Studies

have shown that the use of follow-up CT imaging to

detect early metastases can improve the survival of
43 (2005) 481 – 495
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patients with certain malignancies, such as sarcomas

and colon cancer [5,11,12].
Morphology of pulmonary metastases

Most pulmonary metastases reach the lungs

through the arterial system [13–15]. The most com-

mon manifestation of pulmonary metastases is mul-

tiple nodules [13,14,16,17] that are found in the

subpleural and outer third of the lungs [18]. Although

pulmonary metastases are generally multiple in num-

bers, some tumors are more likely to manifest with

a single pulmonary metastasis. These tumors include

primary tumors from the colon and kidney, mela-

noma, and sarcoma [9,19–21].

Metastatic nodules can range from miliary to sev-

eral centimeters in size. Miliary nodules are more

likely to occur in tumors from the thyroid gland,
Fig. 1. A 57-year-old man with history of bronchioloalveolar cell c

shows primary tumor. (B) CT scan shows diffuse ground glass op

lobes show metastases manifesting as ground glass nodules (arrow
kidney, and melanoma [22,23]. Larger nodules tend

to originate from sarcomas and tumors from the colon

and kidney. Metastases can be characterized not only

by size but also by density or composition. For in-

stance, metastases may appear solid, ground glass,

or mixed solid and ground glass. Other metastases

calcify or cavitate.

Distribution is not necessarily helpful in distin-

guishing metastases from other causes for pulmonary

nodules other than they are usually random with

respect to the interstitial compartments [24,25]. As-

sociation of a nodule with a pulmonary vessel or the

‘‘mass-vessel sign’’ on high-resolution (HRCT) has

been correlated with a hematogenous origin [15].

Ground glass nodules or nodules with surround-

ing ground glass opacities are consistent with either

hemorrhage or airspace disease into the adjacent lung.

Metastatic nodules with surrounding hemorrhage

have been described with choriocarcinoma, mela-
arcinoma of the left upper lobe. (A) CT scan of upper lobes

acification that was metastatic disease on biopsy. (C) Lower

s).



Fig. 4. A 73-year-old man with metastatic adenocarci-

noma. CT scan showed multiple pulmonary nodules that

were cavitary.

Fig. 2. An 82-year-old man with metastatic pancreatic mu-

cinous adenocarcinoma. CT scan of the lungs shows mul-

tiple ill-defined nodules with surrounding ground glass. One

of the nodules is cavitary (arrow).
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noma, renal cell carcinoma, angiosarcoma, and

Kaposi’s sarcoma [26–28]. Bronchioloalveolar cell

carcinoma metastases may appear as ground glass,

ground glass nodules (Fig. 1), or solid nodules with

surrounding ground glass [29]. The ground glass

pattern has been attributed to lining of adjacent

airspaces by tumor through a lipidic growth pattern or

to filling of airspaces with mucinous material (Fig. 2)

[30]. Nonmalignant processes may mimic metastases

and should be in the differential diagnosis. Infections,

such as viral pneumonias, tuberculosis, fungal infec-

tions including invasive aspergillosis, arteriovenous
Fig. 3. A 47-year-old man with metastatic osteosarcoma.

CT scan in soft tissue windows demonstrates calcification

in one of multiple new pulmonary nodules that were metas-

tases (arrow).
malformations, and Wegener’s granulomatosis with

local hemorrhage can also have a ground glass com-

ponent [26,29].

The diagnosis of metastases can be readily iden-

tified in a patient with osteosarcoma or chondrosar-

coma and new calcified nodules (Fig. 3). Without

prior radiographs available to show that a nodule

is new, however, other diagnoses should include

granulomatous disease, amyloidosis, or a hamartoma.

Metastatic mucinous adenocarcinoma originating

from the pancreas, small bowel, or ovary, thyroid car-

cinoma, and on rare occasion sarcomas and chorio-

carcinoma may also contain calcifications [31–36].

Multiple cavitary metastases are more commonly

associated with squamous cell carcinoma but may

also be seen with transitional cell carcinoma of the

bladder, adenocarcinomas (Fig. 4), sarcomas (Fig. 5),

and lymphoma [37–42]. Cavitation of metastases

may be seen before therapy but may also reflect
Fig. 5. A 28-year-old woman with history of metastatic soft

tissue sarcoma to the lungs. CT scan of the thorax shows

multiple solid and cavitary (arrows) nodules.



Fig. 6. A 34-year-old woman with metastatic osteosarcoma. (A) CT scan of the lungs shows elongated nodules extending from

normal-sized vessels consistent with tumor emboli (arrows). (B) CT scan of the lower lobes shows a branching tumor embolus

in an intermediate-sized vessel (arrow).
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response following chemotherapy [39,43]. The initial

finding of multiple cavitary nodules does not nec-

essarily suggest tumor [44–46]. Inflammatory dis-

eases, such as Wegener’s granulomatosis, rheumatoid

arthritis, eosinophilic granulomatosis, and amyloid

may present with numerous cavitary nodules. Pulmo-

nary infections should also be considered, such as

fungal infection, mycobacterial disease, septic em-

boli, and tracheobronchial papillomatosis.

Tumor emboli are the result of hematogenous

metastases that occlude and enlarge within the pul-

monary arteries. On CT they appear as branching

nodular enlargement of small- to medium-sized ves-

sels (Fig. 6) [47]. This unusual pattern of metastases

is seen with tumors that commonly reach the lungs

hematogenously, such as sarcoma, renal cell carci-

noma, hepatoma, and melanoma. Complete arteriole

occlusion with subsequent infarction may develop

and present with distal parenchymal ground glass

or consolidation mimicking a Hamptom’s hump

[47,48]. Microscopic emboli resulting in idiopathic

cor pulmonale is a rare complication associated with

tumors from the breast, liver, and gastrointestinal

tract. Frequently, the lungs are clear on chest radio-

graph and CT [25]. On rare occasion CT may show

evidence of interstitial disease consistent with asso-

ciated lymphangitic involvement [49]. Angiography

may be normal or show delayed vessel filling [50].

Ventilation perfusion scanning may demonstrate mul-

tiple subsegmental perfusion defects [50,51].
Endobronchial metastases

The endobronchial metastases are rare with a re-

ported incidence of 2% [52]. Renal cell carcinoma is

the most common tumor to metastasize to the airways
[42,53,54]. Other tumors with potential for airways

involvement include melanoma; lymphoma; and

tumors of the breast, larynx, thyroid, and colon

[42,52–55]. Patients with tumor involvement of the

airways frequently have metastases to other areas of

the thorax including the lymph nodes and pulmonary

parenchyma [53]. The proximal airways are most

commonly involved (Fig. 7). Complete occlusion of-

ten results in poor clearance and mucus filling of

the distal airways. On CT, these occluded airways

give the appearance of branching opaque structures

that are separate and parallel to the vasculature.

Occluded branching airways have been likened to a

‘‘finger-in-glove’’ on chest radiograph. If airway

plugging extends into the subpleural level a tree-in-

bud pattern can be seen on CT scan (see Fig. 7).
Pulmonary lymphangitic carcinomatosis

Lymphangitic tumor involvement of the lungs

predominately affects the pulmonary lymphatics;

capillaries; and surrounding interstitium of the bron-

chovascular bundles, interlobular septa, and pleura

[18,56]. The patterns most frequently found on

HRCT include thickening of the interlobular septa

resulting in reticular lines and polygonal structures

(Fig. 8), and the bronchovascular interstitium, result-

ing in centrilobular nodules [18,57]. Thickened in-

terstitial compartments can be smooth or nodular

[18,58]. A smooth pattern may be the result of direct

tumor infiltration in the interstitium, lymphatics, and

capillaries; obstructed and dilated lymphatics; or the

result of interstitial edema from more proximal tumor

obstruction of lymphatics (ie, with hilar or media-

stinal lymphadenopathy) [56,59]. Nodular lymphan-

gitic disease, described as the ‘‘beaded septum sign’’



Fig. 7. A 69-year-old man with metastatic Hürthle cell carcinoma. (A) An endobronchial metastasis partially occludes

the bronchus to the superior segment of the left lower lobe (arrow). (B) Contralateral right lower lobe segmental bronchus

also shows endobronchial metastasis (arrow). Large lobulated branching opacity distal to endobronchial mass is consistent

with tumor or debris filling the distal airways. (C) Subpleural branching opacity (arrow) corresponds to dilated and oc-

cluded bronchiole.
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[18,60] on CT, is more indicative of direct tumor

deposition in the interstitium and lymphatics. Malig-

nancies commonly associated with lymphangitic car-

cinomatosis in the lungs include adenocarcinomas

from lung, breast, and gastrointestinal tract; mela-

noma; lymphoma; and leukemia [25,56,59,61,62].

Disease may initially reach the lungs either by em-

bolic spread or direct extension from hilar lymphatic

disease [49,63]. On chest radiograph the pattern fre-

quently resembles edema with thickening of the

perihilar bronchovasculature and subpleural Kerley’s

B lines [56,59]. Frequently, however, the distribution
is asymmetric, which should raise the suspicion for

the presence of neoplasm.

CT and HRCT are more sensitive and specific in

identifying lymphangitic involvement [56]. A study

by Hirakata et al [25], however, showed that the

degree of pulmonary involvement detected by HRCT

is limited when compared with histopathology. Dis-

tribution of interstitial involvement can extend from

the perihilar axial interstitium to the subpleural in-

terlobular septa and also involve the subpleural inter-

stitium leading to thickened fissures [59,64]. Johkoh

et al [64] correlated HRCT findings to those on



Fig. 8. A 49-year-old man with metastatic lung adenocarci-

noma. High-resolution CT scan shows thickened interlobular

septa (arrowheads) and centrilobular nodules (arrows) in

preserved lung architecture.

Fig. 9. A 25-year-old woman with Hodgkin’s lymphoma of

the lungs. CT scan of intermediate windows shows com-

bination of consolidation in the lingula and cavitary nodules

in the right lung (arrows). Endobronchial mass (curved

arrow) is also present in the left lower lobe bronchus.
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histopathology. They found that the distribution in

most patients with lymphangitic carcinomatosis was

in the perihilar axial interstitium. Other interstitial

diseases may resemble lymphangitic carcinomatosis

(LCA) including sarcoidosis and lymphoma. The

distribution of disease and pattern of associated nod-

ules may help distinguish one disorder from another.

Honda et al [65] found that LCA had a tendency to

involve the subpleural interstitial spaces more fre-

quently than sarcoidosis, which tended to be more

symmetric and in the upper lungs.
Fig. 10. A 73-year-old man with history of bronchioloal-

veolar cell carcinoma of the left lung. CT scan shows mul-

tiple ground glass nodules, some of which show central

lucencies or cysts (arrow).
Metastases with airspace or mixed parenchymal

patterns

Lymphoma involvement of the lungs may be

mixed and show a combination of consolidative,

nodular, or interstitial involvement (Fig. 9) [61]. The

latter form commonly is seen as an extension of

tumor along the axial bronchovascular interstitium

from hilar lymphatic disease or from an adjacent

pulmonary mass. The presence of an air bronchogram

is commonly seen in both consolidative and nodular

forms. Cavitation of nodules may occur (see Fig. 9).

The presence of lymphadenopathy may help in

the differential diagnosis, especially with Hodgkin’s

disease. Lymphadenopathy may not necessarily be

present, however, with primary non-Hodgkin’s in-

volvement of the lungs [61,66].

The consolidative form of adenocarcinoma and

its subtype, bronchoalveolar cell carcinoma, is often

initially misdiagnosed as lobar pneumonia. Many

patients present with fever, cough, and systemic
symptoms consistent with infection (which they can

have superimposed on their tumor) [67]. Coexisting

pulmonary findings, such as associated subcentimeter

nodules (which can be ground glass and cavitary) or

scattered areas of ground glass, should raise one’s

suspicion for malignancy. On rare occasion cyst-like

changes in the consolidation or nodules (Fig. 10)

may develop [68]. This may be mistaken for bron-

chiectasis or cavitation from necrosis. The pattern of

ground glass with septal thickening mimicking a

crazy-paving is an unusual pattern for metastatic

adenocarcinoma but is well described [67,69].
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Kaposi’s sarcoma involvement of the lungs

commonly includes mediastinal and hilar lymphade-

nopathy. Tumor tends to extend along the broncho-

vasculature into the parenchyma. Multiple flame-

shaped lesions or nodules with ill-defined borders or

ground glass develop in the same distribution and

commonly contain an air-bronchogram [27,70]. Other

manifestations, however, include single pulmonary

nodule, pleural effusion, or tracheal and bronchial

lesions [70].
Fluorodeoxyglucose positron emission

tomography and pulmonary metastases

The detection of thoracic metastases from all tu-

mor sources has not been completely evaluated by

fluorodeoxyglucose (FDG) positron emission tomog-

raphy (PET) in the current literature. Results that are

available, however, show that PET can be useful for

the detection of thoracic metastases for tumors, such

as melanoma, colon, and breast. The major weakness

to the use of PET imaging is the nodule size threshold

for detection. Limitations exist when metastases are

less than 1 cm. PET imaging should be used with the

accompaniment of imaging with excellent anatomic

resolution, such as CT. For example, Majhail et al

[71] evaluated the FDG-PET scans of 24 patients with

renal cell carcinoma and suspected metastatic dis-

ease. Because PET was not able to detect subcenti-

meter nodules, the sensitivity of this modality was

a mere 64%. The specificity, however, was 100%.

Imdahl et al [72] reported PET sensitivity of

100% and specificity of 98% for the detection of

colon metastases. Comparison CT was 87% sensitive

and 91% specific. In their study, five patients had un-

suspected pulmonary metastases that were only iden-

tified on FDG-PET. In 16 patients, management was

altered because of overall results from PET scans.

A similar trend in detecting metastases has been

reported with metastatic melanoma. Rinne et al [73]

found that FDG-PET was less sensitive than CT for

detecting small pulmonary nodules. PET was only

70% sensitive compared with 87% for CT. On a

per patient basis in which PET was evaluated for

detecting all metastases, however, the sensitivity

jumped to 100%, with 96% specificity.

FDG-PET is useful in detecting distant metasta-

ses and recurrent disease in patients with breast

cancer. According to a prospective study of 117 pa-

tients by Schirrmeister et al [74], FDG-PET was com-

pared with conventional imaging for detection and

staging of breast cancer. They report a PET sensitivity

of 100% for detecting distant metastases. Pulmonary
metastases of seven patients were detected by PET,

five of which were not identified on chest radiograph.

Other studies have shown less promising results

with PET. Lucas et al [75] evaluated PET in 62 pa-

tients who were evaluated after treatment for soft

tissue sarcomas. The sensitivity of PETwas 87% with

a specificity of 100% in detecting pulmonary metas-

tases. This compared with CT that was 100% sen-

sitive and 94% specific. PET, however, identified

additional unsuspected metastases. The authors rec-

ommend that both modalities, PET and CT, be used

as complementary imaging. Results have been mixed

with the detection of carcinoid tumor. Although Ma-

rom et al [76] have shown that carcinoid can be

identified as a malignant focus on FDG-PET, other

studies have shown instances of false-negative re-

sults [77,78].
Lymph node metastases in the thorax

The detection of unsuspected distant lymph node

disease has a significant impact on patient staging and

prognosis. On chest radiograph, multiple pulmonary

nodules are the most common manifestation of intra-

thoracic metastases followed by lymph node disease

[41,79–81]. Tumors that most frequently have me-

tastases identifiable by chest radiograph include renal

and other genitourinary tumors, melanoma, breast,

and head and neck tumors. Distribution of lymph-

adenopathy most commonly identified on radio-

graph is in the mediastinum, especially in the right

paratracheal region [79].

Numerous studies on lung cancer imaging have

demonstrated that CT is superior to chest radiographs

in detecting lymph node metastases disease. Williams

et al [82] demonstrated CT was superior to chest

radiograph in the detection of metastatic testicular

seminoma. By chest radiograph, metastases were

found in 25 of 200 patients. This included mediasti-

nal lymph nodes in 17, pulmonary metastases in 7,

pleural effusions in 5, and pleural masses in 2 pa-

tients. By CT, however, metastases were found in

30 patients including 21 with mediastinal nodes,

12 with lung metastases, 6 with pleural effusions,

and 2 with pleural masses. CT showed disease in

five patients who had normal chest radiographs and

revealed additional metastases in four patients with

abnormal radiographs.

The characterization of lymph node disease by CT

is limited by the use of a size threshold to detect

abnormal nodes. Lymph nodes are interpreted as

abnormal if the short axis diameter is greater than

1 cm. Because of this use of size criteria, enlarged



Fig. 11. A 55-year-old man with newly diagnosed right upper lobe mass. (A) Lung windows show primary tumor (arrow) in right

upper lobe. (B) CT scan shows normal-size subcarinal lymph node (arrow). (C) Fusion CT and PET image from dual scanner

demonstrates increased FDG uptake in subcarinal lymph node (arrow) consistent with metastatic nodal disease.
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lymph nodes caused by inflammatory or infectious

disease are frequently interpreted as neoplastic. Early

metastases in normal-sized lymph nodes are not

detected on CT. FDG-PET has improved the speci-

ficity of lymph node disease detection by better iden-

tifying lymph node involvement with tumor based

on tumor glycolysis rather than using morphologic

size criteria (Fig. 11). For instance, Eubank et al [83]

found PET more accurate in detecting metastatic

breast cancer to the mediastinum and internal mam-

mary lymph nodes than CT. PET was 88% accurate

compared with CT, which was 73% accurate. Other

studies have demonstrated that PET is useful in de-

tecting metastases from the abdomen and lung [84].

PET, however, also has size limitations. Because of

limitations in camera resolution, metastatic lymph

nodes that measure 5 mm or smaller may not be

consistently detected [85]. For instance, although

FDG-PET is useful for detecting distant metastases in

patients with breast cancer, studies have shown that

FDG-PET is extremely limited in detecting sentinel
node involvement, and should not be the study of

choice for axillary lymph node staging. Studies have

shown that PET sensitivity for the detection of

sentinel node disease is as low as 20% [86,87].

FDG-PET imaging has improved the radiologic

staging of lung cancer because of its reliance on

increased metabolism [88]. The added application of

fusion imaging has shown even better sensitivity and

specificity for the detection of lymph node metasta-

ses and recurrent tumor [85,89]. A study by Lardinois

et al [85] has shown that the accuracy in lymph node

detection and lung cancer staging significantly im-

proved with dual CT-PET imaging in which images

were fused.
Pleural metastatic disease

Twenty-two percent of newly diagnosed pleural

effusions identified by chest radiograph in adults are

malignant in origin [90]. The likelihood of malig-



Fig. 12. A 71-year-old woman with biopsy-proved meta-

static non–small cell lung carcinoma of the left pleural

space. Real-time ultrasound of the pleura demonstrates pa-

rietal pleural thickening (curved arrow) and a soft tissue

pleural mass overlying the diaphragm (arrows). (Courtesy

of Michael Maher, MD, Boston, MA.)
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nancy in a newly diagnosed unilateral pleural ef-

fusion increases with a patient’s age and the size of

the effusion [90,91]. According to Blackman and

Rabin [92], 50% of patients with bilateral pleural

effusions and normal heart size have malignancy.

Metastatic adenocarcinoma is responsible for most

(80%) malignant pleural effusions; however, in 7% to

10%, the primary site remains unknown [93–95].

Bronchogenic cancer accounts as the source in 36%

to 43% of malignant pleural effusions followed by

breast cancer at 9% to 25% and lymphoma at 7% to

10% [94,95].

The upright chest radiograph is the first imaging

modality in the evaluation of a pleural effusion, al-

though it is limited in detecting small volumes. Ac-

cording to Blackmore et al [96], the smallest amount

of fluid detected is 50 mL when a meniscus sign at

the costophrenic angle is identified on a lateral chest

film. The approximate volume of fluid identified

on a posteroanterior radiograph is 200 mL when a

meniscus sign is present. At a volume of 500 mL, an

effusion usually obscures the diaphragm. Other

studies have shown that lateral decubitus films can

detect as little as 5 mL of fluid; however, this tech-

nique is often limited if dense soft tissue, bedding,

or clothing overlie the targeted dependent lateral

thorax [97].

Few published reports have assessed the chest

radiograph in evaluating the incidence of malignant

effusions for specific tumor types outside of lym-

phoma. On chest radiographs, the incidence of pleural

effusion in patients with primary Hodgkin’s disease

is 7% to 13% [98–100] and 10% in patients with

primary non-Hodgkin’s lymphoma [99,101]. With the

use of cross-sectional CT, the sensitivity of detecting

metastases in the thorax increased. For instance, Filly

et al [99] reported that 80% their patients with

primary Hodgkin’s disease and pleural effusion also

had lymphadenopathy on chest radiograph. Castellino

[100] reported a 100% incidence on CT.

Ultrasound is sensitive in the detection and quan-

tification of pleural effusions [102,103]. Yang et al

[104] found ultrasound useful in characterizing the

nature of pleural effusions. Transudates were usually

anechoic. Although exudative effusions could also

appear anechoic, fluid that was complex, homoge-

nous echogenic, or contained complex septations was

specific for an exudate. Associated findings including

pleura thickening or underlying pulmonary lesions

also indicated an exudate. In their study, only the

presence of pleural nodules was useful in detecting

malignancy in the pleural space (Fig. 12). Gorg et al

[105] reported similar results on ultrasound and found

that only the presence of pleural masses was specific
for malignancy. According to a study by Bradley and

Metreweli [106], ultrasound imaging of the pleura

was useful in evaluating malignant effusions by both

distinguishing benign from malignant pleural masses

and providing real-time guidance for needle place-

ment during percutaneous biopsy. For instance, real-

time imaging assisted in detecting benign vascular

abnormalities, which were readily identified as an-

echoic and pulsatile. Malignant tumors showed varied

echogenicity indicating soft tissue consistency. Other

ultrasound findings that correlated to malignancy in-

cluded interruption of the pleural line (90%) and

decreased motion in the mass with respiration.

Although the spatial resolution of CT is excellent,

studies with surgical correlation have shown that

small pleural tumor deposits can be missed [107].

According to Akaogi et al [108], the presence of

small nodules in the interlobar fissures in a patient

with lung cancer without an effusion may be the

only indication of pleural involvement. Malignant

effusions frequently do not demonstrate any pleural

changes on contrast-enhanced CT. Approximately

50% of malignant effusions resemble a simple tran-

sudative effusion without pleural changes [107,109].

The absence of associated pleural thickening or nodu-

larity does not exclude neoplasia. Several studies

have evaluated the use of CT in establishing crite-

ria for detecting malignant pleural disease [107,

109–112]. Arenas-Jimenez et al [107] found that

pleural nodules and nodular pleural thickening were

the most sensitive and specific findings for malignant

pleural effusion (Fig. 13). The finding of mediasti-



Fig. 13. A 69-year-old man with history of lung can-

cer. CT scan with intravenous contrast administration

shows a loculated pleural effusion with pleural enhance-

ment (arrow). Pleural biopsy retrieved during thoracoscopy

and pleurodesis showed metastatic adenocarcinoma.
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nal and circumferential pleural thickening was also

more frequent in malignant disease but could be seen

with an empyema. Associated findings, such as the

presence of a pulmonary mass or nodules, enlarged

mediastinal lymph nodes, chest wall mass, and liver

nodules, helped confirm any radiologic suspicion.

In patients with lymphoma, ancillary findings of

extrapleural tumor or enlarged lymph nodes in the

extrapleural space on CT may also help explain

the source of pleural disease. A study by Aquino

et al [113] found that 41% of patients with lym-

phoma and pleural effusion had abnormal pleural or

extrapleural lymph node disease. Ninety-five per-

cent of the patients with extrapleural tumor had ad-
Fig. 14. A 46-year-old woman with metastatic adenocarcinoma of

with no evidence for pleural nodularity or enhancement. (B) FDG-P

The effusion was metastatic on cytology.
jacent paraspinal and posterior mediastinal lymph

node enlargement.

MR imaging has been reported to be useful in the

detection of pleural malignancy. A study by Falaschi

et al [114] found that MR imaging was equal to CT

in the detection of morphologic changes suggesting

malignant pleural disease. The authors also found

that MR imaging provided additional information

because of changes in signal intensity with malig-

nancy. In six patients, CT was equivocal, whereas

MR imaging information was able to distinguish

benign from malignant disease. The MR imaging

findings they described as most useful were high

signal intensity on proton density weighted and

T2-weighted studies and the use of lesion-to-muscle

ratio in each sequence. Similar results were found

by Hierholzer et al [115]. Both CT and MR imaging

were sensitive (93% and 96%, respectively) in de-

tecting morphologic changes of malignant pleural

disease (ie, mediastinal pleural thickening, nodu-

larity, irregular pleural contour, and infiltration of

the chest wall or diaphragm). MR imaging was able

to display increase signal indicating malignancy in

T2-weighted and contrast-enhanced T1-weighted

series with sensitivities of 91% and 93%, respec-

tively. No significant features were found on non–

contrast enhanced T1-weighted images.

As a general imaging tool for routine pretreat-

ment evaluation of thoracic malignancy CT is more

practical and cost effective. MR imaging, however,

is more sensitive in detecting tumor involvement of

the chest wall and diaphragm. MR imaging is superior

to CT in the assessment of chest wall and mediastinal
the lung. (A) CT scan shows a left pleural effusion (arrow)

ET scan shows increase uptake in the pleural space (arrows).
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involvement by superior sulcus tumors. Carlsen et al

[116] also found MR imaging useful in the pretreat-

ment assessment of patients with mediastinal lym-

phoma and suspected involvement of the chest wall

and pleura. MR imaging detected chest wall or pleu-

ral malignancy in 22 of 57 patients compared with

CT, which only detected disease in 12 patients.

Studies have shown that FDG-PET is more sen-

sitive than CT in the detection of malignant pleu-

ral disease. Bury et al [117] describe an increase in

FDG uptake in the pleura (Fig. 14) in all 16 patients

with malignant pleural disease. As with most studies

with FDG-PET, infection may mimic malignancy.

In their study, two patients with pleural empyema
Fig. 15. A 75-year-old woman with history of metastatic pleural dise

shows foci of increased attenuation consistent with talc deposits (

space in the same distribution as the talc deposits (arrows). (C) In th

(arrow) adjacent to the linear pleural talc deposits (arrowheads). (

the pleura (arrowheads).
also showed abnormal uptake that mimicked tumor.

Gupta et al [118] reported a sensitivity and specificity

of 88.8% and 94.1% of FDG-PET in correctly

distinguishing benign from malignant pleural disease

in patients with lung cancer. Extra care should be

taken when interpreting any FDG-PET scan of a pa-

tient with malignant pleural disease who was

previously treated by talc pleurodesis. Talc, which

causes a chronic granulomatous response in the pleu-

ral space, appears intensely hot on FDG-PET and

mimics tumor [119]. Careful correlation of PET find-

ings with CT for detection of pleural foci of in-

creased attenuation is necessary to distinguish these

abnormal foci on PET from true neoplasm (Fig. 15).
ase and prior talc pleurodesis in the right thorax. (A) CT scan

arrows). (B) FDG-PET shows intense uptake in the pleural

e lower thorax there is a large focus of increased FDG uptake

D) CT shows a metastatic focus (arrow) and adjacent talc in
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This abnormal uptake does not resolve over time and

detection of areas of new increased FDG uptake

suggests recurrent disease.
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This article discusses the role of radiology in the

evaluation of patients with community-acquired

pneumonia. The experience the authors have gained

in working more than 20 years in a large city county

public hospital has helped them write this article. In

addition, this article is an outgrowth of a popular

course given for several years at the Radiologic

Society of North America in Chicago. There are few

recent scientific articles written on the radiology of

community-acquired pneumonia. Much of the mate-

rial contained in this article has been gathered from

a few excellent textbooks on chest radiology. For

further reading and a more complete discussion of

community-acquired pneumonia, the reader is di-

rected to any of the quoted articles. The best sources

for information on community-acquired pneumonia

are chapter 5 on ‘‘Pulmonary Infection’’ in the text-

book by Muller et al [1], and a great article by Gharib

and Stern [2].

In the United States pneumonia is the sixth

leading cause of death and the number one cause

of death from infection. The diagnosis of a lower

respiratory infection is based on a careful clinical

evaluation, plus appropriate radiographic and labo-

ratory studies. Pulmonary infections should be

thought of as occurring in various clinical subsets:

community acquired, nosocomial, and immunocom-

promised patient populations. These clinical features

should be correlated with the chest radiographic

features to limit the differential diagnosis of possible

causative pathogens. This approach is not foolproof
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because many patients are in overlap categories and

many pathogens can have overlapping features, but

a systematic approach can help the radiologist limit

the differential diagnosis of patients with lower re-

spiratory infections [2,3].

The basic and most used imaging tool to diagnose

pneumonia is the chest radiograph. Pulmonary in-

fections are the most common reason for obtaining a

chest radiograph. The chest radiograph is often

regarded as the reference standard for the diagnosis

of community-acquired pneumonia. CT is used fur-

ther to characterize complex pneumonias, look for

complications, or detect underlying disease within

the lung or mediastinum. CT can also detect some

pneumonias that are not visible on chest radiograph.

CT plays an important role in differentiating lung

abscess from empyema [3].

The etiology of community-acquired pneumonia

varies widely according to the different reviews pub-

lished. It is influenced by the geographic area, the

population studied, and the diagnostic methods used.

The most common bacterial agents responsible for

community-acquired pneumonia are Streptococcus

pneumoniae, Mycoplasma pneumoniae, Chlamydia

pneumoniae, and Legionella pneumophila. Staphy-

lococcus aureus may complicate viral pneumonia.

Community-acquired pneumonia may be caused by

gram-negative organisms in elderly patients, alco-

holics, patients with cardiopulmonary disease, and

by the widespread use of broad-spectrum antibiotics.

Other authors may list viral pneumonia as the sec-

ond most common cause of community-acquired

pneumonia and include Haemophilus influenza as

the third most common organism. Most patients

suspected of having pneumonia are started on an
43 (2005) 497 – 512
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antibiotic that covers a number of common organisms

and the treatment is not altered if the patient does

well. In addition, most patients do not have a positive

culture to guide the antibiotic treatment. Although

sputum cultures and blood cultures are often obtained

at the time of admission, their results are not positive

or helpful in most cases. Further evaluation with

bronchoscopy, pleural fluid analysis, pulmonary con-

sultation, repeat chest radiographs, chest CT, and

repeat blood cultures is usually not obtained until

the patient fails initial treatment [3,4].
Patterns of pulmonary infection

Infection of the lungs can be confined to the air-

ways or to the lung parenchyma. The patterns of

infection in the lung parenchyma can be divided into

radiologic patterns: lobar (nonsegmental) pneumonia;

bronchopneumonia (lobular pneumonia); and inter-

stitial pneumonia. These patterns can be recognized

with sufficient frequency and are associated with dif-

ferent causative organisms in enough cases that their

recognition is useful diagnostically. For example,

lobar pneumonia is usually of bacterial origin, most

commonly S pneumoniae or Klebsiella pneumoniae,

whereas diffuse interstitial pneumonia most com-

monly results from Pneumocystis carinii [1–3,5].

There are, however, limitations to the pattern ap-

proach. There is variation in the radiologic manifes-

tations of pneumonia caused by specific organisms,

and sometimes it is not possible to fit an individual

case into the categories of lobar pneumonia, bron-

chopneumonia, and interstitial pneumonia. Many
Fig. 1. Right upper lobe pneumonia caused by S pneumoniae. Po

demonstrating air bronchogram.
factors can modify the radiologic manifestations of

pulmonary infection, including the age and immuno-

logic status of the patient and the state of the un-

derlying lung. In addition, the radiographic pattern

can be different through the time course of the infec-

tion, with opacities often becoming more confluent

as the infection worsens [3].

Infection involving predominantly the airways

may be limited to the trachea, bronchi, or bronchi-

oles. Viral and mycoplasmal organisms are the most

frequent pathogenic agents. Bronchiolitis may be

associated with a normal radiograph or may result in

accentuation of lung markings or a reticulonodular

pattern. The pattern of centrilobular nodular and

branching linear opacities has been referred to as

‘‘tree-in-bud’’ and is seen most commonly in

infectious bronchiolitis and endobronchial spread

of tuberculosis or other mycobacterial infection.

Lobar pneumonia

Lobar consolidation involving single or, less com-

monly, multiple lobes is the most common pattern

of presentation of community-acquired pneumococ-

cal pneumonia in patients requiring hospitalization.

Lobar pneumonia can occur with other organisms.

Lobar pneumonia is a result of the rapid production

of edema fluid with relatively minimal cellular re-

action, occurring initially and primarily in the pe-

riphery of the lung, then spreading from acinus to

acinus. Radiographically, lobar pneumonia is mani-

fested by nonsegmental, homogenous consolida-

tion involving predominantly or exclusively one lobe

(Fig. 1). The larger bronchi often remain patent and

air containing, creating an air bronchogram [1,2,5].
steroanterior (PA) chest (A) and CT scan (B) soft windows



Fig. 2. Lung abscess. (A) PA chest. (B) CT scan.

Fig. 3. CT scan of empyema.
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Bronchopneumonia

Bronchopneumonia is exemplified by infection

with S aureus, most gram-negative bacteria, and some

fungi. Bronchopneumonia infections are centered

on large inflamed airways with patchy involvement

and a subsequent patchy appearance. Radiographi-

cally mild bronchopneumonia results in peribronchial

thickening and poorly defined air-space opacities.

More severe disease results in inhomogeneous,

patchy areas of consolidation that usually involve

several lobes. Consolidation involving the terminal

and respiratory bronchioles and adjacent alveoli

results in poorly defined centrilobular nodular opaci-

ties measuring 4 to 10 mm in diameter (air-space

nodules); extension to involve the entire secondary

lobule (lobular consolidation) may be seen [1,2,6].

Interstitial pneumonia

Interstitial pneumonia is caused typically by

viruses, mycoplasma, or P carinii. The pattern is

characterized by edema and an inflammatory cellular

infiltrate situated predominantly in the interstitial

tissue of the alveolar septa and surrounding small

airways and vessels. The radiographic manifestations

of interstitial pneumonia resulting from viral or my-

coplasma infection consist of a reticular or reticu-

lonodular pattern [1,2].

Pulmonary abscess

Pulmonary abscesses vary in size from those that

can be seen only with the microscope to those that

occupy a large area of a pulmonary lobe. The radio-

logic manifestations consist of single or multiple
cavities that may be isolated or occur within areas of

consolidation. The internal margins of the abscesses

are smooth in most abscesses and irregular in ap-

proximately 10% of cases. Air-fluid levels are present

in most cases, and adjacent parenchymal consoli-

dation occurs in nearly half of the cases (Fig. 2).

Anaerobic bacteria are often the cause. Other rela-

tively common agents are S aureus and Pseudomonas

aeruginosa. Pulmonary gangrene is manifest by the

development of fragments of necrotic lung within

an abscess cavity [7].

Empyema

Empyema is the presence of infection in the

pleural space. Most pleural effusions associated with

pneumonia are sterile sympathetic effusions (Fig. 3).

If the course of the pneumonia is prolonged the
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pleural effusion is usually sampled. There are three

stages in the development of empyema. In the first

stage the fluid is free flowing. In the second stage

the fluid develops within it fibrous strands. The third

stage of an empyema is the development of more

solid material within the pleural space, almost jelly-

like. These stages are important to recognize because

they affect what methods may be needed to remove

or sample the empyema. In the first stage the empy-

ema may be treated with repeated needle aspiration

or small pleural drain if needed. The second stage

may need a large-bore chest tube and fibrolytic ther-

apy. The third stage may require surgical interven-

tion with thoracoscopy or thoracotomy [7].

Differentiating empyema from a pulmonary ab-

scess is often possible on the chest radiograph. An

abscess usually is rounded and if it has an air-fluid

level, the length of the level is equal on the postero-

anterior and lateral chest radiograph. An empyema

usually assumes the shape of the pleural space. If

there is an air-fluid level associated with the empy-

ema the air-fluid level is usually longer on the lateral

film. CT can be used to aid in the differentiation of

a lung abscess and an empyema. A lung abscess

usually forms in the center of an infected portion of

lung and on CT a lung abscess usually has surround-

ing it a rim of lung, and because it forms within the

lung, the abscess usually has an acute angle versus an

obtuse angle with the chest wall as with an empyema.

An empyema forms outside the lung parenchyma

and often there is an area of compressed lung on

one side and inflamed pleura on the other. In addi-

tion, the thickened and enhancing parietal and

visceral pleura are separated by the empyema giving

rise to the ‘‘split pleura sign’’ of empyema. Occa-

sionally, it can be very difficult to distinguish all

components of a complex pleura-parenchymal ab-

scess or empyema especially when an abscess is ad-

jacent to the edge of the lung and has necrosed into

the pleural space with resulting empyema. This may

be a moot point because both empyema and lung

abscesses can be drained if clinically needed [7].

Pneumatocele

Pneumatoceles are thin-walled, gas-filled spaces

that usually develop in association with infection;

characteristically, they increase in size over days to

weeks and almost invariably resolve.

Pneumonia in the elderly

Community-acquired pneumonia in the elderly

has a different clinical presentation than community-
acquired pneumonia in other age groups. Confusion,

alteration of functional physical capacity, and de-

compensation of underlying illnesses may appear

as unique manifestations. Usually, the clinical pic-

ture is incomplete and both fever and cough can

be absent. The incomplete clinical picture of

community-acquired pneumonia in the elderly may

be associated with a delay in establishing the di-

agnosis and, consequently, starting antibiotic ther-

apy. The delay in diagnosis and treatment may

contribute to the higher observed death rate in the

elderly [8].
Bacterial pneumonia

Streptococcus pneumoniae

S pneumoniae is the most commonly identified

pathogenic organism in patients admitted to the hos-

pital for pneumonia, accounting for 40% of all iso-

lated species. The clinical presentation is an abrupt

onset of fever, chills, cough, and chest pain, often

associated with bloody or rusty sputum. The most

common radiographic pattern in pneumococcal pneu-

monia is a homogeneous, nonsegmental consolida-

tion with air bronchograms. The lobar consolidation

may involve single or multiple lobes. Occasionally,

it may present as a round pneumonia, although

this pattern is more common in children (Fig. 4). A

pattern of bronchopneumonia can occur with cavi-

tation, pulmonary gangrene, and pneumatocele for-

mation being uncommon. Pleural effusion can be

seen in at least 10% of patients and is more common

in more severe pneumonia [1,2,5,6,9].
Staphylococcus aureus

S aureus is an uncommon cause of community-

acquired pneumonia, accounting for only about 3%

of all cases. It is an important cause of nosocomial

pneumonia, especially in the intensive care unit. The

parenchymal consolidation in acute staphylococcal

bronchopneumonia is typically segmental in distri-

bution. Depending on the severity the process may

be patchy or homogeneous, representing confluent

bronchopneumonia. Inflammatory exudate fills the

airways and segmental atelectasis occurs and an

air bronchogram is usually not visible. Abscesses

develop in 15% to 30% of patients. Pneumatocele

formation also is common, occurring in about 50%

of children and 15% of adults. Pleural effusions oc-



Fig. 4. Round pneumonia caused by S pneumoniae. (A) PA chest. (B) CT scan.
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cur in 30% to 50% of patients with approximately

half representing empyema [1,2,5].
Klebsiella pneumoniae

K pneumoniae is an acute air-space pneumonia

that is an uncommon community-acquired pneumo-

nia but a common nosocomial infection. Typically,

K pneumoniae causes acute pneumonia in men in

their 50s who are chronic alcoholics. K pneumoniae

shows the same general radiographic features as

pneumococcal pneumonia, a homogeneous lobar pa-

renchymal consolidation containing an air broncho-

gram. Compared with pneumococcal pneumonia,

acute K pneumoniae has a greater tendency for the

formation of voluminous inflammatory exudate

leading to lobar expansion with resulting bulging of

interlobar fissures, a greater tendency for abscess

and cavity formation, and a greater frequency of

pleural effusion and empyema [1,2,5].
Haemophilus influenza

H influenza is responsible for about 5% to 20% of

community-acquired pneumonias in patients in whom

an organism can be identified. It is an important cause

of nosocomial pneumonia. The radiologic manifes-

tations are variable but it predominately presents as

bronchopneumonia, consisting of areas of consoli-

dation in a patchy or segmental distribution; less

frequently as nonsegmental air-space consolidation

similar to that of S pneumonia; or a combination
pattern. A reticular or reticulonodular interstitial

pattern, by itself or in combination with air-space

consolidation, occurs in 15% to 30% of cases. Cavi-

tation has been reported in 15% or less of cases.

Pleural effusion has been reported in approximately

50%. Empyema is uncommon [1,2,5].

Legionella pneumophila

L pneumophila is found in 2% to 25% of patients

hospitalized for pneumonia. Legionnaires’ disease

shows a propensity for older men who may have

underlying disease, such as chronic obstructive pul-

monary disease and malignancy. Outbreaks can re-

sult from contaminated air conditioning systems,

cooling towers, hot water storage tanks, and shower

heads. The characteristic radiographic pattern is one

of air-space consolidation that is initially peripheral

and sublobar, similar to that seen in acute S pneumo-

niae pneumonia (Fig. 5). The progression is usually

rapid with complete lobar involvement within a few

days. Cavitation is rare. Pleural effusion may occur

in up to half of the cases [1,2,5].

Mycoplasma pneumoniae

M pneumoniae is one of the more common causes

of community-acquired pneumonia, accounting for

an estimated 10% to 15% of cases in the population

as a whole and 50% of cases in specific groups,

such as military recruits. M pneumoniae often is clas-

sified as an atypical pneumonia because the clinical

presentation more closely resembles a systemic viral



Fig. 5. Multilobar Legionella pneumonia.
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infection than a typical community-acquired pneumo-

nia. Infections occur throughout the year, with a peak

during the autumn and early winter. The patient

usually has the gradual onset of fever, nonproductive

cough, headache, malaise, and occasionally chills.

The radiologic pattern of acute mycoplasmal pneu-

monia may be indistinguishable from that of many

viral or bacterial pneumonias, the manifestations

consisting of interstitial or air-space opacities or a

combination of both. In the early stages, the inter-

stitial inflammation causes a fine reticular pattern,

followed by signs of air-space consolidation in a

patchy distribution. The radiographic findings may

be unilateral or bilateral segmental or lobar air-space

consolidation and less commonly a diffuse reticulo-

nodular pattern with no evidence of air-space opaci-

fication. The high-resolution CT (HRCT) findings

of mycoplasmal pneumonia consist of centrilobular

nodular and branching linear opacities in a patchy

distribution, thickening of the bronchovascular bun-

dles, and areas of lobular or segmental consolidation.

Pleural effusions are uncommon and small [1,2,5,10].
Chlamydia pneumoniae

C pneumoniae is a common cause of community-

acquired pneumonia and a principal symptom of

cough lasting longer than 2 weeks. The most frequent

clinical manifestations are sore throat, nonproductive

cough, and fever. The most common radiographic

finding is air-space consolidation with interstitial

infiltrates, combined interstitial and air-space infil-
trates, pleural effusion, and a normal radiograph

being much less frequent [1,2,5].

Escherichia coli

Escherichia coli accounts for about 5% to 20%

of cases of pneumonia acquired in a hospital or a

nursing home. The radiologic manifestations usually

are those of bronchopneumonia [1,2].

Pseudomonas aeruginosa

P aeruginosa pneumonia is the most common

and most lethal form of nosocomial pulmonary infec-

tion. The organism is the cause of approximately

20% of nosocomial pneumonia in adult patients in

the intensive care unit. The radiologic manifestations

of P aeruginosa pneumonia are usually those of

bronchopneumonia, consisting of multifocal bilateral

areas of consolidation [1,2].

Anaerobic bacteria

Anaerobic bacteria usually cause polymicrobial

infections. Among all patients admitted to hospital

with pneumonia, anaerobic bacteria are isolated in

approximately 20% to 35%, the organisms being sec-

ond only to S pneumoniae as a cause of community-

acquired pneumonia. Anaerobes are an important

cause of nosocomial infection. The radiographic

pattern is that of bronchopneumonia, ranging from

localized segmental areas of consolidation to bilat-

eral, confluent consolidation. Cavitation is common,

seen in as many as half the cases [1,2].
Primary tuberculosis

Mycobacterium tuberculosis

Tuberculosis is one of the most important infec-

tious diseases. In 1996, 21,337 cases were reported

in the United States (rate, 8 per 100,000). Rates are

much higher in many developing countries. Between

1997 and 2020, close to 1 billion people worldwide

will be infected by Mycobacterium tuberculosis,

and 70 million will die from tuberculosis. Disease

may be associated with progression of the primary

focus of infection (primary tuberculosis) or with the

development of new disease months or years after

healing of the initial infection has occurred (post-

primary tuberculosis) [1,2].
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Primary pulmonary tuberculosis

Primary pulmonary tuberculosis traditionally has

been thought to occur predominantly in children, and

it is particularly prevalent in regions in which the

annual risk of infection is high. With the reduction

in the incidence of tuberculosis and the resulting

increase in the number of nonsensitized individuals,

the primary form of disease seems to have become

more common in adults. As many as 40% of cases of

adult tuberculosis in some populations are recently

acquired [1,2].

The initial focus of parenchymal disease in

primary tuberculosis is termed the ‘‘Ghon’s focus.’’

It either enlarges as the disease progresses or, more

commonly, undergoes healing. During the early phase

of infection, spread of organisms to regional lymph

nodes by lymphatic channels is common and results

in granulomatous inflammation adjacent to the

lymphatic vessels and in the nodes themselves. The

combination of a Ghon’s focus and affected lymph

nodes is known as the ‘‘Ranke complex’’ [1,2].

Progressive primary tuberculosis occurs in a small

percentage of cases. Adequate cell-mediated immu-

nity does not develop and progressive and symp-

tomatic primary pulmonary disease develops. Local

parenchymal disease spreads in a radiographic pattern

similar to postprimary tuberculosis. Opacities in this

form of disease can cavitate and usually affect the

upper lobes. Miliary disease also can develop in these

patients [1,2].

Most individuals infected with M tuberculosis

do not have radiologic abnormalities. When radio-

graphic abnormalities do occur the parenchyma, me-

diastinal and hilar nodes, the airways, and the pleura

may be involved [1,2].
Parenchymal involvement

In children, air-space consolidation with no sig-

nificant predilection for any particular lung region

was identified in approximately 70% of patients with

bilateral involvement in 15% of cases. In adults, air-

space consolidation without lobar predilection was

found in approximately 90% of patients. Cavitation

has been reported in approximately 2% of children

and 6% of adults. Miliary disease is seen in 3% of

children and 6% of adults [1,2].
Lymph node involvement

Evidence of lymph node enlargement is identi-

fied on the chest radiograph in about 90% of children
who have primary disease. Lymph node enlargement

is seen less commonly in adults (10%–30%). The

lymph node enlargement most commonly is unilateral

and hilar or paratracheal and may be the only

abnormality. The presence of bilateral lymph node

enlargement or lymph node enlargement without

parenchymal consolidation does not exclude tuber-

culosis but this picture is uncommon in adults. On

CT scan, affected lymph nodes often have relatively

low attenuation of the central region and show pe-

ripheral enhancement after intravenous administra-

tion of contrast material [1,2].
Airway involvement

Atelectasis, usually lobar and right-sided, has

been reported in 10% to 30% of children who have

primary tuberculosis. It usually is the result of

bronchial compression by enlarged lymph nodes;

less commonly, endobronchial disease is responsible.

Atelectasis is less common in adults [1,2].
Pleural involvement

Pleural effusions have been reported in 5% to 10%

of children and 30% to 40% of adults who have

primary tuberculosis. They usually are seen in asso-

ciation with parenchymal abnormalities; however, in

about 5% of adults, the effusion is the only radio-

graphic manifestation of the disease [1,2].
Postprimary tuberculosis

The term ‘‘postprimary (secondary, reactivation)

tuberculosis’’ is a clinical and radiologic form of

disease that is correlated with acquired hypersensi-

tivity and immunity. Many cases occur in adults as a

result of reactivation of a focus of infection acquired

earlier in life. Although previously it was believed

that this mechanism was responsible for most cases

of pulmonary tuberculosis, epidemiologic evidence

based on DNA fingerprinting has shown that 30% to

40% of such cases are recently acquired in selected

populations [1,2,5].

In contrast to primary tuberculosis, in which

fibrosis and healing are the rule, postprimary tuber-

culosis tends to progress, foci of inflammation and

necrosis enlarging to occupy ever greater portions of

lung parenchyma. During this process, communica-

tion with airways is frequent, resulting in expulsion

of necrotic material and cavity formation.
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Radiologic manifestations

A characteristic manifestation of postprimary

tuberculosis is its tendency to localize in the apical

and posterior segments of the upper lobes. For

example, in one study of 423 adults who had local

pulmonary tuberculosis, the lesions were predomi-

nantly in the apical and posterior segments of an

upper lobe in 85% and in the superior segment of

one or other lower lobe in 9.5%. In about 70% to

90% of cases, the abnormalities involve more than

one segment.
Air-space consolidation

Focal areas of consolidation are seen in over half

of the patients who have postprimary tuberculosis.

The areas of consolidation have poorly defined mar-

gins, may coalesce, and often have small satellite

foci. HRCT demonstrates a lobular distribution often

sparing adjacent lobules with increased bronchovas-

cular markings leading toward the hilum. Associated

hilar or mediastinal lymph node enlargement is rela-

tively uncommon, being identified on chest radio-

graphs in only 5% to 10% of patients.
Cavitation

Cavitation is identified on chest radiograph in

20% to 45% of patients and in a higher percentage

on CT scans. Eighty percent of the cavities are lo-

cated in the apical and posterior segments of the
Fig. 6. Upper lobe cavities in tuberculosis.
upper lobes and the remainder in the superior seg-

ments of the lower lobes. The cavities may be single,

multiple, thick, or thin walled and 20% may have

an air-fluid level (Fig. 6).
Tuberculoma

A tuberculoma can be seen in primary or post-

primary tuberculosis. The lesion is a rounded opacity

usually in one of the upper lobes. They usually

measure 1 to 4 cm in diameter and typically are

smooth and sharply defined. Small discrete satellite

lesions are common.
Focal nodular opacities

Nodular opacities measuring 2 to 10 mm in

diameter and localized to one or two regions of the

lungs, usually the apical or posterior segments of the

upper lobes or the superior segment of the lower

lobes, have been described as the main or only

radiologic manifestation in 20% to 25% of patients

who have postprimary tuberculosis. On HRCT scan,

the opacities have been shown to be centrilobular

in distribution and often associated with branching

linear opacities, an appearance that has been likened

to that of a tree-in-bud.
Endobronchial spread of tuberculosis

Endobronchial spread of tuberculosis can be

demonstrated when multiple nodules measuring 2 to

10 mm in diameter are seen in two or more lobes or

in a lobe other than the one containing a cavity or

area of consolidation.
Miliary tuberculosis

The interval between dissemination and the

development of radiographically discernible miliary

tuberculosis is probably 6 weeks or more, during

which time the foci of infection are too small for

radiographic identification. When first visible, the

nodules measure 1 to 2 mm in diameter; in the ab-

sence of adequate therapy, they may grow to 3 to

5 mm in diameter, a finding seen in approximately

10% of cases. Miliary nodules may be difficult to

see on the radiograph at the time of diagnosis. HRCT

can be helpful in the diagnosis of miliary tuberculosis

in patients who have normal or nonspecific radio-

graphic findings. Findings consist of nodules, usually

sharply defined, measuring 1 to 4 mm in diameter and



radiology: community-acquired pneumonia 505
having a diffuse random distribution throughout both

lungs (Fig. 7).
Bronchiectasis

Bronchiectasis is seen on HRCT scan in 30% to

60% of patients who have postprimary tuberculosis.

It usually affects one or two lobes and is seen most

often in the upper lobes.
Fig. 8. CT of tuberculosis of the spine, Pott’s disease.
Pleural disease

Tuberculous pleurisy, empyema, and broncho-

pleural fistula can develop as a result of infection of

the pleural space. When healed this results in exten-

sive pleural fibrosis and calcification.
Extrapulmonary tuberculosis

Tuberculosis of the spine (Pott’s disease) is the

most common form of skeletal disease and usually

affects the lower thoracic or upper lumbar vertebrae.

The early radiographic manifestations consist of ir-

regularity of the vertebral end plates, decreased

height of the intervertebral disk space, and sclerosis

of the adjacent bone. With progression of disease,

there is a tendency to anterior wedging of the ver-

tebral body, leading to kyphosis and development of

paravertebral abscesses. CT and MR imaging are su-

perior to the radiograph in showing the extent of the

abnormalities, development of paraspinal abscesses,

and involvement of the spinal canal. Paravertebral

abscesses show peripheral rim enhancement and
Fig. 7. CT scan of miliary tuberculosis.
low-attenuation centers after intravenous administra-

tion of contrast material (Fig. 8).
Nontuberculous (atypical) mycobacteria

Most nontuberculous mycobacterial pulmonary

infections are caused by a few species, most com-

monly Mycobacterium avium-intracellulare and

Mycobacterium kansasii. The clinical presentation of

nontuberculous mycobacterial infection of the lung

is similar to that of tuberculosis. The most com-

mon findings are cough, low-grade fever, and weight

loss [1,2].

M avium-intracellulare is the most common

nontuberculous mycobacterium to cause human dis-

ease. As with many other nontuberculous mycobac-

teria, such infection often is associated with prior

lung disease, such as chronic obstructive pulmonary

disease, pneumoconiosis, and bronchiectasis; a dusty

environment, such as seen in some mines and farms,

also has been identified as a risk factor. The bacillus

has become an important cause of systemic disease

in patients who have AIDS, approximately 20% to

25% acquiring the infection at some point during the

course of their illness.

A variety of radiologic patterns are seen with

nontuberculous mycobacteria. One of the more

common, in 20% to 60% of patients, consists of

single or multiple cavities. Most patients have radio-

graphic evidence of endobronchial spread. Another

radiographic pattern consists of bilateral small nodu-

lar opacities that are well circumscribed; less than

1 cm in diameter; and have a centrilobular distribu-

tion more commonly in the upper lobes, middle lobe,

and lingual. On HRCT these patients often have

bronchiectasis. This pattern is common in women.



Fig. 9. CT scan of acute histoplasmosis demonstrating non-

specific nature of the parenchymal opacity.
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Fungi and actinomyces

Fungi can be divided into two major groups ac-

cording to the pathogenesis of the disease they cause.

Some organisms (eg, Histoplasma capsulatum, Coc-

cidioides immitis, and Blastomyces dermatitis) are

primary pathogens that most frequently infect healthy

individuals. They are found in specific geographic

areas (the term ‘‘endemic’’ often is used to describe

the infection) and typically dwell in the soil as

saprophytes. In appropriate climatic conditions, they

germinate and produce spores, which when inhaled

by a susceptible host change form and proliferate.

In the individual who has an intact inflammatory

response and adequate cell-mediated immunity, such

proliferation almost invariably is limited, the result-

ing disease being subclinical or mild and evidenced

only by the development of a positive skin test. In a

few apparently normal individuals, however, fulmi-

nant primary infection or chronic pulmonary disease,

with or without systemic dissemination, can cause

significant morbidity and occasionally is fatal. Such

complications are much more common and serious in

patients who have an underlying immune deficiency,

such as AIDS [1,2].

A second group of organisms (including Asper-

gillus and Candida species, and the species that cause

mucormycosis) are opportunistic invaders that chiefly

affect immunocompromised hosts or grow in associa-

tion with underlying pulmonary disease. In contrast

to members of the previous group, these organisms

can be found throughout the world and usually are

ubiquitous in the environment. In addition to sapro-

phytic and invasive infection, some fungi (particu-

larly Aspergillus species) can cause disease by

inducing an exaggerated hypersensitivity reaction

without invading tissue [1,2].
Histoplasmosis

Acute histoplasmosis

Histoplasmosis is an endemic fungal disease

caused by the dimorphic fungus H capsulatum. The

fungus grows well in soil enriched by bird and bat

guano. The endemic region in the United States in

the Mississippi, Ohio, and St. Lawrence River val-

leys [1,2].

Acute histoplasmosis is a abrupt flulike illness

with fever, headache, chills, and cough. The chest

radiograph is normal in most patients. The most com-

mon radiographic findings consist of single or multi-

ple, poorly defined areas of air-space consolidation.
Severe disease is characterized by homogeneous,

nonsegmental, parenchymal consolidation simulating

acute bacterial air-space pneumonia. Hilar lymph

node enlargement is common. Pleural effusion is

rare. After heavy exposure, the radiograph may show

widely disseminated, fairly discrete nodular shadows,

individual lesions measuring 3 or 4 mm in diameter.

Histoplasmosis also can be manifested by unilat-

eral or bilateral enlargement of hilar or mediastinal

lymph nodes in the absence of other radiographic

abnormalities (Fig. 9). Calcification of lymph nodes

is common and may be associated with broncho-

lithiasis (Fig. 10).
Histoplasmoma

Histoplasmoma is a relatively common form of

pulmonary histoplasmosis that may or may not be

associated with a history of previous symptomatic

disease. The abnormality typically appears as a

sharply defined nodule 0.5 to 3 cm in diameter, in

most cases in a lower lobe. Satellite lesions may be

present. Hilar calcified nodes also are often present.
Chronic pulmonary histoplasmosis

The radiographic appearance simulates post-

primary tuberculosis, the earliest manifestations con-

sisting of segmental or subsegmental areas of

consolidation in the apices of the lungs, frequently

outlining areas of centrilobular emphysema. Thick-

walled bullae sometimes contain fluid levels. Serial

chest radiographs tend to show progressive loss of



Fig. 11. CT scan of miliary histoplasmosis.

Fig. 10. CT scan of a broncholith causing postobstructive

air space disease.

radiology: community-acquired pneumonia 507
volume associated with increased prominence of

linear opacities.

Chronic mediastinal histoplasmosis

Chronic mediastinal histoplasmosis is a process

that may be secondary to an exuberant fibrous reac-

tion caused by chronic immunologic stimulation by

histoplasmin antigens. Sometimes the radiographic

abnormalities are related to one or more enlarged

mediastinal lymph nodes. Occasionally, there are

larger masses of matted necrotic and fibrotic nodes

and tissue. These nodes and fibrotic masses engulf

or compress normal mediastinal and hilar structures.

The most common findings are mediastinal or

hilar masses, calcification within the mediastinal

mass or associated lymph nodes, superior vena cava

obstruction, pulmonary artery narrowing, and bron-

chial narrowing. The presence of localized calcified

mediastinal soft tissue mass is the most frequent of

these abnormalities. In a patient with an appropriate

clinical history, this finding strongly suggests a diag-

nosis of H capsulatum –induced fibrosing medias-

tinitis and precludes the need for biopsy. In patients

without calcification or with progressive radiographic

findings, a biopsy specimen should be obtained for

a definitive diagnosis.

Disseminated histoplasmosis

Disseminated histoplasmosis occurs most fre-

quently in infants and young children and in patients

who are immunocompromised by such conditions as

AIDS or organ transplantation. The radiographic and

HRCT findings usually are similar to those of miliary

tuberculosis, consisting of 1- to 3-mm-diameter

nodules distributed randomly throughout both lungs

(Fig. 11).
Coccidioidomycosis

Coccidioidomycosis is highly infectious and

caused by the dimorphic fungus C immitis. It is

found principally in its endemic areas in the south-

western United States and northern Mexico. In en-

demic areas, the incidence of infection is high [1,2].

Primary coccidioidomycosis

Most patients are asymptomatic. Symptoms that

may accompany primary infection often are non-

specific and flulike, consisting of fever, nonproduc-

tive cough, chest pain, headache, and sometimes a

generalized erythematous rash. The most common

radiologic manifestation consists of single or multiple

foci of air-space consolidation. Sometimes the foci

of consolidation are transformed into thin-walled

cavities that may resolve spontaneously. Lymph node

enlargement occurs in approximately 20% of cases,

usually with parenchymal involvement.

Chronic pulmonary coccidioidomycosis

Chronic pulmonary coccidioidomycosis is usu-

ally found in asymptomatic patients. The radiologic

manifestations include lung nodules and cavities

and, rarely, bronchiectasis, scarring, and calcification.

The nodules are 0.5 to 5 cm in diameter and in more

than 90% of cases are located in the lung periphery.

Although usually single, they occasionally are multi-

ple. Cavities have been reported to occur in 10% to

15% of patients who have pulmonary disease. They

usually are single and located in the upper lobes and

may be thin or thick walled. The thin-walled cavities

have a tendency to change size.
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In fewer than 1% of patients who have pulmonary

coccidioidomycosis, the disease is slowly progressive

and may mimic reactivation tuberculosis or chronic

histoplasmosis. The radiologic findings in these pa-

tients consist of upper lobe scarring, multiple nod-

ules, and cavities.
North American blastomycosis

North American blastomycosis is caused by the

dimorphic fungus B dermatitidis. The disease occurs

most commonly in the Western Hemisphere, mainly

the central and southeastern United States, Wiscon-

sin, and southern Canada. Although infection in

miniepidemics may be associated only with flulike

symptoms, it is manifested more commonly by symp-

toms of acute pneumonia, including the abrupt onset

of fever, chills, productive cough, and pleuritic chest

pain [1,2].

The most common radiographic presentation,

reported in over half of patients, consists of acute

air-space consolidation. The next most common

radiographic presentation, in 30% of cases, is a mass,

either single or multiple (Fig. 12). The solitary mass

can mimic primary carcinoma. Cavitation occurs in

approximately 15% to 20% of cases. Overwhelming

infection usually is accompanied by a radiographic

pattern of miliary dissemination. Hilar and medias-

tinal lymph node enlargement is uncommon. Pleu-

ral effusion has been identified radiographically in

10% to 15% of cases and is associated with paren-

chymal disease.
Cryptococcosis

Although it can occur as pulmonary or dissemi-

nated disease in otherwise normal individuals, cryp-
Fig. 12. CT scan of blastomycosis appearing mass-like.
tococcosis identified most frequently in compromised

hosts, particularly patients who have AIDS or lym-

phoma. The most common radiographic manifes-

tation of pulmonary infection consists of single or

multiple nodules, usually subpleural in location and

0.5 to 4 cm in diameter. It may also present as a

localized area of less well-defined air-space consoli-

dation, segmental or nonsegmental in distribution

but usually confined to one lobe. Cavitation is un-

common except in immunocompromised patients.

Hilar and mediastinal adenopathy can be seen in pa-

tients with AIDS [1,2].
Aspergillosis

Diseases caused by Aspergillus species can be

manifested in three way, each with distinctive clini-

cal, radiologic, and pathologic features: (1) sapro-

phytic infestation, in which the fungus colonizes

airways, cavities (aspergilloma), or necrotic tissue;

(2) allergic disease, characterized by such entities as

allergic bronchopulmonary aspergillosis and extrinsic

allergic alveolitis; and (3) invasive disease, a form

that is usually acute in onset and rapidly fatal. The

pathogenesis of Aspergillus infection varies with

the quality and virulence of the inhaled organism

and the status of the host defense system [1,2].

Saprophytic aspergillosis

In a normal host, Aspergillus is characterized by

mycelial growth without invasion of viable tissue. A

fungus ball (mycetoma, aspergilloma) is a conglom-

eration of fungal hyphae admixed with mucus and

cellular debris within a pulmonary cavity or ectatic

bronchus. Historically, the most common underlying

cause was tuberculosis, approximately 25% to 55%

of patients having a history of this disease. The sec-

ond most common underlying condition is sarcoido-

sis. Common clinical manifestations include cough

and expectoration. Hemoptysis has been reported in

50% to 95% of cases. Radiographically, a fungus

ball consists of a solid, rounded mass of soft tissue

density within a cavity, usually in an upper lobe

(Fig. 13). Typically, the fungus ball is separated from

the wall of the cavity by an air space, resulting in

the distinctive air crescent sign. Occasionally, the

mycelial mass grows to fill a cavity completely. The

fungus ball usually moves when the patient changes

position. Thickening of a cavity wall may be an early

sign of aspergillosis infection. Areas of increased at-

tenuation within the fungus ball, presumably repre-

senting calcium deposits, are relatively common.



Fig. 13. CT scan of an aspergilloma or fungus ball.
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Small air collections also can be seen within the

fungus ball. CT may allow visualization of asper-

gillomas not apparent on the radiograph and mul-

tiple aspergillomas.

Angioinvasive aspergillosis

Invasive aspergillosis is characterized by extension

of Aspergillus organisms into viable tissue, usually

associated with tissue destruction. The abnormality

almost invariably develops in patients whose host

defenses are impaired, often as a result of cancer

chemotherapy. Patients with acute myelogenous leu-

kemia are particularly susceptible, especially if granu-

locytopenia is present.

The radiographic pattern consists of nodules or

single or multiple areas of homogeneous consoli-

dation. Cavitation is common and sometimes is

manifested by an air crescent partly or completely

surrounding a central homogeneous mass. This air
Fig. 14. CT scan of early invasive aspergillosis (A) an
crescent sign can develop 1 day to 3 weeks after the

appearance of the initial radiographic abnormality

(Fig. 14).

CT scan may show a characteristic finding in

early angioinvasive aspergillosis, consisting of a halo

of ground-glass attenuation surrounding a soft tis-

sue nodule (the so-called ‘‘halo sign’’). This finding

is related to the presence of air-space hemorrhage

surrounding the nodule of necrotic lung tissue. With

time, these lesions may develop air crescents or prog-

ress to frank cavitation. In the appropriate clinical

setting, the presence of a soft tissue nodule with

a halo sign is highly suggestive of angioinva-

sive aspergillosis.

Allergic aspergillosis

Allergic aspergillosis is a result of hypersensi-

tivity reaction that produces extrinsic allergic alveo-

litis, a Loeffler-like syndrome, or more commonly

allergic bronchopulmonary aspergillosis. Allergic

bronchopulmonary aspergillosis is seen in asthmatic

patients on steroid treatment. The radiographic ap-

pearance is that of mucoid impaction or ectasia of

proximal bronchi. Finger-like soft tissue densities in

a bronchial distribution in the upper lobes is the

radiographic common appearance. On CT the find-

ings are mucoid impaction and bronchiectasis in-

volving the segmental and subsegmental airways.

Chronic necrotizing (semi-invasive) aspergillosis

This is uncommon and characterized by slowly

progressive upper lobe disease that may spread to

involve adjacent structures. Many patients have

underlying chronic pulmonary disease, including

inactive tuberculosis, chronic obstructive pulmonary
d later after the air crescent has developed (B).
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disease, fibrosis related to radiation therapy, or pneu-

moconiosis. There is often a mild impairment of

host defense, such as diabetes, or poor nutrition.

Radiographically lesions appear as an upper lobe

area of consolidation, cavitation, nodules, or masses

often with pleural thickening.
Fig. 16. CT scan of pneumatoceles caused by P carinii

pneumonia infection.
Pneumocystis

P carinii has now been classified as a fungi.

P carinii results in clinically significant pneumonia in

patients who have underlying disease, most com-

monly AIDS patients who have a CD4 count of less

than 200 cells/mm3. In patients with AIDS there is

often a several week prodrome phase of fever, mal-

aise, cough, and dyspnea [1,2].

Pneumonia caused by P carinii typically pres-

ents radiographically as a bilateral, symmetric, fine

granular or poorly defined reticulonodular pattern.

Approximately 10% to 20% of patients with AIDS

and proved P carinii pneumonia have normal chest

radiographs. With more severe infection, the findings

progress to more homogeneous parenchymal opaci-

fication ranging from ground-glass opacities to

consolidation. Rarely there is lobar consolidation,

nodular opacities with or without cavitation, or

pleural effusion. On HRCT scan, the predominant

abnormality consists of extensive bilateral areas of

ground-glass attenuation (Fig. 15). There may be

intervening areas of normal parenchyma. Eventu-

ally interstitial opacities may occur, such as small

nodules, reticular opacities, and interlobular septal

thickening [1,2].

The classic radiographic pattern of P carinii is

being encountered less frequently. Increasingly rec-
Fig. 15. CT scan of P carinii pneumonia demonstrating

ground glass opacities.
ognized patterns of P carinii pneumonia include

cystic lung disease, spontaneous pneumothorax, and

an upper lobe distribution of parenchymal opacities

(Fig. 16) [11].
Actinomycosis

Actinomyces israelii, a normal oropharyngeal in-

habitant, is the most important cause of disease in

humans. Clinically the picture is of a pneumonia that

responds poorly to normal antibiotic treatment. Chest

wall pain may occur as the infection spreads to the

chest wall. The typical pattern of acute pulmonary

actinomycosis consists of nonsegmental air-space

consolidation, commonly in the periphery of the lung

and with a predilection for the lower lobes. If therapy

is not instituted, an abscess may develop, and the

infection may extend into the pleura and into the
Fig. 17. CT scan of actimomycosis invading the left

chest wall.



Fig. 18. CT scan of viral pneumonia before (A) and after (B) antiviral treatment.

radiology: community-acquired pneumonia 511
chest wall, with abscess formation in these areas

(Fig. 17). Actinomycosis may also present radio-

graphically as a mass, which may cavitate. Chest wall

involvement may include rib destruction [1,2].
Nocardia

Nocardia asteroides is an opportunistic patho-

gen in immunocompromised patients, especially with

lymphoma, with alveolar proteinosis, and with organ

transplant. Radiographically, parenchymal opacities

are homogeneous and nonsegmental. There can be

pleural extension with resulting empyema. Cavitation

is common [1,2].
Fig. 19. CT scan of varicella pneumonia demonstrating

multiple ill-defined alveolar nodules.
Viral pneumonia

Influenza virus

Influenza can occur in pandemics, epidemics, or

sporadically in individuals or in small clusters of

patients. Almost all severe epidemics and all pan-

demics are caused by type A viruses. Outbreaks

usually occur during the winter. Pneumonia is an un-

common but serious complication of influenza infec-

tion. Bacterial superinfection is usually the cause of

the pneumonia. Local involvement usually is in the

form of segmental consolidation that may be ho-

mogeneous or patchy and unilateral or bilateral.

Serial radiographs may show poorly defined, patchy

areas of consolidation, 1 to 2 cm in diameter, which
become confluent rapidly (Fig. 18). Pleural effusion

is rare [1,2,12].
Varicella virus

The overall incidence of varicella-related pneu-

monia seems to be about 15%, although in adults

admitted to the hospital the incidence has been

50%. Most cases occur in very young children or

adults. In both groups, pre-existing neoplastic dis-

ease, particularly leukemia and lymphoma, other

causes of immunodeficiency, and pregnancy are

predisposing factors. The characteristic radiographic
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pattern consists of multiple 5- to 10-mm-diameter

nodular opacities. The opacities usually are fairly

discrete in the lung periphery but tend to coalesce

near the hila and in the lung bases (Fig. 19). Pro-

gression to extensive air-space consolidation can

occur rapidly. An uncommon latent manifestation of

chickenpox pneumonia consists of tiny widespread

foci of calcification throughout both lungs in persons

who had chickenpox many years before [1,2,12].
Cytomegalovirus

Acquired cytomegalovirus infection is common;

seropositivity rates vary from 40% to 100% in

different adult populations around the world. Most

affected individuals are asymptomatic. Pneumonia

and other clinical manifestations of active infection

are much more frequent in patients who have un-

derlying disease, however, particularly immunodefi-

ciency related to organ transplantation or AIDS. The

most common radiographic findings in cytomegalo-

virus pneumonia are bilateral linear opacities (reticu-

lar pattern); ground-glass opacities; and parenchymal

consolidation. Findings of cytomegalovirus pneumo-

nia on CT scan include areas of ground-glass at-

tenuation, parenchymal consolidation, and nodular

or reticulonodular opacities [1,2,12].
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Radiologic Evaluation of the Solitary Pulmonary Nodule
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Solitary pulmonary nodules (SPNs) are round or

oval areas of increased opacity in the lung on chest

imaging that measure less than 3 cm in diameter. It

is estimated that approximately 150,000 SPNs are

detected in the United States each year [1]. Many of

these are discovered incidentally at chest radiog-

raphy or CT. Although most SPNs are benign, up

to 40% of these nodules may be malignant [2–4].

With the advent of low-dose screening for lung

cancer, the detection of SPNs is likely to increase.

The imaging evaluation of an SPN can be a com-

plex process. The primary role of radiologic evalua-

tion is to try to differentiate benign from malignant

pulmonary nodules. The chest radiograph and CT are

the primary modalities in the evaluation of an SPN.

When more detailed evaluation is necessary contrast-

enhanced CT, positron emission tomography (PET),

or PET–CT scanning are often used.

There are certain imaging criteria that can be used

to predict the likelihood of a nodule being benign or

malignant. The two primary criteria for the evalua-

tion of SPNs are time and the attenuation of the

nodule. Although the chest radiograph is useful in

the initial evaluation of SPNs, CT is more sensitive

to the attenuation differences within a pulmonary

nodule. Nodules that are indeterminate on the chest

radiograph can often be given a benign diagnosis

based on the discovery of calcification or fat at CT

[5–7]. Other criteria that may be helpful in the dif-

ferentiation of benign and malignant nodules include

margins of the lesion, size of the lesion, presence

of cavitation, and presence of satellite nodules.
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Time

Previous studies have shown that nodules that

are stable over a 2-year period have a high incidence

of benignity [8,9]. Although a more recent article

[10] has shown that the original data supporting this

idea are less compelling, the benefit of this evaluation

has been recognized clinically over the years. The

initial evaluation of an SPN should be to obtain older

chest radiographs to assess whether there has been

interval growth of the nodule. Lack of growth of the

nodule when compared with previous studies over

a 2-year interval indicates that the nodule is likely

benign. Growth in and of itself does not indicate

malignancy, but the presence of an enlarging nodule

increases the likelihood that the nodule is malignant.
Attenuation

The attenuation of a pulmonary nodule can be

classified as soft tissue, calcification, fat, and in the

case of CT as ground glass. Calcification within a

pulmonary nodule can take on several different forms:

diffuse calcification; central calcification; lamellar

calcification; chondroid (popcorn) calcification; and

eccentric calcification (Fig. 1) [2,11,12]. Diffuse, cen-

tral (Fig. 2), and lamellar (Fig. 3) calcifications all

indicate a benign cause. In addition to chondroid

calcification being a benign pattern, it also allows the

specific diagnosis of a hamartoma to be made. Un-

like the other types of calcification, eccentric calcifi-

cation is indeterminate with regard to malignancy.

Eccentric calcification can be seen in benign lesions

that are calcifying eccentrically. Malignant lesions,

however, which are undergoing dystrophic calcifica-
43 (2005) 459 – 465
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Fig. 1. (Courtesy of the Mayo Clinic Foundation, Roches-

ter, MN; with permission.)

Fig. 3. Thin-section CT of the chest with soft tissue window

shows a more lamellar-type calcification of a pulmonary

nodule. This was a benign calcified granuloma. Note the

associated calcified mediastinal nodes.
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tion or engulfing a benign calcified lesion can also

present as eccentric calcification [13].

The demonstration of fat within a pulmonary

nodule is an indication of benignity. The presence

of fat is virtually diagnostic of a hamartoma [14].

In addition to demonstrating calcification within a

nodule better than chest radiographs, CT is also

better able to detect fat within a pulmonary nodule

(Fig. 4).

CT can also show nodules that do not present

as solid lesions when imaged. These nodules may be

entirely ground glass attenuation or may be mixed

with more solid-appearing areas. Recent studies of

screening CT have shown that mixed attenuation

nodules have an increased likelihood of malignancy

compared with solid nodules. Henschke et al [15]

showed that 63% of semisolid nodules were malig-

nant compared with only 7% malignancy in solid

nodules. Studies have also shown that when malig-

nant, ground glass attenuation nodules are typically

more indolent cancers (Fig. 5). A study by Suzuki

et al [16] found 69 cancers that were predomi-

nately ground glass attenuation. All these cancers

were stage I and there was no evidence of recurrence
Fig. 2. Targeted view of a chest radiograph showing a

nodule (arrows) with central calcification compatible with

a benign calcified granuloma.
at 35 months of follow-up. Additionally, 47 (68%)

of 69 of the ground glass attenuation cancers were

bronchoalveolar cancers.
Margins

Margins of the nodule may be described as

smooth, lobulated, irregular, or spiculated. Regard-

less of the descriptor, the only margin that has a

significant predictive value is the spiculated margin

(Fig. 6). A spiculated nodule has a predictive value
Fig. 4. Thin-section CT through a nodule in the right up-

per lobe shows areas of fat attenuation (arrow) within the

nodule. This is diagnostic of a hamartoma.



Fig. 5. CT of the chest with lung windows shows a slightly

irregular ground glass attenuation nodule in the right lower

lobe posteromedially (arrow). At resection this was shown

to be an adenocarcinoma with bronchoalveolar features.

This was a stage 1A lesion.

Fig. 7. Chest CT with lung windows shows a spiculated

nodule in the left upper lobe centrally. Bronchoscopy re-

vealed granulomas and fungal organisms consistent with

blastomycosis. This lesion resolved over several months.
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for malignancy of approximately 90% [12]. The pre-

sence of spiculation should prompt a more aggressive

work-up of the pulmonary nodule [5,6,12]. Unfortu-

nately, the converse is not true in that the presence

of a smooth border does not indicate benignity. Ap-

proximately 21% of malignant nodules can have

smooth borders [7]. It should also be remembered

that although spiculated nodules have a 90% pre-

dictive value for malignancy, 10% of spiculated nod-

ules are benign (Fig. 7). Spiculation by itself cannot

be used as a confident discriminator between be-

nign and malignant lesions.
Size

Most pulmonary nodules that are benign are less

than 2 cm in diameter; however, lesion size below
Fig. 6. Chest CT with lung windows shows a spiculated

nodule in the right lower lobe laterally. At resection this was

an adenocarcinoma.
2 cm does not exclude malignancy. Over 40% of

malignant nodules are less than 2 cm and 15% of

malignant nodules are less than 1 cm in diameter

[5,12]. Although malignant nodules are seen with

diameters less than 1 cm, they make up a very small

proportion of the total number of nodules in this

size range. In the recently completed Mayo Clinic CT

screening study there were 2832 nodules detected

and 89% of these were less than 7 mm. Of this sub-

set of small nodules less than 1% were malignant

[17]. In a screening study by Henschke et al [18],

no nodules less than 5 mm were malignant. Given

the low likelihood of malignancy for these very

small nodules even in this high-risk population, it

may be possible to ignore or minimally follow-up

‘‘ditzels’’ in low-risk individuals.
Cavitation

Cavitation can occur in benign or malignant nod-

ules [5,19,20]. Benign cavitary nodules often have

smooth thin walls, whereas malignant cavitary nod-

ules typically have thick irregular walls. The margins

of the internal walls of cavitary nodules may also

be helpful in discriminating benign from malignant

cavitary nodules. The internal margins of benign

cavitary nodules tend to have a smooth inner wall

(Fig. 8), whereas the internal margins of malignant

cavitary nodules tend to have nodularity along the

inner wall of the cavity. It should be remembered,

however, that there is significant overlap of these

findings and the wall characteristics of cavitary



Fig. 8. Targeted view of a chest radiograph shows a cavity

in the right lower lung (arrow). Although the walls of the

cavity are thick, the internal contours of the cavity are

smooth. This cavity was caused by histoplasmosis.
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nodules cannot be used confidently to differentiate

benign from malignant nodules.
Satellite nodules

Satellite nodules are tiny nodules associated with

a dominant pulmonary nodule. The presence of satel-

lite nodules indicates a high likelihood that the domi-

nant nodule is benign (Fig. 9). The positive predictive
Fig. 9. Targeted CT with lung windows shows a dominate

nodule in the right middle lobe. Surrounding this nodule are

multiple tiny satellite nodules. At biopsy this was shown to

be caused by coccidioidomycosis.
value for benignity with satellite nodules is approxi-

mately 90% [12].
Volumetric assessment

The growth rate of a pulmonary nodule has his-

torically been performed using diameter measure-

ments. There are now additional measurement tools

available on CT, however, that allow volumetric

assessment of a nodule (Fig. 10). This may allow a

more accurate determination of the doubling time

of a nodule and may be possible to perform on

images taken in as short a time period as 1 month

apart [21]. The doubling time for most malignant

nodules is between 30 and 400 days. Lack of sig-

nificant growth over a 2-year period implies a dou-

bling time of at least 730 days and is generally

considered to be benign. Automated measurement

of these nodules can also eliminate the human

error factor.
CT nodule enhancement

CT nodule enhancement takes advantage of the

fact that blood flow in malignant pulmonary nodules

is increased compared with benign pulmonary nod-

ules. The degree of enhancement is directly related

to the vascularity of the nodule and this is increased

in malignant nodules [22,23]. Contrast material is

administered intravenously and the attenuation of the

nodule is measured every 60 seconds for 4 minutes

and compared with the attenuation measurement of

the nodule taken before the injection of contrast

(Fig. 11). Nodule enhancement of less than 15 Houns-
Fig. 10. Transaxial, coronal, and sagittal images of a nodule

in the right middle lobe with additional shaded three-

dimensional rendering of the right middle lobe nodule.



Fig. 11. CT nodule enhancement study of a nodule in the posterior segment of the right upper lobe. The top left image is the

precontrast image. The other four images were obtained at 1-minute intervals following the injection of intravenous contrast.

There was no significant enhancement of the nodule indicating that this nodule is most likely benign. There has been no

significant change in the nodule on follow-up examinations.

Fig. 12. (A) Chest radiograph shows an irregular nodule in the right upper lung (arrow) that had increased in size from

an examination 6 months prior. (B) FDG PET scan with coronal maximal intensity projection image shows no evidence of

a hypermetabolic focus to correspond to the pulmonary nodule. Subsequent evaluation of the nodule showed it to be caused

by coccidioidomycosis.
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field units after administration of contrast material

is strongly predictive of benignity (positive predictive

value for benignity of 99%). Only 58% of nodules

with enhancement of greater than 15 Hounsfield

units, however, are malignant [24]. Enhancing nod-

ules, although more likely to be malignant, are still

indeterminate and require further work-up to establish

a diagnosis. CT enhancement studies have additional

limitations. Lesions less than 8 mm in diameter,

cavitary lesions, and lesions with central necrosis are

not amenable to CT enhancement studies [22–24].

CT enhancement studies are also operator dependent,

which can increase the variability of results obtained

if the protocol is not adhered to strictly.
Positron emission tomography

PET is an imaging technique that uses metabolic

substrates labeled with positron-emitting isotopes.

The most commonly used radionuclide is a glucose

analogue, 2-[fluorine-18]-fluoro-2-deoxy-d-glucose

(FDG). Increased glucose metabolism in malignant

relative to benign nodules results in increased uptake

and accumulation of FDG, permitting differentia-

tion of benign and malignant nodules. The sensitivity,

specificity, and accuracy of PET in the diagnosis of

benign nodules has been shown to be 90% or greater

in several studies [25–28]. The high specificity of

PET for the diagnosis of benign lesions has impor-

tant clinical use in that lesions with low FDG uptake

may be considered benign (Fig. 12). There are in-

stances with slow-growing malignancies, however,

such as bronchoalveolar carcinoma or carcinoid,

where false-negatives can occur [29,30]. Lesions that

are FDG negative should continue to be followed

with other imaging modalities to ensure that there

is no interval growth. The degree of uptake at PET by

a nodule can also have prognostic implications if

the nodule is malignant. A study by Marom et al [31]

showed a correlation between increased FDG uptake

in lung cancers and decreased survival. In addition to

false-positive nodules, another limitation is that PET

typically has difficulty accurately evaluating lesions

that are less than 10 mm in diameter [29,30]. Finally,

PET can yield false-positives in patients with active

infectious or inflammatory processes, such as tuber-

culosis and histoplasmosis [28].
Bayesian analysis

Bayesian analysis can be useful in the evalua-

tion of the indeterminate SPN. Bayesian analysis uses
likelihood ratios of numerous radiologic findings

and clinical features associated with SPNs to estimate

the probability of malignancy [12,32]. The mathe-

matics of bayesian analysis is beyond the scope of

this article, but using these factors a likelihood ratio

for malignancy can be generated. In addition to many

of the radiologic findings discussed previously, age

and smoking history are factors that are weighted

and included in generating the likelihood ratio. It has

been shown that bayesian analysis is equivalent or

slightly superior to the evaluation of an experienced

radiologist in the stratification of benign and malig-

nant pulmonary nodules [12].

Cost-effectiveness analysis

Given the many avenues available for the evalua-

tion of an indeterminate nodule some authors have

done cost-effectiveness analyses looking at the dif-

ferent ways in which a nodule can be evaluated. A

study by Gould et al [33] showed that cost effective-

ness was dependent on the pretest probability of ma-

lignancy, but that CT was the recommended initial

test in nearly all situations and that the selective use

of PET was most cost effective. Another study by

Comber et al [34] looked at CT, contrast-enhanced

CT, PET, and combinations of the three modalities for

the evaluation of an SPN. In this study, contrast-

enhanced CT was cost effective either alone or in

combination with PET.
Summary

The SPN is a common radiologic finding. The

advent of low-dose screening chest CT increases

the likelihood that these lesions will need to be dealt

with in the future. There are different management

approaches and the work-up can often require evalua-

tion over a long period of time to establish a benign

or malignant diagnosis. Comparison with old exami-

nations and morphologic evaluation of the size, mar-

gins, and internal characteristics of a SPN should

be the first step in the evaluation of these lesions. It

is often necessary, however, to proceed to additional

imaging techniques, such as CT or PET, and in some

situations invasive tests, such as transthoracic needle

aspiration or surgical biopsy, may be required.
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Carcinoma of the esophagus comprises the vast

majority of malignant esophageal tumors and repre-

sents the seventh most common malignancy world-

wide, with its incidence reaching endemic proportions

in specific geographic locations in Asia and Africa

[1]. Although esophageal cancer is presently respon-

sible for only approximately 13,000 deaths annually

in the United States [2], the incidence of adenocarci-

noma of the esophagus is rising faster than any other

malignant tumor in the United States [3]. Because the

majority of patients present with advanced disease,

only roughly 12% of patients diagnosed with this

tumor will survive more than 5 years after diagno-

sis [2].

The treatment of carcinoma of the esophagus is

stage-dependent (Table 1). While patients who have

widely metastatic disease are not treated with curative

intent (ie, only palliative chemotherapy or supportive

care), most clinicians would agree that patients who

have early (superficial, node-negative) cancers should

undergo surgical resection for cure; however, the ideal

treatment of locally advanced (transmural, node-

positive) disease remains controversial, with some

clinicians advocating surgical resection alone, others

supporting preoperative neoadjuvant therapy fol-

lowed by surgery, and still others backing definitive

chemoradiation without surgery.

Given the stage dependency of therapeutic options

for patients who have esophageal cancer, it is essen-

tial to determine the extent of disease accurately be-
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fore formulating the treatment plan. Imaging plays

an integral role in guiding the clinician in this stag-

ing process, with specific imaging modalities being

useful for the evaluation of distant disease, locore-

gional disease, or both. Certain imaging techniques

have proven to be useful in guiding biopsy proce-

dures, such as fine needle aspiration (FNA) of sus-

picious lesions; however, the accuracy of some of

these techniques seems to rely, at least in part, upon

the experience of the operator [4]. Finally, individual

imaging algorithms and the preference of one modal-

ity versus another varies with device availability,

individual experience, and geographic location.
Imaging of distant metastatic disease

In the United States, approximately 20% to 30%

of patients who have carcinoma of the esophagus

have distant metastatic disease at the time of pre-

sentation [2,5]. The most common visceral metastatic

sites include, in decreasing order of prevalence, liver,

lung, bone, and adrenal glands [5,6]. As a result,

imaging for patients who have esophageal cancer

should evaluate these sites. The brain is an uncom-

mon site of metastases from esophageal cancer, oc-

curring in less than 2% of patients who have

metastatic disease [5,6]. Further, it is uncommon for

patients who have carcinoma of the esophagus to

present with solitary metastatic lesions; most possess

multiple numbers of metastases, albeit usually in a

single organ [5,6]. In these cases of metastatic disease

in a pattern consistent with esophageal cancer,

oftentimes histologic confirmation by means of biop-

sies is not necessary; however, a second, corroborat-

ing imaging study should be performed. In the
43 (2005) 611 – 619
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Table 1

Staging scheme for carcinoma of the esophagus

Stage Characteristics

Primary tumor (T)

TX Tumor cannot be assessed

T0 No evidence of tumor

Tis Carcinoma in situ/high grade dysplasia

T1 Confined to mucosa or submucosa, not

into muscularis proporia

T2 Invades into muscularis propria

T3 Invades through muscularis propria but

not into adjacent organs

T4 Invades adjacent structures/organs

Nodal status (N)

NX Regional nodes cannot be assessed

N0 No regional nodal metastases

N1 Regional nodal metastases

Distant metastases (M)

MX Distant metastases cannot be assessed

M1a Metastatic cervical nodes/upper thoracic

esophageal tumor

Metastatic celiac nodes/lower thoracic

esophageal tumor

M1b Any tumor location with visceral/bony

metastases

Any tumor location with nodal metastases

beyond N1 or M1a

Stage groupings

0 TisN0M0

I T1N0M0

IIA T2–3N0M0

IIB T1–2N1M0

III T3N1M0

T4 Any N

IVA Any T Any N M1a

IVB Any T Any N M1b

Fig. 1. Intravenous contrast-enhanced CT image of the liver

of a patient who had carcinoma of the esophagus. The

encircled region demonstrates a large, hypodense, irregu-

larly bordered lesion representing the typical appearance

of metastasis.
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uncommon situation in which a patient presents with a

single metastatic lesion radiographically, or a pattern

inconsistent with that typically seen with esophageal

cancer, confirmatory biopsy should be performed

more routinely to ensure that the patient does not

have potentially curable (resectable) disease or an-

other distinct disease process. Nearly all potentially

metastatic foci can technically be assessed cytologi-

cally by means of image-guided FNA [4].

Because carcinoma of the esophagus is still an

uncommon disease relative to other tumor types in

the United States, little published data exist regarding

accuracy of many imaging modalities (eg, radio-

nuclide bone scan) exclusively for the detection of

distant metastases in patients who have esophageal
cancer; however, multiple published reports concern-

ing the accuracy of these imaging techniques exist

for carcinomatous tumors in general. Intravenous

contrast-enhanced CT remains the workhorse for im-

aging patients who have carcinoma of the esophagus

to rule out distant metastatic lesions because it allows

assessment of the three most common sites of distant

metastases. Scans should be obtained from the base

of the neck (thoracic inlet) through the liver and

adrenal glands in the upper abdomen. Metastatic

deposits in the liver usually appear as hypodense,

ill-defined lesions on contrast-enhanced CT scans

(Fig. 1) [7,8]. As with any liver imaging modality, the

sensitivity of the CT scan for detecting metastatic

liver disease depends on the size of the lesion [7,8].

While the vast majority of lesions larger than 1 cm

are detected using CT scan, the sensitivity drops

precipitously for metastatic deposits less than 1 cm in

diameter or if the scan is performed without intra-

venous contrast. Similarly, if the lesions are of ade-

quate size (>1 cm), CT is useful for distinguishing

metastases from benign entities, most notably cysts

and hemangiomas, with the former possessing the

density of fluid and the latter demonstrating periph-

eral enhancement with delayed washout of intra-

venous contrast [7,8].

Other imaging modalities that are useful in as-

sessing the status of the liver include ultrasound (US)

and MR imaging. Although transabdominal US is

inexpensive and distinguishes between cystic and

solid liver lesions accurately, its sensitivity in detect-
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ing metastatic liver deposits in general is clearly

inferior to that of CT [7,8]. Laparoscopic US is

potentially more sensitive than the transcutaneous

approach [9], but it is an invasive procedure that

tends to be especially user-dependent, with published

data suggesting only limited benefit for patients

who have cancer of the esophageal body [9,10].

MR imaging can be beneficial when CT demonstrates

liver lesions and further characterization is needed.

Gadolinium contrast agents might enhance the sen-

sitivity of MR imaging, which is an effective modality

for distinguishing metastases from benign liver le-

sions, including cysts and hemangiomas [7,8].

Pulmonary metastases are also seen in patients

who have esophageal carcinoma. Suspicious pulmo-

nary nodules are usually round, smooth-bordered, and

noncalcified on CT scan. Given the high prevalence

of incidental, benign pulmonary nodules seen in

smokers over the age of 60 [11], any suspicious lung

lesion should be biopsied using FNA or a thora-

coscopic approach. Further, given the role of smoking

in carcinogenesis of the lung and esophagus and the

concept of field cancerization, primary lung cancer

also needs to be ruled out in these situations, par-

ticularly if the pulmonary lesion is solitary [12].

Because bone is a common site for metastases

from carcinoma of the esophagus, routine radionu-

clide bone scanning can be performed in these pa-

tients. In general, in patients who have cancer, a scan

showing multiple areas of uptake strongly suggests

metastases; however, only 50% of solitary foci rep-

resent metastases, even in patients who have a history

of cancer [13]. Tracer accumulation can occur at any

skeletal site with an elevated rate of bone turnover.

As a result, corroborative studies are required in the

majority of cases of a positive bone scan, which

include MR imaging (which is especially useful for

evaluation of the spine), plain radiographs, and even

a CT scan. The radiographic evaluation of adrenal

lesions has been the subject of many reported studies

involving the use of CT and MR imaging. While

primary malignant lesions of the adrenal glands are

uncommon, the prevalence of benign adrenal adeno-

mas in the general population is significant and might

approach 7% by age 70 [14]. Because of the high in-

tracellular lipid content in adenomas, thin-cut (3 mm),

noncontrast CT and MR imaging have been reported

to possess specificity rivaling that of FNA with cyto-

logic examination for distinguishing metastases from

adenomas [15].

Positron emission tomography (fluorine-18-2-

flouro2-deoxyglucose positron emission tomography

[FDG-PET]) is a new imaging modality that is

gaining popularity in staging patients who have many
types of malignant disease. Based on the finding that

malignant cells possess higher rates of glucose uptake

compared with normal cells, several small studies

have demonstrated that FDG-PET has been shown to

radiographically detect occult distant metastatic dis-

ease in approximately 20% of patients who have

esophageal cancer [16,17]. Given these encouraging

preliminary findings, this concept is presently being

evaluated in a large, multicenter, prospective study.

Drawbacks of FDG-PET are related to its lack of

sensitivity for detecting small (<1 cm) metastatic

lesions and its relative lack of anatomic detail. The

latter problem can be at least partially addressed by

the advent of newer PET/CT fusion scanners, in

which a composite image is generated incorporating

FDG-PET and CT images. It is important to note that

until larger, confirmatory studies are performed

examining the utility of FDG-PET for detection of

metastatic disease, FDG-PET findings in patients

who have esophageal cancer should be confirmed

with a second imaging technique or a biopsy depend-

ing on the individual clinical scenario. This guideline

is especially true in the assessment of potentially me-

tastatic pulmonary lesions because although the

FDG-PET scan is frequently positive in pulmonary

metastases, a number of benign pulmonary lesions

(mainly inflammatory) can also be glucose avid [18].
Imaging of the primary tumor

Carcinoma of the esophagus originates in the

epithelial lining and spreads into and through the wall

of the esophagus and throughout the draining lym-

phatics to lymph nodes. Esophageal carcinoma read-

ily disseminates hematogenously to distant sites.

Published data have confirmed that the presence of

lymph node metastases is a powerful predictor of

prognosis in these patients and is a marker for sys-

temic spread of the disease [19,20]. Similarly, the

depth of penetration of the primary tumor into the

esophageal wall predicts the presence or absence of

lymph node metastases, with approximately 85% of

T3 tumors being associated with lymphatic spread

[1]. Accurate imaging of the primary tumor in

patients who have esophageal carcinoma is therefore

important, not only for determining resectability in

patients who have locally advanced disease but also

predicting prognosis in patients who have disease that

appears to be limited to the esophagus.

In past decades, primary tumors of the esophagus

were imaged using barium esophagography. Not only

could the location and longitudinal extent of the tu-

mor be determined, estimations of resectability could



Fig. 2. CT/PET fusion study depicting esophageal carci-

noma in the distal third of the esophagus. The lesion is

encircled in each panel. (A) Noncontrast CT image. (B) FDG-

PET image. (C) CT/PET fusion image.
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be made based on the esophagram. In this regard,

Akiyama and colleagues [21] found that 74% of

transmural tumors caused distortion of the normal

axis of the esophagus. This distortion is caused by

tethering of the esophagus in the region of the tumor.

The two most commonly used contemporary

imaging procedures for assessing the primary tumor

are CT and endoscopic US (EUS). Given its lack of

anatomic detail, FDG-PET is unable to provide any

definition of the esophageal wall or periesophageal

tissues, making it of limited utility in assessing the

primary tumor (Fig. 2B). Similarly, CT does not

provide adequate resolution in distinguishing the

layers of the esophageal wall; however, information

can be gained concerning neighboring organ involve-

ment, or, more specifically, the lack thereof (Fig. 2A).

Preservation of fat planes surrounding the tumor has

been proposed and is supported as radiographic

exclusion of a T4 tumor [22,23]. Conversely, loss

of fat planes might indicate neighboring organ

involvement. When the tumor compresses the mem-

branous left main bronchus or trachea, bronchoscopy

should be performed to definitively establish airway

invasion. As with the airway, invasion of the de-

scending thoracic aorta is difficult to predict using

CT. Some published evidence suggests that the

greater the circumference of the aorta abutted by the

tumor, the more likely the tumor will be unresectable

[24]. In summary, although T4 tumors can be ex-

cluded reliably by the preservation of peritumoral fat

planes, the definitive establishment of neighboring

organ invasion is difficult to predict with CT and

on most occasions operative exploration is required.

EUS is an imaging modality that is gaining

popularity in the preoperative assessment of patients

who have esophageal tumors. The great strength of

EUS lies in its ability to visualize the esophageal wall

in greater detail than any other imaging modality. The

esophageal wall is seen as four distinct layers using

EUS: mucosa, muscularis mucosa, submucosa, and

muscularis propria. A fifth layer corresponding to

periesophageal fat is also readily discernable using

EUS. A standard EUS examination usually involves

evaluation of the tumor with 7.5 MHz and 12 MHz

probes and is considered to be the most accurate

means by which to estimate tumor invasion. In this

regard, large review series place the accuracy of EUS

in determining the depth of invasion of esophageal

carcinoma at approximately 85% [25,26], with the

identification of T2 tumors being the least accurate

(Figs. 3 and 4) [25,26].

Drawbacks of EUS include the relatively steep

learning curve [27] and the inability to pass the trans-

ducer completely through the tumor in up to 50% of



Fig. 3. Elderly patient who had T1 adenocarcinoma of the

distal esophagus. (A) Endoscopic appearance. (B) EUS

image demonstrating lack of penetration into the muscularis

propria (MP). T, tumor.

Fig. 4. EUS image of T2 squamous cell carcinoma of the

esophagus. Note the tumor (T) is indistinguishable from the

muscularis propria (MP).

esophageal tumor imaging 615
cases [25]. Newer probes are being developed

continuously to address this problem, some being

thin enough to pass through the instrument channel of

the endoscope [28]. Other recent developments in

EUS technology include probes that allow for helical

scanning with subsequent three-dimensional recon-

struction of EUS images [29] and the use of high-

frequency transducers. These latter probes tend to be

useful in imaging superficial tumors of the esophagus

by providing more detail, and they can differentiate

between T1A and T1B successfully [30]. This dis-

tinction might be of importance in locations in which

esophageal cancer screening is performed and lesions

are detected at earlier stages more routinely.

Similar to EUS, preliminary data suggest that

investigational techniques such as endoluminal MR
imaging might be able to visualize the layers of

the esophageal wall accurately [31]. Whether or

not this technique will earn a role in the future of

imaging for carcinoma of the esophagus requires fur-

ther investigation.
Imaging of lymphatic metastases

It is generally agreed that the presence of lymph

node metastases (N1 disease) associated with resect-

able carcinoma of the esophagus is the strongest

known predictor of recurrence and mortality follow-

ing definitive therapy for this disease [19,20]. As with

some other types of malignancies, the degree of

lymph node involvement might also be of prognos-

tic value, with published studies demonstrating

that patients who have less than three to five meta-

static nodes survive appreciably longer than those

who have more than 10 involved nodes following a

potentially curative resection [19,32]. Given this

information, the determination of lymph node status

before definitive therapy might be of importance

because patients who have more advanced locore-

gional disease could be enrolled in trials of novel or

multi-modal therapies.

Historically, clinicians have attempted to image

lymph node metastases using multiple modalities

with limited success. The accuracy of the CT scan for

staging this aspect of the disease has been well

described in multiple literature reports. Because the

detection of metastatic nodes using CT depends pri-

marily on size criteria, its sensitivity and specificity in



Fig. 5. CT/PET fusion study depicting malignant peri-

esophageal lymph node. The arrow indicates the malignant

node in each panel. (A) Noncontrast CT image. (B) FDG-

PET image. (C) CT/PET fusion image.
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detecting metastatic disease in the lymph nodes varies

with the definition of an abnormally enlarged node.

Sensitivity is enhanced if smaller size criteria are

used, but specificity is sacrificed. Conversely, large

lymph nodes on CT are more likely to be metastatic;

however, manymetastatic nodes are only minimally—

if at all—enlarged, which hampers sensitivity. Using

the common size criterion of 1 cm to define an en-

larged node, most studies report that the sensitivity

of CT is poor (30%–60%) [17,33] and does not ap-

pear to be enhanced with helical scanning [34]. In

contrast, specificity tends to be somewhat better, but

still suboptimal (60%–80%). In summary, if CT

suggests the presence of metastatic lymph nodes,

tissue confirmation should be obtained if the treat-

ment plan will be affected.

In recent years the role of FDG-PET has been

evaluated for the detection of lymph node metastases

in patients who have esophageal cancer. FDG-PET is

a physiologic examination that has poor anatomic

definition, which severely affects its ability to predict

NI disease accurately in the peritumoral location

[33,35]. In this regard, most esophageal tumors are

intensely FDG avid, further inhibiting the resolution

of the study and making it easy to miss metastatic

nodes that are adjacent to the primary tumor. In

contrast, when metastatic lymph nodes are located

more remotely, the accuracy of FDG-PET increases

[33,35]. The differentiation of FDG-avid peritumoral

nodes from the primary tumor might be aided by the

development of CT/PET fusion scanners (Fig. 5), in

which the anatomic detail of CT is combined with the

physiologic nature of FDG-PET, but this scenario

remains to be seen.

Given these spatial limitations of FDG-PET, it is

not surprising that the sensitivity of this modality in

detecting peritumoral metastatic lymph nodes is poor

(20%–50%) in most contemporary series [17,33,35];

however, sensitivities as high as 90% have been

reported in the detection of metastatic nodes in distant

locations such as the abdomen and the neck [33,35].

In distinct contrast, the specificity of FDG-PET in

lymph node evaluation tends to be high, exceeding

90% in many series [17,33,35].

US, transcutaneous and endoscopic, is used fre-

quently to stage the N descriptor in patients who have

esophageal carcinoma. US relies not only on size

criteria to determine metastasis but also on the in-

ternal echo characteristics of individual nodes. Well-

demarcated, larger, hypoechoic nodes with scattered

large, internal echoes are more likely to represent

metastases (Fig. 6) [36,37]. The use of transcutaneous

US to image cervical and supraclavicular lymph

nodes has become routine in some regions, especially
in Asia, where reported accuracy is approximately

70% to 80% [36,38]; however, other reports have not

been able to confirm these results [35].

The accuracy of EUS in detecting metastatic

lymph nodes in patients who have esophageal car-

cinoma has also been investigated and reported in

many series (Fig. 6). Wide variations of sensitivity



Fig. 6. EUS image of a typical metastatic lymph node in a

patient who had carcinoma of the esophagus. The metastatic

node is seen as a large, hypoechoic structure in the peri-

esophageal location (arrow). Ao, descending thoracic aorta;

T, tumor.
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and specificity have been reported in these series,

ranging from 40% to 100% [39]. Similar to the ability

to detect T stage, the ability of EUS to stage the

N descriptor effectively is highly user-dependent.

Centers that perform large numbers of procedures re-

port higher accuracy rates [37], which have not been

reproducible in other studies [35], which leads one to

question the accuracy of EUS in routine practice

settings. To address this issue, EUS has been com-

bined with FNA of suspicious lymph nodes. The

addition of FNA to EUS has been shown by some

investigators to markedly enhance the specificity of

EUS alone, especially in the region of the celiac axis

[40,41]. Whether or not these excellent results can be

achieved and reproduced routinely remains to be de-

termined and will influence the applicability of this

technique in routine practice situations.
Assessment of response to therapy

Given the relatively poor prognosis of patients

who have carcinoma of the esophagus who undergo

surgical resection alone for locally advanced disease,

preoperative (induction) chemotherapy or chemo-

radiotherapy are being investigated as means to ob-

tain higher cure rates. Data from these clinical trials

have suggested that patients who are complete patho-
logic responders to induction therapy seem to reap the

most benefit from multimodal treatment protocols

[42,43], so it might be advantageous to determine

which patients would benefit most from surgery

before resection. The accuracy of imaging modalities

in this capacity is now being investigated, with some

preliminary results published in recent literature.

Jones and colleagues [44] compared the response

to preoperative chemoradiation as determined by re-

peat CT scanning to pathological response rates pro-

spectively in 50 patients. Using standard radiographic

response criteria, CT was found to be ineffective for

determining pathologic tumor response or disease

stage in this setting. Similarly, EUS was unable to

stage patients accurately after induction therapy

[45,46]; however, some evidence suggested that mea-

surements of tumor size using EUS might correlate

with response to chemoradiotherapy [47]. Some

recent data suggest that a reduction in FDG uptake

by esophageal tumors after induction chemoradio-

therapy might correlate with pathologic response to

therapy [48] and even improved survival in these

patients [49]. The use of imaging studies to assess the

response to therapy in patients who have esophageal

carcinoma is an emerging field, and it requires

extensive investigation in future studies.
Summary

Carcinoma of the esophagus must be staged ac-

curately before a treatment plan is initiated, and

imaging studies play a major role in this process.

Imaging for esophageal carcinoma involves evalua-

tion of the locoregional extent of the tumor and

distant metastatic disease. A CT scan of the chest and

upper abdomen provides the most comprehensive

information about esophageal carcinoma; however,

accurate assessment of the depth of primary tumor

invasion and lymph node status remains limited, even

with newer generation scanners. EUS is a user-

dependent modality that has emerged as a highly

accurate technique in experienced hands to evaluate

the depth of penetration of esophageal tumors, but

its ability to detect metastatic lymph nodes is less

impressive, leading some investigators to perform

confirmatory needle aspiration of suspicious nodes.

FDG-PET is a physiologic examination that is the

subject of intense investigation in patients who have

esophageal carcinoma. Preliminary studies have

suggested that FDG-PET can detect otherwise radio-

graphically occult distant metastatic disease in these

patients, and changes in FDG uptake might correlate
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with the response to therapy. These findings need to

be confirmed in larger studies. More sophisticated

technology continues to be developed for imaging

carcinoma of the esophagus, which will more than

likely affect staging algorithms in the future.
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