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Chapter 1 
Technical Aspects of High-

Resolution Computed 

Tomography 
Although the introduction of computed tomography (CT) 

revolutionized the radiologic diagnosis of chest diseases, the 

ability of early CT scanners to evaluate pulmonary 

parenchymal diseases was limited by their resolving power 

[1]. Specifically, CT obtained with long scan times (18 

seconds) and 1-cm collimation provided insufficient 

anatomic detail to allow a precise evaluation of normal and 

abnormal pulmonary anatomy, at least to the degree tha t it 

would surpass the information available on plain 

radiographs. 

Attempts to improve the resolution of CT for diagnosing lung 

abnormalities were first described relative to the 

assessment of focal lung disease and lung nodules. In 1980, 

Siegelman et al. [2] emphasized the necessity of using 5-

mm collimation for the detection of calcification in lung 

nodules. As thinner collimation became available on 

commercial scanners, simultaneous with other developments 

in CT technology, the use of CT for the precise anatomic 

definition of diffuse lung diseases became possible and was 

reported by several authors. The first use of the term high-

resolution CT (HRCT) has been attributed to Todo, Itoh, and 



others [3], who described the potential use of this technique 

for assessing lung disease in 1982. The first reports of HRCT 

in English date to 1985, including landmark descriptions of 

HRCT findings by Nakata, Naidich, and Zerhouni [4, 5, 6]. 

HRCT techniques developed since then are capable of 

imaging the lung with excellent spatial resolution, providing 

anatomic detail similar to that available from gross 

pathologic specimens or lung slices [7, 8, 9, 10]. HRCT can 

demonstrate the normal and abnormal lung interstitium and 

morphologic characteristics of both localized and di ffuse 

parenchymal abnormalities; in this regard, HRCT is clearly 

superior to plain radiographs and conventional CT. HRCT has 

become established as an important diagnostic modality and 

has significantly contributed to our understanding of diffuse 

lung diseases. In this chapter, we review the CT techniques 

that are appropriate in obtaining HRCT, spiral HRCT 

techniques, scan protocols recommended in specific clinical 

settings, expiratory HRCT, the spatial resolution of HRCT, 

the radiation dose associated with HRCT, and common HRCT 

artifacts. 

TABLE 1-1. Summary of HRCT 

technique 



Recommended 

  Collimation: thinnest available collimation (1.0-1.5 

mm). 

  Reconstruction algorithm: high-spatial frequency or 

“sharp” algorithm (i.e., GE “bone”).  

  Scan time: as short as possible (1 sec or less). 

  kV(p), 120-140; mA, 240. 

  Matrix size: largest available (512 × 512).  

Windows: At least one consistent lung window setting is 

necessary. Window mean/width values of -600 HU to -

700 HU/1,000 HU to 1,500 HU are appropriate. Good 

combinations are -700/1,000 HU or -600/1,500 HU. 

Soft-tissue windows of approximately 50/350 HU should 

also be used for the mediastinum, hila, and pleura.  

  Image display: photography of lung windows 12 on 1.  

Optional 

  kV(p)/mA: Increased kV(p)/mA (i.e ., 140/340). 

   Recommended in large patients. Otherwise optional.  

   Reduced mA (low-dose HRCT): 40-80 mA. 

  Targeted reconstruction: (15- to 25-cm field of view). 

  Windows: Windows may need to be customized; a low-

window mean (-800 to -900 HU) is optimal for 

diagnosing emphysema. For viewing the mediastinum, 

50/350 HU is recommended. For viewing pleuro-

parenchymal disease, -600/2,000 HU is recommended. 

  Image display: Photography of lung windows 6 on 1.  
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High-Resolution Computed 

Tomography Technique 

The HRCT technique attempts to optimize the demonstration 

of lung anatomy. Although each of the three of us performs 

HRCT in a slightly different manner, experienced 

radiologists generally agree as to what technical 

modifications constitute a “high-resolution” CT study. This 

section reviews the effect of various technical factors on the 

appearance of HRCT and summarizes our recommendations 

for techniques that are either necessary or optional for 

obtaining an adequate examination. 

The most important modifications of CT technique used to 

increase spatial resolution are the uses of thin collimation 

and image reconstruction with a high-spatial frequency 

(sharp) algorithm. Increased kilovolt (peak) [kV(p)] or 

milliamperes (mA) and targeted image reconstruction may 

also be used to improve image quality and increase spatial 

resolution, but these techniques are optional (Table 1-1) [7, 

8, 9, 10, 11, 12, 13]. The use of appropriate window 

settings and methods of image display are also necessary to 

obtain optimal diagnostic images. 

Scan Collimation 

With thick (7- to 10-mm) collimation, volume averaging 

within the plane of scan significantly reduces the ability of 

CT to resolve small structures. Therefore, scanning with the 

thinnest possible collimation (1- to 1.5-mm) is essential if 

spatial resolution is to be optimized [4, 6, 10, 11] (Table 1-

1). The use of 3- to 5-mm collimation should not be 

considered for HRCT. 



Murata et al. [13] compared the ability of HRCT scans 

performed with 1.5- and 3-mm collimation to allow the 

identification of small vessels, bronchi, interlobular septa, 

and some pathologic findings. With 1.5-mm collimation, 

greater contrast was evident between vessels and 

surrounding lung parenchyma, more branches of small 

vessels were seen, and small bronchi were more often 

recognizable than with 3-mm collimation [13]. Also, slight 

increases in lung attenuation (as in early interstitial 

disease), or decreases in attenuation (as in emphysema) 

were better resolved with 1.5-mm collimation. On the other 

hand, the authors concluded that certain pathologic 

findings, such as thickened interlobular septa, were 

similarly visible on images with 1.5- and 3-mm collimation 

[13]. 

There are several differences in how lung structures are 

visualized on scans performed with thin collimation 

compared to more thickly collimated scans. With thin 

collimation, it is more difficult to follow the courses of 

vessels and bronchi than it is with 7- to 10-mm collimation. 

With thick collimation, for example, vessels that lie in the 

plane of scan look like vessels (i.e., they appear cylindrical 

or branching) and can be clearly identified as such. With 

thin collimation, vessels can appear nodular, because only 

short segments may lie in the plane of scan; this finding 

may lead to confusion (Fig. 1-1), but with experience, this 

difficulty is avoided easily. 

Also, with thin collimation, the diameter of a vessel that lies 

in or near the plane of scan can appear larger than it does 

with 1-cm collimation, because less volume averaging is 

occurring between the rounded edge of the vessel and the 

adjacent air-filled lung (Fig. 1-1); thin collimation scans 



more accurately reflect vessel diameter in this setting, 

analogous to the better estimation of the diameter of a lung 

nodule that is possible with thin collimation. Furthermore, 

with 1-mm collimation, bronchi that are oriented obliquely 

relative to the scan plane are much better defined than they 

are with 1-cm collimation, and their wall thicknesses and 

luminal diameters are more accurately assessed [14]. The 

diameters of vessels or bronchi that lie perpendicular to the 

scan plane appear the same with both thin and thick 

collimation. 

Reconstruction Algorithm 

The inherent or maximum spatial resolution of a CT scanner 

is determined by the geometry of the data collecting system 

and the frequency at which scan data are sampled during 

the scan sequence [11]. The spatial resolution of the image 

produced is less than the inherent resolution of the scan 

system, depending on the reconstruction algorithm that is  

used, the matrix size, and the field of view (FOV), all of 

which in turn determine pixel size. In HRCT, these 

parameters are optimized to increase the spatial resolution 

of the image. 

With conventional body CT, scan data are usually 

reconstructed with a relatively low-spatial frequency 

algorithm (e.g., “standard” or “soft-tissue” algorithms), that 

smoothes the image, reduces visible image noise, and 

improves the contrast resolution to some degree [12, 15]. 

Low-spatial frequency simply means that the frequency of 

information recorded in the final image is relatively low; it 

is the same as saying that the algorithm is low-resolution 

rather than high-resolution. 



 

FIG. 1-1. Effects of collimation on resolution. A: 

Conventional CT of a fresh inflated human lung obtained 

with 1-cm collimation and reconstructed with the standard 

algorithm. Several cylindrical or branching pulmonary 

arteries (small arrow) are visible. A large pulmonary artery 

branch (large arrow) lies in the plane of scan. B: CT at the 

same level with 1.5-mm collimation; technical parameters 

and reconstructed algorithm are otherwise identical. 

Pulmonary arteries seen as branching or cylindrical on the 

scan obtained using 1-cm collimation appear nodular on the 

scan with 1.5-mm collimation (small arrows). Small bronchi 

(open arrows) are much better seen with thin collimation. 

Note that the large pulmonary vessel that lies in the plane 

of scan appears to have a greater diameter with thin 

collimation (large arrow) than it does with 1-cm collimation. 
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Reconstruction of the image using a h igh-spatial frequency 

algorithm–in other words, a high-resolution algorithm (e.g., 

General Electric “bone” algorithm), reduces image 



smoothing and increases spatial resolution, making 

structures appear sharper (Fig. 1-2) [4, 11, 13]. In one 

study of HRCT techniques [11], a quantitative improvement 

in spatial resolution was found when the bone, instead of 

the standard, algorithm was used to reconstruct scan data 

(Fig. 1-3); in this study, subjective image quality was also 

rated more highly with the bone  
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algorithm. In another study of HRCT [13], small vessels and 

bronchi were better seen when images were reconstructed 

with the bone algorithm than when the standard algorithm 

was used. The use of a sharp algorithm has also been 

recommended for routine chest CT performed using 1-cm 

collimation, to improve spatial resolution [16]. 

 

FIG. 1-2. Effect of reconstruction algorithm on resolution. A 

CT scan obtained with 1.5-mm collimation has been 

reconstructed using a smoothing (standard) algorithm (A) 

and a sharp (bone) algorithm (B). Lung structures appear 



much sharper with the bone algorithm. 

 

FIG. 1-3. Effect of reconstruction algorithm on spatial 

resolution. A: HRCT of a line-pair phantom obtained with 

1.5-mm collimation and reconstructed with the standard 

algorithm. Numbers indicate the resolution in line pairs per 

cm. The resolution with this technique is 6-line pairs per 

cm. B: When the same scan is reconstructed using the bone 

algorithm, spatial resolution improves. Also, in contrast to 

the scan reconstructed using the standard algorithm, 7.5-

line pairs are easily resolved (arrow), and edges are 

considerably sharper. (From Mayo JR, Webb WR, Gould R, et 

al. High-resolution CT of the lungs: an optimal approach. 

Radiology 1987;163:507, with permission.) 

Using a sharp, or high-resolution, algorithm is a critical 

element in performing HRCT (Table 1-1) [12, 15]. 

Kilovolt (Peak), Milliamperes, Scan 

Time, and Low-Dose High-Resolution 

Computed Tomography 



In HRCT, image noise is more apparent than with standard 

CT. This noise usually appears as a graininess or mottle that 

can be distracting and may obscure anatomic detail (Fig. 1-

4) [11]. High-resolution techniques using a sharp 

reconstruction algorithm, in addition to increasing image 

detail, increase the visibility of noise in the CT image [12, 

15]. Because much of this noise is quantum-related and 

thus decreases with increased technique (number of 

photons), increasing the mA or kV(p) used during scanning, 

or increasing scan time, can reduce noise and improve scan 

quality (Fig. 1-5) [11]; noise is inversely proportional to the 

number of photons absorbed (precisely, it is inversely 

proportional to the square root of the product of the mA and 

scan time). 

Increasing scan time is not generally desirable with lung CT. 

Because of patient motion, longer scan times can result in 

an increase in motion-related artifacts. When available, a 

scan time of 1 second or less is most appropriate for HRCT 

and is recommended (Table 1-1). 

mA and kV(p) can be easily increased when obtaining HRCT, 

which results in a reduction in visible image noise. In one 

study [11], a measure of image noise was reduced by 

approximately 30% when kV(p)/mA were increased from 

120/100 to 140/170 (2-second scan time) (Fig. 1-5), and 

the scans with increased kV(p) and mA settings were rated 

by observers as being of better quality 80% of the time 

(Fig. 1-6) [11]. It should also be kept in mind, however, 

that increasing scan technique also increases the patient's 

radiation dose [17], although with HRCT, radiation is limited 

to a few thin scan levels (as discussed below).  



 

FIG. 1-4. Image noise. Detailed view of an HRCT image of 

the right lung. The mottled appearance, which is most 

evident posteriorly, represents image noise. Very thin linear 

streaks, best seen in the anterior part of the image, 

represent “aliasing” artifacts.  



 

FIG. 1-5. Effect of algorithm, kV(p), and mA on image 

noise. Graph of HRCT image noise (standard deviation of 

Hounsfield unit measurements) in an anthropomorphic CT 

phantom [21] as related to the reconstruction algorithm and 

scan technique. Noise increases when the bone algorithm is 

used instead of the standard algorithm. With the bone 

algorithm, noise decreases approximately 30% with 

increased kV(p) and mA settings. (From Mayo JR, Webb WR, 

Gould R, et al. High-resolution CT of the lungs: an optimal 

approach. Radiology 1987;163:507, with permission.) 

P.5 

 

 

Although increasing kV(p) and mA reduces image noise, this 

modification is not generally necessary with current 

scanners. Adequate diagnostic scans can be obtained in 

most patients using routine techniques for chest CT [18], 



although image quality may not be quite as good as when 

technique is increased. Use of current scanners capable of a 

1-second scan time, scan techniques of 120 to 140 kV(p), 

and mA values of approximately 240 has proven quite 

satisfactory [19]. 

Furthermore, the efficacy of low-dose HRCT has been 

assessed in several studies [20, 21, 22, 23]. In a study by 

Zwirewich et al. [20], scans with 1.5-mm collimation, and 2-

second scan time, and at 120 kV(p), were obtained using 

both 20 mA (low-dose HRCT) and 200 mA (conventional-

dose HRCT) at selected levels in the chests of 31 patients.  

Observers evaluated the visibility of normal structures, 

various parenchymal abnormalities, and artifacts using both 

techniques. Low-dose and conventional-dose HRCT were 

equivalent for the demonstration of vessels, lobular and 

segmental bronchi, and structures of the secondary 

pulmonary lobule and in characterizing the extent and 

distribution of reticular abnormalities, honeycomb cysts, 

and thickened interlobular septa. However, the low-dose 

technique failed to demonstrate ground-glass opacity in two 

of ten cases, and emphysema in one of nine cases, although 

they were evident but subtle on the usual-dose HRCT. Linear 

streak artifacts were also more prominent on images 

acquired with the low-dose technique, but the two 

techniques were judged equally diagnostic in 97% of cases. 

The authors concluded that HRCT images acquired at 20 mA 

yield anatomic information equivalent to that obtained with 

200-mA scans in the majority of patients without significant 

loss of spatial resolution or image degradation due to streak 

artifacts. 



 

FIG. 1-6. Effect of kV(p) and mA on image noise. HRCT 

scans obtained with kV(p)/mA settings of 120/100 (A) and 

140/170 (B). Noise is most evident posteriorly and in the 

paravertebral regions. Although noise is greater in A, the 

difference is probably not significant clinically. Nonetheless, 

increasing the kV(p)/mA is optimal. Also note pulsation 

(“star”) artifacts in the left lung on both images and a 

“double” left major fissure. (From Mayo JR, Webb WR, Gould 



R, et al. High-resolution CT of the lungs: an optimal 

approach. Radiology 1987;163:507, with permission.) 

In a subsequent study [21], the diagnostic accuracies of 

chest radiographs, low-dose HRCT [80 mA; 120 kV(p), 40 

mA, 2 seconds] and conventional-dose HRCT [340 mA; 120 

kV(p), 170 mA, 2 seconds] were compared in 50 patients  

with chronic infiltrative lung disease and ten normal 

controls. For each HRCT technique, only three images were 

used, obtained at the levels of the aortic arch, tracheal 

carina, and 1 cm above the right hemidiaphragm. A correct 

first-choice diagnosis was made significantly more often 

with either HRCT technique than with radiography; the 

correct  
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diagnosis was made in 65% of cases using radiographs, 74% 

of cases with low-dose HRCT (p <.02), and 80% of 

conventional HRCT (p <.005). A high confidence leve l in 

making a diagnosis was reached in 42% of radiographic 

examinations, 61% of the low-dose HRCT examinations (p 

<.01), and 63% of the conventional-dose HRCT 

examinations (p <.005), and it was correct in 92%, 90%, 

and 96% of the studies, respectively. Although 

conventional-dose HRCT was more accurate than low-dose 

HRCT, this difference was not significant, and both 

techniques provided quite similar anatomic information 

(Figs. 1-7 and 1-8) [21]. 



 

FIG. 1-7. Low-dose (A) and conventional-dose (B) HRCT in 

a patient with sarcoidosis. Both techniques demonstrate the 

presence of small peribronchovascular, septal, and 

subpleural nodules typical of this disease. Despite the 

increased noise on the low-dose image, the pattern and 

extent of abnormalities are equally well seen with both 

techniques. (From Lee KS, Primack SL, Staples CA, et al. 

Chronic infiltrative lung disease: comparison of diagnostic 

accuracies of radiography and low- and conventional-dose 

thin-section CT. Radiology 1994;191:669, with permission.) 

Majurin et al. [22] compared a variety of low-dose 

techniques in 45 patients with suspected asbestos-related 

lung disease. Of the 37 patients with CT evidence of lung 

fibrosis, HRCT images obtained with mA as low as 120 (60 

mA/2 seconds) clearly showed parenchymal bands, 

curvilinear opacities, and honeycombing. However, reliable 

identification of interstitial lines or areas of ground-glass 

opacity required a minimum technique of 160 mA (80 mA/2 

seconds). Furthermore, these authors showed that using the 

lowest possible dosage (30 mA/2 seconds) HRCT was 



sufficient only for detecting marked pleural thickening and 

areas of gross lung fibrosis. 

Although optimizing resolution may require the use of 

increased mA and kV(p), this is optional and uncommonly 

used with current scanners (Table 1-1). In the majority of 

patients, diagnostic scans will be obtained without increas  
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ing scan technique. Because noise is usually a bigger 

problem in large patients (because more x-ray photons are 

attenuated by the patient) (Fig. 1-9) and in the posterior 

part of the scan image (because of photon attenuation by 

the spine), it would be most important to use increased 

technical factors when studying large patients or patients 

with suspected posterior lung disease [11]. Low-dose HRCT 

should not be routinely used for the in itial evaluation of 

patients with lung disease, although it can be valuable in 

following patients with a known lung abnormality or in 

screening large populations at risk for lung disease. Optimal 

low-dose techniques will likely vary with the clinical setting 

and indication for the study, and they remain to be 

established. 

 



FIG. 1-8. Low-dose (A) and conventional-dose (B) HRCT in 

a patient with hypersensitivity pneumonitis. Although noise 

is much more obvious on the low-dose image, areas of 

ground-glass opacity and ill-defined nodules (arrows) are 

visible with both techniques. (From Lee KS, Primack SL, 

Staples CA, et al. Chronic infiltrative lung disease: 

comparison of diagnostic accuracies of radiography and low- 

and conventional-dose thin-section CT. Radiology 

1994;191:669, with permission.) 

 

FIG. 1-9. Relationship of noise to patient size. Graph of 

image noise measured using an anthropomorphic chest 

phantom [21], with simulated thick and thin chest walls. 

Noise significantly increases with the thick chest wall. (From 

Mayo JR, Webb WR, Gould R, et al. High-resolution CT of the 

lungs: an optimal approach. Radiology 1987;163:507, with 



permission.) 

Matrix Size, Field of View, and the Use 

of Targeted Reconstruction 

The largest matrix available should be used routinely in 

image reconstruction, to reduce pixel size [4, 11, 13]. The 

largest available matrix is usually 512×512. 

Scanning should be performed using an FOV large enough to 

encompass the patient (e.g., 35 cm). Retrospectively 

targeting image reconstruction to a single lung instead of 

the entire thorax, using a smaller FOV, significantly reduces 

the image pixel size and thus increases spatial reso  
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lution (Fig. 1-10) [11, 18]. For example, with a 40-cm 

reconstruction circle (FOV) and a 512 × 512 matrix, pixel 

size measures 0.78 mm. With targeted image reconstruction 

using a 25-cm FOV, pixel size is reduced to 0.49 mm, and 

the spatial resolution is correspondingly increased (Fig. 1-

11). Using a 15-cm FOV further reduces pixel size to 0.29 

mm, but this FOV is usually insufficient to view an entire 

lung and is not often used clinica lly. It should be 

recognized, however, that the improvement in resolution 

obtainable by targeting is limited by the intrinsic resolution 

of the detectors. For example, with a General Electric 9800 

system, optimal matching of the inherent spatial resolution  

of the scanner and pixel size occurs at a reconstruction 

diameter of approximately 13 cm and a pixel size of 0.25 

mm [11, 12, 15]; further reduction in the FOV would be of 

no benefit in improving spatial resolution.  



 

FIG. 1-10. Effect of targeted reconstruction on resolution. 

A: CT image in a patient with end-stage sarcoidosis 

obtained with a 38-cm field of view (FOV) and 1.5-mm 

collimation, and reconstructed using the bone algorithm and 

a 38-cm reconstruction circle. B: The same CT scan has 

been reconstructed using a targeted FOV (15 cm), reducing 

image-pixel diameter. Image sharpness is improved 

compared to A. 

 

FIG. 1-11. Effect of targeted reconstruction on spatial 



resolution. A: HRCT of a line-pain phantom. The scan was 

obtained with a 40-cm field of view (FOV), and 

reconstructed using a targeted FOV of 25 cm. The resolution 

with this technique is 7.5-line pairs (arrow). B: The same 

scan viewed without targeting shows the effects of larger 

pixel size. Only 6-line pairs can be resolved (arrow), and 

the margins of the lines appear jagged or wavy. (From Mayo 

JR, Webb WR, Gould R, et al. High-resolution CT of the 

lungs: an optimal approach. Radiology 1987;163:507, with 

permission.) 

The use of image targeting, or targeted reconstruction, is 

often a matter of personal preference. In clinical practice, 

use of image targeting is uncommon because it requires 

additional reconstruction time, the raw scan data must be 

saved until targeting is performed, and additional filming is 

required to display all the images. Also, with a nontargeted 

reconstruction, the ability to see both lungs on the  same 

image allows a quick comparison of one lung to the other; 

this can be quite helpful in diagnosis and is preferred to the 

marginal increase in resolution achieved with targeting.  

Image targeting is considered to be optional (Table 1-1) and 

is recommended only when optimal resolution is desired.  

Window Settings 

The window mean and width used for photography have a 

significant impact on the appearance of the lung 

parenchyma and the dimensions of visualized structures 

(Fig. 1-12) [14, 24]. If the display technique used is not 

appropriate, normal structures can be made to look 

abnormal, or subtle abnormalities may be overlooked.  



The most important window setting to use in photography is 

the so-called lung window. It should be emphasized that 

there is no single correct or ideal window setting for the 

demonstration of lung anatomy on HRCT, and several 

combinations of window mean and width may be appropriate 

[25]. Within limits, the precise window width and levels 

chosen are a matter of personal preference; the  values 

indicated below should serve only as guidelines. However, it 

is important that a single lung window setting be used 

consistently in all patients. Unless this is done, it is difficult 

to compare one case to another, develop an understanding 

of what appearances are normal and abnormal, and compare 

sequential examinations in the same patient. Although it is 

not inappropriate to use some additional window settings in 

specific cases, depending on what abnormality is being 

sought, the effects of the variations in window settings on 

the appearance of the resulting images must be kept in 

mind. 

Level and width settings of approximately -700/1,000 

Hounsfield units (HU) are appropriate for a routine lung 

window (Fig. 1-12). Some authors prefer using a window 

width of 1,500 HU when viewing the lung, with a window 

mean of -600 to -700 HU; such settings should also be 

considered appropriate for routine lung imaging. It should 

be recognized, however, that an extended window width 

reduces contrast between lung parenchymal structures, such 

as vessels, bronchi, and the air-containing alveoli, and may 

make interstitial structures appear less conspicuous or 

thinner than they actually are. On the other hand, extended 

windows may be of some value in detecting abnormalities of 

overall lung attenuation [26, 27] and are also useful in 

evaluating the relationship of peripheral parenchymal 



abnormalities to the pleural surfaces. A window width of 

less than 1,000 HU is not generally appropriate for viewing 

lung parenchyma, as it unnecessarily increases contrast and 

may result in an apparent increase in the size of soft -tissue  
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structures. For example, the effect of window mean and 

level on the HRCT appearance of bronchial walls has been 

assessed using inflation-fixed lungs [24]. In this study, 

window widths less than 1,000 HU resulted in a substantial 

overestimation of bronchial wall thickness, whereas window 

widths greater than 1,400 HU resulted in an 

underestimation of bronchial wall thickness (Fig 1-13). 



 

FIG. 1-12. Effects of window mean and width on the 

appearance of lung and soft tissues in a patient with 

asbestosis. Window means decrease from left to right. 

Window widths increase from top to bottom. A-D: A window 

width of 1,000 HU and a window mean of -700 HU (C) 

provides good contrast between soft -tissue structures in the 

lung (vessels and interstitial abnormalities) and lung 

parenchyma, allows areas of lung with varying attenuation 

to be distinguished, and allows air -filled structures (e.g., 

bronchi, cysts) to be contrasted with lung parenchyma. 

Abnormal reticular opacities and areas of increased lung and 



decreased lung attenuation are all visible in C. Higher 

window means (A) make lung opacities more difficult to see 

or make them appear smaller. A lower window mean (D) 

accentuates the visibility of lung opacities and allows air-

filled structures to be contrasted with lung parenchyma, but 

can also make normal lung appear abnormally dense. E -G: 

Wider window settings result in less contrast between soft -

tissue lung structures and lung parenchyma. Those images 

with window levels of -600 and -700 HU (F, G) and a width 

of 1,500 HU provide information comparable to -700/1,000 

HU. H, I: With a window width of 2,000 HU, much less 

contrast between normal and abnormal lung regions is 

visible. However, with this window setting, pleural 

thickening and calcification are visible. 

Viewing soft-tissue windows is also important in reading 

HRCT. Window level/width settings of 50/350 HU or 50/450 

HU are best for evaluation of the mediastinum, hila, and 

pleura. Mediastinal and pleural abnormalities are sometimes 

of value in interpreting HRCT of the lung (Table 1-1). For 

example, the presence of lymph node enlargement, 

esophageal dilatation, calcification, or pleural thickening 

may be helpful in making a correct diagnosis of lung 

disease. When performing an HRCT study, images are 

routinely displayed using both lung and soft -tissue windows. 

As stated, choosing different window levels can be 

advantageous in individual cases, despite the fact they may 

not be optimal for all indications (Fig. 1-12). Low-window 

settings  
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(-800 to -900 HU) with narrow-window widths (500 HU) can 

be valuable in contrasting emphysema or air -filled cystic 

lesions with normal lung parenchyma. With such a low-

window mean, normal lung parenchyma looks gray, whereas 

areas of emphysema remain black. On the other hand, using 

this same window to image the lung interstitium would be 

improper. Such a low-window mean, particularly combined 

with a narrow-window width, would make the lung 

interstitium appear much more prominent than it really is 

and could make a normal case appear abnormal. This 

window would also result in overestimations of the size of 

vessels and of bronchial wall thickness.  

FIG. 1-13. Effects of window mean and width on the 

visibility of bronchi and vessels in a normal subject. Using a 

narrow window width (500 HU), a high window mean (e.g., -

300 HU) (A) makes bronchi and bronchial walls difficult to 

see, whereas a low window mean (e.g., -900 HU) (D) 

accentuates the apparent thickness of bronchial walls and 

the diameter of vessels. This effect decreases with 

increasing window width (i.e., 1,500 HU) (I -L). A window 

mean of approximately -450 HU and width of 1,000 to 1,400 

HU have been shown to be best suited to measuring 



bronchial wall thickness. 

A window width of 2,000 HU is not generally suitable for 

viewing lung parenchyma, as contrast is significantly 

reduced. However, window settings of -500 to -700/2,000 

HU may be used and are particularly useful when pleuro-

parenchymal abnormalities are being evaluated (Fig. 1-12H 

and I) [9, 18]. 

Image Photography and Display 

Proper photography is important in allowing the images to 

be interpreted accurately. A 12-on-1 format is acceptable 

for lung window images. However, large images are much 

easier to read, and using a 6-on-1 format when 

photographing lung windows is advantageous, particularly if 

both lungs are shown on the same slice. A 12-on-1 format is 

satisfactory for photographing of images reconstructed with 

a small FOV, and is satisfactory for photographing soft-

tissue window images. 

Cameras used to photograph CT images for viewing on film 

are capable of interpolating or smoothing the CT data, 

producing smaller pixels in the resultant image than are 

present in the scan itself. A s imilar process occurs in CT 

workstations. Although individual CT pixels are clearly 

visible on close inspection of an unprocessed HRCT image, 

this is not generally the case when viewing a study on film 

or on a workstation. In fact, if unprocessed CT images  (raw 

CT  
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pixels) are viewed, the appearance can be disconcerting, 

and the images may be difficult to read. Cameras are 



capable of photographing CT scans using a range of 

settings, from sharp to smooth. If the camera is set on 

sharp, individual CT pixels will be visible; on a smooth 

setting, the data are interpolated, and image pixel size is 

reduced (Fig. 1-14). Although it might seem that a sharp 

setting would be best for HRCT, this is not the case. 

Resolution of fine structures is better with a smooth setting, 

and image interpretation is easier. 

The use of an electronic workstation to view HRCT images is 

helpful and recommended. Scans may be viewed at a larger 

size than generally possible on film, making small or subtle 

abnormalities much easier to see. It is also of diagnostic 

value to toggle rapidly between different preset window 

settings (e.g., lung window, wide lung window, soft -tissue 

window) at a given scan level. Having preset windows 

available is important; in one study assessing the utility of 

workstation viewing, interpreting HRCT studies with a fixed-

window (-500/2,000 HU) setting proved to be more accurate 

than viewing them with operator-varied window settings 

[26]. Having preset windows available also markedly 

reduces the time required to interpret the images. 



 

FIG. 1-14. Image interpolation and pixel size. a: Actual CT 

pixels are displayed on this HRCT image in a patient with 

interlobular septal thickening. The thickening septa have a 

stair-step appearance, and centrilobular arteries appear 

square. B: With interpolation, the appearance of the image 

is considerably improved. Note that a small centrilobular 

bronchiole clearly seen on this image (arrow) cannot be 

recognized on the original image (A). 
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High-Resolution Computed 

Tomography Examination: Technical 

Modifications 

HRCT is usually performed using single slices at spaced 

intervals. Several technical modifications may be used, 

depending on the clinical indication for the study. Patient 

position and scan spacing are most often varied.  

Inspiratory Level 

Routine HRCT is obtained during suspended full inspiration, 

which (i) optimizes contrast between normal structures, 

abnormal soft tissue, and normal aerated lung parenchyma 

and (ii) reduces transient atelectasis, a finding that may 

mimic or obscure significant abnormalities. Selected scans 

obtained during or after forced expiration may also be 

valuable in diagnosing patients with obstructive lung 

disease or airway abnormalities. The use of expiratory HRCT 

is discussed below, and in Chapters 2 and 3. 

Patient Position and the Use of Prone 

Scanning 

Scans obtained with the patient supine are adequate in most 

instances. However, scans obtained with the patient 

positioned prone are sometimes necessary for diagnosing 

subtle lung disease. Atelectasis is commonly seen in the 

dependent lung in both normal and abnormal subjects, 

resulting in a so-called dependent density or a subpleural 

line (Fig. 1-15) [28]. These normal findings can closely 

mimic the appearance of early lung fibrosis, and they can be 

impossible to distinguish from true pathology on supine 

scans alone. However, if scans are obtained in both supine 



and prone positions, dependent density easily can be 

differentiated from true pathology (Fig. 1-15). Normal 

dependent density disappears in the prone position (Fig. 1-

16); a true abnormality remains visible regardless of 

whether it is dependent or nondependent (Figs. 1-17 and 1-

18). 

In a study by Volpe et al. [29], prone scans were considered 

helpful in 17 of 100 consecutive patients having HRCT. 

However, it should be pointed out that dependent density 

results in a diagnostic dilemma only in patients who have 

normal lungs or subtle lung abnormalities. In patients with 

obvious abnormalities, such as honeycombing, or who have 

diffuse lung disease, dependent density is not usually  a 

diagnostic problem. Thus, if the patient being studied has 

evidence of moderate to severe lung disease on plain 

radiographs, prone scans are not likely to be needed. On the 

other hand, if the patient is suspected of having an  
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interstitial abnormality and the plain radiograph is normal 

or near normal or the results of chest radiographs are 

unknown, the supine scan sequence must be closely 

monitored or prone scans should be obtained. Volpe et al. 

[29] assessed the usefulness of prone scans in patien ts who 

had chest radiographs read as normal, possibly abnormal, or 

definitely abnormal. Prone HRCT scans were helpful in 

confirming or ruling out posterior lung abnormalities in 10 

of 36 (28%) patients who had normal findings on chest 

radiographs, five of 18 (28%) patients who had possibly 

abnormal findings on chest radiographs, and only two of 46 

(4%) patients who had definitely abnormal findings on chest 

radiographs. The proportion of patients who benefited from 



prone scans was significantly lower among the patients with 

abnormal findings on chest radiographs than among the 

patients with normal (p = .008) or possibly abnormal (p = 

.02) findings. The two patients who had abnormal findings 

on radiographs and in whom CT scans obtained with the 

patient prone were helpful had minimal radiographic 

abnormalities. 

 



FIG. 1-15. Supine and prone scans with normal “dependent 

density.” A: Supine scan in a normal patient shows an ill -

defined opacity in the posterior aspect of both lungs 

(arrows). It is impossible to know whether this represents 

lung disease or is normal atelectasis. B: Prone scan done at 

same level shows no evidence of an abnormality.  

Some investigators [18, 30] obtain HRCT in the prone 

position only when dependent lung collapse is problematic 

[31]; however, this approach requires that the scans be 

closely monitored or that the patient be called back for  
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additional scans. Others use prone scanning routinely; this 

approach has proved particularly valuable in detecting early 

lung fibrosis [28, 32]. In patients who are suspected of 

having an airway disease, such as bronchiectasis, or another 

obstructive lung disease, dependent atelectasis is not 

usually a diagnostic problem, and prone scans are not 

usually needed. 



 

FIG. 1-16. Transient dependent density. A: Supine scan 

shows ill-defined opacity in the posterior lungs (arrows).  B: 

On a prone image, the posterior lung appears normal. Note 

some dependent opacity is now visible in the anterior lung.  

Scan Spacing 



HRCT is generally performed by obtaining single slices at 

spaced intervals, from the lung apices to the lung bases 

during suspended respiration. In this manner, HRCT is 

intended to “sample” lung anatomy, with the presumptions 

that a diffuse lung disease will be visible in at least one of 

the levels sampled  
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and that the findings seen at the levels scanned will be 

representative of what is present throughout the lung. 

These presumptions have proven valid during years of 

experience with HRCT. 



 

FIG. 1-17. Persistent opacity in the posterior lung in a 

patient with pulmonary fibrosis. A: Supine scan shows ill-

defined opacity in the posterior lungs and in a subp leural 

region anteriorly. B: On a prone image, the posterior is 

unchanged in appearance, indicative of lung disease.  

Two fundamentally different approaches to HRCT may be 

used, at least partially determined by the indications for the 

examination. The first approach is to obtain HRCT in 

combination with a conventional CT study, in which the 



entire thorax is imaged using 7- to 10-mm collimation scans 

[12, 18, 30]. This technique is most appropriate when the 

primary indication for the study is an evaluation o f the 

entire chest, or when the disease being evaluated 

necessitates comprehensive imaging. For example, even 

though mediastinal abnormalities are usually visible on 

HRCT images obtained at spaced intervals, in some patients 

with both mediastinal and pulmonary abnormalities 

suspected radiographically, obtaining a conventional CT 

study is appropriate. Similarly, in a patient with suspected 

lymphangitic spread of carcinoma who is having HRCT for 

diagnosis, obtaining a contrast-enhanced CT would be 

appropriate to look for or determine the extent of a primary 

carcinoma. Depending on the indication for the study, either 

HRCT or conventional CT may be obtained first and 

monitored to determine the need for additional imaging.  

The second approach is to obtain only HRCT images, in lieu 

of performing a conventional CT examination. Because HRCT 

is most often obtained to evaluate a patient suspected of 

having diffuse lung disease [9], and HRCT is optimized for 

imaging lung parenchyma, obtaining a conventional CT 

examination is not usually necessary for diagnosis. The 

great majority of HRCT studies in current clinical practice 

are obtained in this manner. 



 

FIG. 1-18. Persistent posterior lung opacity on prone scans 

in a patient with scleroderma and interstitial pneumonia. A: 

Supine scan shows ill-defined opacity in the posterior lungs. 

B: On a prone image, the posterior subpleural lung opacity 

is unchanged in appearance, and the presence of true lung 

disease can be diagnosed. 
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We consider scans obtained at 1-cm intervals, from the lung 

apices to bases, to be the most appropriate routine scanning 



protocol, allowing a complete sampling of the lung and lung 

disease regardless of its distribution. Obtaining scans at 

smaller intervals or obtaining contiguous scans is not 

usually necessary for diagnosis and would not be desirable 

because of the increased radiation dose involved. Scanning 

at 1-cm intervals is currently used by most investigators, 

although in early reports, HRCT scanning was performed at 

2-, 3-, and even 4-cm intervals [9, 31]; at three 

preselected levels [30]; or at one or two levels through the 

lower lungs [18]. HRCT is performed for a variety of 

reasons, and to some extent, the number of scans obtained 

and their levels can vary depending on the clinical 

indications for the study. 

Although obtaining scans at 1-cm intervals is recommended 

for initial diagnosis, it should be pointed out that in patients 

with a known disease, a limited number of HRCT images 

may be sufficient to assess disease extent. In one study 

[33], the ability of HRCT obtained at  three selected levels 

(limited HRCT) to show features of idiopathic pulmonary 

fibrosis (IPF) was compared to that of HRCT obtained at 10-

mm increments (complete HRCT). HRCT fibrosis scores 

strongly correlated with pathology fibrosis scores for the 

complete (r = 0.53, p = .0001) and limited (r = 0.50, p = 

.0001) HRCT examinations. HRCT ground-glass opacity 

scores correlated with the histologic inflammatory scores on 

the complete (r = 0.27, p = .03) and limited (r = 0.26, p = 

.03) HRCT examinations. As another example, in evaluating 

patients with asbestos exposure, several investigators have 

suggested that a limited number of scans should be 

sufficient for the diagnosis of asbestosis [28,32,34, 35, 36, 

37]. Obtaining four or five scans near the lung bases has  

proved to have good sensitivity in patients with suspected 



asbestosis [38]. Conventional CT combined with a few HRCT 

images has also been applied to patients with suspected 

diffuse lung disease and has been shown to be clinically 

efficacious [30]; HRCT scans obtained at the levels of the 

aortic arch, carina, and 2 cm above the right 

hemidiaphragm allow the assessment of the lung regions in 

which lung biopsies are most frequently performed [12]. 

In patients who are likely to require prone images, several 

prone scans can be added to the routine supine sequence 

obtained with 1-cm scan spacing; a reasonable protocol 

would  
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include additional prone scans at 2- to 4-cm intervals. 

Alternatively, scans can be obtained at 2-cm intervals from 

lung apices to bases, in both supine and prone positions. 

Because the prone and supine images will be slightly 

different, even if obtained at the same level, the number of 

images obtained will be equivalent to a supine position scan 

protocol using 1-cm spacing. 



 

FIG. 1-19. Gantry angulation in a patient with right middle 

lobe bronchiectasis. A: HRCT image obtained with the gantry 

vertical shows bronchial wall thickening in the right middle 

lobe. B: HRCT image obtained with the gantry angulated 20 



degrees allows right middle lobe bronchi (arrows) to be 

imaged along their axes. 

It may be appropriate to customize the number or location 

of scans, depending on the patient's suspected disease, 

clinical findings, or the location of plain radiographic 

abnormalities. For example, if the lung disease being 

studied predominates in a certain region of lung, as 

determined by chest radiographs, conventional CT [18], or 

other imaging studies, it makes sense that more scans 

should be obtained in the most abnormal area. In patients 

with suspected asbestosis, it has been recommended that 

more scans be performed near the diaphragm than in the 

upper lobes because of the typical basal distribution of this 

disease, even if the chest radiograph does not suggest an 

abnormality in this region [28, 32]. 
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Some support for this approach has been lent by a paper 

[39] describing theoretical methods useful in selecting the 

appropriate number of HRCT images for estimating any 

quantitative parameter of lung disease; a marked reduction 

in the number of images necessary for quantification of a  

desired parameter can be achieved by using a stratified 

sampling technique based on prior knowledge of the disease 

distribution. 

Gantry Angulation 

It has been suggested that, in patients with bronchiectasis, 

angling the gantry 20 degrees caudally with the  patient 

supine (i.e., the lower gantry is angled toward the feet) 



improves visibility of the segmental and subsegmental 

bronchi, particularly in the middle lobe and lingula, by 

aligning them parallel to the plane of scan (Fig. 1-19) [40]. 

This technique may be valuable in assessing patients with 

bronchiectasis [41]. However, in the majority of patients 

with bronchiectasis, HRCT without gantry angulation is 

sufficient for diagnosis. 

Electrocardiographically Triggered 

High-Resolution Computed 

Tomography 

HRCT scans obtained in a routine fashion may be degraded 

by cardiac motion. Several motion-related artifacts may be 

seen, particularly in the left paracardiac region (see High-

Resolution Computed Tomography Artifacts). HRCT scans 

may be obtained using electrocardiographic (ECG) triggering 

of scan acquisition in an attempt to reduce these artifacts 

[42]. In a recent study using a spiral scanner capable of 

0.75-second gantry rotation, 500-millisecond HRCT scans, 

representing a 240-degree rotation of the gantry, were 

initiated at 50% of the R-R interval. Because of the shorter-

than-routine scan time, images were reconstructed using a 

somewhat smoother algorithm than is usually used for 

HRCT. In 35 patients, Schoepf et al. [42] found that ECG 

triggering significantly reduced artifacts caused by cardiac 

motion, such as distortion of pulmonary vessels, double 

images, or blurring of the cardiac border, when compared to 

routine images. Furthermore, in patients with a heart rate 

of 75 beats per minute or less, ECG trigger ing significantly 

improved image quality. It should be noted, however, that 



this technique was not found to improve diagnostic 

accuracy. 

Use of Contrast Agents 

At present, there is no routine indication for the use of 

contrast agents with HRCT, except when studying a focal 

lung lesion or solitary nodule [43] or in patients being 

studied for concomitant vascular disease. Because the lung 

window settings routinely used for HRCT are intended to 

accentuate the contrast between air and tissue, vascular 

opacification is not visible in patients receiving an injection 

of intravenous contrast. Using a soft -tissue window, 

opacification of segmental and subsegmental vessels may be 

seen on HRCT. 

Volumetric High-Resolution Computed 

Tomography 

Volumetric HRCT may be performed using several different 

techniques, including conventional HRCT with multiple 

contiguous slices, single detector-row spiral CT, and 

multidetector-row spiral CT. In each, a volume of lung is 

examined for the purpose of viewing contiguous slices or the 

volumetric reconstruction of scan data. With spiral 

technique, this can be accomplished during a single breath 

hold, although the volume of lung imaged will vary with the 

type of scanner. 

Volumetric HRCT has several potential advantages. It would 

allow (i) complete lung imaging, (ii) viewing of contiguous 

slices for the purpose of better defining lung abnormalities, 

(iii) a better understanding of the three-dimensional (3D) 

distribution of abnormalities relative to lung structures, and 

(iv) the 3D reconstruction of scan data for the purpose of 



viewing images in nontransaxial planes or obtaining 

maximum or minimum intensity projections. However, at 

present, evidence that volumetric imaging improves 

diagnostic accuracy in patients with diffuse lung disease is 

limited to several specific situations. Therefore, the use of 

volumetric HRCT should generally be limited to selected 

cases. 

In an early attempt at volumetric imaging [44], four 

contiguous HRCT scans were obtained without using spiral 

technique at each of three locations (the aortic arch, carina, 

and 2 cm above the right hemidiaphragm) in 50 consecutive 

patients with interstitial lung disease or bronchiectasis. At 

each level, the diagnostic information obtainable from the 

set of four scans was compared to that obtainable from the 

first scan in the set of four. When the full set of four scans 

was considered, more findings of disease were identified. 

The sensitivity of the first scan as compared to the set of 

four was 84% for the detection of bronchiectasis, 97% for 

ground-glass opacity, 88% for honeycombing, 88% for 

septal thickening, and 86% for nodular opacities. However, 

it is more likely that the improvement in sensitivity found 

using the set of four scans reflects the number of scans 

viewed rather than the fact that they were obtained in 

contiguity. 

Other studies have used spiral CT technique with thin 

collimation and maximum- or minimum-intensity projections 

(MinIPs) to acquire and display volumetric HRCT data for a 

slab of lung [45, 46, 47]. In this setting, maximum intensity 

projections (MIPs) have been used primarily for the 

diagnosis of nodular lung disease. MIP images increase the 

detection of small lung nodules and can be helpful in 

demonstrating their anatomic distribution (Fig. 1-20). 



Coakley et al. [46] assessed the use of MIP images in the 

detection of pulmonary nodules by spiral CT. Forty 

pulmonary nodules of high density were created by 

placement of 2- and 4-mm beads into the peripheral airways 

of five dogs. MIP images were generated from overlapped 

slabs of seven consecutive 3-mm slices, reconstructed at 2-

mm intervals and acquired at pitch 2. MIP imaging increased 

the odds of nodule detection by more than two, when 

compared to spiral images, and reader confidence for nodule 

detection was signif icantly higher with MIP images. 



 

FIG. 1-20. Maximum-intensity projection (MIP) image in a 

patient with small lung nodules obtained using a 

multidetector-row spiral CT scanner with 1.25-mm detector 

width and a pitch of 6. A: A single HRCT image shows two 

small nodules (arrows) that are difficul t to distinguish from 



vessels. B: An MIP image consisting of eight contiguous 

HRCT images, including A, allows the two small nodules to 

be easily distinguished from surrounding vessels.  
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In a study by Bhalla et al. [45], the use of helical HRCT and 

MIP images was compared in patients with nodular lung 

disease. Because of the markedly improved visualization of 

peripheral pulmonary vessels and improved spatial 

orientation, MIP images were considered superior to helical 

scans for identifying pulmonary nodules and specifying their 

location as peribronchovascular or centrilobular, a finding of 

great value in differential diagnosis.  

In another study [47], sliding-thin-slab MIP reconstructions 

were used in 81 patients with a variety of lung diseases 

associated with small nodules. In this study, patients were 

studied using 1- and 8-mm-thick conventional CT and focal 

spiral CT with generation of 3-, 5- and 8-mm-thick MIP 

reconstructions. When conventional CT findings were 

normal, MIPs did not demonstrate additional abnormalities. 

When conventional CT findings were inconclusive, MIPs 

enabled detection of micronodules (i.e., nodules 7 mm or 

less in diameter) involving less than 25% of the lung. When 

conventional CT scans showed micronodules, MIPs showed 

the extent and distribution of micronodules and associated  
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bronchiolar abnormalities to better advantage. The 

sensitivity of MIPs (3-mm-thick MIP, 94%; 5-mm-thick MIP, 

100%; 8-mm-thick MIP, 92%) was significantly higher than 



that of conventional CT (8-mm-thick, 57%; 1-mm-thick, 

73%) in the detection of micronodules (p <.001). The 

authors [47] concluded that sliding-thin-slab MIPs may help 

to detect micronodular lung disease of limited extent and 

may be considered a valuable tool in the evaluation of 

diffuse infiltrative lung disease. On the other hand, in 

patients with extensive abnormalities, MIPs result in a 

confusing superimposition of opacities that tends to obscure 

anatomic detail (Fig. 1-21). 

 



FIG. 1-21. Maximum-intensity projection (MIP) image in a 

patient with extensive abnormalities due to alveolar 

proteinosis obtained using a multidetector -row spiral CT 

scanner with 1.25-mm detector width and a pitch of 6. A: A 

single HRCT image shows a typical patchy distribution of 

interlobular septal thickening and ground-glass opacity 

typical of alveolar proteinosis. B: An MIP image consisting 

of five contiguous HRCT images, including (A), results in a 

confusing superimposition of opacities. Septal thickening is 

more difficult to diagnose. 

The utility of MinIP images has also been evaluated (Fig. 1-

22) [45]. In one study [45], MinIP images were more 

accurate than routine HRCT scans in identifying (i) the 

lumina of central airways (Fig. 1-23), (ii) areas of abnormal 

low attenuation (e.g., emphysema or air -trapping) (Fig. 1-

23; see Fig. 7-36), and (iii) ground-glass opacity. In the 

study by Bhalla et al. [45], when compared to conventional 

HRCT, volumetric MIP and MinIP images demonstrated 

additional findings in 13 of 20 (65%) cases. However, 

although an advantage has been described for volumetric 

HRCT with MIP or MinIP image reconstruction in 

demonstrating small nodules of limited extent and subtle 

areas of increased or decreased lung density, conventional 

HRCT is advantageous in depicting fine linear structures, 

such as the walls of dilated small airways and interlobular 

septa. 



 

FIG. 1-22. Minimum-intensity projection (MinIP) image in 

the patient shown in Fig. 1-17A, and at the same anatomic 

level. Normal lung parenchyma appears relatively 

homogeneous. Pulmonary vessels disappear on MinIP 

images. 
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Single Detector-Row Spiral Computed 

Tomography 

Single detector-row spiral CT scanners have the ability to 

obtain a volumetric CT data set, with a 1- or 2-cm-thick 

slab of lung being scanned during a single breath hold, 

using 1-mm collimation and a pitch of 1. Obtaining scans 

with a spiral technique results in a small increase in 

effective slice thickness (compared to scans obtained 



without table motion), and results in some loss of spatial 

resolution [48, 49], although this effect is minimal with 

proper technique [50]. Using a pitch of 2 broadens the 

effective slice thickness by approximately 30% [51, 52]. 

Thus, using 1-mm collimation, effective slice thickness is 

approximately 1.3 mm. An increase in pitch may also result 

in some decrease in signal-to-noise ratio, but this is not 

generally a problem in diagnosis. Although this technique is 

of potential value in demonstrating the 3D distribution of 

abnormalities in patients with diffuse lung disease and is an 

appealing concept, because of the limited volume of lung 

assessed during a single breath hold, volumetric HRCT using 

a single detector-row scanner is of considerably more value 

in assessing patients with focal lung disease or discrete lung 

nodules [49, 53]. The ability to perform this type of thin- or 

thick-slab volumetric imaging is not a major advantage in 

assessing most patients with diffuse lung disease; HRCT in 

patients with suspected diffuse lung disease requires a 

sampling of lung anatomy in different lung regions, rather 

than a more detailed volumetric assessment at a few levels.  

In general, in patients suspected of having diffuse 

infiltrative lung disease, HRCT obtained with a single 

detector-row spiral should be performed without table 

motion, using thin (1-mm) collimation, scans at spaced 

intervals, a scan time of 1 second or less, and a high-

resolution reconstruction algorithm. 

Multidetector-Row Spiral High-

Resolution Computed Tomography 

Multidetector-row spiral CT scanners make use of multiple 

adjacent detector rows that acquire scan data 

simultaneously and may be used independently or in 



combination to generate images of different thickness. Such 

scanners typically use high orders of pitch (e.g., 6), and are 

capable of imaging the entire thorax during a single breath 

hold with the volumetric reconstruction of thin, high-

resolution slices. For example, using one currently available 

scanner, data may be simultaneously acquired from four 

1.25-mm detector rows, with table movement of 7.5 mm per 

second and a gantry rotation time of 0.8 seconds. Assuming 

that 25 cm is required for imaging the lungs, volumetric 

HRCT of the entire lung volume using these parameters 

would require approximately 27 seconds. Although single 

detector-row spiral CT does not offer a significant advantage 

in patients with diffuse lung disease when compared to 

conventional HRCT performed with individual spaced slices, 

multidetector-row CT has the potential to fundamentally 

change the way HRCT is performed, at least in some 

patients. The volumetric data resulting from this mode of 

scanning allow near-isotropic imaging and HRCT assessment 

of lung morphology in a continuous fashion from lung apex 

to base, the production of MIP and MinIP images at any 

desired level (Figs. 1-20, 1-21, 1-22 and 1-23), and the 

viewing of the scan volume in nontransaxial planes (Figs. 1-

24, 1-25, 1-26 and 1-27; see Fig. 7-36). 



 



FIG. 1-23. Multidetector-row spiral (HRCT) image with 

contrast enhancement in a patient with bronchiolitis 

obliterans and a clinical suspicion of pulmonary embolism. 

No pulmonary embolism was found. A: A single HRCT image 

obtained with 1.25-mm detector width and a pitch of 6 

shows bronchiectasis and patchy lung attenuation with 

reduced artery size in lucent lung regions due to air -

trapping and mosaic perfusion. B: A 10-mm-thick minimum-

intensity projection image (MinIP) at the same level as A 

accentuates the differences in attenuation between normal 

lung and lucent lung, but pulmonary arteries cannot be 

assessed. Bronchiectasis is well seen using MinIP imaging. 

C: A maximum-intensity projection at the same level as B 

shows reduced vessel size in the lucent lung regions. 

Inhomogeneous lung attenuation is also visible. The 

bronchiectasis is difficult to see. 
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The spiral acquisition of HRCT data using this technique 

results in some broadening of the scan profile, but the 

effective slice thickness using this technique would still be 

sufficient for HRCT diagnosis in most cases. With 1.25-mm 

detector width, effective slice thickness is approximately 1.6 

mm when a pitch of 6 (table travel 7.5 mm per gantry 

rotation) is used. Furthermore, depending on the technique 

used and how data from the various detector rows are 

combined, images of different thickness may be produced 



retrospectively from the same study. Using the protocol 

described above, in addition to viewing images generated 

from data acquired by the individual 1.25-mm detectors, 

data from the detector rows may be combined to produce 

images representing thicker slices (i.e., 2.5 mm). Thus, this 

technique enables HRCT and “routine” or thick -section chest 

imaging to be combined as a single examination, blurring 

the distinction between these studies. 

Combining a volumetric chest CT examination with HRCT by 

using multidetector-row CT may be of value in patients 

being studied primarily for diffuse lung disease, for which 

HRCT would be the examination of choice, and in patients 

being evaluated for disease usually studied using 

conventional spiral technique. For example, in patients 

being evaluated before volume reduction surgery for 

emphysema or before lung transplantation, volumetric lung 

imaging might be of value in the diagnosis of associated 

lung carcinoma, which has an incidence of up to 5% in this 

patient population, or other significant abnormalities [54]. 

In patients with hemoptysis, thin and thick image 

reconstruction may be of value in demonstrating small or 

large airway disease, respectively. Another advantage of 

multidetector-row CT would be in patients requiring a 

“conventional” CT for the diagnosis of thoracic disease, such 

as evaluation of a lung nodule. In such patients, scan data 

may be reconstructed with a thickness appropriate for the 

detection of lung nodules and bronchial abnormalities and 

for assessment of mediastinal and hilar lymph nodes. At the 

same time, and without additional scanning, high-resolution 

images could be reconstructed for the purpose of 

delineating nodule morphology and attenuation, or for the 

diagnosis of associated lymphangitic spread.  



Similarly, in patients with suspected pulmonary vascular 

disease, HRCT with contrast enhancement may be obtained 

using multidetector-row spiral CT, allowing the detailed 

assessment of both vasculature and pulmonary parenchyma 

(Figs. 1-23, 1-26, 1-27; see Figs. 9-4, and 9-5). In patients 

having spiral CT for the diagnosis of acute or chronic 

pulmonary embolism, scan data can also be reconstructed 

using thin collimation to look for lung disease that could be 

associated with similar symptoms (Figs. 1-23 and 1-26). 

On the other hand, in patients being assessed using HRCT 

for known diffuse lung disease, such as IPF, the need for 

volumetric scanning or thicker slices is less clear, and the 

additional radiation dose required by volumetric imaging 

would not seem warranted. Another disadvantage of 

obtaining volumetric  
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HRCT is the large number of images produced. Unless scans 

are reviewed using a workstation, reading a volumetric 

study would be cumbersome and would require the use of a 

large number of films. 



 

FIG. 1-24. Coronal and sagittal image reconstruction from 

multidetector-row spiral HRCT in a normal subject. A: 

Coronal reconstruction from a multidetector -row spiral CT 

obtained using 1.25-mm detectors, and a pitch of 6 relative 

to detector width, during a single breath hold. Small 

peripheral vessels are visible. The posterior portion of the 

major fissures are visible as thin stripes of opacity. B: 

Parasagittal reconstruction from the same HRCT data set 

shows the minor and major fissures. 

Although some patients may be able to hold their breath for 

a volumetric spiral acquisition using this technique (e.g., 27 

seconds), dyspneic patients will not. An advantage of 



obtaining HRCT with single slices is that a breath hold of 1 

second or less is required. 

Standardized protocols for performing volumetric 

multidetector-row HRCT have not been established. 

However, in patients who may not be able to hold their 

breath for a complete volumetric study, logic dictates that 

the scan protocol be modified according to the distribution 

of the disease suspected. For diseases likely to have a basal 

predominance, such as IPF, scanning should begin near the 

diaphragm and proceed in a cephalad direction. In this way, 

the more important basal lung will be imaged at the 

beginning of the scan sequence, and if the patient begins to 

breathe during scanning, only images through the less 

important upper lobes will be degraded by respiratory 

motion. For the same reason, in a patient suspected of 

having a disease with an upper-lobe predominance (e.g., 

sarcoidosis), it may be appropriate to begin scanning in the 

lung apices. Because lung movement with respiration is 

greatest at the lung bases, an alternative approach would 

be to scan from the bases to apices in all patients. If the 

patient breathes during the scan, the upper lobes would be 

less affected. In a dyspneic patient, breaking up the scan 

sequence into smaller volumes with several breath holds 

might also be helpful. Experience indicates that using a 

detector thickness of 1.25 mm and a pitch of 6 (table 

movement of 7.5 mm per gantry rotation), with 

reconstruction using a high-resolution algorithm, provides 

excellent lung detail. Depending on the indication for the 

study, this may be performed with or without contrast 

infusion. 

With multidetector-row spiral scanners, contiguous HRCT 

images may also be obtained without table motion, with 



each detector row acquiring a separate image. Using this 

technique, clusters of four contiguous scans could be 

obtained at selected levels (e.g., at 1.5- to 2-cm intervals). 

The individual scans could be viewed independently, as with 

conventional HRCT, or could be processed to produce MIP or 

MinIP images. 



 



FIG. 1-25. Coronal and sagittal image reconstruction from 

multidetector-row spiral HRCT in a patient with disc 

atelectasis in the posterior lungs. A: Coronal reconstruction 

from a multidetector-row spiral CT obtained using 1.25-mm 

detectors, and a pitch of 6 relative to detector width, during 

a single breath hold. Linear areas of increased attenuation 

reflect disc atelectasis. B: Parasagittal reconstruction shows 

linear subpleural opacities representing disc atelectasis.  



 



FIG. 1-26. HRCT obtained using multidetector-row HRCT 

with 1.25-mm detectors and a pitch of 6 relative to detector 

width, in an AIDS patient with pulmonary hypertension and 

a differential diagnosis, including chronic pulmonary 

embolism, vasculitis, and lung disease. Transaxial (A, B) 

and parasagittal reconstructed (C) HRCTs obtained during a 

single breath hold show normal findings. D: Transaxial 

image shows enlargement of main pulmonary artery 

consistent with pulmonary hypertension, but no evidence of 

pulmonary embolism. The presence of pulmonary 

hypertension in the absence of pulmonary embolism or lung 

disease suggests plexogenic arteriopathy. 

FIG. 1-27. Contrast-enhanced spiral HRCT obtained in a 19-

year-old woman with significant hypoxemia. Scans were 

obtained using multidetector-row HRCT with 1.25-mm 

detectors and a pitch of 6 relative to detector width. 

Transaxial (A, B) images showed numerous very small 

subpleural arteriovenous malformations (arrows). One-

centimeter-thick maximum-intensity projection images in 

the transaxial (C,D) and coronal (E) planes show the 

malformations (arrows) and their vascular supply to better 

advantage. She was subsequently found to have Osler -

Weber-Rendu disease. 

P.30 

 

 

P.31 

 

 



P.32 

 

 

P.33 

 

 

P.34 

 

 

P.35 

 

 

Expiratory High-Resolution Computed 

Tomography 

As an adjunct to routine inspiratory images, expiratory 

HRCT scans have proved useful in the evaluat ion of patients 

with a variety of obstructive lung diseases [55, 56]. On 

expiratory scans, focal or diffuse air -trapping may be 

diagnosed in patients with large or small airway obstruction 

or emphysema. It has been shown that the presence of air -

trapping on expiratory scans (i) correlates to some degree 

with pulmonary function test abnormalities [57, 58], (ii) can 

confirm the presence of obstructive airway disease in 

patients with subtle or nonspecific abnormalities visible on 

inspiratory scans, (iii) allows the diagnosis of significant 

lung disease in some patients with normal inspiratory scans 

[59], and (iv) can help distinguish between obstructive 

disease and infiltrative disease as a cause of 

inhomogeneous lung opacity seen on inspiratory scans [60]. 

In most lung regions of normal subjects, lung parenchyma 

increases uniformly in attenuation during expiration 



[6,61,62,63,64,65], but in the presence of air-trapping, 

lung parenchyma remains lucent on expiration and shows 

little change in volume. Focal, multi focal, or diffuse air-

trapping is visible as areas of abnormally low attenuation on 

expiratory or postexpiratory CT. On expiratory scans, visible 

differences in attenuation between normal and obstructed 

lung regions are visible using standard lung window settings 

and can be quantitated using regions of interest. Differences 

in attenuation between normal lung regions and regions that 

show air-trapping often measure more than 100 HU [66]. 

Air-trapping visible using expiratory or postexpiratory HRCT 

has been recognized in patients with various obstructive or 

airway diseases, such as emphysema [67, 68, 69], chronic 

airways disease [58], asthma [70, 71, 72], bronchiolitis 

obliterans [59,68,73,74,75,76,77,78,79,80], the cystic lung 

diseases associated with Langerhans histiocytosis and 

tuberous sclerosis [81], and bronchiectasis [68, 82]. It has 

also proven valuable in demonstrating the presence of 

bronchiolitis in patients with primarily infiltrative diseases 

such as hypersensitivity pneumonitis [83, 84], sarcoidosis 

[85, 86], and pneumonia. 



 

FIG. 1-28. Expiratory air-trapping in a patient with 

idiopathic scoliosis and normal inspiratory scans. A: An 

inspiratory scan shows homogeneous lung attenuation 

without evidence of airways disease. B: Routine expiratory 

scan shows patchy air-trapping (arrows) indicative of small 

airways disease. 

P.36 



 

 

Some investigators obtain expiratory scans routinely in all 

patients who have HRCT, whereas others limit their use to 

patients with inspiratory scan abnormalities or suspected 

obstructive lung disease [55]. We recommend the routine 

use of expiratory scans in a patient's initial HRCT 

evaluation. The functional cause of respiratory disability is 

not always known before HRCT. Furthermore, even in 

patients with a known restrictive abnormality on pulmonary 

function tests, expiratory HRCT may show air-trapping, a 

finding of potential value in differential diagnosis. Limiting 

expiratory HRCT to patients with evidence of airway 

abnormalities on inspiratory scans will result in some 

missed diagnoses. Expiratory HRCT may show f indings of 

air-trapping in the absence of inspiratory scan abnormalities 

(Fig. 1-28) [59]. The use of expiratory scans may be of 

great value in the follow-up of patients at risk of developing 

an obstructive abnormality. For example, expiratory scans 

are valuable in detecting bronchiolitis obliterans in patients 

being followed for lung transplantation [79, 87]. 

Expiratory HRCT scans may be obtained during suspended 

respiration after forced exhalation (postexpiratory CT), 

during forced exhalation (dynamic expiratory CT) [64, 68], 

at a user-selected respiratory level controlled during 

exhalation with a spirometer (spirometrically triggered 

expiratory CT), or during other methods [88, 89, 90, 91, 92, 

93]. Generally, with these techniques, expiratory scans are 

obtained at selected levels. Three scans, five scans, or 

scans at 4-cm intervals have been used by different 

authors. Expiratory imaging may also be performed using 

spiral technique and 3D volumetric reconstruction  
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[94, 95]. Although not a “high-resolution” technique, this 

method can be valuable in patients also having HRCT for 

evaluation of lung disease, particularly emphysema.  

Postexpiratory High-Resolution 

Computed Tomography 

Postexpiratory HRCT scans, obtained during suspended 

respiration after a forced exhalation, are easily performed 

with any scanner and are most suitable for a routine 

examination (Fig. 1-28). The primary advantage of this 

technique is its simplicity. In obtaining expiratory HRCT, the 

patient is instructed to forcefully exhale and then hold his 

or her breath for the duration of the single scan. This 

maneuver is practiced with the patient before the scans are 

obtained to ensure an adequate level of expiration. 

Postexpiratory scans can be performed at several 

predetermined levels (e.g., aortic arch, carina, and lung 

bases), at 2- to 4-cm intervals, or at levels appearing 

abnormal on the inspiratory images. Scans at two to five 

levels have been used by different authors 

[60,70,71,76,96,97]. Expiratory scans at three selected 

levels (aortic arch, hila, lower lobes) are generally sufficient 

for showing significant air-trapping when present, and are 

used routinely in addition to inspiratory scan series in 

patients with suspected airways or obstructive lung 

diseases. Although targeting postexpiratory scans to lung 

regions that appear abnormal on the inspiratory scans would 

seem advantageous, using preselected scans allows the 

same lung regions to be routinely imaged on follow-up 



examinations and, in some patients, can show air -trapping 

when inspiratory scans are normal. 

Each of the postexpiratory scans is compared to the 

inspiratory scan that most closely duplicates its level to 

detect air-trapping. Anatomic landmarks such as pulmonary 

vessels, bronchi, and fissures are most useful for locali zing 

corresponding levels. Because of diaphragmatic motion 

occurring with expiration, attempting to localize the same 

scan levels by using the scout view is difficult and 

sometimes misleading. 

Dynamic Expiratory High-Resolution 

Computed Tomography 

Scans obtained dynamically during forced expiration can be 

obtained using an electron-beam scanner or a helical 

scanner. There is some evidence to suggest that a greater 

increase in lung attenuation occurs with dynamic expiratory 

imaging than with simple postexpiratory HRCT and that air-

trapping consequently is more easily diagnosed.  

Dynamic scanning with an electron-beam scanner has been 

termed dynamic ultrafast HRCT  [68, 81, 98, 99]. This 

technique is performed using a scanner capable of obtaining 

a series of images with a 100-millisecond scan time [500-

millisecond interscan delay, 1.5- to 3-mm collimation, 150 

kV(p), 650 mA] [68, 81, 98, 100]. In general, when using 

this technique, a series of ten scans is performed at a single 

level during a 6-second period, as the patient first inspires 

and then forcefully exhales. Patients are instructed to 

breathe in deeply and then breathe out as rapidly as 

possible (Fig. 1-29). Images are reconstructed using a high-

spatial frequency algorithm. Usually, dynamic CT scan 

sequences are obtained at several selected levels through 



the lungs. In papers describing this technique, three levels 

were used (e.g., at the level of the aortic arch, carina, and 

lung bases), although the protocol can be varied in 

individual cases, with imaging limited to a specific region. 

During expiration, the diaphragm ascends, and the lungs 

move cephalad. Lung motion is most significant on scans 

through the lung bases. Although slightly different regions 

of the lung are imaged on sequential scans obtained at the 

same level, the effect of diaphragmatic motion on the 

assessment of lung attenuation has been regarded as 

inconsequential [64, 68, 98]. Little motion-related image 

degradation is visible on dynamic ultrafast HRCT scans 

because of the very rapid scan time used [81, 100]. 

Dynamic scans can also be obtained using a spiral or helical 

CT scanner with a gantry rotation time of 1 second or less. 

If images are reconstructed using half the scan circle, 

individual images represent a scan period of one-half second 

or less. Because of the continuous scanning that is possible 

with the helical technique, scans can be reconstructed at 

any point during the scan sequence, thus providing a 

temporal resolution equivalent or superior to that of 

dynamic ultrafast HRCT. However, because of the longer 

time required to obtain each image, some degradation of 

anatomic detail can be expected on individual images. In 

performing dynamic expiratory CT, although one or more 

images obtained during the rapid phases of expiration will 

show significant motion artifact, images near and at full 

expiration show little artifact and allow optimal assessment 

of lung attenuation (Fig. 1-30) [101]. 

The use of a dynamic spiral technique may be combined 

with a reduced mA (e.g., 40 mA) so that the sequence of 

images obtained represents the same radiation dose as that 



associated with a single expiratory image (see Fig. 2-20). 

Using such a technique, continuous imaging is performed 

during 6 seconds, as the patient rapidly exhales. The total 

radiation dose for the 6-second sequence is equivalent to 

that of a single scan. Although image quality is reduced 

using the low-dose technique, images adequate for the 

diagnosis of air-trapping are obtained. In a group of lung 

transplant recipients studied using both postexpiratory 

HRCT and low-dose dynamic expiratory spiral HRCT [101], 

lung attenuation was noted to increase significantly more 

with the dynamic technique (204 HU versus 130 HU, p = 

.0007), and in one patient, air-trapping was diagnosed only 

on the dynamic images. 

Using either technique, the dynamic scan sequence is 

viewed with attention to changes in lung attenuation and 

regional lung volume during the forced expiration. The 

images can be evaluated quantitatively or qualitatively, with 

measurement of lung attenuation during different phases of 

the respiratory maneuver, calculation of time-attenuation 

curves, or simple viewing of the serial scans in sequence or 

in cine mode. Air-trapping is considered to be present when 

the lung fails to increase normally in attenuation during 

exhalation [68, 81, 98]. The image sequence can be 

analyzed quantitatively as well as  
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qualitatively. The mean HU attenuation for a specific region 

of interest in the lung can be measured and plotted for each 

scan, producing a time-attenuation curve graphically 



demonstrating the changes in lung attenuation that have 

occurred during a single expiration and inspiration (Fig. 1-

29B) [81]. This use of dynamic expiratory HRCT is discussed 

further in Chapters 2 and 3. 

 



FIG. 1-29. Dynamic expiratory HRCT in a normal subject 

obtained using an electron-beam scanner. A: The ten-image 

dynamic ultrafast HRCT sequence acquired during a single 

forced vital capacity maneuver is shown, with the field of 

view limited to the left upper lobe. These ten 100-

millisecond images were obtained at 600-millisecond 

intervals. They are shown in sequence, in a clockwise 

fashion, from the left upper corner (1) to the lower left 

corner (10). Images at full inspiration (I) and full expiration 

(E) are visible. Note the increase in lung attenuation and 

decrease in lung volume that occur as the subject exhales. 

As in most normal subjects, lung attenuation increase on 

expiration is relatively homogeneous. B: A time-attenuation 

curve is produced by measuring the mean lung attenuation 

(HU) for a specific region of interest (ROI). In this subject, 

for an ROI in the anterior lung, attenuation decreases to 

approximately -870 HU at maximum inspiration (I) and 

increases in attenuation to -670 HU at maximum expiration 

(E) for an overall attenuation increase of approximately 200 

HU. Each point on the time-attenuation curve represents 

one image from the dynamic sequence. (From Webb WR, 

Stern EJ, Kanth N, et al. Dynamic pulmonary CT: findings in 

normal adult men. Radiology 1993;186:117, with 

permission.) 



 

FIG. 1-30. Dynamic expiratory HRCT obtained using a spiral 

scanner. A: In a patient with bilateral lung transplantation, 

inspiratory HRCT shows stenosis of the bronchus 

intermedius. The lungs appear normal. B: On an image from 

the expiratory phase, there is marked air -trapping in right 

middle and lower lobes. Note that the right major fissure 

(white arrow) is bowed forward in comparison to the left 



major fissure and the inspiratory scan. The right upper lobe 

(black arrow) and left lung increase normally in attenuation.  

Spirometrically Triggered Expiratory 

High-Resolution Computed 

Tomography 

Spirometrically triggered expiratory HRCT is a technique by 

which expiratory scanning can be done at specific, 

reproducible, user-selected lung volumes [88,89,90,93]. 

With this technique, the patient breathes through a small 

hand-held spirometer while positioned on the CT table. 

Before scanning, a spirometric measurement of the vital 

capacity is obtained, and trigger level (e.g., 90% of vital 

capacity) is chosen. During exhalation, the spirometer and 

associated microcomputer measure the volume of gas 

expired and trigger CT after a specific volume is reached. 

When the trigger signal is generated, air flow is inhibited by 

closure of a valve attached to the spirometer, and a 

scanning starts. Two or three different levels in the chest 

are typically selected and evaluated with respect to lung 

attenuation at specific lung volumes. Using this method, 

quantitative assessment of CT images with respect to lung 

attenuation can be performed with excellent precision [88, 

89]. This technique may also be used with a spiral scanner 

or an electron beam scanner [91]. Spirometrically gated or 

controlled imaging may be particularly valuable in pediatric 

patients [91]; with inhibition of respiration, respiratory 

motion artifacts may be avoided. Motion-free inspiratory 

and expiratory imaging can also be obtained in pediatric 



patients by using a positive-pressure ventilation device and 

controlled pauses in spontaneous respiration [92]. 
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Three-Dimensional Expiratory 

Computed Tomography 

The use of helical CT performed with thick collimation (7 to 

8 mm) at inspiration and expiration, with 3D reconstruction 

of the CT data, has also been used to assess lung volume 

and the extent of emphysema. However, in patients having 

an HRCT study for diagnosis of a diffuse lung disease, 

obtaining selected expiratory HRCT scans is generally 

simpler and preferable to obtaining a spiral CT examination 

for the diagnosis of air-trapping. 

The method of assessing lung attenuation or lung volume 

using spiral CT has varied with the investigator. Kauczor et 

al. [94] used helical CT (slice thickness, 8 mm; pitch, 2; 

increment, 8 mm) with two-dimensional (2D) and 3D 

postprocessing to assess lung volume at deep inspiration 

and expiration. 2D and 3D techniques were found to 

correlate with lung volumes. In another study, 3D 

volumetric reconstructions of total lung volume at 

inspiration and at expiration and quantitation of regions of 

low attenuation (lung attenuation measuring less than -896 

HU on inspiratory CT and -790 HU on expiratory CT) were 

correlated with pulmonary function test results [95]; in this 

study, an excellent correlation was found between the 

volume of low-attenuation lung and pulmonary function test 

findings of obstruction, such as the ratio of forced 



expiratory volume in 1 sec (FEV1) to the forced vital 

capacity. 

The use of multidetector-row volumetric HRCT during 

inspiration and expiration may also be used for the global 

assessment of lung attenuation, with the advantage that it 

would also provide anatomic detail. 

Recommended High-Resolution 

Computed Tomography Protocols 

HRCT may be obtained in a number of different clinical 

settings, and to some extent the manner in which the 

examination is obtained is varied according to the diseases 

suspected. The following protocols are provided as guides, 

but these may be varied in individual cases.  

Suspected Emphysema, Airways, or 

Obstructive Disease 

In patients suspected of having airways or obstructive 

disease on the basis of clinical, pulmonary function, or p lain 

radiographic findings, HRCT should be obtained at full 

inspiration, at 1-cm intervals from lung apices to bases, and 

with the patient supine (Table 1-2); prone scans are not 

usually needed. This protocol has been recommended 

specifically for studying patients with suspected 

bronchiectasis [102]. Scans after expiration obtained at 

three or more levels are recommended to detect air -

trapping. Gantry angulation may be appropriate in selected 

cases when bronchiectasis is suspected, but it is not 

recommended as routine [40, 41]. Multidetector-row spiral 

HRCT, using 1- to 1.25-mm detector width would be ideal 

for assessing this type of abnormality. The assessment of 

airways disease is discussed in further detail in Chapter 8. 



TABLE 1-2. Scan protocols: suspected 

emphysema, airways disease, or 

obstructive lung disease 

Full inspiration 

Supine scans with 1-cm spacing from lung apices to 

bases 

Expiratory scans at three or more levels  

Options: Gantry angulation for airways disease 

         Spiral CT (3-mm collimation; pitch, 1.7-2.0) for 

airways disease 

         Multidetector-row spiral HRCT 

 

In patients with emphysema being evaluated for lung 

transplantation or volume-reduction surgery, obtaining a 

routine CT with thick collimation for the detection of lung 

nodules suspicious for carcinoma is also important. HRCT 

and volumetric imaging may be combined by using 

multidetector-row spiral HRCT. 

Suspected Fibrotic or Restrictive 

Disease, or Unknown Lung Disease 

In patients suspected of having a fibrotic or restrictive lung 

disease on the basis of clinical, pulmonary function, or plain 

radiographic findings, or in patients with an unknown type 

of respiratory disability, it is also appropriate to obtain 

HRCT scans at 1-cm intervals with the patient supine. If the 

chest radiograph appears normal or subtle lung disease is 

present, or if chest radiographs are unavailable for review, 



additional prone scans should be obtained, or the scans 

should be monitored for the presence of problematic 

dependent opacity (Table 1-3). If the plain radiograph 

shows a distinct abnormality, prone scans likely will not be 

needed. 

TABLE 1-3. Scan protocols: suspected 

restrictive or fibrotic lung disease, or 

diffuse lung disease of unknown type 

Chest radiograph abnormal 

      Full inspiration. 

      Supine scans with 1-cm spacing from lung apices to 

bases. 

      Expiratory scans at three or more levels (initial 

examination only). 

Chest radiograph normal or minimally abnormal; chest 

radiograph unavailable 

Option 1 

      Full inspiration. 

      Scans with 2-cm spacing in both prone and supine 

positions from lung apices to bases. 

      Expiratory scans at three or more levels (initial 

evaluation only). 

Option 2 

      Full inspiration. 

      Supine scans with 1-cm spacing from lung apices to 

bases. 

      Check scans for “dependent density” and obtain 



prone scans at appropriate levels if present.  

      Expiratory scans at three or more levels (initial 

evaluation only). 
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Prone scans at 2-cm intervals, in combination with the 

supine scans, are recommended when obtaining prone scans 

routinely; they obviate the need for reviewing plain 

radiographs or monitoring scans. Scans at 2-cm intervals, in 

both supine and prone positions, have proven to be a useful 

protocol for prone and supine imaging and provide the same 

number of images to review as obtained when scanning a 

patient with obstructive disease [29] (Table 1-3). In 

patients having their initial diagnostic evaluation, obtaining 

expiratory scans at three or more levels is recommended. In 

a patient with an unknown lung disease, airway obstruction 

may be the cause of the patient's disability. Furthermore, in 

a patient with a restrictive or fibrotic disease, the presence 

of air-trapping visible on expiratory images may be helpful 

in differential diagnosis [60]. 

In patients with restrictive disease who are having follow-up 

HRCT examinations, inspiratory images may be obtained at 

fewer levels (e.g., at three levels) than are appropriate for 



the initial examination [33], and expiratory scans are not 

usually necessary. 

Hemoptysis 

In patients who present with hemoptysis possibly related to 

airway abnormalities or an endobronchial lesion, it has been 

recommended that CT be obtained through the hila using 5-

mm collimation with or without spiral technique to allow  

evaluation of the central bronchi, with HRCT at 1-cm 

intervals through the remainder of the lung parenchyma to 

look for bronchiectasis or other airway abnormalities (Table 

1-4) [103, 104]. Multidetector-row HRCT would also be 

appropriate in the assessment of patients with hemoptysis, 

allowing the assessment of both large and small airways 

disease. Scans may be reconstructed using narrow detector 

width or by combining detectors to produce thicker scans 

(see Chapter 8). 

Suspected Pulmonary Vascular 

Disease 

Some patients may have symptoms or signs (e.g., 

hypoxemia, pulmonary hypertension) that may result from 

lung disease (e.g., emphysema), pulmonary vascular 

disease (e.g., chronic pulmonary embolism, vasculitis), or a 

combination of these [105, 106, 107, 108, 109]. In such 

patients, combining HRCT with a contrast -enhanced spiral 

CT may be necessary for diagnosis. The HRCT study is used 

to detect findings of lung disease or small vessel disease, 

and the contrast-enhanced spiral CT is used to detect large 

vessel abnormalities and vascular obstruction. 

TABLE 1-4. Scan protocols: 



hemoptysis 

Full inspiration 

Supine scans with contiguous 5-mm collimation through 

the hila 

HRCT with 1-cm spacing at other levels 

Expiratory scans at three or more levels (initial 

evaluation only) 

Option: Multidetector-row HRCT 

 

TABLE 1-5. Scan protocols: suspected 

pulmonary vascular disease 

Full inspiration 

HRCT with 1-cm spacing 

Expiratory scans at three or more levels (initial 

evaluation only) 

Contrast-enhanced spiral CT 

Option: Contrast-enhanced multidetector-row HRCT 

 

HRCT obtained at 1-cm intervals in the supine position with 

expiratory scans would be appropriate (Table 1-5). The 

spiral CT technique used would depend on the indications. 

For the diagnosis of chronic pulmonary embolism, although 

the precise technique varies with the investigator and is 

beyond the scope of this book, the use of 3-mm collimation 



and a pitch of 1.7 to 2 during contrast infusion is most 

appropriate for a single detector-row spiral scanner [110, 

111, 112, 113]. The use of contrast-enhanced 

multidetector-row HRCT with 1.25-mm detector width and a 

pitch of 6 would be ideal for this indication, allowing the 

detailed assessment of both large and small vessel 

abnormalities and associated lung disease (Figs. 1-26 and 

1-27). 

Combined Diagnosis of Diffuse Lung 

Disease and Focal Abnormalities 

Combining conventional CT with HRCT examinations may be 

of value in patients with a variety of diseases (Table 1-6), 

but it is particularly important in patients being evaluated 

before volume-reduction surgery for emphysema or before 

lung transplantation. In such patients, volumetric lung 

imaging may be of value in the diagnosis of lung carcinoma, 

which has an increased incidence in patients with 

emphysema or lung fibrosis, or other significant focal 

abnormalities [54]. In patients having single lung 

transplantation, identification of significant abnormalities 

localized to one lung may be valuable in allowing the 

appropriate choice of which lung to remove. Multidetector -

row spiral CT would be very useful in this regard. 

TABLE 1-6. Scan protocols: combined 

diagnosis of diffuse lung disease and 

focal abnormalities 



Full inspiration 

HRCT with 1-cm spacing 

Prone scans if appropriate 

Expiratory scans at three or more levels (initial 

evaluation only) 

Spiral CT with or without contrast infusion 

Option: Multidetector-row HRCT 

 

 

FIG. 1-31. Resolution and size or orientation of structures. 

The tissue plane, 1 mm thick, and the perpendicular 

cylinder, 0.2 mm in diameter, are visible on the HRCT scan 

because they extend through the thickness of the scan 

volume or voxel. The horizontal cylinder cannot be seen. 
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Spatial Resolution 



A fundamental relationship exists between pixel size and the 

size of structures that can be resolved by CT. For optimal 

matching of image display to the attainable spatial 

resolution of the scanner, there should be two pixels for the 

smallest structure resolved [12]. If a sufficiently small FOV 

is used with pixel sizes approximating 0.25 mm, current 

scanners are capable of providing a resolution of  10 to 12 

line pairs per cm by using a high-resolution algorithm [11, 

42]. 

Structures smaller than the pixel size should be difficult to 

resolve on HRCT; however, resolution is sometimes 

possible. Interlobular septa as thin as 0.1 mm and arteries 

with a diameter of 0.3 mm are sometimes visible on HRCT 

using a small FOV. The reasons such small structures are 

visible include the large differences in attenuation between 

the soft-tissue structures present in the lung and the air -

filled alveoli surrounding them, and the use of a high-spatial 

frequency algorithm for reconstruction, which often results 

in some edge enhancement. 

The ability of HRCT to resolve fine lung structures depends 

on their orientation relative to the scan plane (Fig. 1-31). 

Structures measuring 0.1 to 0.2 mm in thickness can be 

seen if they are largely oriented perpendicular to the scan 

plane and extend through the thickness of the scan plane or 

voxel (e.g., 1.5 mm) [10, 11, 114, 115]. Similarly sized 

structures (0.1 to 0.2 mm) that are oriented horizontally 

within the scan plane will not be visible because of volume 

averaging with the air-filled lung, which occupies most of 

the thickness of the voxel. 

These limitations explain the visibility of various lung 

structures on HRCT. For example, HRCT allows us to resolve 

some normal interlobular septa, which represent a plane of 



tissue approximately 100 to 200 mm or 0.1 to 0.2 mm in 

thickness, or small vessels that are oriented perpendicular 

to the scan plane (Fig. 1-31) [10, 114, 115], whereas 

vessels or septa lying in the plane of scan are usually 

visible as discrete structures only if they are larger or 

thicker than 0.3 to 0.5 mm. Bronchi or bronchioles 

measuring less than 2 to 3 cm in diameter and having a wall 

thickness of approximately 0.3 mm are usually invisible in 

peripheral lung because they have courses that lie roughly 

in the plane of scan. Bronchi or bronchioles of similar sizes 

are sometimes visible when oriented perpendicular to the 

plane of scan. 

It should be kept in mind that, although soft-tissue 

structures can be resolved when they are thinner or smaller 

than the pixel size, their apparent size in the final HRCT 

image will be determined, at least partially, by the pixel 

size and the interpolation algorithm used in the workstation 

or camera and not by their actual dimensions. This can 

make the measurement of such small structures on HRCT 

difficult and prone to inaccuracies. 
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Radiation Dose 

HRCT as routinely performed results in a low radiation dose 

as compared to conventional CT obtained with contiguous 1-

cm collimation [116]. Radiation doses at the breast skin 

surface for patients undergoing conventional chest CT with 

contiguous 10-mm collimation [140 kV(p), 200 mA] are 

approximately 20 mGy [117]. 



Initially, a study of contiguous HRCT scans reported the 

upper limit of the radiation dose that could be expected 

using this technique, as measured in the center of a 16-cm 

plastic phantom [11]. In this study, contiguous HRCT scans 

resulted in a higher dose than contiguous scans with 10-mm 

collimation. One-and-one-half-mm scans [120 kV(p), 300 

mA] resulted in a dose of 61 mGy, as compared to 55 mGy 

for contiguous 10-mm collimated scans obtained using the 

same technique. However, it is important to recognize that 

the measured radiation dose is affected by scatter and 

penumbra effects [117]. These effects are greater with 

contiguous scans than with spaced scans, and it must be 

kept in mind that HRCT is normally performed using scans 

spaced at 1- or 2-cm intervals. 

In a more recent study [116], the radiation dose to the 

chest associated with spaced HRCT scans was compared to 

the radiation dose produced by conventional CT. In this 

study, using a scan technique of 120 kV(p), 200 mA, and 2 

seconds, the mean skin radiation dose was 4.4 mGy for 1.5 -

mm HRCT scans at 10 mm-intervals, 2.1 mGy for scans at 

20-mm intervals, and 36.3 mGy for conventional 10-mm 

scans at 10-mm intervals. Thus, HRCT scanning at 10- and 

20-mm intervals, as done in clinical imaging, results in 12% 

and 6%, respectively, of the radiation dose associated with 

conventional CT. It has also been pointed out that obtaining 

low-dose HRCT (20 mA, 2 seconds) [20] at 20-mm intervals 

would result in an average skin dose comparable to that 

administered with chest radiography [116]. This has been 

confirmed by Lee et al. [21]; the effective radiation dose of 

low-dose HRCT obtained at three levels with 80 mA is quite 

similar to that of chest radiographs [118, 119]. 



The use of spiral CT or a multidetector-row spiral CT for 

volumetric HRCT examination results in a higher radiation 

dose than conventional HRCT. However, with multidetector -

row spiral CT, a volumetric study may be obtained with a 

radiation dose similar to that of routine chest CT.  

High-Resolution Computed 

Tomography Artifacts 

Several confusing artifacts can be seen on HRCT. However, 

familiarity with their appearances should eliminate potential 

misdiagnoses [9, 11, 25, 120, 121]. 

Streak Artifacts 

Fine streak artifacts that radiate from the edges of sharply 

marginated, high-contrast structures such as bronchial 

walls, ribs, or vertebral bodies are common on HRCT. On 

HRCT, streak artifacts are often visible as fine, linear, or 

netlike opacities (Figs. 1-4 and 1-32) that can be seen 

anywhere but are most commonly found overlying the 

posterior lung, paralleling the pleural surface and posterior 

chest wall [11]. Although streak artifacts degrade the 

image, they do not usually mimic pathology or cause 

confusion in image interpretation. Streak artifacts are 

thinner and less dense and have a different appearance than 

the normal or abnormal interstitium (interlobular septa) 

visible in this region. Streak artifacts can result from two 

separate mechanisms–aliasing and correlated noise. Streak 

artifacts are more evident on scans obtained with low mA 

[20, 25]. 



 

FIG. 1-32. “Double fissure” artifact. The left major fissure 

(arrows) appears to be double. Fine streak artifacts are 

visible posteriorly. Pulsation artifacts are also visible 

adjacent to the left heart border. 

Aliasing is a geometric phenomenon that occurs because of 

undersampling of spatial information and is related to 

detector spacing and scan collimation [12]. As it is 

independent of radiation dose, increasing scan technique is 

of no value in reducing this type of artifact.  

Correlated noise  has a similar appearance and is most 

notable in the paravertebral regions, adjacent to the highly 

attenuating vertebral bodies [12]. This type of artifact is 



strongly related to radiation dose and can be minimized by 

increasing kV(p) and mA. 

Motion Artifacts 

Pulsation or star artifacts are commonly visible, particularly 

at the left lung base, adjacent to the heart (Figs. 1-6, 1-32, 

and 1-33). With pulsation artifacts, thin streaks radiate 

from the edges of vessels or other visible structures, which 

therefore  
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resemble stars, and small areas of apparent lucency may be 

seen between these streaks. These lucent areas, if not 

recognized as artifactual, may be mistaken for dilated 

bronchi [121]. 

Doubling artifacts. The major fissure, usually on the left 

(Figs. 1-32, 1-33, and 1-34), or other parenchymal 

structures such as vessels and bronchi, may be seen as 

double because of cardiac pulsation or respiration during the 

scan [25, 120]. This appearance can mimic bronchiectasis 

(Fig. 1-33). It results when a linear structure, such as the 

fissure or vessel, is in a slightly different position when 

scanned by the gantry from opposite directions (180 

degrees apart) (Fig. 1-34). As with image noise, these 

artifacts are much more conspicuous when high-resolution 

techniques are used, simply because they are more sharply 

resolved. 

Motion-related artifacts can be reduced by ECG gating of 

scan acquisition [42], by using scanners with very rapid 

scan times (100 milliseconds) [98], or by spirometrically 

controlled respiration [91, 92]. 



 

FIG. 1-33. Bronchiectasis artifact (“pseudobronchiectasis”). 

Several linear structures (arrows) appear double, mimicking 

bronchiectasis. 



 



FIG. 1-34. Mechanism of “double fissure” artifact. The 

major fissure is seen by the scanner only when the x -ray 

beam is tangent to it. If the position of the fissure is 

slightly altered by cardiac pulsation during the period in 

which the gantry has rotated 180 degrees (A, B), it appears 

to be seen in two different locations on the resulting image 

(C). 
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Chapter 2 
Normal Lung Anatomy 
The accurate interpretation of high-resolution computed 

tomography (HRCT) images requires a detailed 

understanding of normal lung anatomy and of the pathologic 

alterations in normal lung anatomy occurring in the 

presence of disease [1,2,3,4]. In this chapter, only those 

aspects of lung anatomy that are important in using and 

interpreting HRCT are reviewed. 

Lung Interstitium 

The lung is supported by a network of connective tissue 

fibers called the lung interstitium. Although the lung 

interstitium is not generally visible on HRCT in normal 

patients, interstitial thickening is often recognizable. For the 

purpose of interpretation of HRCT and identification of 

abnormal findings, the interstitium can be thought of as 

having several components (Fig. 2-1) [5]. 

The peribronchovascular interstitium is a system of fibers 

that invests bronchi and pulmonary arteries (Fig. 2-1). In 

the perihilar regions, the peribronchovascular interstitium 

forms a strong connective tissue sheath that surrounds 

large bronchi and arteries [6]. The more peripheral 

continuum of this interstitial fiber system, which is 

associated with small centrilobular bronchioles and arteries, 

may be termed the centrilobular interstitium (Fig. 2-1). 

Taken together, the peribronchovascular interstitium and 



centrilobular interstitium correspond to the “axial fiber 

system” described by Weibel, which extends peripherally 

from the pulmonary hila to the level of the alveolar ducts 

and sacs [5]. 

The subpleural interstitium is located beneath the visceral 

pleura; it envelops the lung in a fibrous sac from which 

connective tissue septa penetrate into the lung parenchyma 

(Fig. 2-1). These septa include the interlobular septa, which 

are described in detail below. The subpleural interstitium 

and interlobular septa are parts of the “peripheral fiber 

system” described by Weibel [5]. 

The intralobular interstitium is a network of thin fibers that 

forms a fine connective tissue mesh in the walls of alveoli 

and thus bridges the gap between the centrilobular 

interstitium in the center of lobules and the interlobular 

septa and subpleural interstitium in the lobular periphery 

(Fig. 2-1). Together, the intralobular interstitium, 

peribronchovascular interstitium, centrilobular interstitium, 

subpleural interstitium, and interlobular septa form a 

continuous fiber skeleton for the lung (Fig. 2-1). The 

intralobular interstitium corresponds to the “septal fibers” 

described by Weibel [5]. 

Large Bronchi and Arteries 

Within the lung parenchyma, the bronchi and pulmonary 

artery branches are closely associated and branch in 

parallel. As indicated in the previous section, they are 

encased by the peribronchovascular interstitium, which 

extends from the pulmonary hila into the peripheral lung. 

Because some lung diseases produce thickening of the 

peribronchovascular interstitium in the central or perihilar 

lung, in relation to large bronchi and pulmonary vessels it is 



important to be aware of the normal HRCT appearances of 

the perihilar bronchi and pulmonary vessels.  

When imaged at an angle to their longitudinal axis, central 

pulmonary arteries normally appear as rounded or elliptic 

opacities on HRCT, accompanied by uniformly thin-walled 

bronchi of similar shape (Fig. 2-2). When imaged along their 

axis, bronchi and vessels should appear roughly cylindrical 

or show slight tapering as they branch, depending on the 

length of the segment that is visible; tapering of a vessel or 

bronchus is most easily seen when a long segment is visible.  

 

FIG. 2-1. Components of the lung interstitium. Taken 

together, the peribronchovascular interstitium and 

centrilobular interstitium correspond to the “axial fiber 

system” described by Weibel [5]. The subpleural interstitium 

and interlobular septa correspond to Weibel's “peripheral 

fiber system.” The intralobular interstitium is roughly 

equivalent to the “septal fibers” described by Weibel. 



 

FIG. 2-2. Normal appearances of large bronchi and arteries 

photographed with window settings of -600/2,000 HU (A) 

and -700/1,000 HU (B). The diameters of vessels and their 

neighboring bronchi are approximately equal. The outer 

walls of bronchi and pulmonary vessels are smooth and 

sharply defined. Bronchi are usually invisible within the 

peripheral 2 cm of lung, despite the fact that vessels are 

well seen in this region. 



TABLE 2-1. Relation of airway 

diameter to wall thickness 

Airway Diameter 

(mm) 

Wall 

thickness 

(mm) 

Lobular and segmental 

bronchi 

5-8 1.5 

Subsegmental 

bronchi/bronchiole 

1.5-3.0 0.2-0.3 

Lobular bronchiole 1 0.15 

Terminal bronchiole 0.7 0.1 

Acinar bronchiole 0.5 0.05 

   Modified from Weibel ER. High resolution computed 

tomography of the pulmonary parenchyma: anatomical 

background. Presented at: Fleischner Society 

Symposium on Chest Disease; 1990; Scottsdale, AZ.  
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The diameter of an artery and its neighboring bronchus 

should be approximately equal, although vessels may 

appear slightly larger than their accompanying bronchi, 

particularly in dependent lung regions. Although the 

presence of bronchi larger than their adjacent arteries is 

often assumed to indicate bronchial dilatation, or 

bronchiectasis, bronchi may appear larger than adjacent 

arteries in a significant number of normal subjects. In an 

HRCT study of normal subjects, Lynch et al. [7] compared 

the internal diameters of lobular, segmental, subsegmental, 

and smaller bronchi to those of adjacent artery branches. 

Nineteen percent of bronchi had an internal bronchial 

diameter longer than the artery diameter, and 59% of 

normal subjects showed at least one such bronchus. 

Furthermore, a bronchus may appear larger than the 

adjacent artery branches if the scan traverses an undivided 

bronchus near its branch point, and its accompanying artery 

has already branched. In this situation, two artery branches 

may be seen to lie adjacent to the “dilated” bronchus.  



 

FIG. 2-3. Normal appearances of large bronchi and arteries. 

In an isolated lung, the smallest bronchi visible (arrows) 

measures 2 to 3 mm in diameter. Bronchi and bronchioles 

are not visible within the peripheral 1 cm of lung, although 

the artery branches that accompany these bronchi are 

sharply seen. (Note: The “isolated” lungs illustrated in this 

volume are fresh lungs obtained at  autopsy and scanned 

while inflated with air at a pressure of approximately 30 cm 

of water [10].) 



The outer walls of visible pulmonary artery branches form a 

smooth and sharply defined interface with the surrounding 

lung, whether they are seen in cross section or along their 

length. The walls of large bronchi, outlined by lung on one 

side and air in the bronchial lumen on the other, should 

appear smooth and of uniform thickness. Thickening of the 

peribronchial and perivascular interstitiums can result in 

irregularity of the interface between arteries and bronchi 

and the adjacent lung [4,6,8]. 

Assessment of bronchial wall thickness on HRCT is quite 

subjective and is dependent on the window settings used 

[7]. Also, because the apparent thickness of the bronch ial 

wall represents not only the wall itself, but the surrounding 

peribronchovascular interstitium as well, 

peribronchovascular interstitial thickening can result in 

apparent bronchial wall thickening (so-called peribronchial 

cuffing) on HRCT. 

The wall thickness of conducting bronchi and bronchioles is 

approximately proportional to their diameter, at least for 

bronchi distal to the segmental level. In general, the 

thickness of the wall of a bronchus or bronchiole less than 5 

mm in diameter should measure from one-sixth to one-tenth 

of its diameter (Table 2-1) [9]; however, precise 

measurement of the wall thickness of small bronchi or 

bronchioles is difficult, as wall thickness approximates pixel 

size. 

Because bronchi taper and become thinner-walled as they 

branch, they become more difficult to see as they become 

more peripheral. Bronchi less than 2 mm in diameter are not 

normally visible on HRCT, and bronchioles within 2 cm of 

the pleural surface tend to be inconspicuous (Figs. 2-2 and 



2-3) [10,11]. It is rare for normal bronchioles to be visible 

within 1 cm of the pleural surface [12,13]. 

Secondary Pulmonary Lobule 

The secondary pulmonary lobule as defined by Miller refers 

to the smallest unit of lung structure marginated by 

connective tissue septa [9,14]. Secondary lobules are easily 

visible on the surface of the lung because of these septa 

(Fig. 2-4) [9,15]. The terms secondary pulmonary lobule, 

secondary lobule, and pulmonary lobule are often used 

interchangeably, and are used as synonyms in this book. 

The term primary pulmonary lobule has also been used by 

Miller to describe a much smaller lung unit associated with a 

single alveolar duct [16,17], but this designation is not in 

common use. 

Secondary pulmonary lobules are irregularly polyhedral in 

shape and somewhat variable in size, measuring 

approximately  
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1 to 2.5 cm in diameter in most locations (Fig. 2-5) 

[5,9,15,18,19]. In one study, the average diameter of 

pulmonary lobules measured in several adults ranged from 

11 to 17 mm [19]. Each secondary lobule is supplied by a 

small bronchiole and pulmonary artery, and is variably 

marginated, in different lung regions, by connective tissue 

interlobular septa containing pulmonary vein and lymphatic 

branches [16]. 



 

FIG. 2-4. Pulmonary lobular anatomy. A: Pulmonary lobules 

that are irregularly polyhedral or conical in shape are often 

visible on the surface of the lung, as shown in this diagram 

of five lobules visible on the posterior surface of the left 

lung. B: Lobules are supplied by small bronchiolar and 

pulmonary artery branches, which are central in location, 

and are variably marginated by connective tissue 

interlobular septa that contain pulmonary vein and 

lymphatic branches. 



Secondary pulmonary lobules are made up of a limited 

number of pulmonary acini, usually a dozen or fewer, 

although the reported number varies considerably in 

different studies (Fig. 2-5A) [20,21]; in a study by 

Nishimura and Itoh [22], the number of acini counted in 

lobules of varying sizes ranged from three to 24. A 

pulmonary acinus is defined as the portion of the lung 

parenchyma distal to a terminal bronchiole and supplied by 

a first-order respiratory bronchiole or bronchioles [23]. 

Because respiratory bronchioles are the largest airways that 

have alveoli in their walls, an acinus is the largest lung unit 

in which all airways participate in gas exchange. Acini are 

usually described as ranging from 6 to 10 mm in diameter 

[19,24]. 

As indicated at the beginning of this section, Miller has 

defined the secondary lobule as the smallest lung unit 

marginated by connective tissue septa. Reid has suggested 

an alternate definition of the secondary pulmonary lobule, 

based on the branching pattern of peripheral bronchioles, 

rather than the presence and location of connective tissue 

septa (Fig. 2-6) [16,21,23]. On bronchograms, small 

bronchioles can be seen to arise at intervals of 5 to 10 mm 

from larger airways  
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(the so-called centimeter pattern of branching); these small 

bronchioles then show branching at approximately 2-mm 

intervals (the “millimeter pattern”) [23]. Airways showing 

the millimeter pattern of branching are considered by Reid 

to be intralobular, with each branch corresponding to a 

terminal bronchiole [21]. Lobules are considered to be the 

lung units supplied by 3 to 5 “millimeter pattern” 



bronchioles. Although Reid's criteria delineate lung units of 

approximately equal size, about 1 cm in diameter and 

containing 3 to 5 acini, it should be noted that this 

definition does not necessarily describe lung units 

equivalent to secondary lobules as defined by Miller and 

marginated by interlobular septa (Fig. 2-6) [21,22], 

although a small Miller's lobule can be the same as a Reid's 

lobule. Miller's definition is most applicable to the 

interpretation of HRCT and is widely accepted by 

pathologists, because interlobular septa are visible on 

histologic sections [22]. In this book, we use the term 

secondary pulmonary lobule to refer to a lobule as defined 

by Miller. 



 

FIG. 2-5. A: Anatomy of the secondary pulmonary lobule, 

as defined by Miller. Two adjacent lobules are shown in this 



diagram. B: Radiographic anatomy of the secondary 

pulmonary lobule. Radiograph of a 1-mm lung slice taken 

from the lower lobe. Two well-defined secondary pulmonary 

lobules are visible. Lobules are marginated by thin 

interlobular septa (S) containing pulmonary vein (V) 

branches. Bronchioles (B) and pulmonary arteries (A) are 

centrilobular. Bar = 1 cm. (Reprinted from Itoh H, Murata K, 

et al. Diffuse lung disease: pathologic basis for the high -

resolution computed tomography findings. J Thorac Imaging 

1993;8:176, with permission.) 

 

FIG. 2-6. Relative size and relationships of “Miller's lobule” 

and “Reid's lobule.” 
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Anatomy of the Secondary Lobule and 

Its Components 

An understanding of secondary lobular anatomy and the 

appearances of lobular structures is key to the 

interpretation of HRCT. HRCT can show many features of the 

secondary pulmonary lobule in normal and abnormal lungs, 

and many lung diseases, particularly interstitial diseases, 

produce characteristic changes in lobular structures 

[3,4,8,10,11,25,26]. Heitzman has been instrumental in 

emphasizing the importance of the secondary pulmonary 

lobule in the radiologic diagnosis of lung disease 

[15,16,27]. 

As discussed in Chapter 1, the visibility of normal lobular 

structures on HRCT is related to their size and orientation 

relative to the plane of scan, although size is most 

important (Fig. 2-7). Generally, the smallest structures 

visible on HRCT range from 0.3 to 0.5 mm in thickness; 

thinner structures, measuring 0.1 to 0.2 mm, are 

occasionally seen. 

For the purposes of the interpretation of HRCT, the 

secondary lobule is most appropriately conceptualized as 

having three principal parts or components: 

•  Interlobular septa and contiguous subpleural 

interstitium 

•  Centrilobular structures 

•  Lobular parenchyma and acini 

Interlobular Septa 

Anatomically, secondary lobules are marginated by 

connective tissue interlobular septa, which extend inward 



from the pleural surface (Figs. 2-4 and 2-5). These septa 

are part of the peripheral interstitial fiber system described 

by Weibel (Fig. 2-1) [5], which extends over the surface of 

the lung beneath the visceral pleura. Pulmonary veins and 

lymphatics lie within the connective tissue interlobular septa 

that marginate the lobule. 

It should be emphasized that not all interlobular septa are 

equally well defined. The interlobular septa are thickest and 

most numerous in the apical, anterior, and lateral aspects of 

the upper lobes, the anterior and lateral aspects of the 

middle lobe and lingula, the anterior and diaphragmatic 

surfaces of the lower lobes, and along the mediastinal 

pleural surfaces [28]; thus, secondary lobules are best 

defined in these regions. Septa measure approximately 100 

µm (0.1 mm) in thickness in a subpleural location 

[3,5,10,11]. Within the central lung, interlobular septa are 

thinner and less well defined than peripherally, and lobules 

are more difficult to identify in this location.  

Peripherally, interlobular septa measuring 100 µm or 0.1 

mm in thickness are at the lower limit of HRCT resolution 

[11], but nonetheless they are often visible on HRCT scans 

performed in vitro [10]. On in vitro HRCT, interlobular septa 

are often visible as very thin, straight lines of uniform 

thickness that are usually 1 to 2.5 cm in length and 

perpendicular to the pleural surface (Figs. 2-7 and 2-8). 

Several septa in continuity can be seen as a linear opacity  

measuring up to 4 cm in length (Fig. 2-9) [10]. 

On clinical scans in normal patients, interlobular septa are 

less commonly seen and are seen less well than they are in 

studies of isolated lungs. A few septa are often visible in the 

lung periphery in normal subjects, but they tend to be 

inconspicuous (Fig. 2-10); normal septa are most often seen 



anteriorly and along the mediastinal pleural surfaces [4,29]. 

When visible, they are usually seen extending to the pleural 

surface. In the central lung, septa are thinner than they are 

peripherally and are infrequently seen in normal subjects 

(Fig. 2-9); often, interlobular septa that are clearly defined 

in this region are abnormally thickened. Occasionally, when 

interlobular septa are not clearly  
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visible, their locations can be inferred by locating septal 

pulmonary vein branches, approximately 0.5 mm in 

diameter. Veins can sometimes be seen as linear (Fig. 2-

10B), arcuate, or branching structures (Fig. 2-10C-E), or as 

a row or chain of dots surrounding centrilobular arteries and 

approximately 5 to 10 mm from them. Pulmonary veins may 

also be identified by their pattern of branching; it is 

common for small veins to arise at nearly right angles to a 

much larger main branch. 



 

FIG. 2-7. Dimensions of secondary lobular structures (A) 

and their visibility on HRCT (B). 

Centrilobular Region and Centrilobular 

Structures 

The central portion of the lobule, referred to as the 

centrilobular region or lobular core [16], contains the 



pulmonary artery and bronchiolar branches that supply the 

lobule, as well as some supporting connective tissue (the 

centrilobular interstitium described previously) 

[3,5,9,10,11]. It is difficult to precisely define lobules in 

relation to the bronchial or arterial trees; lobules do not 

arise at a specific branching generation or from a  specific 

type of bronchiole or artery [9]. 

Branching of the lobular bronchiole and artery is irregularly 

dichotomous [22]. When they divide, they generally divide 

into two branches. Most often, they divide into two branches 

of different sizes, (one branch being nearly the same size as 

the one it arose from, and the other being smaller) (Fig. 2-

5B). Thus, on bronchograms, arteriograms, or HRCT, there 

often appears to be a single dominant bronchiole or artery 

in the center of the lobule, which gives off smal ler branches 

at intervals along its length. 

The HRCT appearances and visibility of centrilobular 

structures are determined primarily by their size (Fig. 2-7). 

Secondary  
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lobules are supplied by arteries and bronchioles measuring 

approximately 1 mm in diameter, whereas intralobular 

terminal bronchioles and arteries measure approximately 

0.7 mm in diameter, and acinar bronchioles and arteries 

range from 0.3 to 0.5 mm in diameter. Arteries of this size 

can be easily resolved using the HRCT technique [10,11]. 



 

FIG. 2-8. Interlobular septa in an isolated lung. Some thin, 

normal interlobular septa (small arrows) are faintly visible 

in the peripheral lung. Interlobular septa along the 

mediastinal pleural surface (large arrows) are slightly 

thickened by edema fluid and are more easily seen. Note 

that a very thin line is visible at the pleural surfaces and in 

the lung fissure, similar in appearance and thickness to the 

normal interlobular septa. This line represents the 

subpleural interstitial compartment and visceral pleura. 

(From Webb WR, Stein MG, et al. Normal and diseased 

isolated lungs: high-resolution CT. Radiology 1988;166:81, 

with permission.) 

On clinical scans, a linear, branching, or dotlike opacity 

frequently seen within the center of a lobule, or within a 

centimeter of the pleural surface, represents the 

intralobular artery branch or its divisions (Figs. 2-10C-E, 2-

11, and 2-12) [3,10,11]. The smallest arteries resolved 

extend to within 3 to 5 mm of the pleural surface or lobular 



margin and are as small as 0.2 mm in diameter [3,10,11]. 

The visible centrilobular arteries are not seen to extend to 

the pleural surface in the absence of atelectasis (Fig. 2-13). 

Regarding the visibility of bronchioles in the lungs of normal 

patients, it is necessary to consider bronchiolar wall 

thickness rather than bronchiolar diameter. For a 1-mm 

bronchiole supplying a secondary lobule, the thickness of its 

wall measures approximately 0.15 mm; this is at the lower 

limit of HRCT resolution. The wall of a terminal bronchiole 

measures only 0.1 mm in thickness, and that of an acinar 

bronchiole only 0.05 mm, both of which are below the 

resolution of HRCT technique for a tubular structure (Fig. 2-

7). In one in vitro study, only bronchioles having a diameter 

of 2 mm or more or having a wall thickness of more than 

100  

P.57 

 

µm (0.1 mm) were visible using HRCT [11]; and resolution 

is certainly less than this on clinical scans. It is important to 

remember that on clinical HRCT, intralobular bronchioles are 

not normally visible, and bronchi or bronchioles are rarely 

seen within 1 cm of the pleural surface (Figs. 2-11 and 2-

12) [12,13]. 



 

FIG. 2-9. lnterlobular septa in continuity in an isolated 

lung. On HRCT, long interlobular septa (arrows) can be seen 

marginating several secondary lobules. The septa in this 

lung are slightly thickened by fluid. Septa are well seen 

peripherally, but note that the septa and, therefore, 

secondary lobules are less well defined in the central lung. 

(From Webb WR, Stein MG, et al. Normal and diseased 

isolated lungs: high-resolution CT. Radiology 1988;166:81, 

with permission.) 

Lobular (Lung) Parenchyma 

The substance of the secondary lobule, surrounding the 

lobular core and contained within the interlobular septa, 

consists of functioning lung parenchyma–namely, alveoli and 

the associated pulmonary capillary bed–supplied by small 

airways and branches of the pulmonary arteries and veins. 

This parenchyma is supported by a connective tissue 

stroma, a fine network of very thin fibers within the alveolar 



septa called the intralobular interstitium (Fig. 2-1) [5,9], 

which is normally invisible.  On HRCT, the lobular 

parenchyma should be of greater opacity than air (Fig. 2-

14), but this difference may vary with window settings (see 

Chapter 1). Some small intralobular vascular branches are 

often visible. 

It should be emphasized that all three interstitial fiber 

systems described by Weibel (axial, peripheral, and septal) 

are represented at the level of the pulmonary lobule (Fig. 2-

1), and abnormalities in any can produce recognizable 

lobular abnormalities on HRCT [10]. Axial (centrilobular) 

fibers surround the artery and bronchiole in the lobular 

core, peripheral fibers making up the interlobular septa 

marginate the lobule, and septal fibers (the intralobular 

interstitium) extend throughout the substance of the lobule 

in relation to the alveolar walls. 

 

FIG. 2-10. Normal HRCT in different subjects. A: HRCT in a 

normal subject; window mean/width: 600/2,000 HU. 



Interlobular septa are inconspicuous, and those few that are 

visible are very thin. The major fissures appear as thin, 

sharply defined lines. B: Two pulmonary vein branches 

(arrows) marginate a pulmonary lobule in the anterior lung, 

but the interlobular septa surrounding this lobule are very 

thin and difficult to see. The centrilobular artery lies 

equidistant between the veins. C: HRCT in a normal subject 

(-700/1,000 HU) shows few interlobular septa. A venous 

arcade (arrow) is visible in the lower lobe, with the 

centrilobular artery visible as a dot centered in the arcade. 

D: HRCT through the upper lobes in a normal subject ( -

700/1,000 HU). Normal interlobular septa (black arrows) are 

visible. The centrilobular artery (white arrow) is centered 

between them. E: In the same patient as D, a scan through 

the lower lobes shows normal pulmonary vein branches 

(black arrows) marginating pulmonary lobules. The 

centrilobular artery branches (white arrow) are visible as a 

rounded dot between the veins. 

 

FIG. 2-11. Centrilobular anatomy in an isolated lung. A: On 



a CT scan obtained with 1-cm collimation, pulmonary artery 

branches (arrows) with their accompanying bronchi can be 

identified. B: On an HRCT scan at the same level, 

interlobular septa can be seen marginating one or more 

lobules (Fig. 2-9). Pulmonary artery branches (arrows) can 

be seen extending into the centers of pulmonary lobules, 

but intralobular bronchioles are not visible. The last visible 

branching point of pulmonary arteries is approximately 1 cm 

from the pleural surface. Bronchi are invisible within 2 or 3 

cm of the pleural surface. (From Webb WR, Stein MG, et al. 

Normal and diseased isolated lungs: high-resolution CT. 

Radiology 1988;166:81, with permission.) 

 

FIG. 2-12. Centrilobular anatomy in an isolated lung. 

Lobular core anatomy in an isolated lung. Branching 

pulmonary arteries (arrows) are visible within 1 cm of the 

pleural surface, but intralobular bronchioles are invisible. In 



the central lung, centrilobular arteries appear dotlike or as 

a branching structure. (From Webb WR, Stein MG, et al. 

Normal and diseased isolated lungs: high-resolution CT. 

Radiology 1988;166:81, with permission.) 
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Pulmonary Acinus 

Pulmonary acini are not normally visible on HRCT [22]. As 

with lobules, acini vary in size. They are usually described 

as ranging from 6 to 10 mm in diameter and have been 

measured as averaging 7 to 8 mm in diameter in adults 

[19,24]. As indicated above, secondary pulmonary lobules 

defined by the presence of connective tissue interlobular 

septa usually consist of a dozen or fewer pulmonary acini 

(Fig. 2-5A) [9,19,20,24]. 

First-order respiratory bronchioles and the acinar artery 

branch measure approximately 0.5 mm in diameter (Fig. 2-

7A); thus, intralobular acinar arteries are large enough to 

be seen on HRCT in some normal subjects [5,9,19,24]. 

Murata [11] has shown that pulmonary artery branches as 

small as 0.2 mm, associated with a respiratory bronchiole 

and thus acinar in nature, are visible on HRCT and extend to 

within 3 to 5 mm of the lobular margins or pleural surface 

(Fig. 2-7). 



Lobular Anatomy and the Concept of 

Cortical and Medullary Lung 

At least partially based on differences in lobular anatomy, it 

has been suggested that the lung can be divided into a 

peripheral cortex and a central medulla [16,30]. Although 

these terms are not in general use, the concept of cortical 

and medullary lung regions is useful in highlighting 

differences in lung anatomy and the varying appearances of 

secondary pulmonary lobules in the peripheral and central 

lung regions [31]. It also serves to emphasize some 

anatomic (and perhaps physiologic) differences between the 

peripheral and central lung that are useful in predicting the 

HRCT distribution of some lung diseases [32]. 

Peripheral or Cortical Lung 

Cortical lung can be conceived of as consisting of two or 

three rows or tiers of well-organized and well-defined 

secondary pulmonary lobules, which together form a layer 3 

to 4 cm in thickness at the lung periphery and along the 

lung surfaces adjacent to fissures (Fig. 2-15) [16,30]. The 

pulmonary lobules in the lung cortex are relatively large in 

size and are marginated by interlobular septa that are 

thicker and better defined than in other parts of the lung; 

thus, cortical lobules tend to be better defined than those in 

the central or medullary lung. Bronchi and pulmonary 

vessels in the lung cortex are relatively small; although 

cortical arteries and veins are visible on HRCT, bronchi and 

bronchioles are uncommonly visible. This contrasts with the 

anatomy of medullary lung, in which large vessels and 

bronchi are visible. 



Lobules in the lung cortex tend to be relatively uniform in 

appearance and can be conceived of as being similar to the 

stones in a Roman arch: all of similar size and shape (Fig. 

2-15) [30]. They can appear cuboid or be shaped like a 

truncated cone or pyramid [16]. However, it should be 

remembered that the size, shape, and appearance of 

pulmonary lobules as seen on HRCT are significantly 

affected by the orientation of the scan plane relative to the 

central and longitudinal axes of the lobules. A single scan 

typically traverses different parts of adjacent lobules (Figs. 

2-8 and 2-9), resulting in widely varying appearances of the 

lobules, despite the fact that they are all of similar size and 

shape. 

Central or Medullary Lung 

Pulmonary lobules in the central or medullary lung are 

smaller and more irregular in shape than in the cortical lung 

and are marginated by interlobular septa that are thinner 

and less well defined. When visible, medullary lobules may 

appear hexagonal or polygonal in shape, but well -defined 

lobules are uncommonly seen in normals. In contrast with 

the peripheral lung, perihilar vessels and bronchi in the lung 

medulla are large and easily seen on HRCT. 



 

FIG. 2-13. Normal lobular anatomy. HRCT (-700/1,000 HU) 

at two levels (A, B) in a normal subject shows artery 

branches extending to within 1 cm of the pleural surface. 

The arteries do not reach the pleura. 



 

FIG. 2-14. Normal appearance of the lobular parenchyma. 

The lung parenchyma should appear to be homogeneously 

denser than air in the bronchi or, as in this isolated lung, 

denser than room air surrounding the specimen. The relative 

opacities of lung and air depend on the window settings.  

 



FIG. 2-15. Corticomedullary differentiation in the lung. The 

lung cortex is composed of one or two rows or tiers of well -

organized and well-defined secondary pulmonary lobules 3 

to 4 cm in thickness. The pulmonary lobules in the lung 

cortex tend to be well defined and relatively large, and can 

be conceived of as being similar to the stones in a Roman 

arch: all of similar size and shape. The cortical airways and 

vessels are small, usually less than 2 to 3 mm in diameter.  
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Subpleural Interstitium and Pleural 

Surfaces 

Diffuse infiltrative lung diseases involving the subpleural 

interstitium or pleura can result in abnormalities visible at 

the pleural surfaces. 

Subpleural Interstitium and Visceral 

Pleura 

The visceral pleura consists of a single layer of flattened 

mesothelial cells that is subtended by layers of fibroelastic 

connective tissue; it measures 0.1 to 0.2 mm in thickness 

[33,34]. The connective tissue component of the visceral 

pleura is generally referred to on HRCT as the subpleural 

interstitium, and is part of the “peripheral” interstitial fiber 

network described by Weibel (Fig. 2-1) [5]. The subpleural 

interstitium contains small vessels, which are involved in 



the formation of pleural fluid, and lymphatic branches. 

Interstitial lung diseases that affect the interlobular septa 

or result in lung fibrosis often result in abnormalities of the 

subpleural interstitium. 

Abnormalities of the subpleural interstitium can be 

recognized over the costal surfaces of the lung, but are 

more easily seen in relation to the major fissures, at which 

two layers of the visceral pleura and subpleural interstitium 

come in contact. In contrast to conventional CT, in  which 

the obliquely oriented major fissures are usually seen as 

broad bands of increased or decreased opacity, these 

fissures are consistently visualized on HRCT as continuous, 

smooth, and very thin linear opacities. Normal fissures are  
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less than 1 mm thick, smooth in contour, uniform in 

thickness, and sharply defined (Figs. 2-2A, 2-10A, and 2-

13). The visceral pleura and subpleural interstitium along 

the costal surfaces of lung are not visible on HRCT in normal 

subjects. 

 

FIG. 2-16. Anatomy of the pleural surfaces and chest wall.  



Parietal Pleura 

The parietal pleura, as with the visceral pleura, consists of a 

mesothelial cell membrane in association with a thin layer of 

connective tissue. The parietal pleura is somewhat thinner 

than the visceral pleura, measuring approximately 0.1 mm 

[33,34]. External to the parietal pleura is a thin layer of 

loose areolar connective tissue or extrapleural fat, which 

separates the pleura from the fibroelastic endothoracic 

fascia and lines the thoracic cavity (Fig. 2-16); the 

endothoracic fascia is approximately 0.25 mm thick [34,35]. 

External to the endothoracic fascia are the innermost 

intercostal muscles and ribs. The innermost intercostal 

muscles pass between adjacent ribs but do not extend into 

the paravertebral regions. 

As stated in Chapter 1, window level/width settings of 

50/350 Hounsfield units (HU) are best for evaluating the 

parietal pleura and adjacent chest wall. Images at a level of 

-600 HU with an extended window width of 2,000 HU are 

also useful in evaluating the relationship of peripheral 

parenchymal abnormalities to the pleural surfaces [3,36]. 

On HRCT in normal patients, the innermost intercostal 

muscles are often visible as 1- to 2-mm-thick stripes (the 

intercostal stripes) of soft-tissue opacity at the lung-chest 

wall interface, passing between adjacent rib segments in the 

anterolateral, lateral, and posterolateral thorax (Fig. 2-17). 

The parietal pleura is too thin to see on HRCT along the 

costal pleural surfaces, even in combination with the 

visceral pleura and endothoracic fascia [37]. However, in 

the paravertebral regions, the innermost intercostal muscle 

is anatomically absent, and a very thin line (the  
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paravertebral line) is sometimes visible at the interface 

between lung and paravertebral fat or rib (Fig. 2-18) [37]. 

This line probably represents the combined thickness (0.2 to 

0.4 mm) of the normal pleural layers and endothoracic 

fascia. 

 

FIG. 2-17. Normal intercostal stripe. On high-resolution CT 

in a normal subject, the intercostal stripe is visible as a thin 

white line (large arrows). Although it represents the 

combined thickness of visceral and parietal pleurae, the 

fluid-filled pleural space, endothoracic fascia, and innermost 

intercostal muscle, it primarily represents the innermost 

intercostal muscle. The intercostal stripe is seen as separate 

from the more external layers of the intercostal muscles 



because of a layer of intercostal fat. Posteriorly, the 

intercostal stripe (small arrows) is visible anterior to the 

lower edge of a rib. 

 

FIG. 2-18. The paravertebral line. In the paravertebral 

regions (arrows), the innermost intercostal muscle is 

absent, and, at most, a very thin line (the paravertebral 

line) is present at the lung-chest wall interface. As in this 

case, a distinct line may not be seen. 

High-Resolution Computed 

Tomography Measurement of Lung 

Attenuation 



Generally speaking, lung attenuation appears relatively 

homogeneous on HRCT scans obtained at full inspiration. 

Measurements of lung attenuation in normal subjects 

usually range from -700 to -900 HU, corresponding to lung 

densities of approximately 0.300 to 0.100 g per mL, 

respectively [38,39]. In a study by Lamers et al. [40], with 

HRCT obtained using spirometric control of lung volume, the 

mean lung attenuation measured in 20 healthy subjects at 

90% of vital capacity was -859 HU [standard deviation (SD), 

39] in the upper lung zones and -847 (SD, 34) in the lower 

lung zones. A mean lung density of -866 ± 16 HU (range -

983 to -824 HU) was found by Gevenois et al. [41] in a 

study of 42 healthy subjects (21 men, 21 women) from 23 

to 71 years of age. In this study, no significant correlation 

between mean lung density and age was found, but a 

significant correlation between the total lung capacity, 

expressed as absolute values and mean lung density was 

found. A study by Chen et al. [42] of 13 patients with 

normal pulmonary function tests showed an average lung 

attenuation of -814 ± 24 HU on HRCT when the entire cross 

section of lung was used for measurement and an 

attenuation of -829 ± 21 HU (range, -858 to -770 HU) using 

three small regions of interest placed in anterior, middle, 

and posterior lung regions. 

An attenuation gradient is normally present, with the most 

dependent lung regions being the densest, and the least 

dependent lung regions being the least dense. This gradient 

is largely caused by regional differences in blood and gas 

volume that, in turn, are determined by gravity, mechanical 

stresses on the lung, and intrapleural pressures [36,38]. 

Differences in attenuation between anterior and posterior 

lung have been measured in supine patients, and values 



generally range from 50 to 100 HU [38,43,44], although 

gradients of more than 200 HU have been reported [43]. 

The anteroposterior attenuation gradient was found to be 

nearly linear and was present regardless of whether the 

subject was supine or prone [43]. 

Genereux measured anteroposterior attenuation gradients at 

three levels (aortic arch, carina, and above the right 

hemidiaphragm) in normal subjects [44]. An anteroposterior 

attenuation gradient was found at all levels, although the 

gradient was larger at the lung bases than in the upper 

lung; the anteroposterior gradient averaged 36 HU at the 

aortic arch, 65 HU at the carina, and 88 HU at the lung 

bases. The attenuation gradient was even larger if only 

cortical lung was considered. Within cortical lung, the 

attenuation differences at the three levels studied were 45, 

81, and 113 HU, respectively.  

Vock et al. [38] analyzed CT-measured pulmonary 

attenuation in children. In general, lung attenuation in 

children is greater than in adults [38,43], but 

anteroposterior attenuation gradients were similar to those 

found in adults, averaging 56 HU at the subcarinal level.  

Although most authors have reported that normal 

anteroposterior lung attenuation gradients are linear, with 

attenuation increasing gradually from anterior to posterior 

lung, the lingula and superior segments of the lower lobes 

can appear relatively lucent in many normal subjects [45]; 

focal lucency in these segments should be considered a 

normal finding. Although the reason is unclear, these 

slender segments may be less well venti lated than adjacent 

lung and therefore less well perfused, or some air -trapping 

may be present. 



Normal Expiratory High-Resolution 

Computed Tomography 

Expiratory HRCT is generally performed to detect air -

trapping in patients with a small airway obstruction or 

emphysema. On expiratory HRCT, changes in the lung 

attenuation, cross-sectional area [46], and appearance of 

airways are typical [47]. Air-trapping of limited extent may 

also be seen in normals. 

Lung Attenuation Changes 

Lung parenchyma normally increases in CT attenuation as 

lung volume is reduced during expiration. This change can 

generally be recognized on HRCT as an increase in lung 

opacity (Figs. 2-19, 2-20, and 2-21; see Figs. 1-28, 1-29 1-

30) [8,38,43,48,49,50]. Robinson and Kreel [49] found 

significant inverse correlations between lung volumes 

determined spirometrically and CT-measured lung 

attenuation, for the whole  
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lung (r = -0.680, p >.0005) and for anterior, middle, and 

posterior lung zones considered individually.  



 

FIG. 2-19. Normal dynamic expiratory HRCT. Inspiratory 

(A) and expiratory (B) images from a sequence of ten scans 

obtained during forced expiration in a normal subject. Lung 

attenuation increases and cross-sectional lung area 

decreases on the expiratory scan. C: A region of interest 

has been positioned in the posterior lung, and a time-

attenuation curve calculated for this region of interest 

shows an increase in attenuation from -850 HU to -625 HU 

from maximal inspiration (I) to maximal expiration (E). Each 

point on the time density curve represents one image from 

the dynamic sequence. 

The mean attenuation change between full inspiration and 

expiration ranges from 80 to 300 HU regardless of the 

expiratory technique used [8,38,40,45,50]. In a study of 

young, normal volunteers, an increase in lung attenuation 

averaging 200 HU was consistently seen during forced 

expiration, but the increase was variable and ranged from 



84 to 372 HU [45]. In a study by Chen et al. [42] of 

patients with normal pulmonary function tests, the average 

lung attenuation increase on postexpiratory HRCT was 144 

± 47 HU (range, 85 to 235 HU) when three small regions of 

interest placed in different lung regions were used for 

measurement and 149 ± 54 HU when the entire cross 

section of lung was used for measurement. Average lung 

attenuation on postexpiratory HRCT was -685 HU ± 51 

(range, -763 to -580 HU) using three regions of interest and 

-665 ± 80 HU for the entire cross section of lung [42]. 

According to Kalender et al., using spirometrically triggered 

CT [51], a 10% change in vital capacity resulted, on 

average, in a change of approximately 16 HU, and estimates 

of lung attenuation at 0% and 100% of vital capacity were -

730 HU and -895 HU, respectively. In a study by Lamers et 

al. [40], with HRCT obtained using spirometric control of 

lung volume, the mean lung attenuation in 20 healthy 

subjects measured in the upper lung zones at 90% of vital 

capacity was -859 HU (SD, 39), whereas at 10% of vital 

capacity, it was -786 HU (SD, 39). In the lower lung zones, 

lung attenuation increased from -847 HU (SD, 34) at 90% of 

vital capacity to -767 HU (SD, 56) at 10% of vital capacity. 

In a study of spirometrically gated HRCT [52] at 20%, 50%, 

and 80% of vital capacity, mean lung attenuation measured 

-747, -816, and -855 HU, respectively. Millar et al. [48] 

calculated the physical density of lung at full inspiration and 

expiration, based on the assumption that physical density 

had  
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linear relation to radiographic density (physical density = 1 

- CT attenuation in HU/1,000) [53]. Using this method, 



peripheral lung tissue density was measured as 0.0715 g 

per cm3 (SD, 0.017) at full inspiration and 0.272 g per cm3 

(SD, 0.067) at end expiration. Using dynamic expiratory 

HRCT, a greater increase in lung attenuation may be seen 

than with static imaging. 



 



FIG. 2-20. Dynamic inspiratory (A) and expiratory  (B-C) 

HRCT in a normal subject, obtained with low (40) mA. On 

the inspiratory scan (A), lungs appear homogeneous in 

attenuation. Lung attenuation measured -875 HU in the 

posterior right lung. During rapid expiration (B), image 

quality is degraded by respiratory motion. On a scan at 

maximum expiration (C), lung decreases in volume and 

increases in attenuation. Posterior dependent lung increases 

in attenuation to a greater degree than anterior 

nondependent lung, now measuring -750 HU. Note some 

anterior bowing of the posterior tracheal membrane, typical 

of expiratory images. 

In children, the CT attenuation of lung parenchyma is higher 

than in adults and decreases with age [38,43]. Attenuation 

increases seen with expiration are similar to those found  
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in adults. Ringertz et al. [54], using ultrafast CT, measured 

the CT attenuation of children younger than 2.5 years 

during quiet respiration; the average CT lung attenuation 

was -551 (SD, 106) on inspiration and -435 HU (SD, 103) 

on expiration. Vock et al. [38] measured the lung 

attenuation changes in children ranging in age from 9 to 18 

years. Mean lung attenuation at full inspiration and full 

expiration measured -804 HU and -646 HU, respectively. 

The anteroposterior attenuation differences were similar to 

those seen in adults, averaging 56 HU at the subcarinal 

level, and increased with maximal expiration and increased 

during expiration [38]. 



 

FIG. 2-21. Inspiratory (A) and postexpiratory (B) HRCT in a 

normal subject. On the expiratory scan, lung increases in 

attenuation. Posterior dependent lung increases in 

attenuation to a greater degree than anterior nondependent 

lung. 

Usually, dependent lung regions show a greater increase in 

lung attenuation during expiration than do nondependent 

lung regions irrespective of the patient's position 

[8,43,45,49,50,55]. As a result, the anteroposterior 

attenuation gradients normally seen on inspiration are 

significantly greater on expiratory scans (Fig. 2-21) 

[38,49,50]; the increase in the anterior-to-posterior 

attenuation gradient after expiration has been reported to 

range from 47 to 130 HU in different studies [8,38,45,50]. 

Furthermore, the expiratory lung attenuation increase in 

dependent lung regions is greater in the lower lung zones 

than in the middle and upper zones, probably due to greater 

diaphragmatic movement or greater basal blood volume 



[45]. The sum of these changes may be recognizable as 

increased attenuation or dependent density on supine scans 

at low lung volume. Although using measurements of 

attenuation gradients on inspiration and expiration has been 

investigated as a method of diagnosing lung disease 

[8,48,56], this technique has not assumed a clinical role.  

Normal Air-Trapping 

In many normal subjects, areas of air -trapping are visible 

on expiratory scans (Figs. 2-22 and 2-23); in these regions, 

lung does not increase normally in attenuation and appears 

relatively lucent. This appearance is most typically seen in 

the superior segments of the lower lobes or in the anterior 

middle lobe or lingula, or it involves individual pulmonary 

lobules, particularly in the lower lobes [45,57]; it is limited 

to a small proportion of lung volume. In a study by Chen et 

al. [42], focal areas of air-trapping, including the superior 

segments of the lower lobes, were visible in 61% of patients 

having normal pulmonary function tests. In a study by Lee 

et al. [57], air-trapping was seen in 52% of 82 

asymptomatic subjects with normal pulmonary function 

tests. The frequency of air-trapping increased with age (p 

<.05), being seen in 23% of patients aged 21 to 30 years,  

41% of those aged 31 to 40 years, 50% aged 41 to 50 

years, 65% aged 51 to 60 years, and 76% of those older 

than 61 years. In another study, discounting the superior 

segments and air-trapping involving less than two 

contiguous or five noncontiguous pulmonary lobules, air-

trapping was not seen on expiratory  
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scans in ten healthy nonsmokers, although it was visible in 



40% of patients with suspected chronic airways disease who 

had normal pulmonary function tests [58]. Normal air-

trapping is discussed in greater detail in Chapter 3. 

 

FIG. 2-22. Inspiratory (A) and postexpiratory (B) HRCT in a 

normal subject. On the expiratory scan, there is relative 

lucency in the superior segments of the lower lobes, 

posterior to the major fissures. This appearance is normal. 

Also, focal air-trapping is present in a single lobule (arrow) 

in the posterior right lung. Note slight anterior bowing of 

the posterior right bronchus intermedius. This may be seen 

in some patients on expiration. 

Changes in Cross-Sectional Lung Area 

The reduction in cross-sectional lung area occurring with 

expiration has been assessed in several studies and usually 

ranges from 40% to 50%. In a study of dynamic expiratory 

HRCT, Webb et al. [45] determined the percent decrease in 

lung cross-sectional area from full inspiration to full 

expiration in ten normal volunteers. The area change ranged 

from 14.8% to 61.3% for all subjects, subject positions, and 

lung regions. The greatest percentage decrease in cross -



sectional area during exhalation occurred in the upper lung 

zones. This value averaged 51.3% (SD, 6.7) in the supine 

position and 43.1% (SD, 10.2) in the prone position. The 

percentage decrease in lung cross-sectional area was least 

at the lung bases, averaging 30.9% (SD, 7.5) in the supine 

position and 25.2% (SD, 5) in the prone position. The 

average area changes for the midlung regions were 

intermediate between those of upper and lower lung zones, 

measuring 38.9% (SD, 7.4) in the supine position and 

36.7% (SD, 5.3) in the prone position. Similarly, in a study 

by Lucidarme et al. [58], cross-sectional lung area 

decreased by an average of 43% (range, 34% to 57%) in a 

group of ten normal volunteers. Mitchell et al. [46] 

measured lung area on inspiratory and end expiratory scans 

at the level of the carina in 78 normal subjects. The 

percentage change in area from inspiration to expiration 

averaged 55% (SD, 8.7%). 

Changes in cross-sectional lung area during expiration can 

be related to changes in lung attenuation as shown on 

HRCT. Simply stated, attenuation increases at the same 

time that cross-sectional lung area decreases during 

expiration (Fig. 2-19). For example, Robinson and Kreel 

[49] found a significant inverse correlation between the 

expiratory change in cross-sectional lung area measured on 

CT and changes in CT-measured lung attenuation (r = -

0.793, p >.0005). In a study using dynamic expiratory HRCT 

[45], a correlation between cross-sectional lung area and 

lung attenuation was found for each of three lung regions 

evaluated (upper lung, r = 0.51, p = .03; midlung, r = 

0.58, p = .01; lower lung, r = 0.51, p = .05). The lower 

lung zone showed a greater attenuation increase for a given 

area change; this phenomenon likely reflects the much-



greater effect of diaphragmatic elevation on basal lung 

attenuation than occurs in the upper lungs. 

 

FIG. 2-23. Dynamic expiratory HRCT in a normal subject 

showing air-trapping in the anterior lingula (arrows) and 

relative lucency posterior to the left major fissure. 

Pulmonary lobules in the lung medulla are smaller and less 

well defined than in the periphery. However, vessels and 

bronchi in the lung medulla are large and easily seen on 

HRCT. Note anterior bowing of the posterior wall of the right 

bronchus. 



 

FIG. 2-24. Normal HRCT appearances of the trachea on 

inspiratory (A) and expiratory (B) scans. A: On an 

inspiratory scan shown at a tissue window setting, the 

trachea appears el liptic. B: After forced expiration, there is 

marked anterior bowing of the posterior tracheal membrane 

(arrow) resulting in a decreased anteroposterior diameter. 

There is little side-to-side narrowing of the tracheal lumen. 
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Changes in Airway Morphology 

The intrathoracic trachea shows significant changes in 

cross-sectional area, anteroposterior diameter, and 

transverse diameter from full inspiration to full expiration 

(Figs. 2-20 and 2-24). In a study using ultrafast dynamic CT 

in ten healthy men [56], the mean cross-sectional area of 

the trachea decreased 35% during forced vital capacity 

maneuver (range, 11% to 61%; SD, 18). The 

anteroposterior diameter decreased from a mean of 19.6 

mm (range, 16.1 to 23.2 mm; SD, 2.3) to 13.3 mm (range, 



8.3 to 18.0 mm; SD, 3.5), for a mean decrease of 32%. This 

change is largely due to an invagination of the posterior 

tracheal membrane, a finding that is useful in confirming 

that an adequate expiration has occurred on expiratory CT 

(Fig. 2-24). The transverse diameter shows less change with 

expiration; in this study, it decreased from a mean of 19.4 

mm (range, 15.2 to 25.3 mm; SD, 2.7) to a mean of 16.9 

mm (range, 12.3 to 20.5 mm; SD, 2.6), for a mean 

decrease of 13%. The change of cross-sectional area 

correlated strongly with the changes in the anteroposterior 

and transverse diameters of the trachea (r = 0.88, 0.92; p 

= .0018, .0002, respectively). The shape of the normal 

trachea is round or elliptic on inspiration and horseshoe-

shaped during and at the end of a full expiration, as the 

posterior tracheal membrane bows anteriorly.  

Morphologic changes in the appearances of bronchi during 

respiration have not been studied systematically. In our 

experience, the cross-sectional area of main and lobular 

bronchi appears slightly reduced on full expiration; some 

invagination of the posterior wall of the right main bronchus 

or bronchus intermedius sometimes occurs during forced 

expiration (Figs. 2-22 and 2-23). Because slightly different 

levels are usually imaged on the inspiratory and expiratory 

scans, comparing individual bronchi or specific bronchial 

levels is often difficult. 
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Chapter 3 
High-Resolution Computed 

Tomography Findings of Lung 

Disease 
The detection and diagnosis of diffuse lung disease using 

high-resolution computed tomography (HRCT) are based on 

the recognition of specific abnormal findings [1,2,3,4]. In 

this chapter, we review a number of HRCT findings of value 

in the differential diagnosis of diffuse lung disease.  

First, a word about terminology. In the past, different terms 

have been used by authors to describe similar or identical 

HRCT abnormalities, which has led to confusion and 

difficulty in comparing one study to another [5]. In this 

book, whenever possible, we name and define HRCT findings 

on the basis of their specific corresponding anatomic 

abnormalities, as there is a close correlation in many 

instances between these findings and pathologic or 

histologic lung abnormalities. Furthermore, the terms used 

comply with those recommended by the Nomenclature 

Committee of the Fleischner Society [6]. Nonspecific, 

descriptive, or nonanatomic terms have been avoided, 

unless the HRCT findings themselves are nonspecific and 

cannot be related to particular anatomic abnormalities, or 

unless a descriptive term is particularly helpful in 

understanding and recognizing the specific abnormal 



finding. Several of these colorful terms have become 

indispensable parts of the HRCT lexicon. For easy reference, 

an illustrated glossary of many of these terms is provided at 

the end of this book. 
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Generally, HRCT findings of lung disease can be classified 

into four large categories based on their appearances. These 

are (i) linear and reticular opacities, (ii) nodules and 

nodular opacities, (iii) increased lung opacity, and (iv) 

abnormalities associated with decreased lung opacity, 

including cystic lesions, emphysema, and airway 

abnormalities. 

Linear and Reticular Opacities 

Thickening of the interstitial fiber network of the lung by 

fluid or fibrous tissue, or because of interstitial infiltration 

by cells or other material, primarily results in an increase in 

linear or reticular lung opacities as seen on HRCT. Linear or 

reticular opacities may be manifested by the interface sign, 

peribronchovascular interstitial thickening, interlobular 

septal thickening, parenchymal bands, subpleural interstitial 

thickening, intralobular interstitial th ickening, 

honeycombing, irregular linear opacities, and subpleural 

lines (Fig. 3-1). 

Interface Sign 

The presence of irregular interfaces between the aerated 

lung parenchyma and bronchi, vessels, or visceral pleural 

surfaces has been termed the interface sign by Zerhouni et 

al. [4,7] (Fig. 3-2). The interface sign is nonspecific, and is 

commonly seen in patients with an interstitial abnormality, 



regardless of its cause. In the original description of the 

interface sign, this finding was visible in 89% of pat ients 

with interstitial lung disease [7]. 

The interface sign is generally associated with an increase 

in lung reticulation; the presence of thin linear opacities 

contacting the bronchi, vessels, or pleural surfaces is 

responsible for their having an irregular or spiculated 

appearance on HRCT. These linear opacities represent 

thickened interlobular septa, thickened intralobular 

interstitial fibers, or irregular scars (Fig. 3-1). The interface 

sign is most frequently visible in patients with fibrotic lung 

disease, and Nishimura et al. [8] reported the presence of 

irregular pleural surfaces and irregular vessel margins in 

94% and 98%, respectively, of patients with idiopathic 

pulmonary fibrosis. In virtually all cases showing the 

interface sign, other, more specific, abnormal findings will 

also be visible on HRCT. 

Peribronchovascular Interstitial 

Thickening 

Central bronchi and pulmonary arteries are surrounded and 

enveloped by a strong connective tissue sheath, termed the 

peribronchovascular interstitium , extending from the level 

of the pulmonary hila into the peripheral lung. In the lung 

periphery, the peribronchovascular interstitium surrounds 

centrilobular arteries and bronchioles, and, more distally, 

supports the alveolar ducts and alveoli (see Fig. 2-1) [9]. 

The peribronchovascular interstitium is also termed the axial 

interstitium by Weibel [10]. Thickening of the perihilar 

peribronchovascular interstitium occurs in many diseases 

that cause a generalized interstitial abnormality 

[3,11,12,13]. Peribronchovascular interstitial thickening is 



common in patients with lymphangitic spread of carcinoma 

[11,12,14]; lymphoma [15]; leukemia [16]; 

lymphoproliferative disease such as lymphocytic interstitial 

pneumonia (LIP) [17,18,19]; interstitial pulmonary edema; 

diseases that result in a perilymphatic distribution of 

nodules (e.g., sarcoidosis) [20]; and in many diseases that 

result in pulmonary fibrosis, particularly sarcoidosis, which 

has a propensity to involve the peribronchovascular 

interstitium (Table 3-1) [21]. Peribronchovascular 

interstitial thickening has also been reported in as many as 

65% of patients with nonspecific interstitial pneumonia 

(NSIP) [22] and 19% of patients with chronic 

hypersensitivity pneumonitis [23]. 

 

FIG. 3-1. Linear and reticular opacities visible on HRCT. 



 

FIG. 3-2. The interface sign. In this patient with idiopathic 

pulmonary fibrosis and honeycombing, irregular interfaces 

are visible between the aerated lung parenchyma and 

structures such as vessels ( large white arrows), fissures 

(small white arrows), and the visceral pleural surfaces 

(black arrows). This finding is commonly seen in patients 

with an interstitial abnormality, regardless of its cause, but 

is most frequent in patients with abnormal reticular 

opacities and fibrosis. 
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Because the thickened peribronchovascular interstitium 

cannot be distinguished from the underlying opacity of the 

bronchial wall or pulmonary artery, this abnormality is 

usually perceived on HRCT as an increase in bronchial wall 

thickness or an increase in diameter of pulmonary artery 

branches (Fig. 3-3) [11]. Apparent bronchial wall thickening 

is the easier of these two findings to recognize. This finding 



is exactly equivalent to “peribronchial cuffing” seen on plain 

chest radiographs in patients with an interstitial 

abnormality. In patients with pulmonary interstitial 

emphysema, air is commonly seen within the 

peribronchovascular interstitium, outlining vessels and 

bronchi (Fig. 3-3D) [24,25,26]. 

Thickening of the peribronchovascular interstitium can 

appear smooth, nodular, or irregular in different diseases 

(Fig. 3-3) (Table 3-1) [9]. Smooth peribronchovascular 

interstitial thickening is most typical of patients with 

lymphangitic spread of carcinoma or lymphoma (Fig. 3-4) 

and interstitial pulmonary edema [27,28] but can be seen in 

patients with fibrotic lung disease as well. Nodular 

thickening of the peribronchovascular interstitium is 

particularly common in sarcoidosis (Fig. 3-5) and 

lymphangitic spread of carcinoma. The presence of irregular 

peribronchovascular interstitial thickening, as an example of 

the interface sign, is most frequently seen in patients with 

peribronchovascular and adjacent lung fibrosis. Extensive 

peribronchovascular fibrosis can also result in the presence 

of large conglomerate masses of fibrous tissue (Fig. 3-6). 

This can occur in patients with sarcoidosis [20], silicosis, 

tuberculosis, and talcosis and is discussed in greater detail 

in the section Conglomerate Nodules or Masses in Diffuse 

Lung Disease. 

TABLE 3-1. Differential diagnosis of 

peribronchovascular interstitial 

thickening 



Diagnosis Comments 

Lymphangitic 

carcinomatosis, 

lymphoma, leukemia 

Common; smooth or 

nodular; may be the only 

abnormality 

Lymphoproliferative 

disease (e.g., lymphocytic 

interstitial pneumonia) 

Smooth or nodular; other 

abnormalities typically 

present 

Pulmonary edema Common; smooth 

Sarcoidosis Common; usually nodular 

or irregular; conglomerate 

masses of fibrous tissue 

with bronchiectasis typical 

in end stage 

Idiopathic pulmonary 

fibrosis or other cause of 

usual interstitial 

pneumonia 

Common; often irregular; 

associated with traction 

bronchietasis; other 

findings of fibrosis 

predominate 

Nonspecific interstitial 

pneumonia 

With findings of ground-

glass opacity and 

reticulation 

Silicosis/coal worker's Conglomerate masses 



pneumoconiosis, talcosis 

Hypersensitivity 

pneumonitis (chronic) 

Sometimes visible; often 

irregular; associated with 

traction bronchiectasis 

 

 

FIG. 3-3. Differentiation of peribronchovascular interstitial 

thickening and bronchiectasis. A: In a normal subject, 

bronchi are uniformly thin-walled and appear approximately 

equal in diameter to adjacent pulmonary arteries. B: In the 



presence of peribronchovascular interstitial thickening, 

there appears to be an increase in bronchial wall thickness 

and a corresponding increase in diameter of pulmonary 

artery branches. The contours of the bronchi and vessels 

can appear smooth, nodular, or irregular in different 

diseases. C: In bronchiectasis, bronchi are usually thick -

walled and appear larger than adjacent pulmonary arteries. 

This can result in the so-called signet ring sign. D: CT with 

3-mm collimation in a patient with pulmonary interstitial 

emphysema. Air is visible within the peribronchovascular 

interstitial sheath, outlining pulmonary arteries ( large black 

arrow) and bronchi (small black arrow). Air also surrounds 

pulmonary veins. 

 

FIG. 3-4. Peribronchovascular interstitial thickening. In a 

patient with unilateral lymphangitic spread of carcinoma 

involving the left lung, there is smooth thickening of the 



peribronchovascular interstitium manifested by peribronchial 

cuffing (arrows); this appearance is easily contrasted with 

that of normal bronchi in the right lung. Note that the left-

sided pulmonary artery branches appear similar in diameter 

to the cuffed bronchi because the thickened interstitium 

surrounds them as well. Small intrapulmonary vessels on 

the left also appear more prominent than those  on the 

normal side because of perivascular interstitial thickening. 

Interlobular septal thickening and subpleural nodules are 

also visible on the left. Subpleural interstitial thickening 

results in nodular thickening of the left major fissure.  

 



FIG. 3-5. Nodular peribronchovascular interstitial 

thickening in a patient with sarcoidosis. Numerous small 

nodules surround central bronchi and vessels.  
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Peribronchovascular interstitial thickening is easy to 

diagnose if it is of a marked degree, in which bronchial walls 

appear several millimeters thick or bronchovascular 

structures show evidence of the interface sign or nodules. 

However, the diagnosis of minimal peribronchovascular 

thickening can be difficult and quite subjective, particularly 

if the abnormality is diffuse and symmetric. Although the 

thickness of the wall of a normal bronchus should measure 

from one-sixth to one-tenth of its diameter [29], there are 

no reliable criteria as to what represents the upper limit of 

normal for the combined thickness of bronchial wall and the 

surrounding interstitium [30]. Furthermore, these 

measurements vary depending on the lung window chosen, 

and too low a window mean can make normal bronchi or 

vessels appear abnormal (see Fig. 1-13) However, in many 

patients with peribronchovascular interstitial thickening, and 

particularly in patients with lymphangitic spread of 

carcinoma and sarcoidosis, this abnormality is unilateral or 

patchy, sparing some areas of lung. In such patients, 

normal and abnormal lung regions easily can be contrasted 

(Fig. 3-4). As a rule, bronchial walls in corresponding 

regions of one or both lungs should be similar in thickness.  



In patients with lung fibrosis and peribronchovascular 

interstitial thickening, bronchial dilatation is commonly 

present and results from traction by fibrous tissue on the 

bronchi walls. This is termed traction bronchiectasis  (Figs. 

3-1 and 3-6); it typically results in irregular bronchial 

dilatation that appears varicose or corkscrewed [31,32]. 

Traction bronchiectasis usually involves the segmental and  

subsegmental bronchi and is most commonly visible in the 

perihilar regions in patients with significant lung fibrosis 

[20,33]. It can also affect small peripheral bronchi or 

bronchioles, an occurrence termed traction bronchiolectasis. 

Bronchial wall thickening occurring in patients with true 

bronchiectasis produces an abnormality that closely mimics 

the HRCT appearance of peribronchovascular interstitial 

thickening. However, airway diseases and interstitial 

diseases can usually be distinguished on the basis of 

symptoms or pulmonary function abnormalities, and 

confusion between these two is not often a problem in 

clinical diagnosis. In addition, several HRCT findings allow 

these two entities to be differentiated (Fig. 3-3). First, 

peribronchovascular interst itial thickening is often 

associated with other findings of interstitial disease, such as 

septal thickening, honeycombing, or the interface sign, 

whereas bronchiectasis usually is not. Second, in patients 

with bronchiectasis, the abnormal thick-walled and dilated 

bronchi often appear much larger than the adjacent 

pulmonary artery branches (Fig. 3-7). This results in the 

appearance of large ring shadows, each associated with a 

small, rounded opacity, a finding that has been termed the 

signet ring sign, and is considered to be diagnostic of 

bronchiectasis [34,35,36,37,38]. In patients with 

peribronchovascular interstitial thickening, on the other 



hand, the size relationship between the bronchus and artery 

is maintained, and they appear to be of approximately equal 

size. The diagnosis and appearances of bronchiectasis is 

discussed in greater detail in the section Bronchiectasis and 

in Chapter 8. 

 

FIG. 3-6. Peribronchovascular interstitial thickening in end-

stage sarcoidosis, with conglomerate masses of fibrous 

tissue surrounding central vessels and bronchi. Bronchi 

appear dilated and thick walled because of surrounding 

fibrosis and traction bronchiectasis. Note that vessels and 

bronchi appear to be of similar diameter.  



 

FIG. 3-7. Bronchiectasis with the signet ring sign. Thick -

walled and dilated bronchi (large arrows) appear larger than 

the adjacent pulmonary artery branches (small arrows). This 

appearance is termed the signet ring sign and is typical of 

bronchiectasis. 

P.76 

 

 



Diseases that cause peribronchovascular interstitial 

thickening often result in prominence of the centrilobular 

artery, which normally appears as a dot, Y-shaped, or X-

shaped branching opacity. This finding reflects thickening of 

the intralobular component of the peribronchovascular 

interstitium, also termed the centrilobular interstitium  (see 

2-1) [3,7,12,39]. On HRCT, a linear, branching, or dotlike 

centrilobular opacity may be seen (Fig. 3-1). 

Thickening of the centrilobular interstitium is usually 

associated with interlobular septal thickening or intralobular 

interstitial thickening (Fig. 3-1) but sometimes occurs as an 

isolated abnormality. Centrilobular interstitial thickening is 

common in patients with lymphangitic spread of carcinoma 

or lymphoma [11,12] and interstitial pulmonary edema 

[28,40]. In patients with lung fibrosis, centrilobular 

interstitial thickening is common but almost always 

associated with honeycombing or intralobular lines.  

Interlobular Septal Thickening 

On HRCT, numerous clearly visible interlobular septa almost 

always indicate the presence of an interstitial abnormality; 

only a few septa should be visible in normal patients. Septal 

thickening can be seen in the presence of interstitial fluid, 

cellular infiltration, or fibrosis.  

Within the peripheral lung, thickened septa 1 to 2 cm in 

length may outline part of or an entire lobule and are 

usually seen extending to the pleural surface, being roughly 

perpendicular to the pleura (Figs. 3-1, 3-8, and 3-9) 

[3,4,11,12,39,41,42,43]. Lobules at the pleural surface may 

have a variety of appearances, but they are often longer 

than they are wide, resembling a cone or truncated cone. 

Within the central lung, thickened septa outline lobules that 



are 1 to 2.5 cm in diameter and appear polygonal, or 

sometimes hexagonal, in shape (Figs. 3-8 and 3-9). Lobules 

delineated by thickened septa commonly contain a visib le 

dotlike or branching centrilobular pulmonary artery. The 

characteristic relationship of the interlobular septa and 

centrilobular artery is often of value in identifying each of 

these structures. 

 

FIG. 3-8. Interlobular septal thickening in a patient with 

lymphangitic spread of carcinoma. Dif fuse interlobular 

septal thickening outlines numerous pulmonary lobules. 

Those visible in the peripheral lung may appear to be of 

various sizes and shapes, depending at least partially on the 

relationship of the lobule to the plane of scan. However, 

many lobules are conical in shape (arrows). In the more 

central lung, lobules appear more hexagonal or polygonal. 

The branching or dotlike intralobular vessel is often visible. 

The septal thickening in this case is primarily smooth in 

contour, although nodularity is seen in several regions, 

particularly adjacent to the left major fissure. Long septa 



that marginate several lobules have been termed 

parenchymal bands. The presence of multiple thickened 

septa form “peripheral” or “polygonal arcades.”  

 



FIG. 3-9. A-C: Interlobular septal thickening in a patient 

with lymphangitic spread of breast carcinoma. Diffuse, 

smooth interlobular septal thickening outlines numerous 

pulmonary lobules, primarily in the right lung. In addition to 

septal thickening, there is increased prominence of the 

peribronchovascular interstitium most easily recognized as 

bronchial wall thickening (arrow, B). A small pneumothorax 

is visible on the right because of a recent thoracentesis.  
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Thickened interlobular septa also may be described using 

the terms septal lines or septal thickening (Figs. 3-8, 3-9, 

3-10) [6], and are preferred to terms such as peripheral 

lines, short lines, and interlobular lines [12,39,44]. 

Similarly, although thickened septa outlining one or more 

pulmonary lobules have been described as producing a 

“large reticular pattern” [4,7] or “polygons” [45], and, if 

they can be seen contacting the pleural surface, as 

“peripheral arcades” or “polygonal arcades” [12], the terms 

interlobular septal thickening, septal thickening , and septal 

lines are considered more appropriate in describing these 

appearances [5,6]. 

Thickening of the interlobular septa is commonly seen in 

patients with interstitial lung disease. When visible as a 

predominant feature, however, it has a limited differential 

diagnosis (Table 3-2). Septal thickening can be smooth, 

nodular, or irregular in contour in different pathologic 

processes [46]. Smooth septal thickening is seen in patients 

with pulmonary edema or hemorrhage (Fig. 3-10) 

[28,47,48], lymphangitic spread of carcinoma (Figs. 3-8 and 



3-9) [11,12,49], lymphoma, leukemia, interstitial infiltration 

associated with amyloidosis [50], and some pneumonias, 

and in a small percentage of patients with pulmonary 

fibrosis. Smooth septal thickening may also be seen in 

association with ground-glass opacity, a pattern termed 

crazy-paving; this pattern is typical of alveolar proteinosis 

(Fig. 3-11) but has a long differential diagnosis which is 

reviewed elsewhere [51,52,53,54,55]. Nodular or “beaded” 

septal thickening occurs in lymphangitic spread of 

carcinoma or lymphoma (Figs. 3-12 and 3-13) [11,12,49], 

sarcoidosis, silicosis or coal worker's pneumoconiosis (CWP) 

[20,21,56,57,58], LIP [17,18,19], and amyloidosis [50,59]. 

In patients who have interstitial fibrosis, septal thickening 

visible on HRCT is often irregular in appearance (Figs. 3-14, 

3-15, 3-16) [32]. A simple algorithm (Algorithm 1) based on 

the recognition of these findings may be used for diagnosis.  

 

FIG. 3-10. Interlobular septal thickening resulting from 

pulmonary edema. Prone HRCT shows thickening of 

numerous interlobular septa in the dependent lung and over 

the pleural surfaces. Septa within the dependent lung are 

thickest. Centrilobular arteries appear prominent within 



most of the lobules surrounded by thickened septa, a finding 

that reflects thickening of the centrilobular inter stitium. 

Peribronchovascular interstitial thickening is also present.  
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Pulmonary disease occurring predominantly in relation to 

interlobular septa and the periphery of lobules has been 

termed perilobular [60,61]. Johkoh et al. [55,61] have 

emphasized that a perilobular distribution of disease may 

reflect abnormalities of the peripheral alveoli and subpleural 

interstitium in addition to thickening of interlobular septa.  

Although interlobular septal thickening can be seen on HRCT 

in association with fibrosis and honeycombing [44], it is not 

usually a predominant feature [8,42,62]. Generally 

speaking, in the presence of significant fibrosis and 

honeycombing, distortion of lung architecture makes the 

recognition of thickened septa difficult (Fig. 3-15). Among 

patients with pulmonary fibrosis and “end-stage” lung 

disease, the presence of interlobular septal thickening on 

HRCT is most frequent in patients with sarcoidosis (Fig. 3-

16) (56% of patients) and is less common in those with 

usual interstitial pneumonia (UIP) of various causes (Fig. 3-

17), asbestosis, and hypersensitivity pneumonitis [62]. The 

frequency of septal thickening and fibrosis in patients with 

sarcoidosis reflects the tendency of active sarcoid 

granulomas to involve the interlobular septa. In patients 

with idiopathic pulmonary fibrosis (IPF) or UIP of another 

cause, the appearance of irregular septal thickening 

correlates with the presence of fibrosis predominantly 

affecting the periphery of the secondary lobule [8]. 



TABLE 3-2. Differential diagnosis of 

interlobular septal thickening 

Diagnosis Comments 

Lymphangitic 

carcinomatosis, 

lymphoma, leukemia 

Common; predominant 

finding in most; usually 

smooth; sometimes 

nodular 

Lymphoproliferative 

disease (e.g., lymphocytic 

interstitial pneumonia) 

Smooth or nodular; other 

abnormalities (i.e., 

nodules) typically present 

Pulmonary edema Common; predominant 

finding in most; smooth; 

ground-glass opacity can 

be present 

Pulmonary hemorrhage Smooth; associated with 

ground-glass opacity 

Pneumonia (e.g., viral, 

Pneumocystis carinii) 

Smooth; associated with 

ground-glass opacity 

Sarcoidosis Common; usually nodular 

or irregular; conglomerate 

masses of fibrous tissue 



with bronchiectasis typical 

in end stage 

Idiopathic pulmonary 

fibrosis or other cause of 

usual interstitial 

pneumonia 

Sometimes visible but not 

common; appears 

irregular; intralobular 

thickening and 

honeycombing usually 

predominate 

Nonspecific interstitial 

pneumonia 

With findings of ground-

glass opacity and 

reticulation 

Silicosis/coal worker's 

pneumoconiosis; talcosis 

Occasionally visible; 

nodular when active; 

irregular in end-stage 

disease 

Asbestosis Sometimes visible; 

irregular 

Hypersensitivity 

pneumonitis (chronic) 

Uncommon; irregular 

reticular opacities and 

honeycombing usually 

predominate 

Amyloidosis Smooth or nodular 

 



 

FIG. 3-11. Interlobular septal thickening in alveolar 

proteinosis. Thickened septa are associated with ground-

glass opacity. This appearance is typical of alveolar 

proteinosis. 
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Parenchymal Bands 

The term parenchymal band has been used to describe a 

nontapering, reticular opacity, usually several millimeters in 

thickness and from 2 to 5 cm in length, seen in patients 

with atelectasis, pulmonary fibrosis, or other causes of 

interstitial thickening (Figs. 3-1, 3-16, and 3-18) [6,39,63]. 

A parenchymal band is often peripheral and generally 

contacts the pleural surface, which may be thickened and 

retracted inward. 

In some patients, these bands represent contiguous 

thickened interlobular septa and have the same significance 

and differential diagnosis as septal thickening [44]. When 



parenchymal bands can be identified as thickened septa 

(Figs. 3-16 and 3-18), the use of a separate term to 

describe this finding is unjustified; the term septal 

thickening should suffice. 

However, parenchymal bands visible on HRCT can also 

represent areas of peribronchovascular fibrosis, coarse 

scars, or atelectasis associated with lung infiltration or 

pleural fibrosis (Figs. 3-19, 3-20, 3-21) [44,64]. These 

nonseptal bands are often several millimeters thick and 

irregular in contour and are associated with significant 

distortion of adjacent lung parenchyma and bronchovascular 

structures [65]. 

Parenchymal bands have been reported as most common in 

patients with asbestos-related lung and pleural disease (Fig. 

3-21), sarcoidosis with interstitial fibrosis (Figs. 3-16 and 

3-18) [20], silicosis associated with progressive massive 

fibrosis and conglomerate masses, and tuberculosis (Table 

3-3). In patients with asbestos exposure, multiple 

parenchymal bands are common; in one study [39], multiple 

parenchymal bands were seen in 66% of asbestos-exposed 

patients. In patients with asbestos-related disease, 

parenchymal bands can reflect thickened interlobular septa, 

indicating pulmonary fibrosis, or, more often, areas of 

atelectasis and focal scarring occurring in association with 

pleural plaques. In asbestos-exposed patients, parenchymal 

bands are frequently associated with areas of thickened 

pleura and have a basal predominance [39,64]. 



 

FIG. 3-12. “Beaded” or nodular septal thickening with 

lymphangitic spread of carcinoma. A, B: Generalized septal 

thickening is associated with some nodularity (arrows); this 

has been termed the beaded septum sign. Septa are well 

defined. Several large nodules are also visible in the lung. 

This is a common appearance in patients with lymphangitic 

spread of carcinoma. 



 

FIG. 3-13. Nodular septal thickening in a patient with 

sarcoidosis. Septal thickening at the lung bases is 

associated with a distinct nodularity on supine (A) and 

prone (B) scans. In patients with sarcoidosis, this 

appearance correlates with the presence of septal 

granulomas. 



 

FIG. 3-14. Pulmonary fibrosis in an isolated inflated lung 

specimen. Scans performed with 1-cm collimation and 

conventional technique (A) and with HRCT technique (B). On 

the HRCT scan, a lobule at the lung surface is well shown. It 

is marginated with irregularly thickened interlobular septa 

(small arrows). Intralobular interstitial thickening is visible 

as a fine network of lines. The intralobular bronchiole is also 

visible (white arrow). The subpleural interstitium is 

thickened. These findings are not clearly shown with 

conventional technique. (B from Webb WR. HRCT of the lung 

parenchyma. Radiol Clin North Am 1989;27:1085, with 

permission.) 



 

FIG. 3-15. HRCT of pulmonary fibrosis in an isolated 

inflated lung. The HRCT (A) and the corresponding lung 

section (B) are shown for comparison. Typical HRCT findings 

of fibrosis include interlobular septal thickening that is 

irregular in contour (arrows) and subpleural interstitial 

thickening shown at the lung surfaces and adjacent to the 

major fissure (F). (From Webb WR, Stein MG, et al. Normal 

and diseased isolated lungs: HRCT. Radiology 1988;166:81, 

with permission.) 



 

FIG. 3-16. Interlobular septal thickening and parenchymal 

bands in a patient with end-stage sarcoidosis. A: Septa 

(arrows) appear irregular in contour, a finding usually 

associated with fibrosis. B: Longer lines (arrows) are 

parenchymal bands. As in this patient, these often represent 

several contiguous thickened septa. Lung distortion is also 

present, indicative of fibrosis.  
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Subpleural Interstitial Thickening 

Usually, thickening of the interlobular septa within the 

peripheral lung is associated with thickening of the 

subpleural interstitium [3,4]; both the septa and the 



subpleural interstitium are part of the peripheral interstitial 

fiber system described by Weibel (see 2-1) [10]. Subpleural 

interstitial thickening can be difficult to recognize in 

locations where the lung contacts the chest wall or 

mediastinum but is easy to see adjacent to the major 

fissures (Figs. 3-1, 3-4, 3-8, and 3-22). Because two layers 

of the subpleural interstitium are seen adjacent to each 

other in this location, any subpleural abnormality appears 

twice as abnormal as it does elsewhere. Thus, thickening of 

the fissure visible on HRCT often represents subpleural 

interstitial thickening. If the thickening is smooth, it may be 

difficult to distinguish from fissural  fluid. If the interface 

sign is present and the thickening is irregular in appearance 

(Fig. 3-22) [4,7], or if the thickening is nodular (Figs. 3-4 

and 3-8), an interstitial abnormality is more easily 

diagnosed. 

 

Algorithm 1 



 

FIG. 3-17. Interlobular septal thickening in a patient with 

rheumatoid lung disease. Numerous irregularly thickened 

septa are visible in the anterior right lung. 
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In general, the differential diagnosis of subpleural 

interstitial thickening is the same as that of interlobular 

septal thickening, although subpleural interstitial thickening 

is more common than septal thickening in patients with IPF 

or UIP of any cause (Table 3-2). The presence of subpleural 

interstitial fibrosis with irregular or “rugged” pleural 

surfaces has been reported by Nishimura et al. [8] as a 

common finding in IPF, correlating with the presence of 

fibrosis predominantly affecting the lobular periphery; this 

finding was present in 94% of the cases of IPF that he 

studied. A subpleural predominance of fibrosis can also be 



seen in patients with collagen-vascular diseases and drug-

related fibrosis [66]. 

 

FIG. 3-18. Pulmonary fibrosis and parenchymal bands in a 

patient with sarcoidosis. Irregular septal thickening is 

present with distortion of lung architecture. Long confluent 

septa or parenchymal bands (arrows) are present 

bilaterally. Peribronchovascular interstitial thickening also 

results in prominence of the bronchi and pulmonary vessels. 

The pleural surfaces and the walls of vessels and bronchi 

appear irregular. 

Nodular thickening of the subpleural interstitium can also be 

seen (Fig. 3-4), and it has the same differential diagnosis as 

nodular septal thickening [57]. Remy-Jardin et al. [57] have 

reported the appearance of subpleural micronodules, defined 

as 7 mm or less in diameter, on HRCT in patients with 

sarcoidosis, CWP, lymphangitic spread of carcinoma, and 

LIP, and in a small percentage of normal subjects. 



Subpleural nodules are described further in the section 

Perilymphatic Distribution. 

 

FIG. 3-19. Thick parenchymal band (arrow) represents a 

coarse scar in the peripheral lung. Also note thickening of 

the bronchial walls because of peribronchovascular f ibrosis. 



 

FIG. 3-20. Parenchymal band in a patient with otherwise 

normal lungs. This likely represents an isolated scar.  

P.84 

 

 

Intralobular Interstitial Thickening 

Thickening of the intralobular interstitium (see 2-1) results 

in a fine reticular pattern as seen on HRCT, with the lines of 

opacity separated by a few millimeters [32]. Lung regions 

showing this finding characteristically have a fine lace - or 

netlike appearance that is easy to recognize (Figs. 3-1 and 

3-23, 3-24, 3-25 3-26). This appearance is nonspecific and 

may be associated with interstitial fibrosis or diffuse 

interstitial infiltration in the absence of fibrosis. The 

presence of intralobular interstitial thickening can also be 

described using the term intralobular lines [6]. This finding 



is responsible for the “small reticular  pattern” described by 

Zerhouni [7]. 

 

FIG. 3-21. Parenchymal bands in a patient with asbestosis. 

A prone scan shows both thick and thin bands. Most 

correspond to thickened septa. 

TABLE 3-3. Differential diagnosis of 

parenchymal bands 



Diagnosis Comments 

Asbestosis Multiple parenchymal bands 

common; smooth; associated 

with thickened pleura 

Sarcoidosis Common; associated with 

septal thickening 

Silicosis/coal worker's 

pneumoconiosis 

In association with progressive 

massive fibrosis and 

emphysema 

Tuberculosis Associated with scarring 

 

In patients with intralobular interstitial thickening resulting 

from fibrosis, intralobular bronchioles may be visible in the 

peripheral lung. This results from a combination of their 

dilatation (i.e., traction bronchiolectasis) and thickening of 

the peribronchiolar interstitium that surrounds them (Figs. 

3-1, 3-23, and 3-24) [8,32]. Traction bronchiectasis, 

dilatation of large bronchi occurring because of fibrosis, 

may also be seen (Figs. 3-27 and 3-28). Interlobular septal 

thickening may or may not be present in  patients who have 

intralobular interstitial thickening; when thickened septa are 

visible, they usually appear irregular. The pleural surfaces 

also appear irregular in the presence of intralobular 

interstitial thickening. 

Intralobular interstitial thickening as perceived on HRCT 

reflects thickening of the distal peribronchovascular 



interstitial tissues and the intralobular interstitium. As an 

isolated finding, it is most commonly seen in patients with 

pulmonary fibrosis (Figs. 3-23, 3-24, 3-25, 3-26, 3-27, 3-

28) (Table 3-4). In patients who have IPF or other causes of 

UIP, such as rheumatoid arthritis, scleroderma, or other 

collagen-vascular diseases, fibrosis tends to predominantly 

involve alveoli in the periphery of acini, resulting in a 

“peripheral acinar  distribution” of interstitial fibrosis [8,66]; 

this histologic finding correlates with the presence of 

intralobular lines on HRCT. In addition, the HRCT pattern of 

intralobular interstitial thickening can reflect the presence 

of very small honeycomb cysts or dilated bronchioles 

associated with surrounding lung fibrosis. Nishimura et al. 

[8] reviewed 46 cases of IPF with UIP, correlating findings 

on CT with appearances of lung histology from open biopsy 

specimens or autopsy. Visibility of centrilobular bronchioles 

in association with a fine reticulation or increased lung 

attenuation was found in 96% of cases, indicating the 

presence of bronchiolar dilatation, fibrosis, and 

“microscopic” honeycombing, with dilated bronchioles or 

small cysts measuring approximately 1 mm in diameter [8]. 

Intralobular lines, resulting in a fine reticular pattern, can 

also be seen in patients with NSIP [22,67,68,69]. In this 

entity, the appearance of intralobular lines or irregular 

linear opacities correlated with the presence of interstitial 

fibrosis and was often associated with bronchial or 

bronchiolar dilatation (traction bronchiectasis or 

bronchiolectasis) [22]. In a study of HRCT appearances of 

various idiopathic interstitial pneumonias, intralobular lines 

were visible in 97% of patients with UIP, 93% of patients 

with NSIP, 78% of patients with desquamative interstitial 

pneumonia (DIP), 71% of patients with bronchiolitis 



obliterans organizing pneumonia (BOOP), and 70% of 

patients with acute interstitial pneumonia (AIP) [67]. 

 

FIG. 3-22. Subpleural interstitial thickening in a patient 

with pulmonary fibrosis. Apparent thickening of the left 

major fissure (arrows) reflects irregular thickening of the 

subpleural interstitium. This finding is easiest to recognize 

adjacent to the fissures. 



 

FIG. 3-23. Intralobular interstitial thickening in an isolated 

lung with pulmonary fibrosis. This is the same specimen as 

shown in Figure 3-15. A fine network of lines within visible 

lobules produces a “spider-web” or “netlike” appearance 

(A). This abnormality contributes to the appearance of 

irregular interfaces (the “interface sign”) at the edges of 

various structures such as arteries and bronchi. Intralobular 

bronchioles (arrows, A and B) are visible because of a 

combination of increased attenuation of surrounding lung, 

thickening of the peribronchiolar interstitium, and dilatation 



of the bronchiole that occur as a result of fibrosis. (From 

Webb WR, Stein MG, et al. Normal and diseased isolated 

lungs: HRCT. Radiology 1988;166:81, with permission.) 

 

FIG. 3-24. Intralobular interstitial thickening in a patient 

with idiopathic pulmonary fibrosis. A fine network of lines is 

visible. Intralobular bronchioles (arrows) are visible 

throughout the peripheral lung as a result of fibrosis and 

traction bronchiolectasis. 
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Intralobular interstitial thickening can also be seen in the 

absence of significant fibrosis in patients with a variety of 

infiltrative lung diseases. When this is the case, traction 

bronchiectasis or other manifestations of fibrosis are 

absent. Intralobular interstitial thickening may be seen in 

association with interlobular septal thickening in patients 

with diseases such as lymphangitic spread of carcinoma [11] 

and pulmonary edema (Algorithm 2). The differential 

diagnosis of this is identical to that of interlobular septal 

thickening. Intralobular lines may also be seen in patients 

with ground-glass opacity or the pattern of crazy-paving, in 

association with diseases such as pulmonary hemorrhage, 

some pneumonias (e.g., Pneumocystis carinii, 

cytomegalovirus), and alveolar proteinosis (Fig. 3-11). 

Honeycombing 

Extensive interstitial and alveolar fibrosis that results in 

alveolar disruption and bronchiolectasis produces the classic 

and characteristic appearance of honeycombing or 

honeycomb lung. Pathologically, honeycombing is defined by 

the presence of small air-containing cystic spaces, generally 

lined by bronchiolar epithelium and having thickened walls 

composed of dense fibrous tissue. Honeycombing indicates 

the presence of end-stage lung and can be seen in many 

diseases leading to end-stage pulmonary fibrosis (Table 3-5) 

[62,70]. 



Honeycombing produces a characteristic cystic appearance 

on HRCT that allows a confident diagnosis of lung fibrosis 

[32,42]. On HRCT, the cystic spaces of honeycombing 

usually average 1 cm in diameter, although they can range 

from several millimeters to several centimeters in size; they 

are characterized by clearly definable walls 1 to 3 mm in 

thickness [32,42] (Figs. 3-1, 3-2, 3-29, and 3-30). The 

cysts are air-filled and appear lucent in comparison to 

normal lung parenchyma. Adjacent honeycomb cysts 

typically share walls. Although there is some overlap 

between the appearances of fine honeycombing and 

intralobular interstitial thickening, if the spaces between the 

lines (i.e., the cysts) appear to be air -filled (i.e., black), 

rather than having the density of lung parenchyma, 

honeycombing is present. Honeycombing has been described 

by Zerhouni and associates as producing an “intermediate 

reticular pattern” to distinguish it from the larger pattern 

seen with interlobular septal thickening and the smaller 

pattern visible with intralobular interstitial thickening [7]. 



 

FIG. 3-25. Intralobular interstitial thickening in a patient 

with idiopathic pulmonary fibrosis. A fine network of lines in 

the anterior left lung reflects intralobular interstitial 

thickening. 

 

FIG. 3-26. Intralobular interstitial thickening in a patient 

with idiopathic pulmonary fibrosis. A: On a supine scan, an 



ill-defined increase in opacity is visible posteriorly. This 

would be difficult to diagnose as abnormal with certainty on 

this scan alone. B: In the prone position, a very fine 

reticular or weblike pattern is visible posteriorly in the 

peripheral lung, along with a few thickened septa. This 

appearance is typical of intralobular interstitial thickening. 

The peripheral distribution is characteristic of idiopathic 

pulmonary fibrosis. 
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Honeycomb cysts often predominate in the peripheral and 

subpleural lung regions regardless of their cause, and 

perihilar lung can appear normal despite the presence of 

extensive peripheral abnormalities (Figs. 3-30, 3-31, 3-32, 

3-33). Subpleural honeycomb cysts typically occur in 

several contiguous layers (Figs. 3-31, 3-32, 3-33). This 

finding can allow honeycombing to be distinguished from 

subpleural emphysema (paraseptal emphysema); in 

paraseptal emphysema, subpleural cysts usually occur in a 

single layer. Lung consolidation in a patient with 

emphysema can mimic the appearance of honeycombing.  



 

FIG. 3-27. Prone scans in a patient with idiopathic 

pulmonary fibrosis. A: Abnormal reticulation represents 

intralobular interstitial thickening. B: At a lower level, 

traction bronchiectasis and bronchiolectasis (arrows) are 

easily seen. 



 



FIG. 3-28. Prone scans in a pat ient with idiopathic 

pulmonary fibrosis. A: Abnormal reticulation representing 

intralobular interstitial thickening predominates in the 

subpleural lung. B: At a lower level, fibrosis is more 

extensive. Traction bronchiectasis and bronchiolectasis are 

predominant features. Also note irregular thickening of the 

major fissure ( large arrow) and irregular interlobular septal 

thickening. C: Typically, traction bronchiectasis and 

bronchiolectasis are characterized by an irregular, varicose, 

or corkscrew appearance (arrows). 

TABLE 3-4. Differential diagnosis of 

intralobular interstitial thickening 

Diagnosis Comments 

Idiopathic pulmonary fibrosis 

or other cause of usual 

interstitial pneumonia 

Common (97%); 

often associated with 

honeycombing 

Hypersensitivity pneumonitis 

(chronic) 

Common; associated 

with other findings of 

fibrosis 

Asbestosis Common; associated 

with other findings of 

fibrosis 



Nonspecific interstitial 

pneumonia 

Common (93%); 

ground-glass opacity 

commonly visible 

Other idiopathic interstitial 

pneumonia (i.e., desquamative 

interstitial pneumonia, 

bronchiolitis obliterans 

organizing pneumonia, acute 

interstitial pneumonia) 

Common (70%); 

other findings (i.e., 

ground-glass opacity, 

consolidation also 

present) 

Lymphangitic carcinomatosis; 

lymphoma; leukemia 

Smooth or nodular; 

associated with 

septal thickening 

Pulmonary edema Smooth; associated 

with septal thickening 

and ground-glass 

opacity 

Pulmonary hemorrhage Smooth; associated 

with septal thickening 

and ground-glass 

opacity 

Pneumonia (e.g., viral, 

Pneumocystis carinii) 

Smooth; associated 

with septal thickening 

and ground-glass 

opacity 



Alveolar proteinosis Smooth; associated 

with septal thickening 

and ground-glass 

opacity 
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Honeycombing is often associated with other findings of 

lung fibrosis, such as architectural distortion, intralobular 

interstitial thickening, traction bronchiectasis, traction 

bronchiolectasis, irregular subpleural interstitial thickening, 

and irregular linear opacities (Fig. 3-29). On the other 

hand, significant interlobular septal thickening is not 

commonly visible in association with honeycombing, except 

in patients with sarcoidosis [62]. In patients with HRCT 

findings of septal thickening, the presence of honeycombing 

distinguishes fibrosis from other causes of reticulation, such 

as pulmonary edema or lymphangitic spread of carcinoma.  

The visible presence of honeycombing on HRCT is indicative 

of significant lung fibrosis and in most cases should lead to 

a diagnosis of UIP and a consideration of its most common 

causes, including IPF (Fig. 3-32); collagen-vascular 

diseases, most notably rheumatoid arthritis (Fig. 3-33) and 



scleroderma; asbestosis; and drug-related fibrosis. 

However, other diseases may also result in honeycombing 

that is visible on HRCT. In a survey of patients with end-

stage lung [62], subpleural honeycombing was present in 

96% of patients with UIP associated with IPF or rheumatoid 

arthritis, in 100% of asbestosis patients, in 44% of those 

with sarcoidosis, and in 75% of those with hypersensitivity 

pneumonitis (Table 3-5). Honeycombing is relatively 

uncommon in patients with NSIP [22,68,69]. In a study of 

HRCT appearances of proven cases of idiopathic interstitial 

pneumonias, honeycombing was visible in 71% of patients 

with UIP, 39% of patients with DIP, 30% of patients with 

AIP, 26% of patients with NSIP, and 13% of patients with 

BOOP [67]. 

The distribution of honeycombing is of some value in 

differential diagnosis (Algorithm 3). Honeycombing in 

patients with IPF and asbestosis is usually most severe in 

the subpleural lung regions and at the lung bases. The 

honeycombing in chronic hypersensitivity pneumonitis may 

be most marked in the subpleural lung regions, but is more 

often patchy in distribution, and tends to be most severe in 

the midlung zones with relative sparing of the lung bases 

[23,62]. Honeycombing in sarcoidosis may have an upper 

lobe predominance. In patients who have pulmonary fibrosis 

resulting from adult respiratory distress syndrome (ARDS) 

[71], findings of fibrosis on follow-up HRCT had a striking 

anterior distribution (see 6-76). This distribution of reticular 

opacities and lung fibrosis is unusual in other diseases. 

Lung fibrosis limited to anterior lung regions probably 

reflects the fact that patients with ARDS typically develop 

posterior lung atelectasis and consolidation during the acute 

phase of their disease; it is thought that consolidation 



protects the posterior lung regions from the effects of 

mechanical ventilation, including high ventilatory pressures 

and high oxygen tension [71]. 

 

Algorithm 2 

TABLE 3-5. Differential diagnosis of 

honeycombing 

Diagnosis Comments 

Idiopathic pulmonary fibrosis 

or other cause of usual 

interstitial pneumonia such as 

collagen-vascular disease 

Common (70%); 

peripheral, basal, and 

subpleural 

predominance 

Asbestosis Common in advanced 

disease; peripheral, 

basal, and subpleural 



predominance 

Hypersensitivity pneumonitis 

(chronic) 

Common in advanced 

disease; may be 

peripheral, patchy, or 

diffuse; midlung 

predominance common 

Sarcoidosis A few percent of 

cases; may be 

peripheral or patchy; 

upper lung 

predominance common 

Nonspecific interstitial 

pneumonia 

Uncommon (10-20%); 

other findings usually 

predominate 

Other idiopathic interstitial 

pneumonia (i.e., desquamative 

interstitial pneumonia, 

bronchiolitis obliterans 

organizing pneumonia, acute 

interstitial pneumonia) 

Uncommon (10-20%); 

other findings usually 

predominate 

Silicosis/coal worker's 

pneumoconiosis 

Uncommon 

 



 

FIG. 3-29. Honeycombing and traction bronchiectasis in the 

patient with pulmonary fibrosis shown in Figs. 3-15 and 3-

23. Large honeycomb cysts present in the posterior lung 

result in cystic spaces ranging up to several centimeters in 

diameter (open arrows, A). They are characterized by thick, 

clearly definable, fibrous walls, and are easily identified in 

the corresponding lung section (B). Traction bronchiectas is 

(curved arrows, A) also reflects extensive fibrosis, and is 

often seen in patients with honeycombing. The edges of 

pulmonary vessels (solid arrows, A) appear irregular 



because of surrounding fibrosis. (From Webb WR, Stein MG, 

et al. Normal and diseased isolated lungs: HRCT. Radiology 

1988;166:81, with permission.) 

 

FIG. 3-30. Honeycombing in a patient with idiopathic 

pulmonary fibrosis (A, B; prone HRCT). Honeycombing 

results in cysts of varying sizes, which have a peripheral 

predominance. The cysts have thick and clearly definable 

walls. In areas of honeycombing, lobular anatomy cannot be 

resolved because of architectural distortion. In less 

abnormal areas, some septal thickening can be seen. 

Vessels and bronchi have irregular interfaces, and bronchial 

irregularity (arrow) indicates traction bronchiectasis (B). 

Findings of honeycombing are more severe at the lung bases 

(B). 
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In the majority of patients who present with clinical features 

of UIP, the presence of a predominantly subpleural and 

basal distribution of fibrosis on HRCT can be sufficiently 

characteristic to obviate biopsy, especially in patients in 

whom HRCT shows no evidence suggesting disease activity 

[72,73]. HRCT findings, including the presence of 

honeycombing with a subpleural and basal predominance, 

have been shown to be highly accurate in making this 

diagnosis [62,74,75,76,77,78,79,80]; a confident first-

choice diagnosis of UIP was made in 77% to 89% of cases in 

these studies. However, a definite diagnosis of UIP cannot 

be made using HRCT. In a study by Johkoh et  al. [67] of 

129 patients with idiopathic interstitial pneumonia, 

admittedly including atypical cases requiring biopsy for 

diagnosis, a combination of honeycombing with a basal 

predominance was found in 59% of patients with UIP, 26% 

of patients with DIP, 22% of patients with NSIP, and 4% of 

patients with BOOP. 

 

FIG. 3-31. Honeycombing in idiopathic pulmonary fibrosis. 

A: HRCT shows honeycomb cysts to predominate in the 



peripheral and subpleural regions. Note that the cysts occur 

in several layers. B: The resected left lung in this patient 

sectioned at the level of the HRCT shown in A, shows the 

honeycomb cysts, which are most extensive in the posterior 

and peripheral lung. 



 



FIG. 3-32. A-C: Honeycombing in idiopathic pulmonary 

fibrosis. HRCT shows honeycomb cysts with a distinct 

predominance in the peripheral and subpleural regions.  The 

cysts occur in several layers at the pleural surface, and the 

largest cysts are slightly larger than 1 cm in diameter. A 

basal predominance is also noted, and this is typical of 

idiopathic pulmonary fibrosis and most other causes of 

honeycombing. As in this case, some asymmetry is not 

uncommon. 



 



FIG. 3-33. A-C: Honeycombing in rheumatoid lung disease. 

HRCT shows honeycomb cysts with a distinct subpleural 

predominance. The cysts are generally smaller than 1 cm in 

diameter and share walls. Other findings of fibrosis include 

irregular thickening of the left major fissure (arrow, B), and 

traction bronchiectasis (arrow, C). 
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Irregular Linear Opacities 

Irregular linear opacities 1- to 3-mm thick that cannot be 

characterized as representing parenchymal bands, 

peribronchovascular interstitial thickening, interlobular 

septal thickening, intralobular lines, or honeycombing are 

often visible in patients with interstitial disease, usually 

representing irregular areas of fibrosis (Fig. 3-34) [6]. 

These are nonspecific and may be seen in a variety of 

diseases, including UIP and NSIP [22,67,68,69]. In patients 

who have UIP and its various causes, irregular linear 

opacities may be seen instead of honeycombing; in patients 

with NSIP, they are more common than honeycombing.  

Subpleural Lines 

A curvilinear opacity a few millimeters or less in thickness, 

less than 1 cm from the pleural surface and paralleling the 

pleura, is termed a subpleural line [6]. It is a nonspecific 

indicator of atelectasis, fibrosis, or inflammation. It was 

first described in patients with asbestosis [81], and was 

termed a subpleural curvilinear shadow . It was originally 

suggested that a subpleural line reflects the presence of 

fibrosis associated with honeycombing [81], and in some 

patients, a confluence of honeycomb cysts can result in a 

somewhat irregular subpleural line (Figs. 3-35, 3-36, 3-37). 

A subpleural line is much more common in patients who 

have asbestosis than in those who have IPF or other causes 

of UIP [75]. Indeed, the presence of a subpleural line in 

nondependent lung has been reported in as many as 41% of 

patients with clinical findings of asbestosis [39]. However, 

the presence of this finding is nonspecific and can be seen 

in a variety of lung diseases (Fig. 3-1). The presence of a 

subpleural line has also been reported as common in 



patients with scleroderma who have interstitial disease 

[82,83]. 

 

FIG. 3-34. Irregular linear opacities (arrows) in a patient 

with pulmonary fibrosis related to treatment with 

methotrexate. Irregular lines may be seen in various 

diseases resulting in fibrosis. These are nonspecific, but in a 

subpleural location as in this patient are suggestive of usual 

interstitial pneumonia or nonspecific interstitial pneumonia.  
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A subpleural line also has been reported to occur as a result 

of the confluence of peribronchiolar interstitial abnormalities 

in patients with asbestosis, representing early fibrosis with 

associated alveolar flattening and collapse [44]. In these 

patients, honeycombing was not present. Also, in patients 

with asbestos exposure, a subpleural line may be seen 

adjacent to focal pleural thickening or plaques. These most 

likely represent focal atelectasis.  



A subpleural line can also be seen in normal patients as a 

result of atelectasis within the dependent lung (e.g., the 

posterior lung when the patient is positioned supine) (Fig. 

3-38); the presence of dependent atelectasis has been 

confirmed experimentally [84]. Also, a thicker, less-well-

defined subpleural opacity, a so-called dependent density 

[39], can also be seen in normal subjects as a result of 

volume loss. Such normal posterior lines or opacities are 

transient and disappear in the prone position. In a study by 

Aberle and associates [39] of patients with asbestos 

exposure, neither transient subpleural lines nor transient 

dependent densities correlated with the clinical  suspicion of 

pulmonary fibrosis. 

In patients with early interstitial lung disease, there may be 

a greater tendency for atelectasis to develop in the 

peripheral lung, resulting in the appearance of a subpleural 

line. As such, the presence of this abnormali ty could reflect 

an increased closing volume (i.e., an increased tendency for 

the lung to collapse) that is known to occur as a result of 

early interstitial lung disease. In the presence of 

appropriate treatment, such a finding might disappear (Fig. 

3-39). The association of platelike atelectasis at the 

junction of “cortical” and “medullary” lung regions, air -

trapping in the lung peripheral to the atelectasis, and 

decreased compliance of lung because of interstitial 

infiltration was first reported by Kubota et al. [85]. In 

addition, in some patients with asbestos exposure, a 

subpleural line may be seen adjacent to pleural plaques, 

representing focal atelectasis.  



 

FIG. 3-35. Subpleural line in a patient with asbestosis. An 

ill-defined subpleural line (arrows) on a prone scan reflects 

subpleural fibrosis and honeycombing. Other findings of 

pulmonary fibrosis are also present. 

 

FIG. 3-36. Subpleural line (arrows) in a patient with 

rheumatoid lung disease and fibrosis, shown on a prone 



scan. Small honeycomb cysts are associated.  

 

FIG. 3-37. Bilateral subpleural lines (arrows) in a patient 

with early idiopathic pulmonary f ibrosis. 

 

FIG. 3-38. Dependent atelectasis resulting in a posterior 

subpleural line. An ill-defined subpleural line is present 



posteriorly. No other findings of fibrosis are present, and 

this line disappeared in the prone position.  

 

FIG. 3-39. Subpleural line that resolved after treatment in 

a patient with idiopathic pulmonary fibrosis. In the prone 

position, bilateral nontransient subpleural lines appear to 

represent fibrosis. Several small lucencies peripheral to 

them appear to represent areas of lung destruction or 

honeycombing. However, all of these findings cleared after 

treatment with steroids. This appearance may reflect 

atelectasis and air-trapping within the peripheral lung, 

occurring as a result of an increased closing volume (i.e., an 

increased tendency for lung collapse).  



 

FIG. 3-40. Interstitial nodules. A: Very small nodules are 

easily visible in a pat ient with miliary tuberculosis. B: In a 

patient with sarcoidosis, nodules a few millimeters in 

diameter are sharply marginated and of soft -tissue 

attenuation. In regions of confluence, the nodules obscure 

vessels. 
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Nodules and Nodular Opacities 

The term nodule is defined as a rounded opacity, at least 

moderately well-defined, and no more than 3 cm in diameter 

[6]. An approach to the HRCT assessment and differential 

diagnosis of multiple nodular opacities is based on a 

consideration of their size (small or large), appearance 

(well-defined or ill-defined), attenuation (soft-tissue or 

ground-glass opacity), and distribution. 

Small Nodules 

In this book, the term small nodule is used to define a 

rounded opacity smaller than 1 cm in diameter, whereas  

large nodule is used to refer to nodules 1 cm or larger in 

diameter. Some authors have used micronodule to describe 

nodules that are either smaller than 3 mm [77] or smaller 

than 7 mm in diameter [57,86]. The Nomenclature 

Committee of the Fleischner Society [6] recommends that 

“micronodule” be used to refer to nodules no larger than 7 

mm in diameter. It is not clear that a distinction between a 

small nodule and a micronodule is of value in differential 

diagnosis [77]. 

Differences in the appearances of nodules that are 

predominantly interstitial or predominantly airspace in 

origin have been emphasized by several authors. Nodules 

considered to be interstitial are usually well -defined despite 

their small size (Fig. 3-40). Nodules as small as 1 to 2 mm 

in diameter can be detected on HRCT in patients with 

interstitial diseases such as miliary tuberculosis (Fig. 3-40A) 

[43,87,88,89], sarcoidosis (Fig. 3-40B) 

[13,21,56,60,90,91], Langerhans histiocytosis [92,93], 

silicosis and CWP [57,58,76,94,95], and metastatic tumor 

[4,49,96]. Interstitial nodules usually appear to be of soft -



tissue attenuation and obscure the edges of vessels or other 

structures that they touch (Fig. 3-40B) [97,98,99,100,101]. 

Airspace nodules, on the other hand, are more likely to be 

ill-defined [3,43,102,103,104]; they can be of homogeneous 

soft-tissue attenuation (Figs. 3-41 and 3-42) or hazy and 

less dense than adjacent vessels (so-called ground-glass 

opacity) (Fig. 3-43). A cluster or rosette of small nodules 

can also be seen in patients who have airspace disease 

[102]. Airspace nodules have also been termed acinar 

nodules because they approximate the size of acini, but 

these nodules are not acinar histologically and instead tend 

to be centrilobular and peribronchiolar [103]; ill-defined 

nodule or airspace nodule is a preferable term. 

 



FIG. 3-41. Airspace nodules in an isolated lung. In this 

patient, centrilobular nodules (arrows) representing 

airspace pulmonary edema are visible in the posterior lung. 

These are larger and less well defined than interstitial 

nodules. (From Webb WR. HRCT of the lung parenchyma. 

Radiol Clin North Am 1989;27:1085, with permission.) 

 

FIG. 3-42. Airspace nodules in a patient with a lobular 

pneumonia. The nodules are of soft -tissue opacity and 



obscure vessels. They are centrilobular in location and spare 

the subpleural lung peripherally and adjacent to the 

fissures. The small lucency seen within several of the 

nodules may reflect the centrilobular bronchiole. (From 

Webb WR. HRCT of the lung parenchyma. Radiol Clin North 

Am 1989;27:1085, with permission.) 
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Despite these differences in appearance, a distinction 

between interstitial and airspace nodules on the basis of 

HRCT findings can be quite difficult, and, in fact, is 

somewhat arbitrary, because many nodular diseases affect 

both the interstitial and alveolar compartments 

histologically. 

The distribution or location of small nodules is generally of 

more value in differential diagnosis than their appearance, 

although both are usually taken into account (Table 3-6). In 

different conditions, small nodules can appear perilymphatic 

in distribution, randomly distributed, or predominantly 

centrilobular. Although there may be some overlap between 

these appearances, in most cases, a predominant 

distribution of nodules is evident on HRCT [105,106]. 



 

FIG. 3-43. Airspace nodules in bronchiolitis obliterans 

organizing pneumonia. Small, ill-defined ground-glass 

opacity nodules (arrows) are visible diffusely. Some can be 

seen to be centrilobular. 

TABLE 3-6. Differential diagnosis and 

characteristics of small nodules 

Disease Distrib

ution 

Siz

e 

(m

m) 

Appear

ance 

Comments 

Sarcoidosis PL, occ 

R 

≥1 W/ID, 

ST ± 

CALC 

Subpleural, 

peribronchov

ascular; 

often patchy 



and 

asymmetric 

Silicosis PL, CL ≥1 WD, 

ST ± 

CALC 

CL, 

subpleural, 

symmetric; 

posterior 

upper lobe 

predominanc

e 

Lymphangit

ic 

carcinoma 

PL ≥1 WD, 

ST 

Septal, 

peribronchov

ascular; may 

be patchy or 

unilateral 

Amyloidosi

s 

PL ≥1 WD, 

ST ± 

CALC 

Predominantl

y septal, 

subpleural 

Lymphocyti

c 

interstitial 

pneumonia 

PL, CL 1-

5 

W/ID, 

ST, or 

GGO 

May mimic 

lymphangitic 

spread when 

PL or 

hypersensiti

vity when 

CL; cysts 

may also be 



present 

Miliary 

infection 

R 1-

5 

WD, 

ST 

Diffuse and 

uniform 

involvement 

Hematogen

ous 

metastases 

R ≥1 WD, 

ST 

May overlap 

with 

appearance 

of 

lymphangitic 

spread 

Endobronch

ial spread 

of infection 

(e.g., 

tuberculosi

s) 

CL ≥3 W/ID, 

ST 

Tree-in-bud 

common; 

patchy or 

diffuse; may 

be confluent 

Viral 

pneumonia 

(e.g., 

cytomegalo

virus) 

CL ≥3 ID, 

GGO 

Nodules of 

similar size 

surrounding 

small vessels 

Airway 

disease 

(e.g., 

CL ≥3 W/ID, 

ST 

Tree-in-bud 

common; 

patchy; 



cystic 

fibrosis) 

bronchiectasi

s common 

Panbronchi

olitis 

CL ≥3 W/ID, 

ST 

Tree-in-bud 

common; 

bronchiectasi

s common 

Allergic 

bronchopul

monary 

aspergillosi

s 

CL ≥3 W/ID, 

ST 

Tree-in-bud 

common; 

bronchiectasi

s common 

Hypersensi

tivity 

pneumoniti

s 

CL ≥3 ID, 

GGO 

Nodules of 

similar size 

surrounding 

small vessels 

Langerhans 

histiocytosi

s 

CL, occ 

R 

≥3 WD, 

ST 

Cysts may 

also be 

present 

Bronchioliti

s 

obliterans 

organizing 

pneumonia 

CL ≥3 W/ID, 

ST, or 

GGO 

Patchy or 

diffuse; 

peripheral 

predominanc

e; 

consolidation 



Bronchioliti

s 

obliterans 

CL ≥3 ID, 

GGO 

Nodules 

uncommon; 

tree-in-bud 

rare 

Respiratory 

bronchioliti

s 

CL ≥3 ID, 

GGO 

Patchy GGO 

also common 

Asbestosis CL 2-

3 

W/ID, 

ST, or 

GGO 

Early 

finding; 

basal, 

subpleural 

predominanc

e; also 

reticular 

opacities 

Follicular 

bronchioliti

s 

CL ≥1 WD, 

ST 

Manifestatio

n of collagen 

diseases, 

acquired 

immunodefic

iency 

syndrome; 

branching 

appearance 

common 



Endobronch

ial spread 

of tumor 

CL ≥3 WD, 

ST 

Patchy or 

diffuse; 

consolidation 

may be 

present; 

tree-in-bud 

rare 

Edema, 

hemorrhag

e 

CL ≥3 ID, 

GGO 

± Septal 

thickening 

Vasculitis CL ≥3 ID, 

GGO 

Talcosis; 

collagen 

disease 

Metastatic 

calcificatio

n 

CL ≥3 ID, 

GGO, 

or 

CALC 

± Visible 

CALC on 

tissue 

window 

scans; upper 

lobe 

predominanc

e 

   CALC, calcification; CL, centrilobular; GGO, ground-

glass opacity; ID, ill defined; occ, occasionally; PL, 

perilymphatic; R, random; ST, soft-tissue attenuation; 

WD, well defined; W/ID, well or ill defined.  

 



 

FIG. 3-44. Appearance of small nodules with a 

perilymphatic distribution. Nodules predominate in relation 

to the perihilar peribronchovascular interstitium, 

centrilobular interstitium, interlobular septa, and subpleural  

regions. Conglomerate subpleural nodules can form 

pseudoplaques. 
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Perilymphatic Distribution 

Several diseases are characteristically associated with 

nodules occurring predominantly in relation to pulmonary 

lymphatics. These diseases have been termed lymphatic or 

perilymphatic [57,66] (Table 3-6). In patients with a 

perilymphatic distribution, both histologically and on HRCT, 

nodules predominate in relation to (i) the perihilar 

peribronchovascular interstitium, (ii) the interlobular septa, 



(iii) the subpleural regions, and (iv) the centrilobular 

interstitium. This pattern is most typical in patients with 

sarcoidosis, silicosis and CWP, and lymphangitic spread of 

carcinoma (Fig. 3-44) [20]. 

Subpleural nodules are usually seen in patients with a  

perilymphatic distribution of nodules. These are most easily 

recognized in relation to the fissures, where they can be 

easily distinguished from pulmonary vessels (Figs. 3-45, 3-

46, 3-47). Subpleural nodules have been reported in 

approximately 80% of patients with silicosis or CWP, and at 

least 50% of patients with sarcoidosis, and are also common 

with lymphangitic spread of carcinoma [57]. Confluent 

subpleural nodules can result in the appearance of 

pseudoplaques: linear areas of subpleural opacity severa l 

millimeters in thickness that mimic the appearance of 

asbestos-related parietal pleural plaques (Figs. 3-44, 3-46, 

and 3-47). The presence of pseudoplaques in these diseases 

correlates significantly with the profusion of subpleural 

nodules [57]. 

Although sarcoidosis, silicosis and CWP, and lymphangitic 

spread of carcinoma all have a perilymphatic distribution of 

nodules, these diseases usually show different patterns of 

involvement of the perilymphatic interstitium. HRCT findings 

allow their differentiation in most cases. 

Sarcoidosis 

In nearly all patients with sarcoidosis, HRCT shows nodules 

ranging in size from several millimeters to 1 cm or more in 

diameter [20,21,56]. The nodules often appear sharply 

defined despite their small size, but they can be il l-defined 

(Figs. 3-40B and 3-45, 3-46, 3-47 and 3-48). Nodules are 

most frequently seen in relationship to the perihilar 



peribronchovascular interstitium (Fig. 3-5), the subpleural 

interstitium, and small vessels; histologically small clusters 

of granulomas are visible in these locations (Figs. 3-45, 3-

46, 3-47) [21,56,97]. A preponderance of nodules in 

relation to the major fissures and central bronchi and 

vessels is very typical of sarcoidosis. Nodules recognizable 

as centrilobular or septal in location are less frequently seen 

on HRCT (Figs. 3-13 and 3-45) [107], but they also 

correlate with typical histologic abnormalities. Large 

nodules measuring from 1 to 4 cm in diameter are seen in 

15% to 25% of patients (Figs. 3-47 and 3-48) [21,98,99] 

and represent masses of granulomatous lesions, each 

granuloma being less than 0.4 millimeters in diameter [97]. 

These large nodules tend to have irregular margins (Fig. 3-

48). Nodules can cavitate, but this is uncommon; Grenier et 

al. [77] reported this finding in only 3% of cases. 

Occasionally, nodules visible on HRCT represent nodular 

areas of fibrosis rather than active granulomas [56]. An 

upper-lobe predominance of nodules is common in 

sarcoidosis [57]. The lung is characteristically involved in a 

patchy fashion, with groups of granulomas occurring in 

some regions of lung, whereas other regions appear normal 

(Fig. 3-47). Asymmetry is very common. 

Silicosis 

Silicosis and CWP are associated with the presence of small, 

well-defined nodules, usually measuring from 2 to 5 mm in 

diameter, which predominantly appear centrilobular and 

subpleural in location on HRCT (Fig. 3-49) 

[57,58,94,95,100]. These correlate with areas of fibrosis 

surrounding centrilobular respiratory bronchioles and 

involving the subpleural interstitium caused by the 



accumulation of particulate material in these regions 

[57,95]. Parenchymal nodules are visible in 80% of patients 

with CWP, whereas subpleural nodules are seen in 87% 

[57,58]. Nodules occurring in relation to the 

peribronchovascular interstitium and thickened interlobular 

septa are less frequent and less conspicuous than in 

patients with sarcoidosis or lymphangitic spread of tumor. 

Also, nodules appear more evenly distributed than in 

patients with sarcoidosis; they are present diffusely, 

bilaterally, and symmetrically, but in patients with mild 

silicosis  
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or CWP are usually visible only in the upper lobes. A 

posterior predominance of nodules is often present [58,94]. 

In patients who have silicosis, the nodules can calcify.  



 

FIG. 3-45. Sarcoidosis showing a perilymphatic distr ibution 

on HRCT and open lung biopsy. A: HRCT through the upper 

lobe shows small nodules in relation to the 

peribronchovascular regions and small vessels. Vessels and 

bronchi show a nodular appearance. B: At a lower level, 

small nodules are seen in the subpleural regions along the 

fissure (small white arrows), in the centrilobular regions 

(black arrows), and interlobular septa ( long white arrows). 

C, D: Open lung biopsy shows that the small nodules 

correspond to groups of granulomas that are subpleural (C, 

short arrows), septal (C, long arrows), and centrilobular and 

peribronchiolar (D, open arrows). 

Lymphangitic Spread of Tumor 



In patients with lymphangitic spread of tumor, when nodules 

are visible, they are most often visible within the thickened 

peribronchovascular interstitium and interlobular septa 

(Figs. 3-12 and 3-50, 3-51 and 3-52) [7,11,12,14,49,76]. 

Peribronchovascular and subpleural nodules are typically not 

as profuse as in patients with sarcoidosis. Septal thickening 

results in the appearance of a “beaded” septum (Figs. 3-12 

and 3-50, 3-51 and 3-52) [13,49,101]. In an HRCT study of 

postmortem lung specimens [49], 19 of 22 cases with 

interstitial pulmonary metastases showed the appearance of 

“beaded” or nodular septal thickening on HRCT. The beaded 

septa corresponded directly to the presence of tumor 

growing in pulmonary capillaries, lymphatics, and septal 

interstitium. In this study [49], beaded septa were not 

noted in any of the specimens of patients with pulmonary 

edema, fibrosis, or in normal lungs. In patients with 

lymphangitic carcinomatosis, the abnormalities may be 

unilateral, patchy, bilateral, or symmetric.  

 



FIG. 3-46. Sarcoidosis with a perilymphatic distribution of 

nodules. Numerous small nodules are seen in relation to the 

perihilar, bronchovascular interstitium. Bronchial walls 

appear irregularly thickened. Subpleural nodules (small 

arrows) are also seen bordering the costal pleural surfaces 

and right major fissure. This appearance is virtually 

diagnostic of sarcoidosis. Clusters of subpleural granulomas 

(large arrows) have been termed pseudoplaques. 
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A perilymphatic distribution of nodules also may be seen in 

other diseases, but these are uncommon. In patients with 

diffuse amyloidosis, interstitial thickening with nodularity 

visible in relation to vessels, bronchi, interlobular septa, 

and the subpleural interstitium has been reported (Fig. 3-

53; see Fig. 5-59) [50,106]. In smokers, a few small 

subpleural and centrilobular nodules can be seen, probably 

related to the presence of fibrosis and accumulated 

particulate material in the peribronchial regions and at the 

bases of interlobular septa, and related to pathways of 

lymphatic drainage [108,109]. LIP, occurring primarily in 

patients with dysproteinemia; autoimmune disease, 

particularly Sjögren's syndrome; multicentric  Castleman's 

disease; and in patients with acquired immunodeficiency 

syndrome (AIDS), can result in the presence of lymphocytic 

and plasma cell infiltrates in relation to the 

peribronchovascular interstitium and interlobular septa, and 

in the subpleural and centrilobular regions 

[110,111,112,113]. On HRCT, LIP may result in a variety of 

appearances [17,19, 114], but in some patients, it closely 



mimics the appearance of lymphangitic spread of carcinoma, 

with subpleural, peribronchovascular, and septal nodules 

(Fig. 3-54). 

Random Distribution 

Small nodules that appear randomly distributed in relation 

to structures of the secondary lobule and lung are often 

seen in patients with miliary tuberculosis (Fig. 3-55) 

[88,89], miliary fungal infections, and hematogenous 

metastases [66] (Table 3-6). As with a perilymphatic 

distribution, the nodules can be seen in relation to the 

pleural surfaces, small vessels, and interlobular septa but 

do not appear to have a consistent or predominant 

relationship to any of these. On HRCT, a uniform 

distribution of nodules throughout the lung, without respect 

for anatomic structures, is most typical. Lung involvement 

tends to be bilateral and symmetric; a patchy distribution of 

nodules, as is often seen in patients with a perilymphatic  

pattern, is atypical. 

In miliary tuberculosis (Fig. 3-55) or fungal infections (Fig. 

3-56), the nodules tend to be well-defined and up to several 

millimeters in diameter [89]. Hematogenous metastases 

also tend to be well-defined (Fig. 3-57) [115]. As with 

miliary tuberculosis, the nodules can be seen in relation to 

small vessels in some locations, a fact that likely reflects 

their mode of dissemination. Although random in 

distribution, they have a recognized tendency to 

predominate in the lung periphery and at the lung bases 

[115]. An appearance of small well-defined and ill-defined 

random nodules has also been reported with varicella -zoster 

pneumonia [116]. 



In a study correlating HRCT and pathologic findings in 

patients with metastatic tumor [115], nodules less than 3 

mm in diameter had no consistent relationship to lobular 

structures. Eleven percent of nodules were seen in relation 

to the centrilobular pulmonary arteries, 21% were related to 

interlobular septa, and 68% were located in-between. On 

examination of specimen radiographs and pathology, a 

similar distribution was noted. Nodules resulting from 

hematogenous metastasis are characteristically well -

defined. Some overlap between a random pattern and a 

perilymphatic pattern may be seen in patients with 

metastatic tumor. 

When numerous, nodules in patients with sarcoidosis (Fig. 

3-58), Langerhans histiocytosis (Fig. 3-59), or silicosis may 

appear to be randomly and diffusely distributed [66] and 

may be difficult to distinguish from the nodules of miliary 

infection or metastases. 

Centrilobular Distribution 

Nodules limited to the centrilobular regions can also be seen 

(Fig. 3-60). Centrilobular nodules can reflect the presence 

of either interstitial or airspace abnormalities, and the 

histologic correlations reported to occur in association with 

centrilobular nodules vary with the disease entity [107]. 

Centrilobular nodules may be dense and of homogeneous 

opacity, or of ground-glass opacity (Figs. 3-61 and 3-62), 

and may range from a few millimeters to a centimeter in 

size. Either a single centrilobular nodule or a centrilobular 

rosette of nodules may be visible [43,102,103]. Although 

they are often ill-defined, this is not always the case. 

Because of the similar size of secondary lobules, 

centrilobular nodules often appear to be evenly spaced. 



They may appear patchy or diffuse in different diseases. The 

finding of “tree-in-bud,” representing impaction of 

centrilobular bronchioles by fluid, mucus, or pus and often 

appearing as a branching opacity in the peripheral  lung (Fig. 

3-63), may be present in patients with a centrilobular 

distribution of nodules. Tree-in-bud almost always indicates 

the presence of bronchiolar infection. The appearance and 

significance of tree-in-bud are discussed in detail later. 



 

FIG. 3-47. A-C: HRCT at three levels in a patient with 



sarcoidosis and a typical perilymphatic distribution of 

nodules. Numerous nodules are predominant in relation to 

the major fissure (small arrows) and perihilar 

bronchovascular interstitium ( large arrows). Subpleural 

nodules and pseudoplaques are also seen bordering the 

costal pleural surfaces. Confluence of granulomas in the left 

lower lobe (B and C) results in consolidation or large 

masses. As in this patient, lung involvement in patients with 

sarcoidosis is often patchy, with some areas appearing 

relatively normal. 

 



FIG. 3-48. Large peribronchovascular nodules in a patient 

with sarcoidosis, representing clusters of granulomas. These 

have irregular margins. Small nodules are also visible.  

 

FIG. 3-49. A, B: Perilymphatic nodules in a patient with 

silicosis. Nodules predominate in the subpleural (A, black 

arrows) and centri lobular (B, white arrows) regions. In 

patients with silicosis, peribronchovascular nodules are less 

frequent than in sarcoidosis, and the nodules appear more 

evenly distributed. The nodules often predominate 

posteriorly and in the upper lobes in patients w ith this 

disease. (Courtesy of Raymond Glyn Thomas, M.D., The 

Rand Mutual Hospital, Johannesburg, South Africa.)  



 

FIG. 3-50. Radiograph of a 1-mm-thick lung slice in a 

patient with lymphangitic spread of tumor. Note the nodular 

thickening of interlobular septa (S), and the centrilobular 

interstitium surrounding arteries (A). Bar = 1 cm. (Courtesy 

of Harumi Itoh, M.D., Chest Disease Research Institute, 

Kyoto University, Kyoto, Japan.) 
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Centrilobular nodules are usually separated from the pleural 

surfaces, fissures, and interlobular septa by a distance of 

several millimeters. In the lung periphery, the nodules are 

usually centered 5 to 10 mm from the pleural surface, a fact 

that reflects their centrilobular origin (Figs. 3-61 and 3-62). 

They are not usually seen occurring in relation to 

interlobular septa or the pleural surfaces, as do random or 

perilymphatic nodules, and the subpleural lung is typically 

spared. This difference can be particularly valuable in 

distinguishing diffuse centrilobular nodules from diffuse 

random nodules. Although centrilobular nodules, when 

large, may touch the pleural surface, they do not appear to 

arise at the pleural surface. 

 

FIG. 3-51. Lymphangitic spread of carcinoma. A prone 

HRCT shows peribronchovascular nodules ( large white 



arrows) giving a nodular appearance to pulmonary artery 

branches, nodular interlobular septal thickening (small white 

arrows), and subpleural nodules (black arrows). 

The term centrilobular nodule  is best thought of as 

indicating that the nodule is related to centrilobular 

structures, such as small vessels,  even if they cannot be 

precisely localized to the lobular core (Figs. 3-41, 3-42 and 

3-43, 3-61, and 3-62). Indeed, in some cases, centrilobular 

nodules can be correctly identified by noting their 

association with small pulmonary artery branches. It is 

typical for centrilobular nodules to appear perivascular on 

HRCT, surrounding or obscuring the smallest visible 

pulmonary arteries (Fig. 3-62). In occasional cases, the air-

filled centrilobular bronchiole can be recognized as a 

rounded lucency within a centr ilobular nodule (Figs. 3-42, 

3-64, and 3-65). 

As indicated above, centrilobular nodules can be seen in 

patients having a perilymphatic distribution of disease. 

Pulmonary lymphatics are located in the 

peribronchovascular interstitial compartment in the 

centrilobular region. However, in patients with a 

perilymphatic distribution, nodules will also be seen in other 

locations (i.e., subpleural regions or interlobular septa). 

Sarcoid granulomas are typically distributed along 

lymphatics in the peribronchovascular interstitial space both 

in the perihilar regions and lobular core (Fig. 3-45) 

[56,57,60]. In some cases, centrilobular clusters of 

granulomas are a predominant feature of the disease, but 

nodules involving the subpleural regions are also present in 

most cases. Small centrilobular nodules are also 

characteristic of both silicosis and CWP [58,95]. In patients 



with silicosis, early lesions are centrilobular and 

peribronchiolar; the  
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nodules are a few millimeters in diameter and consist of 

layers of lamellated connective tissue. Subpleural nodules 

are also typically present (Fig. 3-49). The characteristic 

lesion of CWP is the so-called coal macule, which consists of 

a focal accumulation of coal dust surrounded by a small 

amount of fibrous tissue, occurr ing in a centrilobular, 

peribronchiolar location. In patients with lymphangitic 

spread of carcinoma, although interlobular septal thickening 

is usually a predominant feature of the disease, 

centrilobular peribronchovascular interstitial thickening or 

nodules are commonly seen (Fig. 3-50) [107]. Other 

findings include thickening of the peribronchovascular 

interstitium in the perihilar lung. LIP or follicular 

bronchiolitis in AIDS patients can result in the presence of 

ill-defined centrilobular opacities. LIP is associated with a 

lymphocytic and plasma cell infiltrate in relation to 

lymphatics; it may predominate in the centrilobular regions 

or mimic the appearance of lymphangitic spread of 

carcinoma. 

Nodules limited to centrilobular regions (i.e., a centrilobular 

distribution) can be seen in patients with a variety of 

diseases that primarily affect centrilobular bronchioles or 

arteries and result in inflammation, infiltration, or fibrosis 

of the surrounding interstitium and alveoli (Table 3-6) 

[66,107]. The differential diagnosis of this appearance is 

long. Diseases  
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resulting in this appearance may be classified as bronchiolar 

and peribronchiolar or vascular and perivascular.  



 



FIG. 3-52. Lymphangitic spread of thyroid carcinoma. HRCT 

at three levels (A-C) shows subpleural nodules along the 

fissures (small arrows) and peribronchovascular nodules 

(large arrow) resulting in a nodular appearance of 

pulmonary artery branches. Interlobular septal thickening is 

inconspicuous in this patient. Subpleural nodules are easy 

to see in the periphery. Note the presence of right hilar 

lymph node enlargement. 

Bronchiolar and Peribronchiolar 

Diseases 

Bronchiolar diseases secondarily involving the 

peribronchiolar interstitium or alveoli, or both, are the most 

frequent causes of centrilobular opacities seen on HRCT. 

Their histologic correlates and HRCT appearances vary with 

the nature of the disease. The differential diagnosis of 

airway diseases associated with centrilobular abnormalities 

includes the following entities: 

Endobronchial Spread of Tuberculosis, Nontuberculous 

Mycobacteria, and Other Granulomatous Infections . 

Bronchogenic dissemination of infection can occur in 

patients with active tuberculosis and nontuberculous 

mycobacterial disease (Figs. 3-66, 3-67, 3-68, 3-69) 

[43,60,65,103,117,118]. Nodules, or clusters of nodules, 

that reflect peribronchiolar consolidation or granuloma 

formation are common, visible on HRCT in as many as 97% 

of patients with active tuberculosis, and are also common in 

patients with nontuberculous mycobacterial infection 

[118,119]. Bronchioles filled with infected material can also 

result in the appearance of a tree-in-bud (Fig. 3-66) [65]. 

Fungal infections may result  
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in similar findings [120]. Specifically, Aspergillus 

bronchiolitis and bronchopneumonia (airway invasive 

aspergillosis) are characterized by patchy consolidation, 

centrilobular nodules, and the finding of a tree-in-bud (see 

Figs. 5-88 and 5-89) [121,122]. 

 

FIG. 3-53. Amyloidosis with perilymphatic nodules. Small 

subpleural nodules ( large arrows) and interlobular septal 

nodules (small arrows) were found on biopsy to represent 

small nodular deposits of amyloid. Nodules are also seen 

along the right major fissure (open arrows). 



 

FIG. 3-54. Perilymphatic nodules in an acquired 

immunodeficiency syndrome patient with lymphocytic 

interstitial pneumonia. Small subpleural nodules (small 

arrows) are visible along the major fissure. Nodules within 

interlobular septa (large arrows) are also visible.  

Bronchopneumonia. Bronchopneumonia resulting from 

various organisms, most commonly bacteria, is associated 

with the presence of bronchial and peribronchiolar 

inflammatory exudates, which also involve surrounding 



alveoli. HRCT findings are quite similar to those of 

endobronchial spread of tuberculosis (Figs. 3-42, 3-64, 3-

65, 3-70, and 3-71) [3,60,102]. Viral infections and P. 

carinii pneumonia can also result in the appearance of 

centrilobular nodules (see Fig. 6-52). 

Infectious Bronchiolitis. Infectious bronchiolitis is seen most 

often in children, and presents with fever, dyspnea, and 

wheezing. It is often due to respiratory syncytial virus, 

although other viruses and bacteria, particularly 

mycoplasma, may be involved. Centrilobular nodules or 

tree-in-bud may be visible [123]. 

Cystic Fibrosis. In patients with cystic fibrosis, thick-walled, 

mucus- or pus-filled bronchioles are seen as rounded or 

branching centrilobular opacities (i.e., tree-in-bud), usually 

in association with central bronchiectasis (Figs. 3-63 and 3-

72) [60,124,125]. The centrilobular bronchiolar 

abnormalities can be an early finding and can be patchy in 

distribution. 

Bronchiectasis. Findings similar to those of cystic fibrosis 

can be seen in patients with chronic bronchiectasis of any 

cause, including congenital immunodeficiency states, ciliary 

dysmotility syndrome, and the syndrome of yellow nails and 

lymphedema (Figs. 3-73 and 3-74). 

Panbronchiolitis. In patients with Asian panbronchiolitis, 

aggregates of histiocytes, lymphocytes, and plasma cells 

infiltrate the walls of respiratory bronchioles and extend 

into the peribronchiolar tissues. HRCT can show (i) 

prominent branching centrilobular opacities representing 

dilated bronchioles with inflammatory bronchiolar wall 

thickening and abundant intraluminal secretions, (ii) 

bronchiolar dilatation that tends to occur late in the disease 

process [126,127,128] and is typically proximal to the 



nodular peribronchiolar opacities, and (iii) centrilobular 

nodules that reflect bronchiolar and peribronchiolar 

inflammation and fibrosis (Fig. 3-75) [127]. 

Asthma and Allergic Bronchopulmonary Aspergillosis . 

Patients with asthma and allergic bronchopulmonary 

aspergillosis may develop mucoid impaction of centrilobular 

bronchioles visible as centrilobular opacities. These are 

more common in patients with allergic bronchopulmonary 

aspergillosis (93%) than in those who have asthma (28%) 

[129]. 

Hypersensitivity Pneumonitis. An immunologic response to a 

variety of inhaled allergens in sensitized persons, subacute 

hypersensitivity pneumonitis (extrinsic allergic alveolitis) is 

characterized by a peribronchiolar and perivascular 

lymphocytic and plasma cell infiltrate with formation of 

poorly defined granulomas [130]. There may be associated 

plugs of granulation tissue within bronchiolar lumens 

(bronchiolitis obliterans). Centrilobular nodules of ground-

glass opacity seen on HRCT are typical (Figs. 3-61 and 3-

62), reflecting the histologic abnormality 

[130,131,132,133]. 



 

FIG. 3-55. A: Appearance of small nodules with a random 

distribution. Although some nodules can be seen in relation 

to interlobular septa, vessels, or the pleural surfaces, 

nodules do not appear to have a consistent or predominant 

relationship to any of these structures. A uniform 

distribution is most typical. B: Miliary tuberculosis with 

small nodules. Nodules a few millimeters in diameter have a 

random distribution and appear widely and evenly 

distributed throughout the lung. Some nodules can be seen 

in relation to small vessels, the pleural surfaces, and the 

interlobar fissure, but the nodules do not predominate in 

relation to these structures. (From Im JG, Itoh H, et al. 

Pulmonary tuberculosis: CT findings–early active disease 



and sequential change with antituberculous therapy. 

Radiology 1993;186:653, with permission.) C: In another 

patient with miliary tuberculosis, the nodules are smaller 

than those shown in B. The nodules are widely dispersed. 

(Courtesy of Shin-Ho Kook, M.D., Koryo General Hospital, 

Seoul, South Korea.) 
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Langerhans Histiocytosis. Initially, granulomas form in the 

peribronchiolar tissues and adjacent alveolar interstitium. 

Mononuclear Langerhans cells are present in the early 

stages of the disease; later, the cellular response 

diminishes and fibrosis dominates. Centrilobular nodules on 

HRCT reflect the peribronchiolar abnormality (Fig. 3-59) 

[93]. Later in the course of the disease, cavitation of 

nodules, cyst formation, and centrilobular bronchiolectasis 

can be seen. 

 



FIG. 3-56. Miliary coccidioidomycosis with numerous very 

small nodules that have a random distribution.  

Bronchiolitis Obliterans Organizing Pneumonia  BOOP, also 

known as cryptogenic organizing pneumonia  (COP) or simply 

organizing pneumonia, is characterized by the presence of 

inflammatory cells lining the walls of the terminal and 

respiratory bronchioles with plugs of granulation tissue 

within airway lumen and organizing pneumonia. Because the 

organizing pneumonia is distributed in the peribronchiolar 

airspaces, centrilobular opacities can be present in patients  
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with BOOP (Figs. 3-76 and 3-77). Frank consolidation or 

larger areas of ground-glass opacity, however, are more 

common [134,135]. Tree-in-bud may occasionally be seen 

[123]. 



 

FIG. 3-57. Hematogenous metastases from a rectal 

carcinoma. A: HRCT obtained in a patient with an abnormal 

chest radiograph and no known tumor. Multiple small, well -

defined nodules are visible, with involvement of the 

peripheral pleural surfaces (arrow). The overall pattern of 

distribution is random. B: Spiral CT obtained 6 months later 

following diagnosis of the patient's tumor shows progression 

of the metastases. A random distribution, with diffuse and 



uniform lung involvement is well demonstrated.  

Bronchiolitis Obliterans. Bronchiolitis obliterans, also known 

as constrictive bronchiol itis, is characterized primarily by 

concentric bronchiolar and peribronchiolar fibrosis and 

luminal narrowing or obliteration. In an acute phase, ill -

defined centrilobular nodules may sometimes be seen, 

reflecting peribronchiolar inflammation [107,136,137]. In 

the later obliterative stage, centrilobular opacities 

occasionally may be seen, but they are not a common 

feature of this disease [60]. Airway obstruction with air-

trapping is much more frequent. 

Respiratory Bronchiolitis. Respiratory bronchiolitis is 

thought to represent a nonspecific reaction to inhaled 

irritants, usually in association with cigarette smoking; it is 

almost always seen in smokers. Inflammation of the 

respiratory bronchioles, with filling of the bronchioles by 

brown-pigmented macrophages, plasma cells, and 

lymphocytes is present histologically. In symptomatic 

patients, macrophages and inflammatory cells extend into 

the peribronchiolar airspaces and alveolar walls. When 

associated with symptoms, the term respiratory 

bronchiolitis-interstitial lung disease  is used. HRCT findings 

in symptomatic patients include multifocal ground-glass 

opacities with a centrilobular distribution that reflects the 

peribronchiolar nature of this disease (see Figs. 6-34 and 6-

35) [109,138,139,140]. Patchy opacities can also be seen. 

Distinct centrilobular opacities may be seen in patients who 

use inhalational drugs–for example, so-called crack lung. 



 

FIG. 3-58. Diffuse sarcoidosis with a random distribution of 

nodules. Very small nodules are seen in relation to the 

major fissure, but the overall distribution is diffuse and 

uniform. Findings typical of sarcoidosis, such as a patchy 

distribution or a predominance of nodules in relation to 

peribronchovascular regions, are not seen. (Courtesy of 

Luigia Storto, Chieti, Italy.) 
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Cigarette Smoking. A few small subpleural and centrilobular 

nodules can be seen in subjects who smoke or have a 

history of smoking. Ill-defined centrilobular nodules have 

been reported in as many as 12% to 27% of smokers 

studied using HRCT, reflecting the presence of 

bronchiolectasis and peribronchiolar fibrosis [108,109], 

although in our experience, this is not a common finding.  

Aspiration. Aspiration of a variety of materials, including 

gastric contents, water, or blood, associated with a variable 

inflammatory response may result in ill-defined centrilobular 

opacities [136,137]. 

 

FIG. 3-59. Langerhans histiocytosis with small nodules. 

Small nodules, best seen in the paravertebral regions, are 

numerous and have a random distribution. 



 

FIG. 3-60. HRCT appearances of centrilobular nodules. 

Centrilobular nodules are usually separated from the 

interlobular septa and pleural surfaces by a distance of 

several millimeters; in the lung periphery, the nodules are 

usually centered 5 to 10 mm from the pleural surface. Also, 

centrilobular nodules may be associated with small 

pulmonary artery branches. Because of  the similar size of 

secondary lobules, centrilobular nodules often appear to be 

evenly spaced. Although they are often ill defined, this is 

not always the case. Either a single centrilobular nodule or 

a centrilobular rosette of nodules may be seen. In 

occasional cases, the air-filled centrilobular bronchiole can 

be recognized as a rounded lucency within a centrilobular 



nodule. Tree-in-bud may be seen in patients with a 

centrilobular distribution, representing impaction of 

centrilobular bronchioles. 

Asbestosis. In patients with early asbestosis, the histologic 

abnormality is nearly identical to that seen in patients  

P.112 

 

 

P.113 

 

with respiratory bronchiolitis, but asbestos fibers can be 

identified in the peribronchiolar tissues. Fiber deposition in 

the respiratory bronchioles results in a peribronchiolar 

cellular response and fibrosis that eventually extends to 

involve the contiguous airspaces and alveolar interstitium. 

Ill-defined centrilobular opacities have been reported on 

HRCT in as many as half of patients with early asbestosis 

(see Figs. 4-46 and 4-47) [141]. Nodules predominate 

posteriorly and at the lung bases, probably due to the 

gravitational effects of fiber deposition [44,141]. Other 

inhaled inorganic materials can result in similar histologic  

and imaging abnormalities. 



 

FIG. 3-61. Ill-defined centrilobular nodules and rosettes in 

a patient with hypersensitivity pneumonitis. The nodules are 

separated from the pleural surfaces and fissures by a 

distance of several millimeters. As is typical, the nodules 

often appear to be evenly spaced and, in this case, are 

diffusely distributed. This is a common appearance in 

hypersensitivity pneumonitis.  



 

FIG. 3-62. Centrilobular nodules of ground-glass opacity in 

a patient with hypersensitivity pneumonitis. The ill -defined 

opacities are visible in relation to small vascular branches  

throughout the lung. The most peripheral nodules are 

centered 5 to 10 mm from the pleural surface. The 

subpleural lung region appears spared. 



 

FIG. 3-63. Centrilobular tree-in-bud (arrow) in a patient 

with cystic fibrosis and chronic airway infection. Also note 

bronchial wall thickening and inhomogeneous lung 

attenuation due to airways obstruction and air -trapping with 

mosaic perfusion. 



 

FIG. 3-64. A, B: Ill-defined centrilobular nodules in a 

patient with chronic airways disease and bronchopneumonia. 

A number of the ill-defined nodules surround an air-filled 

bronchus or bronchiole (arrows). 

Follicular Bronchiolitis. This entity, defined as lymphoid 

hyperplasia of bronchus-associated lymphoid tissue, is 



characterized by hyperplastic lymphoid follicles along the 

walls of centrilobular bronchioles. It may be seen in patients 

with collagen-vascular diseases, particularly rheumatoid 

arthritis or AIDS, and is related histologically to LIP. Small, 

well-defined centrilobular nodules, often smaller than 3 mm 

in diameter, are invariably seen, and large airway 

abnormalities and peribronchial nodules may also be present 

(see Figs. 4-21 and 5-14) [120,142,143,144]. 

Endobronchial Spread of Neoplasm . Centrilobular nodules 

can be seen in bronchioloalveolar carcinoma (see Fig. 5-11)  
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or tracheobronchial papillomatosis (Fig. 3-78) when 

endobronchial spread of tumor occurs [145,146]. These can 

be well-defined or ill-defined. Large airway papillomas or 

cystic lesions may also be visible in patients with 

tracheobronchial papillomatosis.  



 

FIG. 3-65. Centrilobular nodules in a patient with 

bronchopneumonia. A: Scattered ill -defined nodules 

represent peribronchiolar consolidation and may contain a 

visible bronchiole (arrow). B: At the lung bases, 

consolidated lobules surround air-filled bronchioles in 

several locations. Bronchopneumonia is also termed lobular 

pneumonia because of this appearance. 

Vascular and Perivascular Diseases 



Vascular pathology, either localized to the walls of arteries 

or to perivascular tissues, can cause centrilobular 

abnormality. Because airways are not involved, 

bronchiolectasis and tree-in-bud are absent, although if the 

cellular response extends into the peribronchiolovascular 

interstitium, apparent bronchiolar wall thickening may 

result. 

Pulmonary Edema. Mild cases of edema may show hazy, ill -

defined centrilobular opacities (see Figs. 6-71 and 6-72) 

[28,40,103]. Increased prominence of the centrilobular 

artery resulting from perivascular interstitial thickening is 

also commonly visible (Figs. 3-10 and 3-41). Septal 

thickening is variably associated, but in some patients, 

centrilobular opacities predominate. Pleural effusion may 

also be present. 

Vasculitis. Processes resulting in a vascular and perivascular 

inflammatory response, including vasculitis and reaction to 

injected substances, such as talc [95,107,147], can result in 

ill-defined centrilobular opacities on HRCT. Connolly et al. 

[148] reported hazy or fluffy centrilobular, perivascular 

opacities in eight children with vasculitis,  
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including five with Wegener's granulomatosis, one with 

systemic lupus erythematosus, one with scleroderma-

polymyositis overlap syndrome, and one with Churg-Strauss 

syndrome. In these eight children, centrilobular opacities 

were associated with the onset of active disease or with an 



exacerbation of preexisting disease. In four of five patients, 

this abnormality disappeared on treatment. 

 

FIG. 3-66. Centrilobular nodules and tree-in-bud in a 

patient with tuberculosis. A: Radiograph of a resected lung 

in a patient with endobronchial spread of tuberculosis, 

shows a branching centrilobular opacity (solid arrows), and 

rosettes of small nodular opacities producing a tree-in-bud 

appearance (open arrows). B: On pathologic examination, 

the branching centrilobular opacity represents caseous 

material filling bronchioles and alveolar ducts (arrows). 

(From Im JG, Itoh H, et al. Pulmonary tuberculosis: CT 

findings–early active disease and sequential change with 

antituberculous therapy. Radiology 1993;186:653, with 

permission.) 



 

FIG. 3-67. Centrilobular nodules and rosettes in a patient 

with endobronchial spread of tuberculosis. Multiple small 

nodules occurring in clusters (arrows) are common in 

patients with this disease. The nodules, being centrilobular, 

spare the pleural surfaces. 

 

FIG. 3-68. A-C: Centrilobular rosettes and tree-in-bud in a 

patient with endobronchial spread of tuberculosis. Multiple 

small nodules occurring in clusters and the appearance of 

tree-in-bud (arrows) are seen in association with several 



larger nodules in the right lung apex. The appearance of 

tree-in-bud almost always indicates infection. 

Mycobacterium tuberculosis was found in this patient's 

sputum. 

 

FIG. 3-69. Nontuberculous mycobacterial infection with 

endobronchial spread. Coned view of the right lower lobe in 

a patient with chronic obstructive lung disease and 

Mycobacterium avium-intracellulare complex infection on 

sputum cultures. Central bronchi are dilated and thick 

walled; centrilobular bronchioles are also dilated, and have 

a tree-in-bud appearance (arrows). (From Gruden JF, Webb 

WR, et al. Centrilobular opacities in the lung on HRCT: 



diagnostic considerations and pathologic correlation. AJR Am 

J Roentgenol 1994;162:569, with permission.) 

 

FIG. 3-70. Bronchopneumonia. HRCT shows a right lower 

lobe bronchopneumonia with ill -defined centrilobular 



nodules and bronchiolar dilatation. Lower lobe bronchi also 

appear thick walled. 

Pulmonary Hemorrhage . Ill-defined centrilobular nodules 

may occasionally be seen in patients with acute pulmonary 

hemorrhage [149]. In children with idiopathic pulmonary 

hemorrhage, also known as idiopathic pulmonary 

hemosiderosis, recurrent episodes of pulmonary hemorrhage 

may result in ill-defined centrilobular nodules [121]. This 

finding may be related to deposition of hemosiderin -laden 

macrophages in relation to small vessels and bronchioles.  

Metastatic Calcification. Metastatic calcification is described 

in detail in the section Metastatic Calcification. Calcium 

deposits typically involve the interstitium and alveolar septa 

in a centrilobular perivascular distribution. Ill-defined 

nodules of ground-glass opacity or obvious calcifications 

may be seen. These may be lobular or centrilobular (Fig. 3-

106) [150,151]. 

Pulmonary Hypertension. Cholesterol granulomas may be 

seen in a centrilobular location in patients with pulmonary 

hypertension. In one study, histopathologic evidence of 

cholesterol granulomas was found in five (25%) of 20 

patients with severe pulmonary hypertension [152]. In three 

of these five patients, the granulomas manifested on HRCT 

as small centrilobular nodules. These may also occur in 

patients with endogenous lipoid pneumonia and alveolar 

proteinosis. In patients with pulmonary hypertension and 

capillary hemangiomatosis, ill -defined centrilobular nodules 

may also be seen (see Fig. 9-9) [153]. 



 



FIG. 3-71. Supine (A) and prone (B and C) HRCT in a 

patient with bronchopneumonia due to Haemophilus 

influenzae. Ill-defined centrilobular nodules are visible 

bilaterally, with a predominance on the left. An appearance 

of tree-in-bud is visible in many locations (arrows, C). 

 

FIG. 3-72. Centrilobular bronchiolar abnormality with tree-

in-bud in a patient with cystic fibrosis. Fluid, mucus, or pus -

filled centrilobular bronchioles result in a tree-in-bud 

appearance in several lung regions (arrows). These are 

associated with findings of bronchiectasis.  
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Centrilobular Distribution with Tree-in-

Bud 

A centrilobular distribution of nodular opacities may be 

associated with an important finding, termed tree-in-bud, 

which is of great value in differential diagnosis (Table 3-6) 

[65,107,136,137,154]. The finding of tree-in-bud reflects 

the presence of dilated centrilobular bronchioles, their 

lumina impacted with mucus, fluid, or pus, and often 

associated with peribronchiolar inflammation. Because of 

the branching pattern of the dilated bronchiole and the 

presence of ill-defined nodules of peribronchiolar 

inflammation, its appearance has been likened to a budding 

or fruiting tree [65,126], or the children's toy jacks [154] 

(Figs. 3-60, 3-63, 3-66, 3-68, 3-69, 3-71, 3-72, 3-73, 3-74, 

3-75, 3-79, and 3-80). The term budding tree has also been 

used to describe the appearance of small airway filling on 

bronchography [155]. 

On HRCT, the finding of tree-in-bud is usually easy to 

recognize, but several different appearances may be seen 

alone or in combination. In the lung periphery, tree-in-bud 

may be associated with a typical branching appearance, with 

the most peripheral branches or nodular opacities being 

several millimeters from the pleural surface. Tree-in-bud 

may also appear as a centrilobular cluster of nodules, 

depending on the relationship of the bronchiole to the plane 

of scan. If the centrilobular bronchiole is sectioned across 

its axis, as is typical in the costophrenic angles, the 

impacted bronchiole may appear to be a single, well -

defined, centrilobular nodule a few millimeters in diameter. 

Abnormal bronchioles producing a tree-in-bud pattern can 

usually be distinguished from normal centrilobular vessels 



by their more irregular appearance, a lack of tapering, and 

a knobby or bulbous appearance at the tips of small 

branches (Figs. 3-79 and 3-80). Normal centrilobular 

arteries are considerably thinner than the branching 

bronchioles seen in patients with this finding, and are much 

less conspicuous. Furthermore, because tree-in-bud is often 

patchy in distribution, it is easy to contrast its appearance 

with that of adjacent normal lung regions. 



 

FIG. 3-73. A, B: Centrilobular bronchiolar abnormality and 

tree-in-bud in a patient with yellow nails and lymphedema 

syndrome and chronic bronchial sepsis. A tree-in-bud 

appearance and small well-defined centrilobular nodules 

(arrows) are visible in the posterior right lower lobe. These 

reflect the presence of pus-filled centrilobular bronchioles. 



This appearance is easily contrasted with the appearance of 

normal lung more medially. 

Tree-in-bud is not usually the only abnormal f inding visible 

on HRCT. Bronchiolar dilatation and wall thickening can 

sometimes be seen in association with tree-in-bud if the 

dilated bronchioles are air-filled; normal bronchioles should 

not be visible in the peripheral 1 cm of lung. Tree-in-bud 

may also be associated with ill-defined centrilobular nodules 

representing areas of inflammation (Fig. 3-71). Large airway 

abnormalities with wall thickening or bronchiectasis are also 

often present (Fig. 3-72) [107]. For example, in a study by 

Aquino et al. [137], 26 (96%) of 27 patients showing tree-

in-bud on HRCT also showed bronchiectasis or bronchial wall 

thickening. 

The finding of tree-in-bud is indicative of small airways 

disease. Furthermore, a tree-in-bud appearance is 

associated  
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with airway infection in the large majority of cases, 

although it may also be seen in patients with mucoid 

impaction of centrilobular bronchioles in absence of 

infection and in some patients with bronchiolar wall 

infiltration [142]. In a study by Aquino et al. [137], 25% of 

patients with bronchiectasis and 18% of patients with 

infectious bronchitis showed tree-in-bud, but this finding 

was not visible in patients with other diseases involving the 

airways, such as emphysema, respiratory bronchiolitis, 



bronchiolitis obliterans, BOOP, or hypersensitivity 

pneumonitis. Similarly, in patients with active tuberculosis, 

a tree-in-bud appearance was visible in 72% of patients in 

one study [65], correlating with the presence of solid 

caseous material within terminal and respiratory bronchioles 

(Fig. 3-66). In patients with Asian panbronchiolitis, 

prominent, branching centrilobular opacities represent 

dilated bronchioles with inflammatory bronchiolar wall 

thickening and abundant intraluminal secretions (Fig. 3-75) 

[126,127]. 

 



FIG. 3-74. A, B: Prone scans in a patient  with chronic 

bronchiectasis and small airway infection. Small 

centrilobular nodules, rosettes, and tree-in-bud are visible 

throughout the lower lobes. 

 

FIG. 3-75. Bronchiolar abnormalities in Asian 

panbronchiolitis. Dilated and thick-walled bronchioles (white 

arrows) are seen in association with a tree-in-bud 

appearance (black arrows) and multiple centrilobular 

nodules. These findings correlate pathologically with the 

presence of dilated bronchioles, inflammatory bronchiolar 



wall thickening, abundant intraluminal secretions, and 

peribronchiolar inflammation. (Courtesy of Harumi Itoh, 

M.D., Chest Disease Research Institute, Kyoto University, 

Kyoto, Japan.) 

Thus, in patients with a centrilobular distribution of nodules, 

if tree-in-bud can be recognized, the differential diagnosis is 

limited. Among the larger group of diseases causing 

centrilobular nodules listed in the previous paragraph, tree -

in-bud may be seen in patients with endobronchial spread of 

tuberculosis [65] or nontuberculous mycobacteria [107], 

bronchopneumonia, infectious bronchiol itis [123], cystic 

fibrosis [124], bronchiectasis of any cause [107,136,137], 

and Asian panbronchiolitis [126,127]. It may also be seen in 

airway diseases that result in the accumulation of mucus 

within small bronchi, such as asthma or allergic 

bronchopulmonary aspergillosis [136], but this finding is 

less frequent. It is rarely seen in patients with constrictive 

bronchiolitis, presumably related to impaction of bronchioles 

[136]. An appearance resembling tree-in-bud has been 

reported in patients with follicular bronchiolitis, an entity in 

which hyperplasia of lymphoid follicles occurs in relation to 

centrilobular airways; it is seen in association with collagen-

vascular disease or AIDS [142]. Bronchioloalveolar 

carcinoma may occasionally show tree-in-bud, although 

nodules are more typical [146]. In some patients with 

sarcoidosis, nodules occurring in relation to centrilobular 

arteries may mimic the appearance of tree-in-bud, although 

other typical features of sarcoidosis are usually present 

[107,136]. 



Algorithmic Approach to Nodule 

Localization and Diagnosis 

A simple algorithm may be used to help localize small 

nodules as perilymphatic, random, or centrilobular and 

classify them for the purposes of differential diagnosis 

(Algorithm 4) [156]. Distinguishing these three distributions 

is most easily accomplished by looking first for pleural 

nodules and nodules arising in relation to the fissures.  

If subpleural nodules are absent, the pattern is 

centrilobular. Keep in mind that large centrilobular nodules 

may touch the pleura but do not appear to arise from it; 

nodules a few millimeters in diameter that touch the pleura 

are not centrilobular. If a centrilobular distribution is 

present, the finding of tree-in-bud should be sought. The 

differential diagnosis of centr ilobular nodules unassociated 

with tree-in-bud is long and includes airway abnormalities 

and vascular abnormalities. If tree-in-bud is present, then 

nearly all cases will represent airway disease, which is 

infectious in nature. 

If numerous subpleural or fissural nodules are present, then 

the pattern is either perilymphatic or random. These two 

patterns are distinguished by looking at the distribution of 

other nodules. If they are patchy in distribution, and 

particularly if a distinct predominance is noted relative to 

the peribronchovascular interstitium, interlobular septa, or 

subpleural regions, then the nodules are perilymphatic. If 

the nodules are distributed in a diffuse and uniform manner, 

the pattern is random. 

The presence of a few subpleural nodules is nonspecific and 

may be seen regardless of the pattern. A few subpleural 

nodules that look different than the other visible nodules 



(i.e., smaller, denser, or better defined) are likely unrelated 

to the patient's disease and should be ignored, whereas 

subpleural nodules that appear similar to other visible 

nodules are of potential significance in differential 

diagnosis. If a few subpleural nodules are visible, a 

determination of the  
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distribution and differential diagnosis should generally be 

based on other findings, such as tree-in-bud (i.e., 

centrilobular airways disease), patchy distribution (i.e., 

perilymphatic or centrilobular disease), predominant 

involvement of the peribronchovascular interstitium or 

interlobular septa (i.e., perilymphatic), or nodules of 

ground-glass opacity (centrilobular). 

 

FIG. 3-76. Bronchiolitis obliterans organizing pneumonia 

(BOOP) with ill-defined centrilobular nodules. A: Multifocal 

areas of ill-defined opacity are present in the right upper 



lobe. Note that small pulmonary artery branches are 

partially obscured by the centrilobular opacities. B: Open 

lung biopsy showed features of BOOP. Bronchioles are 

compressed and occluded by granulation tissue; organizing 

pneumonia and loose connective tissue are also present, 

surrounding the bronchioles. (From Gruden JF, Webb WR, et 

al. Centrilobular opacities in the lung on HRCT: diagnostic 

considerations and pathologic correlation. AJR Am J 

Roentgenol 1994;162:569, with permission.) 

 

FIG. 3-77. Bronchiolitis obliterans organizing pneumonia 

with centrilobular opacities. A: Ill -defined nodular opacities 

(arrows) are scattered throughout the left upper lobe in this 

patient who had received an allogenic bone marrow 

transplant several years previously. Their centrilobular 

location can be inferred in that they surround small artery 

branches. B: Open lung biopsy shows bronchioles (arrows) 



partially occluded by plugs of granulation tissue. 

Inflammation surrounding the bronchioles probably accounts 

for the opacities seen on HRCT. (From Gruden JF, Webb WR, 

et al. Centrilobular opacities in the lung on HRCT: diagnostic 

considerations and pathologic correlation. AJR Am J 

Roentgenol 1994;162:569, with permission.) 

 

FIG. 3-78. Endobronchial spread of tracheobronchial 

papillomatosis. Multiple small, ill -defined, centrilobular 

nodules are present in the posterior left lower lobe. Many 

appear to be approximately 1 cm from the pleural surface or 

are related to small vessels. 



 

FIG. 3-79. Tree-in-bud in a patient with airway infection. 

Branching, impacted, pus-filled bronchioles (arrows) are 

visible in the peripheral lung. A parenchymal band seen 

more anteriorly represents focal atelectasis. 

Accuracy of High-Resolution Computed 

Tomography in Nodule Localization 

HRCT is accurate in localizing nodules according to their 

anatomic distribution, thus limiting the differential 

diagnosis. In a study by Gruden et al. [105], the 

interobserver variability  
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and accuracy of the algorithm described (i.e., Algorithm 4) 

was assessed; four experienced chest radiologists 

independently evaluated HRCT images in 58 patients with 

nodular lung disease [105]. Nodules were classified as 

perilymphatic, random, centrilobular, or associated with 

tree-in-bud and small airways disease. The observers were 

correct in 218 (94%) of 232 localizations in the 58 cases. 

Three of four observers agreed in 56 (97%) of 58 cases, and 

all four observers agreed in 79% (46 of 58) of the cases. 

The most noteworthy source of error and of disagreement 

between observers was the confusion of perilymphatic and 

small airways disease-associated nodules in a small number 

of cases. 



 

FIG. 3-80. Tree-in-bud in a patient with Mycobacterium 

avium complex infection. A: In addition to patchy 

consolidation, branching centrilobular structures (arrows) in 

the right lung are typical of tree-in-bud, and strongly 



suggest the presence of infection. Tree-in-bud can be 

distinguished from normal branching arteries because of 

their more irregular appearance, lack of tapering, and a 

knobby or bulbous appearance. B: At a lower level, 

centrilobular nodules and tree-in-bud are visible in several 

locations. 

 

ALGORITHM 4 

TABLE 3-7. Differential diagnosis of 



large nodules and masses 

Diagnosis Comments 

Sarcoidosis Common; upper lobe and 

peribronchovascular 

predominance; confluent 

masses of granulomas (active 

disease) or fibrous tissue 

(end-stage disease) 

Silicosis/coal worker's 

pneumoconiosis 

Common in advanced disease; 

upper lobe; associated with 

surrounding emphysema 

Talcosis Conglomerate masses of 

fibrous tissue; upper lobe and 

perihilar predominance; high-

attenuation common 

Langerhans 

histiocytosis 

Large nodules in 20% 

Metastatic carcinoma Peripheral and basal 

predominance common 

Diffuse 

bronchioloalveolar 

carcinoma 

Large nodules in 30%; ill 

defined; basal predominance 



Lymphoma Commonly contain air 

bronchograms 

Lymphoproliferative 

disease 

Large nodules common; air 

bronchograms; often 

peribronchovascular or 

subpleural 

Bronchiolitis 

obliterans organizing 

pneumonia 

Uncommon 

Wegener's 

granulomatosis 

Common manifestation; 

cavitation common 

Churg-Strauss 

syndrome 

Cavitation may be present 

Amyloidosis Smooth or lobulated; 

cavitation in 20% 

Infection Fungal infection in 

immunosuppressed patient 

Rounded atelectasis Associated with asbestos 

pleural disease 

 

In another study [106], HRCT findings were compared to 

those from pathologic examination in 40 consecutive 

patients with diffuse micronodular lung disease. HRCT scans 



were analyzed with particular attention to the location of 

nodules (i.e., centrilobular, perilymphatic, and random) and 

their zonal distribution. HRCT scans showed centrilobular 

nodules in patients with diffuse panbronchiolitis (n = 4), 

infectious bronchiolitis (n = 4), hypersensitivity pneumonitis 

(n = 3), endobronchial spread of tuberculosis (n = 3), 

pneumoconiosis (n = 1), primary lymphoma of the lung (n = 

1), and foreign body-induced necrotizing vasculitis (n = 1). 

They demonstrated perilymphatic nodules in patients with 

pneumoconiosis (n = 5), sarcoidosis (n = 2), and 

amyloidosis (n = 2). HRCT demonstrated micronodules of 

random distribution in the patients with miliary tuberculosis 

(n = 9) and pulmonary metastasis (n = 5). An upper - and 

middle-zonal predominance was seen in patients with 

sarcoidosis and in two of six patients with pneumoconiosis.  

Large Nodules and Masses 

The term large nodule is used in this book to refer to 

rounded opacities that are 1 cm or more in diameter. The 

term mass is generally used to describe nodular lesions 

larger than 3 cm in diameter [6,157]. Nodules 

approximating 1 cm may be seen in many small nodular 

lung diseases and are nonspecific. Furthermore, in patients 

with small nodular diseases, larger nodules or masses may 

sometimes be seen, representing conglomerate masses; 

these are common in sarcoidosis, silicosis, and talcosis 

(Table 3-7). Some diffuse lung diseases result in large 

nodules as a primary manifestation of the disease (Table 3-

7). 

Conglomerate Nodules or Masses in 

Diffuse Lung Disease 



In patients who have diseases characterized by small 

nodules, conglomeration or confluence of nodules can result 

in large nodular or masslike opacities [90]. 

Sarcoidosis 

Sarcoidosis may be associated with the presence of 

confluent nodules larger than 1 cm in diameter in half of all 

sarcoidosis patients [77]. In our experience, these 

predominate in the upper lobes and the peribronchovascular 

regions (Figs. 3-48 and 3-81). These nodules or masses are 

often irregular in shape, surround central bronchi and 

vessels, and can show small, discrete nodules at their 

periphery (Fig. 3-81). In patients with end-stage 

sarcoidosis, it is not uncommon to see conglomerate masses 

in the upper lobes associated with  
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central crowding of vessels and bronchi as a result of 

peribronchovascular fibrosis (Figs. 3-6 and 3-82). Traction 

bronchiectasis is often visible within the masses of fibrous 

tissue, and posterior displacement of upper lobe bronchi is 

commonly present. Adjacent areas of emphysema or bullae 

are visible in some cases. Similar upper lobe masses 

associated with bronchiectasis have been reported in 

patients with tuberculosis and are most frequent after 

treatment [65]. 



 

FIG. 3-81. Conglomerate masses of nodules in a patient 

with sarcoidosis. These masses, which surround central 

bronchi and vessels, show small discrete nodules at their 

margins. 

Silicosis 

Patients who have silicosis and coal workers who have 

complicated pneumoconiosis or progressive massive fibrosis 

also show conglomerate masses in the upper lobes, but 

these are typically of homogeneous opacity and tend to be 

unassociated with visible traction bronchiectasis, as seen in 

sarcoidosis (Fig. 3-83) [58,94]. Also, areas of emphysema 

peripheral to the conglomerate masses are common. This 

finding is present in as many as 48% of patients with CWP 

[58]. 

Talcosis 

An appearance of progressive massive fibrosis very similar 

to that occurring in patients with silicosis or sarcoidosis can 

be seen in intravenous drug users who develop talcosis from 



injection of talc-containing substances [147]. The fibrotic 

masses can show high attenuation at soft-tissue windows, 

indicating the presence of talc (see Fig. 5-58). A perihilar 

and upper lobe predominance has been reported.  

Langerhans Histiocytosis 

Large nodules have been seen in as many as 24% of 

patients with Langerhans histiocytosis, although masses are 

not generally seen in this disease [77]. 

 

FIG. 3-82. Sarcoidosis with peribronchovascular fibrosis 

associated with traction bronchiectasis. Volume loss, 

interlobular septal thickening, and parenchymal bands are 

also evident. 



 

FIG. 3-83. Conglomerate masses of fibrosis in silicosis. 

Central areas of peribronchovascular fibrosis (arrows) are 

associated with small nodules, typical of silicosis, and 

distortion of lung architecture. 
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Large Nodules in Diffuse Infiltrative 

Lung Diseases 

Several subacute or chronic infiltrative lung diseases may 

be characterized by large nodules as the primary 

manifestation of disease. 

Metastatic Carcinoma 

Metastatic carcinoma commonly results in large nodules or 

masses [146,158,159]. They may be well-defined or ill-

defined, and they typically have a peripheral and basal 

predominance. Large nodules or masses may sometimes be 

seen in patients with neoplasms being assessed using HRCT, 



but spiral CT is more appropriate if large nodules are visible 

on chest radiographs. Primary lung cancer presenting as a 

large solitary nodule or mass may sometimes be associated 

with other findings evaluated using HRCT, such as 

lymphangitic spread of carcinoma. 

Diffuse Bronchioloalveolar Carcinoma 

Diffuse bronchioloalveolar carcinoma shows a pattern of 

multiple nodules, up to 3 cm in size, in approximate ly 30% 

of cases [146]. Half of the cases have a peripheral or lower 

lobe predominance. Nodules are most often ill -defined or 

associated with a halo sign. Cavitation of nodules is 

sometimes present. 

Lymphoma 

Lymphoma involving the lung most commonly results  in 

airspace consolidation (66% of cases) and large nodules 

(41% of cases) [114], often ill-defined and sometimes 

containing air bronchograms [160]. In most instances, spiral 

CT, rather than HRCT, is most appropriate in evaluation of a 

patient with lymphoma [15,161]. 

Lymphoproliferative Disorders 

Lymphoproliferative disorders, often associated with the 

Epstein-Barr virus, may range from benign lymphoid 

hyperplasia to high-grade lymphoma and occur in 

immunosuppressed patients (e.g., those with AIDS, 

congenital immune deficiency, or receiving 

immunosuppressive therapy). The most common CT 

manifestation consists of multiple nodules, 2 to 4 cm in 

diameter, frequently in a predominantly peribronchovascular 

or subpleural distribution [162]. In a review of 246 patients 

who had lung transplantation [163], nine patients (4%) 

were diagnosed with posttransplantation lymphoproliferative 



disorders. The most common abnormality visible on CT was 

the presence of multiple, well-defined pulmonary nodules 

ranging up to 3 cm in diameter. These nodules, when 

multiple, had basilar and peripheral predominance. Other 

abnormal features included hilar or mediastinal adenopathy. 

Three patients had nodules with a surrounding area of 

ground-glass opacity (“halo sign”). 

Bronchiolitis Obliterans Organizing 

Pneumonia 

Multiple large nodules or masses are an uncommon 

manifestation of BOOP, but may be seen (see Fig. 6-30) 

[164]. Akira et al. [164] reviewed the HRCT scans and 

clinical records of 59 consecutive patients with histologically 

proven BOOP; 12 patients had multiple large nodules or 

masses. Of 60 lesions found in the 12 patients, 53 (88%) 

had an irregular margin, 27 (45%) had an air bronchogram, 

23 (38%) had a pleural tail, and 21 (35%) had a spiculated 

margin. Ancillary findings included focal thickening of the 

interlobular septa in five (42%) of the 12 patients, pleural 

thickening in four (33%) patients, and parenchymal bands 

in three (25%) patients. 



 

FIG. 3-84. Large lung nodules in Wegener's 

granulomatosis. These are nonspecific in appearance.  
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Wegener's Granulomatosis 

Wegener's granulomatosis is typically manifested by 

multiple nodules that are usually limited in number, range 

in size from a few millimeters to 10 cm in diameter, have no 

zonal predominance, and have a random distribution (Fig. 3-

84) [165,166,167]. Masses may also appear peribronchial or 

peribronchovascular in distribution [168]. In a study of ten 

patients [167], CT scans revealed multiple pulmonary 

nodules in seven patients and a single nodule in one. The 

nodules ranged in diameter from 2 mm to 7 cm, and most 

had irregular margins. Ill-defined centrilobular nodules, 

likely reflecting the presence of vasculitis, have also been 

reported [148]. Cavitation of nodules is common, being 



present in all nodules larger than 2 cm in one study [167]; 

the cavity walls are often thick and irregular or shaggy, 

although thin-walled cavities may also be seen. 

Consolidation may also be associated, usually related to 

pulmonary hemorrhage. 

Churg-Strauss Syndrome 

Churg-Strauss syndrome is most often characterized by 

parenchymal opacification (consolidation or ground-glass 

attenuation), but pulmonary nodules may be present with or 

without cavitation [169]. 

Amyloidosis 

Large pulmonary nodules are common in patients with 

localized amyloidosis [170], ranging in size from 8 mm to 3 

cm [59]. Nodules may be solitary (60% of cases) or 

multiple, with a smooth or lobular contour, and are often 

subpleural or peripheral. Calcification may occur (20% of 

cases) [59]. 

Infections 

Infections, particularly in immunosuppressed patients and 

usually representing a fungus, may be manifested by 

multiple large nodules or masses. Nodules are often ill -

defined and may be associated with cavitation, air 

bronchograms, or a surrounding halo of ground-glass 

opacity (i.e., the “halo sign”). In a study of 

immunosuppressed patients with fever, large nodules shown 

on CT predicted the presence of a fungal infection [171]. 

Invasive aspergillosis is most common in neutropenic 

patients, typically showing scattered nodules that are often 

associated with vessels, the halo sign, and cavitation during 

later stages of the infection [172]. Although the halo sign 

can be associated with a variety of infectious processes, 



including tuberculosis [173], candidiasis, Legionella 

pneumonia, cytomegalovirus, or herpes simplex [174] in a 

neutropenic patient, it should suggest invasive aspergillosis 

[175]. 

Rounded Atelectasis 

Rounded atelectasis represents a focal, collapsed, and often 

folded region of lung [64,176,177,178]. It almost always 

occurs in association with ipsilateral p leural disease and 

typically contacts the pleural surface. Rounded atelectasis 

occurs most commonly in the paravertebral regions of the 

posterior lung and may be bilateral. Bending or bowing of 

adjacent bronchi and arteries toward the area of atelectasis 

because of volume loss or folding of lung is characteristic. 

This appearance has been likened to a comet tail. Air 

bronchograms within the mass can sometimes be seen. In 

the presence of pleural disease and these typical findings, 

the diagnosis can usually be suggested. Focal fibrotic 

masses, usually irregular in shape, have been described as 

occurring  
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in the peripheral lung in relation to pleural abnormalities in 

patients with asbestos exposure [64]. These represent focal 

areas of scarring or rounded atelectasis (Fig. 3-85). 



 

FIG. 3-85. Peripheral fibrotic mass in a patient with 

pulmonary fibrosis. The focal fibrotic mass (arrow) is 

irregular in shape and associated with other findings of 

fibrosis. 



 

FIG. 3-86. HRCT appearances of increased lung opacity. 

Ground-glass opacity does not result in obscuration of 

underlying vessels, whereas consolidation does. Both can be 

associated with air bronchograms and can be nodular, 

lobular, or patchy and geographic. 

Increased Lung Opacity 

Increased lung opacity, or parenchymal opacification, is a 

common finding on HRCT in patients with chronic lung 

disease. Increased lung opacity is generally described as 

being ground-glass opacity or consolidation [5,6,157] (Fig. 

3-86). Lung calcification may also result in increased 

attenuation. 



Ground-Glass Opacity 

Ground-glass opacity, or ground-glass attenuation, is a 

nonspecific term referring to the presence on HRCT of a 

hazy increase in lung opacity that is not associated with 

obscuration of underlying vessels (Figs. 3-86 and 3-87); if 

vessels are obscured, the term consolidation is generally 

used [5,6,157]. This finding can reflect the presence of a 

number of diseases and can be seen in patients with 

minimal airspace disease (Fig. 3-88), interstitial thickening 

(Fig. 3-89), or both [3,73,135,179,180,181,182,183]. 

Ground-glass opacity results from the volume averaging of 

morphologic abnormalities too small to be clearly resolved 

by HRCT [73,181,182,183]. It can reflect the presence of 

minimal thickening of the “septal” or alveolar interstitium, 

thickening of alveolar walls, or the presence of cells or  fluid 

partially filling the alveolar spaces. Ground-glass opacity 

has been seen in patients with histologic findings of mild or 

early interstitial inflammation or infiltration [72,135]. Also, 

when a small amount of fluid is present within the alveoli, 

as can occur in the early stages of an airspace filling 

disease, the fluid tends to layer against the alveolar walls 

and is indistinguishable on HRCT from alveolar wall 

thickening [102]. In a study comparing the results of lung 

biopsy with HRCT in 22 patients who showed ground-glass 

opacity, 14%  

P.129 

 

had diseases primarily affecting airspaces, 32% had a mixed 

interstitial and airspace abnormality, and 54% had a 

primarily interstitial abnormality [135]. The term ground-

glass opacity may also be used to refer to increased lung 



density resulting from increased capillary blood volume, 

although this is better termed mosaic perfusion if the 

etiology of the lung attenuation abnormality is known [6]. 

The appearance of mosaic perfusion is described below.  

 

FIG. 3-87. Ground-glass opacity in a 16-year-old boy with 

Goodpasture's syndrome and pulmonary hemorrhage.  

 

FIG. 3-88. Pneumocystis carinii pneumonia with ground-



glass opacity. A: In one patient, ground-glass opacity is 

extensive but patchy in distribution. B: In another patient, 

who had a normal chest radiograph, minimal patchy ground-

glass opacity is visible. 

Ground-glass opacity is difficult to recognize if it is of 

minimal severity and diffuse in distribution, involving all of 

the lung to an equal degree. However, this abnormality is 

almost always patchy in distribution, affecting some lung 

regions whereas others appear to be spared; this 

“geographic” appearance of the lung parenchyma makes it 

easier to detect and diagnose with confidence (Figs. 3-89, 

3-90, 3-91). In some patients, entire lobules may appear 

abnormally dense, whereas adjacent lobules appear normal. 

In others, the abnormal ground-glass opacities are 

centrilobular and peribronchiolar in location (Fig. 3-62), 

resulting in the appearance of ill -defined centrilobular 

nodules [3,43,102,104,130,184]. Ground-glass opacity can 

involve individual segments and lobes, can involve 

nonsegmental regions of lung (Fig. 3-92), or may be diffuse 

(Fig. 3-93). The presence of air-filled bronchi that appear 

“too black” within an area of lung can also be a clue as to 

the presence of ground-glass opacity (Figs. 3-92 and 3-

93A); this dark bronchus appearance is essentially that of 

an air bronchogram. 

Significance and Differential Diagnosis 

of Ground-Glass Opacity 

Ground-glass opacity is a highly significant finding, as it 

often indicates the presence of an ongoing, active, and 

potentially treatable process. In patients with acute 

symptoms, the association of ground-glass opacity with 



active disease is very high. For example, in patients with 

AIDS and acute respiratory distress, ground-glass opacity 

visible on HRCT accurately predicts the presence of P. carinii 

pneumonia [156]. 

In patients who have subacute or chronic symptoms, 

ground-glass opacity also indicates the likelihood of active 

disease, although in this setting fibrosis may also result in 

this finding. Of the 22 patients with ground-glass opacity 

studied by Leung et al. [135], 18 (82%) were considered to 

have active or potentially reversible disease on lung biopsy. 

In a similar study by Remy-Jardin et al. [72], HRCT findings 

were correlated with histology at 37 biopsy sites in 26 

patients. In 24 (65%) of the 37 biopsies, they found that 

ground-glass opacity corresponded to the presence of 

inflammation that exceeded or was equal to fibrosis in 

degree. In eight biopsies (22%), inflammation was present 

but fibrosis predominated, whereas in the remaining five 

(13%), fibrosis was the sole histologic finding. Because of 

its association with active lung disease, the presence of 

ground-glass opacity often leads to further diagnostic 

evaluation, including lung biopsy, depending on the clinical 

status of the patient. Also, when a lung biopsy is performed, 

areas of ground-glass opacity can be targeted by the 

surgeon or bronchoscopist. Because such areas are most 

likely to be active, they are most likely to  yield diagnostic 

material. 

Because ground-glass opacity can reflect the presence of 

either fibrosis or inflammation, one should be careful to 

diagnose an active process only when ground-glass opacity 

is unassociated with HRCT findings of fibrosis or is the 

predominant finding (Figs. 3-90, 3-91, 3-92, 3-93, 3-94). If 

ground-glass opacity is seen only in lung regions that also 



show significant HRCT findings of fibrosis, such as traction 

bronchiectasis  
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or honeycombing, it is most likely that fibrosis will be the 

predominant histologic abnormality (Figs. 3-89 and 3-95). 

For example, in a study by Remy-Jardin et al. [72], patients 

showing traction bronchiectasis or bronchiolectasis on HRCT 

in regions of ground-glass opacity all had fibrosis on lung 

biopsy. On the other hand, in patients without traction 

bronchiectasis in areas of ground-glass opacity, 92% were 

found to have active inflammatory disease on lung biopsy.  

 

FIG. 3-89. Ground-glass opacity associated with interstitial 

fibrosis. A: HRCT shows patchy areas of ground-glass 

opacity. B: Biopsy specimen shows the abnormality to 

consist of alveolar wall thickening and fibrosis, with little 

airspace abnormality. (From Leung AN, Miller RR, et al. 

Parenchymal opacification in chronic infiltrative lung 

diseases: CT-pathologic correlation. Radiology 

1993;188:209, with permission.) 



A large number of diseases can be associated with ground-

glass opacity on HRCT. In many, this reflects the presence 

of similar histologic reactions in the early or active stages of 

disease, with inflammatory exudates involving the alveolar 

septa and alveolar spaces, although this pattern can be the 

result of a variety of pathologic processes.  

When considering the differential diagnosis of ground-glass 

opacity, it is important to know whether the patient's 

symptoms are acute, subacute, or chronic (Table 3-8). 

Among those causes of ground-glass opacity typically having 

an acute presentation are AIP (see Figs. 6-40, 6-41, 6-42 

and 6-43) [185] or other causes of diffuse alveolar damage 

(Fig. 3-92), or the adult respiratory distress syndrome 

(ARDS); pulmonary edema of various causes (see Figs. 6-73 

and 6-74) [27,28]; pulmonary hemorrhage (Fig. 3-87) 

[149]; pneumonias of all types, but particularly P. carinii 

pneumonia (Figs. 3-88 and 3-93) [27,156,186,187,188] 

(Fig. 3-58), viral pneumonias (e.g., cytomegalovirus) (see 

Fig. 6-62) [189], and mycoplasma pneumonia (see Fig. 6-

65) [190]; acute eosinophilic pneumonia [191]; and early 

radiation pneumonitis [33,184,192]. 

The most common causes of ground-glass opacity in 

patients having subacute or chronic symptoms (Table 3-8) 

include interstitial pneumonias such as NSIP or UIP (Fig. 3-

94),  
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either idiopathic or associated with specific diseases, such 

as scleroderma or other collagen-vascular diseases 

[22,69,72,135,143]; DIP [193]; respiratory bronchiolitis 

interstitial lung disease (RB-ILD) (see Figs. 6-34 and 6-35) 

[109,138,139]; hypersensitivity pneumonitis (Figs. 3-90 and 



3-91) [72,130,131,132]; BOOP (Fig. 3-100) [72,135]; 

chronic eosinophilic pneumonia [55]; Churg-Strauss 

syndrome [169]; lipoid pneumonia [194]; bronchioloalveolar 

carcinoma [195]; sarcoidosis (see Figs. 5-40 and 5-41) 

[56,72,90,135,196]; and alveolar proteinosis (Figs. 3-11 

and 3-96) [51,52,53,19]. 

 

FIG. 3-90. Patchy areas of subtle ground-glass opacity in a 

patient with hypersensitivity pneumonitis. 



 

FIG. 3-91. A, B: Patchy ground-glass opacity associated 

with hypersensitivity pneumonitis. Abnormalities had an 

upper lobe predominance. 

In patients with ground-glass opacity, the nature of the 

histologic abnormalities associated with this finding varies 

according to the typical histologic features of the disease; 

no specific histology is associated with this finding (Table 3-

9) [97,109,130,135,198,199]. In patients with UIP due to 

IPF, NSIP, scleroderma, or other collagen-vascular diseases, 

a number of studies have correlated the presence  of ground-

glass opacity on HRCT with biopsy results, response to 

treatment, and patient survival 

[8,73,143,179,182,183,193,200,201,202]. In histologic 

studies of patients with interstitial pneumonia, ground-glass 

opacity has been shown to be associated wi th the presence 

of alveolar wall or intraalveolar inflammation in most. For 

example, in a study of scleroderma patients by Wells et al. 

[182], increased opacity on HRCT correlated with 

predominant inflammation on biopsy in four of seven cases, 

whereas reticulation on HRCT indicated fibrosis in 12 of 13 

[182]. In another study, of 14 patients with IPF and ground-



glass opacity on HRCT, 12 had inflammation on biopsy 

[135]. In patients with UIP, ground-glass opacity is 

associated with alveolar septal inflammation, varying 

numbers of intraalveolar histiocytes, and varying degrees of 

fibrosis;  
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ground-glass opacity in patients with DIP largely reflects the 

presence of macrophages within alveoli [8,135,182,193]. 

 

FIG. 3-92. Extensive perihilar ground-glass opacity 

associated with acute lung injury and diffuse alveolar 

damage related to smoking cocaine. This abnormality was 

transient and cleared within 2 weeks. 



 



FIG. 3-93. A-C: HRCT at three levels in a patient with 

Pneumocystis carinii pneumonia associated with acquired 

immunodeficiency syndrome. Diffuse ground-glass opacity 

predominates in the upper lobes and perihilar regions (A). 

In the lower lobes (C), ground-glass opacity is more patchy 

in distribution. 

 

FIG. 3-94. Patchy ground-glass opacity in a patient with 

nonspecific interstitial pneumonia. A posterior and 

subpleural predominance is present. Findings of fibrosis, 

such as traction bronchiectasis, are absent.  

Crazy-Paving Pattern 

In some patients with ground-glass opacity visible on HRCT, 

superimposition of a reticular pattern results in an 

appearance termed crazy-paving [51]. This pattern was first 

recognized in patients with pulmonary alveolar proteinosis 

(PAP) (Figs. 3-11 and 3-96) [51] and is quite typical of PAP, 

but may also be seen in patients with a variety of other 

diseases [54,55]. In patients with crazy-paving, ground-



glass opacity may reflect the presence of airspace or 

interstitial abnormalities; the reticular opacities may 

represent interlobular septal thickening, thickening of the 

intralobular interstitium, irregular areas of fibrosis, or a 

preponderance of an airspace-filling process at the 

periphery of lobules or acini [55]. 

The differential diagnosis of crazy-paving includes diseases 

considered to be primarily airspace or interstitial and mixed 

(Table 3-10) [54,55]. These include PAP (Fig. 3-96) 

[51,53]; pulmonary edema [28]; pulmonary hemorrhage 

(Fig. 3-97) [149]; ARDS [54]; AIP; diffuse alveolar damage; 

pneumonias due to P. carinii (Fig. 3-98), virus (e.g., 

cytomegalovirus) (Fig. 3-99), mycoplasma, bacteria, and 

tuberculosis; BOOP (Fig. 3-100); chronic eosinophilic 

pneumonia; acute eosinophilic pneumonia [191]; Churg-

Strauss syndrome [169], radiation pneumonitis [33], or 

drug-related pneumonitis; bronchioloalveolar carcinoma 

(Fig. 3-101) [195]; and lipoid pneumonia [194]. Clearly, the 

differential diagnosis of a crazy-paving pattern must be 

based on a consideration of clinical as well as HRCT 

findings, and knowledge of whether symptoms are acute or 

chronic (Table 3-10). 

In the study by Johkoh et al. [55] of 46 patients showing 

the crazy-paving pattern on HRCT, the most common causes 

included ARDS (n = 8), bacterial pneumonia (n = 7),  
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AIP (n = 5), and, despite its rarity, alveolar proteinosis (n = 

5). Of these common causes of crazy-paving, it is worth 

noting that only PAP presents with subacute or chronic 

symptoms, and ARDS, bacterial pneumonia, and AIP are not 

commonly studied using HRCT in clinical practice. Also, the 



highest prevalences of crazy-paving in this study were seen 

in PAP (100%), diffuse alveolar damage (67%), AIP (31%), 

and ARDS (21%) [55]. 

 

FIG. 3-95. Ground-glass opacity with a peripheral and 

posterior predominance in a patient with idiopathic 

pulmonary fibrosis. In addition to the increased lung 

opacity, there is evidence of increased reticulation, traction 

bronchiectasis, and some subpleural honeycombing. These 

findings indicate the presence of fibrosis . End-stage fibrosis 



was found on biopsy, without evidence of active disease.  

TABLE 3-8. Differential diagnosis of 

ground-glass opacity 

Diagnosis Course Comments 

Acute interstitial 

pneumonia; adult 

respiratory distress 

syndrome 

Acute Always present; 

consolidation 

common; patchy 

or diffuse 

Pulmonary edema Acute Diffuse or 

centrilobular; 

septal thickening 

sometimes present 

Pulmonary 

hemorrhage 

Acute Patchy or diffuse; 

septal thickening 

sometimes present 

Pneumonia (e.g., 

Pneumocystis 

carinii, viral, 

Mycoplasma 

pneumonias) 

Acute Common; diffuse 

or patchy; 

centrilobular 

nodules; 

consolidation or 

septal thickening 

may also be 



present 

Acute eosinophilic 

pneumonia 

Acute Diffuse; 

respiratory failure 

common 

Radiation 

pneumonitis 

Acute Extent usually 

corresponds to 

radiation ports 

Nonspecific 

interstitial 

pneumonia 

Subacute, 

chronic 

Common; patchy; 

subpleural; 

reticular opacities 

often associated; 

multiple causes 

including collagen 

diseases 

Usual interstitial 

pneumonia and 

idiopathic pulmonary 

fibrosis 

Subacute, 

chronic 

Common in 

association with 

findings of 

fibrosis; 

uncommon as an 

isolated finding; 

subpleural and 

basal 

predominance 

Desquamative Subacute, Always present; 



interstitial 

pneumonia 

chronic diffuse or patchy; 

findings of fibrosis 

less common than 

in usual interstitial 

pneumonia 

Respiratory 

bronchiolitis 

interstitial lung 

disease 

Subacute, 

chronic 

Always present; 

patchy and 

localized; may be 

centrilobular; 

fibrosis uncommon 

Hypersensitivity 

pneumonitis 

Subacute, 

chronic 

Very common; 

patchy or nodular; 

can be 

centrilobular; 

consolidation and 

air-trapping may 

also be present 

Bronchiolitis 

obliterans organizing 

pneumonia 

Subacute, 

chronic 

Common; 

consolidation may 

also be present; 

often predominant 

in peripheral 

regions; can be 

nodular 

Chronic eosinophilic Subacute, Consolidation more 



pneumonia chronic common; patchy 

or nodular; 

peripheral 

predominance 

Churg-Strauss 

syndrome 

Subacute, 

chronic 

Consolidation also 

present; nodular 

Bronchioloalveolar 

carcinoma (diffuse) 

Subacute, 

chronic 

Diffuse, patchy, or 

centrilobular; 

consolidation 

common 

Lipoid pneumonia Subacute, 

chronic 

Patchy or lobular; 

low-attenuation 

consolidation may 

be present 

Sarcoidosis Subacute, 

chronic 

Uncommon 

manifestation due 

to confluence of 

very small 

granulomas 

Alveolar proteinosis Subacute, 

chronic 

Very common; 

patchy or diffuse; 

septal thickening 

common; fibrosis 

rare 

 



In a prospective study of patients showing this pattern [54], 

a variety of causes of crazy-paving were identified. These 

included P. carinii pneumonia, alveolar proteinosis, UIP, 

pulmonary hemorrhage, acute radiation pneumonitis, ARDS, 

and drug-induced pneumonitis. Of these, P. carinii 

pneumonia was most common. 

Algorithmic Approach to the Diagnosis 

of Ground-Glass Opacity 

If ground-glass opacity is associated with significant 

reticulation, the reticular pattern should be identified 

(Algorithm 5). If honeycombing or traction bronchiectasis is 

present in areas of increased attenuation, fibrosis is very 

likely present, and the differential diagnosis is that of 

honeycombing. If the reticular pattern is that of interlobular 

septal thickening, crazy-paving is present (Table 3-10). If 

the only reticular pattern present is that of intralobular 

interstitial thickening, fibrosis is likely present if opacities 

are peripheral and subpleural (i.e., as in IPF), but the 

pattern is nonspecific. Ground-glass opacity unassociated 

with reticulation, as with crazy-paving, likely represents 

active disease. In this situation, a specific diagnosis is 

difficult to make, but the different ial diagnosis is based, at 

least to some extent, on the distribution of abnormalities, 

and, as indicated above, the presence of acute, subacute, or 

chronic symptoms. Ground-glass opacity with a patchy or 

peripheral distribution is most likely due to active  

interstitial pneumonia (NSIP, UIP, and DIP), eosinophilic 

pneumonia, hypersensitivity pneumonitis, BOOP, alveolar 

proteinosis, sarcoidosis, pulmonary edema, or hemorrhage. 

The differential diagnosis of a centrilobular nodular 



distribution of ground-glass opacity includes 

hypersensitivity pneumonitis,  
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BOOP, LIP, cytomegalovirus and P. carinii pneumonia, and 

vasculitis. Diffuse and extensive ground-glass opacity may 

be seen with hypersensitivity pneumonitis, P. carinii 

pneumonia, cytomegalovirus pneumonia, pulmonary edema, 

pulmonary hemorrhage, ARDS, and AIP. 

 

FIG. 3-96. Geographic ground-glass opacities in association 

with interlobular septal thickening, characteristic of alveolar 

proteinosis. This pattern, characterized by the association of 

ground-glass opacity and interlobular septal thickening or 

reticulation, is termed crazy-paving. 

Pitfalls in the Diagnosis of Ground-Glass 

Opacity 



There are several potential pitfalls in the recognition and 

diagnosis of ground-glass opacity. First, it is important to 

keep in mind that because ground-glass opacity reflects the 

volume averaging of subtle morphologic abnormalities, the 

thicker the collimation used for scanning, the more likely 

volume averaging will occur, regardless of the nature of the 

anatomic abnormality present. Thus, ground-glass opacity 

should be diagnosed only on scans obtained with thin 

collimation. 

The diagnosis of ground-glass opacity is largely subjective 

and based on a qualitative assessment of lung attenuation 

[181]. The use of lung attenuation measurements to 

determine the presence of increased lung density in patients 

with ground-glass opacity is difficult because of the 

variations in attenuation measurements that are known to 

be associated with gravitational density gradients in the 

lung, the level of inspiration, and fluctuations that occur as 

a result of patient size, position, chest wall thickness, and 

kilovolt peak [kV(p)]. Using consistent window settings for 

the interpretation of HRCT is very important. Using too low 

a window mean in conjunction with a relatively narrow 

window width can give the appearance of a diffuse ground-

glass abnormality [181]. In addition, using a wider window 

width than one is accustomed to without changing window 

mean can give the impression of increased lung attenuation. 

In assessing the attenuation of lung parenchyma, it is often 

helpful to compare its appearance to that of air in the 

trachea or bronchi; if tracheal air appears gray instead of 

black, then increased attenuation or “grayness” of the lung 

parenchyma may not be significant. 

Also, as previously indicated, increased lung opacity is 

commonly seen in the dependent lung on HRCT largely as a 



result of volume loss in the dependent lung parenchyma; 

this is so-called dependent density [39]. This can result in a 

stripe of ground-glass opacity several centimeters thick in 

the posterior lung of supine patients; prone scans allow this 

transient finding to be distinguished from a true 

abnormality. Similarly, on expiration, because of a reduction 

of the amount of air within alveoli, lung regions increase in 

attenuation and can mimic the appearance of ground-glass 

opacity resulting from lung disease. 

TABLE 3-9. Histologic abnormalities 

associated with ground-glass opacity 

[22,97,109,130,135,138,198,199] 

Diagnosis Histologic findings 

Usual interstitial 

pneumonia 

Alveolar septal inflammation; 

intraalveolar cellular infiltrate; 

fibrosis 

Nonspecific 

interstitial 

pneumonia 

Alveolar septal inflammation; 

intraalveolar cellular infiltrate; 

fibrosis 

Desquamative 

interstitial 

pneumonia 

Alveolar macrophages; 

interstitial inflammatory 

infiltrate; mild fibrosis 

Respiratory Pigment-containing alveolar 



bronchiolitis macrophages 

Acute interstitial 

pneumonia 

Interstitial inflammatory 

exudate; edema; diffuse 

alveolar damage with hyaline 

membranes 

Hypersensitivity 

pneumonitis 

Alveolitis; interstitial 

infiltrates; poorly defined 

granulomas; cellular 

bronchiolitis 

Bronchiolitis 

obliterans organizing 

pneumonia 

Alveolar septal inflammation; 

alveolar cellular desquamation 

Eosinophilic 

pneumonia 

Eosinophilic interstitial 

infiltrate; alveolar eosinophils 

and histiocytes 

Pneumocystis carinii 

pneumonia 

Alveolar inflammatory exudate; 

alveolar septal thickening 

Sarcoidosis Largely due to numerous small 

granulomas; alveolitis less 

important 

Alveolar proteinosis Intraalveolar lipoproteinaceous 



material 

 

TABLE 3-10. Differential diagnosis of 

crazy-paving 

Diagnosis Course Comments 

Acute interstitial 

pneumonia; adult 

respiratory distress 

syndrome 

Acute Consolidation 

common; patchy 

or diffuse 

Pulmonary edema Acute Common 

Pulmonary 

hemorrhage 

Acute Patchy or diffuse 

Pneumonia (e.g., 

Pneumocystis carinii, 

viral, Mycoplasma, 

bacterial 

Acute Common; diffuse 

or patchy; 

centrilobular 

nodules; 



pneumonias) consolidation 

Acute eosinophilic 

pneumonia 

Acute Rare 

Radiation 

pneumonitis 

Acute Extent usually 

corresponds to 

radiation ports 

Alveolar proteinosis Subacute, 

chronic 

Always present; 

patchy or diffuse; 

geographic 

Nonspecific 

interstitial 

pneumonia 

Subacute, 

chronic 

Patchy; 

subpleural 

Usual interstitial 

pneumonia and 

idiopathic pulmonary 

fibrosis 

Subacute, 

chronic 

Uncommon cause; 

subpleural 

Hypersensitivity 

pneumonitis 

Subacute, 

chronic 

Very common; 

patchy or 

nodular; can be 

centrilobular; 

consolidation and 

air-trapping may 

also be present 



Bronchiolitis 

obliterans organizing 

pneumonia 

Subacute, 

chronic 

Common; 

consolidation may 

also be present; 

often 

predominant in 

peripheral 

regions; can be 

nodular 

Chronic eosinophilic 

pneumonia 

Subacute, 

chronic 

Consolidation 

more common; 

patchy; 

peripheral 

predominance 

Churg-Strauss 

syndrome 

Subacute, 

chronic 

Consolidation also 

present; nodular 

Lipoid pneumonia Subacute, 

chronic 

Patchy or lobular; 

low-attenuation 

consolidation may 

be present 

Bronchioloalveolar 

carcinoma (diffuse) 

Subacute, 

chronic 

Diffuse, patchy, 

or centrilobular; 

consolidation 

nodules common 
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Furthermore, in patients who have emphysema or other 

causes of lung hyperlucency, such as airways obstruction 

and air-trapping, normal lung regions can appear relatively 

dense, thus mimicking the appearance of ground-glass 

opacity. This pitfall can usually be avoided if consistent 

window settings are used for interpretation of scans, and 

the interpreter is accustomed to the appearances of normal 

lung, lung of increased attenuation, and lung of decreased 

attenuation. Also, dark bronchi or air bronchograms will not 

be seen within the relatively dense, normal lung regions, as 

they are in patients with true ground-glass opacity. The use 

of expiratory HRCT can also be of value in distinguishing the 

presence of heterogeneous lung attenuation resulting from 

emphysema or air-trapping from that representing ground-

glass opacity. This is described further in the section 

Inhomogeneous Lung Opacity. 

Consolidation 

Increased lung attenuation with obscuration of underlying 

pulmonary vessels is referred to as consolidation (Figs. 3-86 

and 3-102, 3-103, 3-104) [5,157]; air bronchograms may 

be present. HRCT has little to add to the diagnosis of 

patients with clear-cut evidence of consolidation visible on 

chest radiographs. However, HRCT can allow the detection 

of consolidation before it becomes diagnosable 

radiographically. Some evidence of consolidation can be 

seen in patients with a variety of diffuse lung diseases.  

By definition, diseases that produce consolidation are 

characterized by a replacement of alveolar air by fluid, 

cells, tissue, or some other substance [102,157,197]. Most 



are associated with airspace filling, but diseases that 

produce an extensive, confluent interstitial abnormality, 

such as UIP or sarcoidosis, can also result in this finding 

[20,135]. Airspace nodules or focal areas of ground-glass 

opacity are often seen in association with areas of frank 

consolidation. Patients who show consolidation in 

association with another pattern, such as small nodules, 

should be diagnosed using the other pattern. In such 

patients, consolidation probably represents confluent 

disease. 

Areas of consolidation are common in patients with diffuse 

lung disease regardless of the diagnosis and generally may 

be discounted. The differential diagnosis of consolidation 

overlaps that listed for ground-glass opacity (Table 3-8), 

and, in fact, many of the diseases listed in Table 3-8 can 

show a mixture of both findings. Consolidation representing 

the predominant abnormality has a limited differential 

diagnosis (Table 3-11). The differential diagnosis of 

consolidation includes pneumonia of different causes 

including P. carinii pneumonia [102,187], BOOP (Fig. 3-102) 

[134,203], eosinophilic pneumonia (Figs. 3-103 and 3-104) 

[204], hypersensitivity pneumonitis [132], radiation 

pneumonitis [33,184, 192,205,206], bronchioloalveolar 

carcinoma and lymphoma [102,135,146], UIP [135,179], 

alveolar proteinosis [52], AIP [185], sarcoidosis [98], drug 

reactions [207], pulmonary edema, and ARDS [102]. 



 

FIG. 3-97. Ground-glass opacity in a patient with 

pulmonary hemorrhage. Vessels are visible within the area 

of opacity, as are areas of reticulation. The reticular 

opacities appear to represent thickening of the intralobular 

interstitium. 



 

FIG. 3-98. A, B: Pneumocystis carinii pneumonia in an 

immunosuppressed patient with leukemia. Patchy areas of 

ground-glass opacity are associated with distinct 

interlobular septal thickening. 
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Lung diseases causing consolidation can have widely 

differing appearances and distributions depending on the 

nature of the pathologic process responsible (Algorithm 6). 

Lobular consolidation is often due to infection, although 

consolidation due to bronchioloalveolar carcinoma and 



alveolar proteinosis can also have a lobular predominance. 

Diffuse consolidation is most typical of pneumonia, 

bronchioloalveolar carcinoma, ARDS, AIP, pulmonary edema, 

and pulmonary hemorrhage. A subpleural distribution is 

most suggestive of eosinophilic pneumonia and BOOP but 

may also be seen with UIP and NSIP. Chronic lung diseases 

that result in consolidation often involve the lung in a 

patchy fashion. Patchy consolidation can show a 

nonanatomic and nonsegmental distribution, but can also be 

panlobular (Fig. 3-65B) or can appear nodular and 

centrilobular on HRCT [3,60,65,102]. Eosinophilic 

pneumonia, BOOP, bronchioloalveolar carcinoma, and 

bronchopneumonia may show this appearance. A panlobular 

distribution —that is, uniform involvement of secondary 

pulmonary lobules by the pathologic process [60]— is typical 

of diseases producing airspace consolidation, such as 

bronchopneumonia or lobular pneumonia (Fig. 3-65) [65], 

but it can be seen in a variety of diffuse interstitial diseases 

characterized by ground-glass opacity and is nonspecific. 



 

FIG. 3-99. A, B: Pneumonia due to respiratory syncytial 

virus. HRCT at two levels shows patchy ground-glass opacity 

associated with some interlobular septal thickening 

(arrows). 
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Lung Calcification and Lung 

Attenuation Greater than Soft Tissue 

Multifocal lung calcification, often associated with lung 

nodules, has been reported in association with infectious 

granulomatous diseases such as tuberculosis [65], 

sarcoidosis (Fig. 3-105) [57], silicosis [57,58], amyloidosis 

[50], and fat embolism associated with ARDS [208]. Diffuse 

and dense lung calcification can be seen in the presence of 

metastatic calcification, disseminated pulmonary 

ossification, or alveolar microlithiasis. Increased attenuation 

can be seen in patients with talcosis [147] associated with 

fibrotic masses, although this may represent the injected 

material rather than calcification. Diffuse, increased lung 

attenuation in the absence of calcification can be seen as a 

result of amiodarone lung toxicity. 

Disseminated pulmonary ossification is a rare condition in 

which very small deposits of mature bone form within the 

lung parenchyma [209]. It can be associated with chronic 

heart disease, such as mitral stenosis, or chronic interstitial 

fibrosis, such as IPF or asbestosis, or be related to drugs. 

Such calcification is usually invisible on chest radiographs 

and on HRCT. 

Metastatic Calcification 

Deposition of calcium within the lung parenchyma 

(metastatic calcification) can occur due to hypercalcemia in 

patients  
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with abnormal calcium and phosphate metabolism and is 

most common in patients with chronic renal failure and 



secondary hyperparathyroidism (Fig. 3-106) [150,151,210]. 

Metastatic calcification is typically interstitial, involving the 

alveolar septa, bronchioles, and arteries, and can be 

associated with secondary lung fibrosis. Plain radiographs 

are relatively insensitive in detecting this calcification, 

whereas HRCT can show calcification in the absence of 

radiographic findings. Calcifications can be focal, 

centrilobular, or diffuse (Fig. 3-106). Ground-glass opacities 

with a centrilobular distribution have been reported in 

association with metastatic calcification [150]. 



 

FIG. 3-100. A, B: Patchy areas of ground-glass opacity and 

interlobular septal thickening (crazy-paving) in a patient 

with bronchiolitis obliterans organizing pneumonia 

associated with aspiration. Note the presence of a dilated 

fluid-filled esophagus (E). 

Hartman et al. [151] reviewed the chest radiographs and CT 

and HRCT scans of seven patients with hypercalcemia and 



biopsy-proven metastatic calcification. In five patients, the 

radiographic findings were nonspecific, consisting of poorly 

defined nodular opacities and patchy areas of parenchymal 

consolidation, whereas in two patients calcified nodules 

were visible. CT and HRCT findings consisted of numerous 

fluffy and poorly defined nodules measuring 3 to 10 mm in 

diameter. The nodules primarily involved the upper lobes in 

three patients, were diffuse in three, and were predominant 

in the lower lung zones in one. Areas of ground-glass 

opacity were present in three of the seven patients, and 

patchy areas of consolidation were present in two. 

Calcification of some or all of the nodules was seen on CT in 

four of the seven patients.  
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Six of the seven patients also had evidence of calcification 

in the vessels of the chest wall, and one had calcification of 

the left atrial wall. 



 

FIG. 3-101. A, B: Patchy areas of ground-glass opacity and 

interlobular septal thickening in a patient  with diffuse 

bronchioloalveolar carcinoma. Nodules within the left lung 

and nodular thickening of the subpleural interstitium 

adjacent to the left major fissure also reflect tumor spread. 

Focal lucencies within the upper lobes are caused by 

underlying emphysema. 

Alveolar Microlithiasis 

The HRCT appearances of several patients with pulmonary 

alveolar microlithiasis have been reported, corresponding 



closely to pathologic findings in this disease [211,212,213]. 

Alveolar microlithiasis is characterized by widespread 

intraalveolar calcifications, representing so-called microliths 

or calcospheres. HRCT shows a posterior and lower lobe 

predominance of the calcifications, with a high concentration 

in the subpleural parenchyma and in association with 

bronchi and vessels (Fig. 3-107). A perilobular and 

centrilobular distribution of the calcifications may be seen, 

or calcifications may be associated with interlobular septa. 

Intraparenchymal cysts or paraseptal emphysema may be 

associated [211,212]. In children or patients with early 

disease, ground-glass opacity or reticulation may be the 

predominant finding, with calcification being inconspicuous 

[213]. 

Amiodarone Pulmonary Toxicity 

Amiodarone is a triiodinated drug used to treat refractory 

tachyarrhythmias. It accumulates in lung, largely within 

macrophages and type-2 pneumocytes, where it forms 

lamellar inclusion bodies and has a very long half -life. In 

some patients, accumulation of the drug results in 

pulmonary toxicity with interstitial pneumonia and fibrosis, 

although the mechanisms of disease are unclear. CT in 

patients with amiodarone can show high-attenuation areas 

of consolidation or high-attenuation nodules or masses, 

sometimes in association with an abnormal reticulation or 

ground-glass opacity (Fig. 3-108) [207,214]. High-

attenuation consolidation or masses  
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were seen in 8 of 11 patients in one series [214], 

correlating with the presence of numerous foamy 



macrophages in the interstitium and alveolar spaces. 

Unconsolidated lung parenchyma does not appear 

abnormally dense. Because the drug also accumulates in the 

liver and spleen, these also appear abnormally dense on 

scans obtained through the lung bases. 

 

ALGORITHM 5 

Heavy Metal Pneumoconiosis 

Inhalation of radiodense material, such as iron oxide, tin, 

and barium, may result in dense pulmonary lesions. The 



HRCT appearance of dense lung lesions secondary to inhaled 

iron oxide has been reported in welders [215]. 

TABLE 3-11. Differential diagnosis of 

consolidation 

Diagnosis Course Comments 

Pneumonia (e.g., 

bacterial, 

Pneumocystis carinii, 

viral, Mycoplasma 

pneumonias) 

Acute Patchy, nodular, 

lobular, or 

diffuse 

depending on 

the organism 

Acute interstitial 

pneumonia; acute 

respiratory distress 

syndrome 

Acute Patchy or diffuse 

Pulmonary edema Acute Diffuse 

Pulmonary 

hemorrhage 

Acute Patchy or diffuse 

Acute eosinophilic 

pneumonia 

Acute Diffuse 

Radiation pneumonitis Acute Extent usually 

corresponds to 



radiation ports 

Bronchiolitis 

obliterans organizing 

pneumonia 

Subacute, 

chronic 

Common; 

peripheral; can 

be masslike 

Chronic eosinophilic 

pneumonia 

Subacute, 

chronic 

Patchy or 

nodular; 

peripheral 

Churg-Strauss 

syndrome 

Subacute, 

chronic 

Consolidation 

also present; 

nodular 

Bronchioloalveolar 

carcinoma (diffuse) 

Subacute, 

chronic 

Diffuse, patchy, 

or nodular 

Lymphoma Subacute, 

chronic 

Diffuse, patchy, 

or nodular 

Nonspecific interstitial 

pneumonia 

Subacute, 

chronic 

Patchy; 

subpleural 

Usual interstitial 

pneumonia and 

idiopathic pulmonary 

fibrosis 

Subacute, 

chronic 

Subpleural and 

basal 

predominance 



Hypersensitivity 

pneumonitis 

Subacute, 

chronic 

Patchy; ground-

glass opacity 

more common 

Lipoid pneumonia Subacute, 

chronic 

Patchy or 

lobular; low-

attenuation 

consolidation 

Sarcoidosis Subacute, 

chronic 

Confluence of 

very small 

granulomas 

Alveolar proteinosis Subacute, 

chronic 

Ground-glass 

opacity more 

common 

 

 

FIG. 3-102. A, B: Bronchiolitis obliterans organizing 

pneumonia with patchy areas of consolidation and ground-



glass opacity. A peripheral distribution is typical.  

 

FIG. 3-103. Eosinophilic pneumonia with focal areas of 

consolidation and ground-glass opacity. As in patients with 

bronchiolitis obliterans organizing pneumonia, a peripheral 

distribution is typical. Note the presence of air 

bronchograms and obscuration of vessels in the apical 

opacity (arrow). 



 

FIG. 3-104. A, B: Eosinophilic pneumonia with focal areas 

of consolidation having a peripheral and subpleural 

distribution. 
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FIG. 3-105. Calcification (arrow) within nodular lung 

disease in a patient with sarcoidosis. 

 

FIG. 3-106. A 42-year-old man with chronic renal failure 

and metastatic calcification. A: HRCT shows nodular areas of 

opacity that appear centrilobular, as well as some ground-

glass opacities. B: Soft-tissue window scan shows multiple 

areas of calcification within these opacit ies. 

 

FIG. 3-107. HRCT in a patient with alveolar microlithiasis, 



with lung (A) and soft-tissue (B) windows. Calcifications 

that are very small and diffuse show a subpleural 

predominance. (Courtesy of Joseph Cherian, M.D., Al -Sabah 

Hospital, Kuwait.) 

 

FIG. 3-108. HRCT in pulmonary amiodarone toxicity. A: On 

an unenhanced HRCT, a focal area of dense lung 

consolidation is present in the posterior lung. A pleural 

effusion is also visible, due to cardiac decompensation. B: 

In another patient with amiodarone toxicity, a lung window 

scan shows areas of ground-glass opacity, consolidation, 

nodular opacities, and abnormal reticulation. The high 

attenuation cannot be appreciated with this window setting.  
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Decreased Lung Opacity, Cysts, and 

Airway Abnormalities 

A variety of abnormalities result in decreased lung 

attenuation or air-filled cystic lesions on HRCT. These 

include honeycombing, lung cysts, emphysema, bullae, 

pneumatoceles, cavitary nodules, bronchiectasis, mosaic 

perfusion, and air-trapping due to airways disease (Fig. 3-

109). In most cases, these can be readily distinguished on 

the basis of HRCT findings [216]. 

Honeycombing 

In patients with interstitial fibrosis, alveolar disruption, 

dilatation of alveolar ducts, and bronchiolar dilatation result 

in the formation of honeycomb cysts [8,217]. These cysts  
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have fibrous walls and are lined by bronchiolar epithelium. 

On HRCT, honeycombing is characterized by the presence of 

air-filled, cystic spaces, several millimeters to several 

centimeters in diameter, which often predominate in a 

peripheral and subpleural location, occur in several layers, 

and are characterized by clearly definable walls 1- to 3-mm 

in thickness [32,42] (Figs. 3-29, 3-31, 3-32, and 3-110, 3-



111, 3-112). In contradistinction to the lung cysts seen in 

patients with lymphangiomyomatosis (LAM), Langerhans 

histiocytosis and LIP, and the lucencies seen in patients 

with centrilobular emphysema, honeycomb cysts tend to 

share walls. The presence of honeycombing on HRCT 

indicates the presence of severe fibrosis.  

 

FIG. 3-109. HRCT appearances of decreased lung opacity, 

cystic abnormalities, emphysema, bronchiectasis, and 

mosaic perfusion. 

Large cystic spaces, several centimeters in diameter, can be 

associated with honeycombing, mimicking the appearance of 

bullae (Figs. 3-111 and 3-112). These large cysts tend to 



predominate in the upper lobes, but they may be seen at 

the lung bases as well. They often have a subpleural 

predominance. These large honeycomb cysts decrease in 

size on expiratory scans [218,219]. 

Lung Cysts 

On HRCT, the term lung cyst is used to refer to a well-

defined, rounded, and circumscribed lesion, with a wall that 

may be uniform or varied in thickness but which is usually 

thin (less than 3 mm thick) [216]. It usually contains air 

but may also contain liquid, semisolid, or solid material 

[6,216]. Lung cysts are also defined as having a wall 

composed of one of a variety of cellular elements, usually 

fibrous or epithelial in nature [157]. For example, in 

patients with end-stage pulmonary fibrosis, honeycomb 

cysts are lined by bronchiolar epithelium; on the other 

hand, in patients with LAM, the cysts are lined by abnormal 

spindle cells resembling smooth muscle. This term is not 

usually used to describe airspaces in patients with 

emphysema. The term cystic airspace may be used to 

describe a peripheral air-containing lesion surrounded by a 

wall of variable thickness, that may be thin, as in LAM or 

thick as in honeycombing [6]. 



 

FIG. 3-110. Honeycombing in a patient with idiopathic 

pulmonary fibrosis. A, B: On HRCT, honeycombing cysts 

have clearly definable walls a few millimeters in thickness. 

In areas of honeycombing, lobular anatomy cannot be 



resolved because of architectural distortion. Bronchial 

irregularity and traction bronchiectasis (arrows, B) are often 

present in patients with severe fibrosis and may be difficult 

to distinguish from honeycombing. 

 

FIG. 3-111. Honeycombing with large lung cysts. In a 

patient with idiopathic pulmonary fibrosis, peripheral 

honeycombing, traction bronchiectasis, and several large 

lung cysts (arrows) are visible. 



 

FIG. 3-112. Idiopathic pulmonary fibrosis with asymmetric 

honeycombing and large lung cysts. Peripheral 

honeycombing and irregular reticular opacities are 

associated with large lung cysts. These are predominantly 

subpleural in location. 

TABLE 3-12. Differential diagnosis of 

cystic lung disease 

Diagnosis Comments 

Lymphangiomyomatosis 

(LAM) 

Cysts usually round and 

relatively uniform in size 

and shape; diffuse lung 

involvement; almost 

exclusively in women 



Langerhans histiocytosis Cysts have unusual shapes; 

larger and more numerous 

in lung apices; costophrenic 

angles usually spared; small 

nodules may be present 

Lymphocytic interstitial 

pneumonitis 

Less numerous than in LAM 

or histiocytosis; nodules 

may be associated 

Bullae Subpleural distribution in 

most cases; single layer at 

the pleural surface; 

centrilobular emphysema 

may be present 

Pneumatoceles Scattered; patchy 

distribution; limited in 

number; findings of 

pneumonia 

Honeycombing Subpleural predominance; 

multiple layers at the 

pleural surface; cysts share 

walls; findings of fibrosis 

Cystic bronchiectasis Clustered or perihilar 

distribution; air-fluid levels 

may be present 
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LAM, Langerhans histiocytosis, and LIP often produce 

multiple lung cysts, whose appearance on HRCT is usually 

quite distinct from that of honeycombing (Table 3-12) 

[17,18,92,93,220,221,222,223,224,225]. The cysts have a 

thin but easily discernible wall in most instances, ranging up 

to a few millimeters in thickness (Figs. 3-113, 3-114, 3-115, 

3-116, 3-117, 3-118). Associated findings of fibrosis are 

usually absent or much less conspicuous than they are in 

patients with honeycombing and end-stage lung disease. In 

LAM, Langerhans histiocytosis, and LIP, the cysts are 

usually interspersed within areas of normal-appearing lung. 

In patients with Langerhans histiocytosis, the cysts can 

have bizarre shapes because of the fusion of several cysts, 

or perhaps because they represent ectatic and thick -walled 

bronchi (Figs. 3-113, 3-114, 3-115). Although confluent 

cysts can also be seen with LAM, they are less common; in 

patients with LAM, cysts generally appear rounder and more 

uniform in size than those seen with histiocytosis (Figs. 3-

116, 3-117, 3-118). Multiple thin-walled lung cysts are also 

seen in patients with LIP (see Figs. 5-19 and 5-61) 

[17,18,225]. In one study of 22 patients with LIP, cystic 

air-spaces were seen in 15; other findings included small 

subpleural nodules, centrilobular nodules, interlobular septal 

thickening, and ground-glass attenuation [17]. 

As described above, the term lung cyst refers to a specific 

type of cystic space within the lung parenchyma. If possible, 

lung cysts should be distinguished from other air -containing 

spaces, such as emphysematous bullae, blebs, and 



pneumatoceles, which are described in the paragraphs that 

follow. 

Emphysema 

Emphysema is defined as a permanent, abnormal 

enlargement of airspaces distal to the terminal bronchiole 

and accompanied by the destruction of the walls of the 

involved airspaces [216]. Emphysema can be accurately 

diagnosed using HRCT [32,43,96,226,227,228] and results 

in focal areas of very low attenuation that can be easily 

contrasted  
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with surrounding higher-attenuation normal lung 

parenchyma if sufficiently low-window means [-600 to -800 

Hounsfield units (HU)] are used (Figs. 3-119, 3-120, 3-121, 

3-122 and 3-123 and 3-125, 3-126, 3-127, 3-128 and 3-

129). Although some types of emphysema can have walls 

visible on HRCT, these are usually inconspicuous.  



 

FIG. 3-113. Langerhans histiocytosis with lung cysts. HRCT 

at two levels show numerous thin-walled lung cysts. The 

cysts are larger and most numerous in the upper lobes (A) 

than in the lower (B), as is characteristic of this disease. 

Some cysts (arrows) are confluent, branching, or irregular 

in shape. Note that the intervening lung appears normal. 

The peripheral predominance commonly seen with 



honeycombing is absent. 

In many patients, it is possible to classify the type of 

emphysema on the basis of its HRCT appearance [32,43]. 

Centrilobular (proximal or centriacinar) emphysema is 

characterized on HRCT by the presence of multiple small 

lucencies that predominate in the upper lobes and, in some 

subjects or regions, may appear centrilobular (Figs. 3-109 

and 3-119, 3-120, 3-121, 3-122 and 3-123). Even if the 

centrilobular location of these lucencies is not visible, a 

spotty distribution is typical of centrilobular emphysema 

(Figs. 3-121, 3-122, 3-123). In most cases, the areas of low 

attenuation seen on HRCT in patients with centrilobular 

emphysema lack a visible wall, although very thin walls are 

occasionally visible and are related to areas of fibrosis ( Fig. 

3-122). In severe cases, the areas of centrilobular 

emphysema may become confluent. 

Panlobular (panacinar) emphysema typically results in an 

overall decrease in lung attenuation and a reduction in size 

of pulmonary vessels, without the focal areas of lucency 

typically seen in patients with centrilobular emphysema 

(Fig. 3-124). Areas of panlobular emphysema typically lack 

visible walls. This form of emphysema has been aptly 

described as a diffuse simplification of lung architecture. 

Severe or confluent centrilobular emphysema can mimic this 

appearance (Figs. 3-125 and 3-126). 



 

FIG. 3-114. HRCT in a man with Langerhans histiocytosis. 

The cysts vary in size, and many are irregular in shape. 

These findings are typical of this disease. (Courtesy of 

Marcia McCowin, San Francisco, CA.) 

 

FIG. 3-115. HRCT in a patient with cystic lung disease 

typical of Langerhans histiocytosis. Multiple lung cysts, 



many bifurcating or complex, are interspersed within 

normal-appearing lung. (Courtesy of Shin-Ho Kook, M.D., 

Koryo General Hospital, Seoul, Korea.) 

 

FIG. 3-116. HRCT in a patient with tuberous sclerosis and 

lymphangiomyomatosis. Cystic airspaces have clearly 

defined walls measuring up to 2 mm in thickness. 



 

FIG. 3-117. HRCT in a woman with lymphangiomyomatosis. 

Cysts are rounder and more regular in size than those seen 

in patients with Langerhans histiocytosis.  

 

FIG. 3-118. HRCT in a young woman with 

lymphangiomyomatosis associated with tuberous sclerosis. 

Cysts are round and very thin walled. Intervening lung 



parenchyma appears normal. 
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Paraseptal (distal acinar) emphysema results in the 

presence of subpleural lucencies, which often share very 

thin walls that are visible on HRCT; paraseptal emphysema 

can be seen as an isolated abnormality but is often 

associated with centrilobular emphysema (Figs. 3-127, 3-

128, 3-129). 

Irregular airspace enlargement , previously known as 

irregular or cicatricial emphysema, can be seen in 

association with fibrosis, as in patients with silicosis and 

progressive massive f ibrosis or sarcoidosis (see Fig. 5-47) 

[95,229]. 

Bullous emphysema does not represent a specific histologic 

entity but represents emphysema characterized primarily by 

large bullae (Fig. 3-129) [230]. It is often associated with 

centrilobular and paraseptal emphysema. These types of 

emphysema and their HRCT appearances are further 

described in Chapter 7. 

Paraseptal Emphysema versus 

Honeycombing 

The appearance of paraseptal emphysema may mimic that of 

honeycombing in some cases, although a careful 

consideration of anatomic findings usually allows them to be 

distinguished. In patients with paraseptal emphysema, 



areas of lung destruction are typically marginated by thin 

linear opacities extending to the pleural surface. These 

linear opacities often correspond to interlobular septa, 

sometimes thickened by minimal fibrosis (Figs. 3-109 and 3-

127, 3-128 and 3-129). Areas of paraseptal emphysema 

usually occur in a single layer at the pleural surface, 

predominate in the upper lobes, and may be associated with 

other findings of emphysema such as large subpleural 

bullae, but are typically unassociated with significant 

fibrosis. Honeycomb cysts are usually  
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smaller, occur in several layers in the subpleural lung, tend 

to predominate at the lung bases, and are assoc iated with 

disruption of lobular architecture and other findings of 

fibrosis, such as traction bronchiectasis. In occasional 

patients, emphysema and honeycombing coexist. In such 

cases, emphysema usually predominates in the upper lobes 

and central or subpleural lung, whereas honeycombing 

predominates at the bases and in the subpleural lung 

regions (Fig. 3-130). The HRCT appearance, however, may 

be confusing. 

 



FIG. 3-119. Isolated inflated lung from a patient with 

centrilobular emphysema. A: Small lucencies without 

identifiable walls are present. Some lucencies are seen to 

cluster around a centrilobular artery (arrow). This 

appearance is typical of centrilobular emphysema. B: On the 

corresponding lung section, the small centrilobular foci of 

destruction are clearly seen. (From Webb WR, Stein MG,  et 

al. Normal and diseased isolated lungs: HRCT. Radiology 

1988;166:81, with permission.) 



 

FIG. 3-120. Centrilobular emphysema in an isolated lung. 

A: More severe, but patchy, emphysema is visible on the 

HRCT. The areas of destruction cluster about the 

centrilobular arteries (arrows). (From Webb WR, Stein MG, 

et al. Normal and diseased isolated lungs: HRCT. Radiology 

1988;166:81, with permission.) B: On the pathologic 



specimen, some lobules ( large arrows) show extensive 

destruction. In some, the centrilobular artery remains 

visible (small arrow) within the area of emphysema. 

Centrilobular Emphysema versus Lung 

Cysts 

In many patients with centrilobular emphysema, the focal 

areas of lucency that characterize this condition lack visible 

walls; lung cysts, on the other hand, have walls 

recognizable on HRCT. However, in some patients with 

centrilobular emphysema, areas of lung destruction show 

very thin walls on HRCT, mimicking the appearance of lung 

cysts. These walls likely reflect the presence of minimal 

lung fibrosis or compressed adjacent lung parenchyma and 

are usually less well-defined than those seen in patients 

with cystic lung disease. Also, lung cysts often appear larger 

than areas of centrilobular emphysema, which usually range 

from several millimeters to 1 cm. In patients with 

centrilobular emphysema, lucencies can often be seen 

involving only one part of an otherwise normal-appearing 

secondary lobule (Fig. 3-109); this appearance is 

diagnostic. 



 

FIG. 3-121. Centrilobular emphysema on HRCT. Spotty 

areas of lucency predominate in the upper lobes. This 

appearance is typical and diagnostic. The small areas of 

emphysema lack visible walls.  
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Bullae and Blebs 

Emphysematous bullae are well seen using HRCT. A bulla 

has been defined as a sharply demarcated area of 

emphysema measuring 1 cm or more in diameter and 

possessing a thin epithelialized wall that is usually no 

thicker than 1 mm (Figs. 3-128 and 3-129) [6,157]. 

Although it is not always possible to distinguish a bulla from 

a lung cyst, bullae are uncommon as isolated findings, 

except in the lung apices, and are usually  associated with 

evidence of extensive centrilobular or paraseptal 

emphysema. Subpleural bullae are often associated with 



areas of paraseptal emphysema. When emphysema is 

associated with predominant bullae, it may be termed 

bullous emphysema [230]. 

On HRCT, bullae show a distinct wall that usually appears 

approximately 1-mm thick. Bullae can range up to 20 cm in 

diameter but are usually between 2 and 8 cm in diameter. 

Bullae can be seen in a subpleural location or within the 

lung parenchyma, but subpleural bullae appear more 

frequently. In patients with bullous emphysema, bullae are 

often asymmetric, with one lung being involved to a greater 

degree [230]. 

The term bleb is used pathologically to refer to a gas-

containing space within the visceral pleura [157]. 

Radiographically, this term is sometimes used to describe a 

focal thin-walled lucency contiguous with the pleura, usually 

at the lung apex. However, the distinction between bleb and 

bulla is of little practical significance and is seldom 

justified. The term bulla is preferred [157]. 

Pneumatocele 

Pneumatocele is defined as a thin-walled, gas-filled space 

within the lung, usually occurring in association with acute 

pneumonia and almost invariably transient [157]. 

Pneumatocele has an appearance similar to lung cyst or 

bulla on HRCT and cannot be distinguished on the basis of 

HRCT findings. The association of such an abnormality with 

acute pneumonia, particularly resulting from P. carinii or 

Staphylococcus, would suggest the presence of a 

pneumatocele, but a spectrum of cystic abnormalities can be 

seen in such patients (Figs. 3-131 and 3-132) 

[231,232,233]. The association of lung cysts or bullae with 

P. carinii pneumonia is discussed in Chapter 6. 



 

FIG. 3-122. Centrilobular emphysema on HRCT. Spotty 

areas of lucency predominate in the upper lobes. This 

appearance is typical and diagnostic. Some of the areas of 

emphysema have very thin walls, likely reflecting the 

presence of associated fibrosis.  



 



FIG. 3-123. A-C: Centrilobular emphysema on HRCT 

showing an upper lobe predominance. Spotty areas of 

lucency predominate in the upper lobes (A), and some are 

centrilobular in location, surrounding small vessels. At lower 

levels (B and C), lucencies are smaller in size and more 

normal lung is visible. 

 

FIG. 3-124. Panlobular emphysema in two patients. A: On 

HRCT, lung volumes are increased, the lungs appear lucent, 



and the size of pulmonary vessels is diminished. Focal 

lucencies, as seen in patients with centrilobular emphysema, 

are not visible. B: Panlobular emphysema in a patient who 

has had a right lung transplantation. The right lung is 

normal in appearance and attenuation.  The emphysematous 

left lung is abnormally lucent, increased in volume, and 

contains fewer and smaller visible vessels.  
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Cavitary Nodules 

Cavitary nodules have thicker and more irregular walls than 

lung cysts, but there is some overlap between these 

appearances (Figs. 3-133 and 3-134). In patients with 

diffuse lung diseases, such nodules have been reported in 

Langerhans histiocytosis [92,93], tuberculosis [65], fungal 

infections, and sarcoidosis [97], but they could also be seen 

in patients with such disorders as rheumatoid lung disease, 

septic embolism, pneumonia, metastatic tumor, 

tracheobronchial papillomatosis (Fig. 3-134), and Wegener's 

granulomatosis. Also, some nodular opacities that have 

central lucencies may represent dilated bronchioles 

surrounded by areas of consolidation or interstitial 

thickening [92]. 

Bronchiectasis 

Bronchiectasis is generally defined as localized, irreversible 

bronchial dilatation, often with thickening of the bronchial 



wall [6,234]. Generally speaking, a bronchus is considered 

to be dilated if its internal diameter is greater than that of 

its accompanying artery (Figs. 3-7, 3-109, and 3-135). 

However, this appearance is sometimes seen in normals 

[235]. Also, a bronchus may normally appear larger than its 

adjacent artery if the scan traverses an undivided bronchus 

near its branch point, and its accompanying artery has 

already branched. In this situation, two artery branches 

may be seen to lie adjacent to the “dilated” bronchus (Fig. 

3-135). The presence of bronchial wall thickening in 

addition to an increase in bronchial diameter can be helpful 

in diagnosing true bronchiectasis.  

Although bronchiectasis usually results from chronic 

infection, airway obstruction by tumor, stricture, impacted 

material, or inherited abnormalities can also play a 

significant role. Bronchiectasis has been classified into three 

types, depending on the morphology of the abnormal 

bronchi, although these distinctions are of little clinical 

value [216]. The HRCT diagnosis of bronchiectasis is 

described in detail in Chapter 8. 



 

FIG. 3-125. Confluent centrilobular emphysema. Areas of 

centrilobular emphysema have coalesced in the posterior 

right lung (arrows), resulting in an area of very low 

attenuation that mimics the appearance of panlobular 

emphysema. Mild interlobular septal thickening is also 

visible, usually indicative of some associated fibrosis.  
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Cylindrical bronchiectasis, the mildest form of this disease, 

is characterized on HRCT by the presence of thick -walled 

bronchi that extend into the lung periphery and fail to  show 

normal tapering. On HRCT, bronchi are not normally visible 

in the peripheral 1 cm of lung, but in patients with 

bronchiectasis, bronchial wall thickening, peribronchial 

fibrosis, and dilatation of the bronchial lumen, they can be 

seen in the lung periphery (Figs. 3-7, 3-109, 3-135, and 3-



136) [236,237]. Depending on their orientation relative to 

the scan plane they can simulate tram tracks or can show 

the signet ring sign, in which the dilated, thick -walled 

bronchus and its accompanying pulmonary artery branch are 

seen adjacent to each other [34]. Ectatic bronchi containing 

fluid or mucus appear as tubular opacities.  

 

FIG. 3-126. Confluent centrilobular emphysema in an 

isolated lung. On HRCT, areas of centrilobular emphysema 

have coalesced to form peripheral bulla. These are 

marginated by residual normal septa. Because of its 

peripheral location, this may be termed paraseptal 

emphysema. 

Varicose bronchiectasis  is similar in appearance to 

cylindrical bronchiectasis; however, with varicose 

bronchiectasis the bronchial walls are more irregular and 

can assume a beaded appearance (Figs. 3-109, 3-137, and 



3-138). The term string of pearls has been used to describe 

varicose bronchiectasis. Traction bronchiectasis often 

appears varicose. 

 

FIG. 3-127. Centrilobular and paraseptal emphysema. 

Small isolated areas of destruction are present within the 

central upper lobes and adjacent to the mediastinal pleura. 

Some of the paramediastinal cysts (arrows) have visible 

walls, as is characteristic of paraseptal emphysema.  



 

FIG. 3-128. HRCT in a patient with paraseptal and 

centrilobular emphysema. The larger areas of subpleural 

emphysema (arrows) are most appropriately termed bullae.  
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Cystic bronchiectasis most often appears as a group or 

cluster of air-filled cysts, but cysts can also be fluid-filled, 

giving the appearance of a cluster of grapes. Cystic 

bronchiectasis is often patchy in distribution, allowing it to 

be distinguished from a cystic lung disease such as LAM 

(Figs. 3-109 and 3-139). Also, air-fluid levels, which may be 

present in the dependent portions of the cystic dilated 

bronchi, are a very specific sign of bronchiectasis and are 

not usually seen in patients with lung cysts.  



 

FIG. 3-129. HRCT in a patient with paraseptal and 

centrilobular emphysema associated with large bullae. Small 

lucencies lacking walls in the central lung (white arrows) 

represent centrilobular emphysema. Subpleural lucencies 

(black arrow) reflect associated paraseptal emphysema. 

Large bullae are also subpleural in location.  

Traction Bronchiectasis 



In patients with lung fibrosis and distortion of lung 

architecture, traction bronchiectasis is commonly present 

(Figs. 3-28, 3-29, 3-82, and 3-140). In this condition, 

traction by fibrous tissue on the walls of bronchi results in 

irregular bronchial dilatation, or bronchiectasis, which is 

typically varicose in appearance [31,32]. Traction 

bronchiectasis usually involves the segmental and 

subsegmental bronchi and can also affect small peripheral 

bronchi or bronchioles. Dilatation of intralobular bronchioles 

because of surrounding fibrosis is termed traction 

bronchiolectasis. In patients with honeycombing, bronchiolar 

dilatation contributes to the cystic appearance seen on 

HRCT [8]. 

The increased transpulmonary pressure and elastic recoil 

associated with advanced pulmonary fibrosis, along with 

local distortion of airways by fibrotic tissue, contribute to 

the varicose dilatation of airways seen in these conditions. 

Because of peribronchial interstitial thickening, bronchial 

walls can appear to measure up to several millimeters in 

thickness. Traction bronchiectasis is usually most marked in 

areas of lung that show the most severe fibrosis . It is 

commonly seen in association with honeycombing, as is 

bronchiolectasis. Mucoid impaction or air -fluid levels are 

characteristically absent. 

Mosaic Perfusion 

Lung density and attenuation are partially determined by 

the amount of blood present in lung tissue. On HRCT, 

inhomogeneous lung opacity can result from regional 

differences in lung perfusion in patients with airways 

disease or pulmonary vascular disease [124,125,238]. 

Because this phenomenon is often patchy or mosaic in 



distribution, with adjacent areas of lung being of differing 

attenuation, it has been termed mosaic perfusion [5] or 

mosaic oligemia [239], although the former term is most 

appropriate [6]. Areas of relatively decreased lung opacity 

seen on HRCT can be of varying sizes and sometimes appear 

to correspond to lobules, segments, lobes, or an entire lung 

(Figs. 3-63, 3-109, 3-138, and 3-141, 3-142, 3-143, 3-144 

and 3-145). In almost all cases, mosaic perfusion is seen in 

association with diseases causing regional decreases in lung 

perfusion. However, differences in attenuation between 

normal and abnormal lung regions recognizable on HRCT are 

accentuated by compensatory increased perfusion of normal 

or relatively normal lung areas. 

Mosaic perfusion is most frequent in patients with airways 

diseases that result in focal air -trapping or poor ventilation 

of lung parenchyma (Figs. 3-141, 3-142, 3-143, 3-144) 

[124,125,238]; in these patients, areas of poorly ventilated 

lung are poorly perfused because of reflex vasoconstriction 

or because of a permanent reduction in the pulmonary 

capillary bed. In our experience, this finding has been most 

common in patients with bronchiolitis obliterans 

(constrictive bronchiolitis) (Figs. 3-142, 3-143, 3-144) or 

other diseases associated with small airways obstruction 

such as cystic fibrosis or bronchiectasis of any cause  
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(Figs. 3-63 and 3-141), but it can also be seen as a result 

of large bronchial obstruction [240,241,242]. Mosaic 

perfusion has also been reported in association with 



pulmonary vascular obstruction such as that caused by 

chronic pulmonary embolism [239,243,244]. 



 



FIG. 3-130. HRCT at three levels in a patient with 

combined honeycombing and centrilobular and paraseptal 

emphysema. A: In the upper lobes, clear-cut areas of 

centrilobular emphysema (white arrows) can be seen, with 

subpleural bullae due to paraseptal emphysema (black 

arrow). B: At a lower level, findings of both emphysema and 

fibrosis are visible. Areas of paraseptal emphysema are 

visible anteriorly (black arrows) whereas honeycombing and 

traction bronchiectasis are visible in the posterior lung 

(white arrows). Paraseptal emphysema occurs in a single 

layer whereas honeycomb cysts occur in multiple layers. C: 

Near the lung bases, findings of honeycombing and fibrosis 

predominate. 

 

FIG. 3-131. HRCT in a patient with Pneumocystis carinii 

pneumonia shows ground-glass opacity and focal lung cysts 

representing pneumatoceles. 

Regardless of its cause, when mosaic perfusion is present, 

pulmonary vessels in the areas of decreased opacity often 

appear smaller than vessels in relatively dense areas of lung 

[125,244] (Figs. 3-141, 3-142, 3-143, 3-144, 3-145). This 



discrepancy reflects differences in regional blood flow and 

can be quite  
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helpful in distinguishing mosaic perfusion from ground-glass 

opacity, which can otherwise have a similar patchy 

appearance. In patients with ground-glass opacity, vessels 

usually appear equal in size throughout the lung. For 

example, in a series of 48 patients with mosaic perfusion 

primarily due to airways disease, Im et al. [245] observed 

smaller vessels in areas of low attenuation in 93.8% of 

cases. It must be pointed out, however, that decreased 

vessel size may be subtle and difficult to observe in some 

patients with mosaic perfusion. In a blinded study by 

Arakawa et al. [246] of patients with inhomogeneous lung 

opacity of various causes, only 68% of patients with airways 

or vascular disease were thought to show small vessels in 

areas of low attenuation. 



 

FIG. 3-132. HRCT at two levels in an acquired 

immunodeficiency syndrome patient with recurrent 

Pneumocystis carinii pneumonia associated with 

pneumatoceles and pneumothorax. A: Patchy areas of 

ground-glass opacity are associated with a number of small 

cystic spaces representing pneumatoceles. A moderate 

pneumothorax is present on the right, and a small 

pneumothorax is visible on the left. B: At a  lower level, one 

of the cystic lesions (arrow) in the right lung is visible 

protruding into the air-filled pleural space. The rupture of 



such a lesion likely accounts for the pneumothorax.  

 

FIG. 3-133. Cavitary nodules in an acquired 

immunodeficiency syndrome patient with a fungal 

pneumonia. Nodules appear both solid and cavitary. The 

cavitated nodule in the right upper lobe is thick -walled. 



 



FIG. 3-134. A-C: Cavitary nodules or cysts in a patient with 

tracheobronchial papillomatosis. Thin-walled cystic lesions 

are visible, with a predominance in the right lung. 

Associated nodules may be seen within cysts (arrow, A) or 

within lung parenchyma (arrow, C). 

Mosaic Perfusion Due to Airways 

Disease 

In patients with mosaic perfusion resulting from airways 

disease, abnormal dilated or thick-walled airways (i.e., 

bronchiectasis) may be visible in the relatively lucent lung 

regions, thus suggesting the proper diagnosis 

[125,242,246]. In one study [247], abnormal airways were 

seen in 70% of patients with airways disease and mosaic 

lung attenuation (Figs. 3-141, 3-142, and 3-144). Mosaic 

perfusion can be seen in a variety of airways diseases 

including bronchiectasis, cystic fibrosis, and constrictive 

bronchiolitis. In patients with mosaic perfusion secondary to 

airways disease, lobular areas of low attenuation are 

common. Air-trapping on expiratory  
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scans, described in the section below, is often helpful in 

confirming the diagnosis. 



 

FIG. 3-135. Bronchiectasis and pseudobronchiectasis. 

Bronchiectasis is considered to be present if the internal 

diameter of a bronchus is greater than that of its 

accompanying artery (i.e.,  the signet ring sign) ( large white 

arrow). In the left lower lobe, a bronchus appears to be 

dilated because its adjacent artery has divided into two 

branches (small white arrows). In the left upper lobe (black 

arrow), a cardiac pulsation or “doubling” art ifact results in 

the appearance of bronchiectasis.  



 

FIG. 3-136. Cylindrical bronchiectasis in two patients. A: 

Dilated bronchi in the anterior lung are seen extending to 

the pleural surface. Bronchi are not normally visible in the 

peripheral 1 cm of lung. The dilated bronchi appear largely 

cylindrical ( large arrow). The signet ring sign (small arrow) 

is visible posteriorly. Note that bronchial walls are 

thickened. B: Cylindrical bronchiectasis in another patient is 

associated with the signet ring sign ( large arrow). A smaller 

bronchus is thick-walled and is contiguous with a tree-in-

bud in the more peripheral lung (small arrows). C: At a 

lower level in the patient shown in B, mucous plugging of 

dilated bronchi in the lower lobes (arrows) has a nodular 

appearance. 



Mosaic Perfusion Due to Vascular 

Disease 

Inhomogeneous lung attenuation is common in patients with 

chronic pulmonary embolism (CPE), and decreased vessel 

size in less opaque regions is often visible (Fig. 3-145). In a 

study of pulmonary parenchymal abnormalities in 75 

patients with CPE, 58 patients (77.3%) showed mosaic 

perfusion with normal or dilated arteries in areas of 

hyperattenuation [244]; areas of relatively increased 

attenuation averaged -727 HU, whereas areas of decreased 

attenuation averaged -868 HU. In another study of patients 

with pulmonary hypertension due to CPE, pulmonary 

hypertension of other causes, and a variety of other 

pulmonary diseases, HRCT was thought to show mosaic 

perfusion in all patients with CPE [248]. Considerably more 

variation in vessel size in different lung regions was also 

visible in the patients with CPE. Overall, HRCT had a 

sensitivity  
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of 94% to 100% and a specificity of 96% to 98% in 

diagnosing CPE [248]. 



 



FIG. 3-137. Bronchiectasis in a patient with cystic fibrosis. 

A: In the upper lung, multiple dilated thick-walled bronchi 

are present. The signet ring sign is visible (arrow). B: 

Irregular or varicose bronchiectasis is visible in the anterior 

right lung ( large white arrow). Mucous plugging of bronchi is 

also visible (small white arrows), as is tree-in-bud (black 

arrows). C: Multiple dilated bronchi with examples of the 

signet ring sign are also visible at the lung bases.  

 

FIG. 3-138. HRCT in a patient with varicose bronchiectasis 

resulting from allergic bronchopulmonary aspergillosis. 

Irregular bronchial dilatation (white arrow) is visible in the 

anterior right lung. Dilatation of small bronchioles in the 

peripheral lung is visible, as is tree-in-bud. Patchy lung 

opacity, with focal regions of decreased and increased 



attenuation (black arrows), reflects mosaic perfusion. 

 

FIG. 3-139. Cystic bronchiectasis involving the right middle 

lobe. The focal distribution allows distinction of this entity 

from cystic lung disease, such as in lymphangiomyomatosis.  

The frequency with which a mosaic pattern of lung opacity is 

seen on CT in patients with various causes of pulmonary 

artery hypertension (PAH) has also been studied [249]. 

Twenty-one patients had PAH caused by lung disease; 17 

patients, caused by cardiac disease; and 23 patients, 

caused by vascular disease. Of the 23 patients with PAH 

caused by vascular disease, 17 patients (74%) had a mosaic 

pattern of lung attenuation; 12 of these had CPE. Of the 21 

patients with PAH caused by lung disease, one patient (5%) 

had a mosaic pattern of lung attenuation. Among the 17 

patients with PAH caused by cardiac disease, two patients 

(12%) had a mosaic pattern of lung attenuation [249]. 

Thus, a mosaic pattern of lung attenuation was seen 



significantly more often in patients with PAH caused by 

vascular disease than in patients with PAH caused by 

cardiac or lung disease. 

In patients with vascular disease as a cause of mosaic 

perfusion, areas of low attenuation are usually larger than 

lobules. In patients with mosaic perfusion occurring in 

association with CPE, enlargement of the main pulmonary 

arteries may be visible because of pulmonary hypertension 

(see Chapter 9). 

Algorithmic Approach to the Diagnosis 

of Decreased Lung Opacity 

The following series of algorithms may be used to help 

conceptualize the diagnosis of focal or diffuse lung 

lucencies. 

Decreased lung opacity may be caused by (i) lung 

destruction, resulting in discrete cystic airspaces not 

containing recognizable vessels, or (ii) reduction in lung 

attenuation, or inhomogeneous lung attenuation, without 

the presence of discrete air-filled spaces or loss of visible 

vessels (Algorithm 7A). The presence of a ir-filled cystic 

spaces or focal lung destruction may indicate the presence 

of honeycombing,  

P.165 

 

emphysema, cystic bronchiectasis, lung cysts, or 

pneumatoceles. A reduction in lung attenuation or patchy 

inhomogeneous lung attenuation may be seen in pat ients 

with panlobular emphysema, airways disease, vascular 

disease, or mixed airway and infiltrative disease.  



 

FIG. 3-140. Traction bronchiectasis in a patient with 

idiopathic pulmonary fibrosis. Dilated bronchi (arrows) are 

visible in the posterior lung base. 

Air-filled cystic spaces first may be classified as subpleural 

or intraparenchymal for the purposes of differential 

diagnosis (Algorithm 7B). Air-filled cystic spaces in the 

subpleural regions may represent paraseptal emphysema or 

honeycombing. Both have distinct walls. Paraseptal 

emphysema is usually distinguishable from honeycombing 

because the cystic spaces occur in a single layer, whereas 

honeycomb cysts usually occur in multiple layers. Areas of 

paraseptal emphysema also can be larger (bullae) than 

typical honeycomb cysts. Parasepta l emphysema tends to 

have an upper lobe predominance and may be associated 

with centrilobular emphysema, whereas honeycombing 

usually has a lower lobe predominance and is associated 

with findings of fibrosis. 



 



FIG. 3-141. A-C: Mosaic perfusion in three patients with 

cystic fibrosis. In each patient, vessels appear larger in 

relatively dense lung regions, a finding of great value in 

making the diagnosis of mosaic perfusion. The relatively 

dense lung regions are normally perfused or overperfused 

because of shunting of blood away from the abnorma l areas. 

Also note that abnormal airways (i.e., bronchiectasis, 

bronchial wall thickening, tree-in-bud) are often visible in 

relatively lucent lung regions. These areas are poorly 

ventilated and poorly perfused. 
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Intraparenchymal cystic airspaces ( i.e., those not occurring 

primarily at the pleural surface) can represent centrilobular 

emphysema, lung cysts, dilated bronchi, or pneumatoceles 

(Algorithm 7C). In patients with centrilobular emphysema, 

areas of lucency do not usually have recognizable wal ls, 

have an upper lobe distribution in most patients, are 

relatively small (less than 1 cm in diameter), have a spotty 

distribution, and may sometimes be seen surrounding a 

centrilobular artery. Cystic bronchiectasis may result in 

clustered or scattered thin-walled cystic airspaces. The 

correct diagnosis may be suggested if air -fluid levels or 

other findings of bronchiectasis are visible. The term lung 

cyst is used to describe a thin-walled, well-defined and 

circumscribed air-containing lesion that is 1 cm or larger in 

diameter. Langerhans histiocytosis and LAM result in 

multiple lung cysts [92,93,220,221,222,223,224]. The cysts 

have a thin but easily discernible wall, ranging up to a few 

millimeters in thickness. Associated findings of fibrosis are 



usually absent or much less conspicuous than they are in 

patients with honeycombing. In these diseases, the cysts 

are usually interspersed within areas of normal-appearing 

lung. In patients with histiocytosis, the cysts can have 

bizarre shapes, typically have an upper lobe predominance, 

and may occur in men. LAM is associated with rounder and 

more uniformly shaped cysts, is diffusely distributed from 

apex to base, and exclusively occurs in women. Cysts are 

rarely seen in patients with LIP associated with Sjögren's 

syndrome, AIDS, or other systemic diseases; cystic 

airspaces in LIP have thin walls, measure 1 to 30 mm in 

diameter, and are typically less numerous than with 

histiocytosis and LAM [17,225,250]. Cysts representing 

pneumatoceles can be seen in patients with  infection, 

particularly P. carinii pneumonia; pneumatoceles are often 

scattered and patchy in distribution and limited in number, 

and findings of pneumonia or a history of pneumonia may be 

present. 

 



FIG. 3-142. HRCT in a patient with bronchiolitis obliterans 

related to rheumatoid arthritis. Bronchiectasis is visible, 

along with patchy lung attenuation, a finding that reflects 

mosaic perfusion. Note that the pulmonary vessels in the 

lucent-appearing peripheral left lung (black arrows) are 

smaller than vessels in the denser medial left lung (white 

arrows). 

 



FIG. 3-143. HRCT in a 9-year-old boy with postinfectious 

bronchiolitis obliterans. Patchy areas of mosaic perfusion 

are visible, with decreased vascular size within the lucent 

regions. 
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Decreased lung attenuation in the absence of cystic 

airspaces, when diffuse, can ref lect panlobular emphysema 

or diffuse airways disease with air -trapping (Algorithm 7D). 

[124,238]. Patchy, decreased lung opacity often reflects 

“mosaic perfusion” [239]; it most often is caused by airway 

and obstructive diseases, such as cystic fibrosis or  

bronchiolitis obliterans, but can also be seen with vascular 

diseases such as CPE. Mosaic perfusion may be recognized 

by the presence of decreased vessel size in areas of 

lucency. The presence of vascular disease as a cause may 

be suggested if findings of pulmonary hypertension or cronic 

pulmonary embolism is present. Similarly, if large or small 

airway abnormalities are visible, then obstructive disease is 

the likely cause (Algorithm 7D). Because inhomogeneous 

lung attenuation resulting from subtle ground-glass opacity 

may also mimic mosaic perfusion, the presence of 

infiltrative disease must also be considered in patients with 

an appearance suggesting mosaic perfusion.  

Inhomogeneous Lung Opacity: 

Differentiation of Mosaic Perfusion 

from Ground-Glass Opacity 



The presence of inhomogeneous lung attenuation on HRCT is 

a common finding; in one study, inhomogeneous lung 

opacity was the predominant HRCT abnormality in 19% of 

scans reviewed [246]. This appearance can be a diagnostic 

dilemma, resulting from (i) ground-glass opacity, (ii) mosaic 

perfusion resulting from airways obstruction and reflex 

vasoconstriction, (iii) mosaic perfusion resulting from 

vascular obstruction, or (iv) a combination of these (i.e., 

mixed disease). Because the finding of inhomogeneous lung 

opacity may be nonspecific, it has been referred to as the 

mosaic pattern [251]. However, most cases of 

inhomogeneous opacity can be correctly classified as one of 

these based on HRCT findings [246,247]. 



 

FIG. 3-144. A, B: HRCT in a bone marrow transplant 

recipient with bronchiolitis obl iterans. Patchy areas of 

mosaic perfusion are visible, associated with findings of 

bronchiectasis. In patients with bronchiolitis obliterans, 



bronchiectasis is commonly visible.  
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On inspiratory scans, it is often possible to distinguish 

among ground-glass opacity, mosaic perfusion caused by 

airways disease, and mosaic perfusion caused by vascular 

disease (Algorithm 8). In two studies [246,247], an 

accurate distinction was possible in more than 80% of cases 

based on HRCT findings. The use of expiratory scanning, 

described in the next section, can also be very helpful in the 

diagnosis of inhomogeneous lung opacity.  

The most important finding in making the diagnosis of 

mosaic perfusion is that of reduced vessel size in lucent 

lung regions. If reduced vessel size is visible, a confident 

diagnosis of mosaic perfusion can usually be made. Also, in 

patients with mosaic perfusion, some lung regions may 

appear too lucent to be normal, but this is somewhat 

subjective and based on experience with the window 

settings used for scan viewing. 

In patients with mosaic perfusion resulting from airways 

disease, abnormal dilated or thick-walled airways (i.e., 

bronchiectasis) may be visible in the relatively lucent lung 

regions, suggesting the proper diagnosis; this is vis ible in 

approximately 70% of cases and is very helpful in 

suggesting the correct diagnosis [241,252,253,254,255]. 

Furthermore, lobular areas of lucency are common in 

patients with airways disease. In a study by Im et al. [245] 

of 48 consecutive patients with lobular areas of low 

attenuation seen on HRCT, 46 (95%) had symptoms related 

to respiratory disease, such as productive cough (n = 25) 



and hemoptysis (n = 18). Only two patients with this 

appearance, one with chronic pulmonary embolism and one 

with Takayasu's arteritis combined with bronchiectasis, had 

pulmonary vascular disease. 

In patients with vascular obstruction (e.g., cronic pulmonary 

embolism) as a cause of mosaic perfusion, dilatation of 

central pulmonary arteries may be present as a result of 

pulmonary hypertension, lobular areas of lucency are 

typically absent, and larger areas of low attenuation are 

usually visible. 

Ground-glass opacity may be accurately diagnosed as the 

cause of inhomogeneous lung opacity if it is associated with 

other findings of infiltrative disease such as consolidation, 

reticular opacities (i.e., the crazy-paving pattern), or 

nodules. Also, a pattern in which the areas of higher 

attenuation are centrilobular almost always represents 

ground-glass opacity with a centrilobular  distribution. This 

pattern is not seen with mosaic perfusion resulting from 

airways disease; it is uncommonly the result of vascular 

disease with mosaic perfusion. Ground-glass opacity may 

also result in very ill-defined and poorly marginated areas 

of increased opacity, lacking the sharply marginated and 

geographic appearance sometimes seen in patients with 

mosaic perfusion. Ground-glass opacity can often be 

diagnosed simply because lung looks too dense, although 

this is quite subjective and depends on using consistent 

window settings and being familiar with the appearance of 

normal lung parenchyma. 

Mixed Disease and the Head-Cheese 

Sign 



In occasional patients, inspiratory scans show a patchy 

pattern of variable lung attenuation, representing the 

combination of ground-glass opacity (or consolidation), 

normal lung, and reduced lung attenuation as a result of 

mosaic perfusion. This combination of mixed densities, 

including the presence of mosaic perfusion, often gives the 

lung a geographic appearance and has been termed the 

head-cheese sign because of its resemblance to the 

variegated appearance of a sausage made from parts of the 

head of a hog (Fig. 3-146) [256]. If you can be sure that 

both ground-glass opacity or consolidation and mosaic 

perfusion are visible (rather than one or the other), the 

head-cheese sign is present. Air-trapping is commonly 

visible on expiratory scans (Fig. 3-158). 

 

FIG. 3-145. Mosaic perfusion with patchy lung attenuation 

in three patients with pulmonary embolism. A: In a patient 

with chronic pulmonary embolism, peripheral pulmonary 



vessels are largest in the relatively dense anterior right 

upper lobe. The main pulmonary artery appears enlarged. B: 

In a patient with acute pulmonary embolism, vessels appear 

larger in a wedge-shaped area of the relatively dense right 

upper lobe (arrows). C: Multidetector-row HRCT through the 

right lower lobe in a patient with chronic pulmonary 

thromboembolism shows areas of reduced attenuation 

caused by vascular obstruction. 
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The head-cheese sign is usually indicative of mixed 

infiltrative and obstructive disease, usually associated with 

bronchiolitis. In patients with this appearance, the presence 

of ground-glass opacity or consolidation is caused by lung 

infiltration, whereas the presence of mosaic perfusion with 

decreased vessel size is usually caused by small airway 

obstruction. 

The most common causes of this pattern are 

hypersensitivity pneumonitis, sarcoidosis, and, in our 

experience, atypical infections with associated bronchiolitis. 

Each of these diseases results in infiltrative abnormalities 

and may be associated with airway abnormalities.  



 

FIG. 3-146. Head cheese and the head-cheese sign. A: A 

slice of head cheese shows a variegated appearance, 

consisting of chunks of different meats from the head of a 

hog. Some appear dark, some appear light, and some are 

gray. B: In a patient with Mycoplasma pneumonia associated 

with lung infiltration and bronchiolitis,  the head-cheese sign 

is associated with consolidation (small black arrow), ground-

glass opacity ( large black arrow), and lobular areas of 

mosaic perfusion (white arrows). Note the pulmonary 

arteries are small or invisible in the regions of mosaic 

perfusion. C: In a patient with hypersensitivity pneumonitis 



showing the head-cheese sign, areas of varying attenuation 

are visible, including consolidation ( large white arrow), 

ground-glass opacity (small white arrow), normal lung, and 

areas of reduced attenuation due to mosaic perfusion (black 

arrows). 
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Expiratory High-Resolution Computed 

Tomography 

Obtaining HRCT scans at selected levels after expiration 

may be useful in (i) the diagnosis of air -trapping in patients 

with obstructive lung disease [246,254,255], (ii) the 

diagnosis of airways disease unassociated with distinct 

morphologic abnormalities on inspiratory images [257], (iii) 

distinguishing mosaic perfusion from ground-glass opacity 

[246,247], and (iv) allowing the diagnosis of mixed 

infiltrative and obstructive diseases [246,258,259]. 

Diagnosis of Air-Trapping in 

Obstructive Lung Disease 

Expiratory HRCT scans have proved useful in the evaluation 

of patients with a variety of lung diseases characterized by 

obstruction of airflow [241,242]. Air-trapping visible using 

expiratory or postexpiratory HRCT techniques has been 

recognized in patients with emphysema [253,260,261], 

chronic airways disease [255], asthma [262,263,264], 

bronchiolitis obliterans 

[238,253,257,265,266,267,268,269,270,271], the cystic 

lung diseases associated with Langerhans histiocytosis and 



tuberous sclerosis [272], bronchiectasis [253,273], and 

airways disease related to AIDS [274]. Expiratory HRCT also 

has proved valuable in demonstrating the presence of 

bronchiolitis in patients with primarily infiltrative diseases 

such as hypersensitivity pneumonitis [259,275], sarcoidosis 

[258,276], and pneumonia. 

 

FIG. 3-147. Normal postexpiratory HRCT. Inspiratory image 

(A) shows homogeneous lung attenuation. B: After 

expiration, there has been a significant reduction in lung 

volume associated with an increase in lung attenuation. 

Lung attenuation remains homogeneous. Note flattening of 



the posterior tracheal membrane. 
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It must be recognized that limited air -trapping can be seen 

in normal subjects, particularly in the superior segments of 

the lower lobes or in isolated secondary lobules. Abnormal 

air-trapping differs from this occurrence to an extent. 

Expiratory CT techniques and normal findings are described 

in Chapters 1 and 2. 

Lung Attenuation Abnormalities 

In normal subjects, lung increases significantly in 

attenuation during expiration (see Fig. 2-19, 2-20, 2-21; 

Fig. 3-147). In the presence of airway obstruction and air -

trapping, lung remains lucent on expiration and shows little 

change in a cross-sectional area. Areas of air-trapping are 

seen as relatively low in attenuation on expiratory scans.  

On expiratory HRCT, the diagnosis of air -trapping is easiest 

to make when the abnormality is patchy in distribution, and 

normal lung regions can be contrasted with abnormal, lucent 

lung regions (Figs. 3-148, 3-149, 3-150, 3-151, 3-152, 3-

153) [125,242]. Areas of air-trapping can be patchy and 

nonanatomic, can correspond to individual secondary 

pulmonary lobules, segments, and lobes, or may involve an 

entire lung [252,277]. Air-trapping in a lobe or lung is 

usually associated with large airway or generalized small 

airway abnormalities, whereas lobular or segmental air -

trapping is associated with diseases that produce small 

airway abnormalities [252]. Pulmonary vessels within the 

low-attenuation areas of air-trapping often appear small 



relative to vessels in the more opaque normal lung regions 

[252]. 

In patients with airways disease or emphysema who have a 

diffuse abnormality, expiratory inhomogeneities in lung 

attenuation may not be visible, but air-trapping can be 

detected by measuring the lung attenuation change 

occurring with expiration [241,252,253,254,255]. Areas of 

air-trapping show significantly less attenuation increase 

than seen in normal lung [269]. The normal mean 

attenuation difference between full inspiration and 

expiration usually ranges from 80 to 300 HU. On dynamic 

scans, a lung attenuation change of less than 70 or 80 HU 

between full inspiration and full exhalation may be regarded 

as abnormal (Fig. 3-153). On simple postexpiratory scans, a 

lung attenuation change of less than 70 HU sometimes may 

be seen. Lung attenuation change is most simply measured 

using small (1 to 2 cm) regions of interest on both 

inspiratory and expiratory scans [254]. Measuring the 

change in overall lung attenuation from inspiration to 

expiration may be used in patients with diffuse air -trapping 

[254] but is clearly less sensitive in patients with patchy 

disease. 

 



FIG. 3-148. Dynamic inspiratory (A) and expiratory (B) 

HRCT in a patient with postinfectious bronchiolitis 

obliterans. On expiration, marked inhomogeneity in lung 

attenuation is noted, with focal air -trapping in the left upper 

lobe (asterisk). Note the relatively small size of pulmonary 

vessels in the region of air-trapping. A region of interest 

placed in the area of air-trapping shows a paradoxical 

decrease in lung attenuation of 30 HU during expiration.  

 

FIG. 3-149. Dynamic expiratory HRCT in a patient with 

asthma. On expiration, marked inhomogeneity in lung 

attenuation is noted, with multifocal regions of air -trapping. 

(From Webb WR. High-resolution computed tomography of 

obstructive lung disease. Radiol Clin North Am 1994;32:745, 

with permission.) 
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A second method is to compare equivalent areas in each 

lung on expiratory scans. In healthy subjects, the mean 



difference in attenuation change between symmetric regions 

of the right and left lungs during exhalation was measured 

as 36 HU ± 14 [278]. From this, a right-left difference in 

attenuation increase during exhalation exceeding 78 HU 

[more than three standard deviations greater than the 

mean] can be considered abnormal. This method is 

especially useful when air-trapping is unilateral. 

Occasionally, lung attenuation decreases during expiration 

in regions of air-trapping; a decrease of attenuation by as 

much as -258 HU has been reported during dynamic 

expiration [253]. Although there is no definite explanation 

for this phenomenon, several suggestions have been made 

[253]. The most likely is that during exhalation, lung units 

trapping air compress small pulmonary vessels, squeezing 

blood out of the lung and decreasing lung perfusion. 

Another possible explanation is so-called pendelluft, in 

which air may pass from a normally ventilated lung unit to a 

partially obstructed lung unit during rapid expiration, 

resulting in an increased gas volume [252]. 

Although measurement of lung attenuation can be used to 

diagnose air-trapping except in patients with diffuse air -

trapping (e.g., emphysema, large bronchial obstruction), 

the extent of air-trapping rather than overall lung 

attenuation better predicts pulmonary function test findings 

of obstruction [252,253]. 

Pixel Index 

The pixel index (PI) is defined as the percentage of pixels in 

both lungs on a single scan that show an attenuation lower 

than a predetermined threshold value (usually -900 HU to -

950 HU) (Fig. 3-154) [260,262,279]. Although the 

inspiratory PI has wide normal range, the expiratory PI is 



relatively constant. The normal PI at full inspiration ranges 

from 0.6 to as much as 58.0 when the threshold is -900 HU 

[280], although the mean value ranges from 10 to 25 

depending on the level scanned and on the CT scan 

collimation (Fig. 3-154) [262]. In a study of 42 healthy 

subjects (21 men, 21 women) aged 23 to 71 years, the 

inspiratory PI measured using -950 HU ranged from 1.2 to 

22.3 (mean, 7.8) [279]. At full expiration, with a threshold 

value of -900 HU, the normal range of PI is rather small 

with a mean of less than 1.04 (SD, 1.3) [262]. Thus, in 

normals, the area of lung having an attenuation of less than 

-900 HU at full expiration in normals can generally be 

regarded as less than a few percent. 

 



FIG. 3-150. Expiratory air-trapping in a patient with 

bronchiolitis obliterans. A: Inspiratory scan is normal. B: 

Postexpiratory scan shows patchy lung attenuation with the 

relatively lucent regions representing regions of air -

trapping. Normally ventilated areas increase significantly in 

attenuation on expiration. 
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The expiratory PI can be used to quantitatively assess the 

area of low attenuation lung in patients with air -trapping or 

emphysema (Fig. 3-155). For example, in one study [260], 

64 patients underwent both inspiratory and expiratory CT 

correlated with pulmonary physiology. There were 28 

patients with an inspiratory PI of more than 40, and 14 of 

these had an expiratory PI of more than 15. This group 

showed markedly abnormal pulmonary function test values 

suggestive of emphysema, whereas other patients showed 

preserved lung function. Also, an expiratory PI over 15 

accurately reflected and quantitated the degree of 

emphysema estimated by various pulmonary function tests.  

The expiratory PI has also been used to quantitatively 

discriminate asthmatic patients from normal subjects. In 

one study of both asthmatic and normal subjects [262], 

both inspiratory and expiratory PI were obtained at two 

levels (at the transverse aorta and just superior to  the 

diaphragm) and compared with pulmonary function tests. 

Using collimations of 10 mm and 1.5 mm, the expiratory PI 

at a level immediately superior to the diaphragm was 

significantly higher in asthmatic subjects (4.45 and 10.03 

for the two collimations, respectively) than in normal 



subjects (0.16 and 1.04, respectively) and provided the best 

separation between the groups [262]. 

Air-Trapping Score 

The extent of air-trapping present on expiratory scans can 

be measured using a semiquantitative scoring system, which 

estimates the percentage of lung that appears abnormal on 

each scan [253,254,255,273,278,281,282]. Such systems 

have the advantage of being simple, quick, and easy to 

perform at the time of image interpretation. Furthermore, in 

one study [281], a simple 5-point scoring system was found 

to be associated with better interobserver agreement than a 

more detailed scoring system. 

For example, in the scoring system proposed by Webb et al. 

[278] and Stern et al. [253], estimates of air-trapping are 

made at three levels scanned using expiratory technique (at 

the aortic arch, carina, and 5 cm below the carina). At each 

level and for each lung, a 5-point scale is used to estimate 

the extent of air-trapping visible subjectively: 0 = no air -

trapping; 1 = 1% to 25% of cross-sectional area of lung 

affected; 2 = 26% to 50% of affected lung; 3 = 51% to 

75% of affected lung; 4 = 76% to 100% of affected lung. 

The air-trapping score is the sum of these numbers for the 

three levels studied and ranges from 0 to 24. In several 

studies using this method, significant differences were found 

in the extent of air-trapping in normal patients and those 

with airway obstruction [254], and significant correlations 

were found between the extent of air -trapping and 

pulmonary function test measures of airway obstruction 

[246,253,254]. 



 

FIG. 3-151. Postexpiratory air-trapping in a patient with 

asthma. A: An inspiratory scan is normal. B: Routine 

postexpiratory scan obtained during suspended respiration 

after a forced exhalation scan shows patchy air -trapping. 
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Other methods of visually scoring the extent of air -trapping 

on expiratory scans have been used and validated 



[255,273]. Lucidarme et al. [255] and Lee et al. [282] used 

a grid superimposed on the expiratory HRCT image and 

counted the number of squares containing lucent lung and 

the number encompassing the entire lung. The air -trapping 

score represented the ratio of air -trapping squares to the 

total number of squares overlying lung and approximated 

the cross-sectional percent of abnormal lung. Excellent 

interobserver agreement was achieved using this method 

[255]. 

In patients studied using postexpiratory HRCT, correlations 

between the air-trapping score and various pulmonary 

function test findings of obstruction range from 

approximately r = -0.4 to r = -0.6 [246,254,282]; 

correlations are generally best when normal and abnormal 

patients are grouped together and when patients with 

emphysema are included among those with airway 

obstruction [254]. Thus, in a study by Chen et al. [254], 

considering only patients with obstructive disease, air-

trapping score correlated significantly with forced expiratory 

volume in 1 second (FEV 1) (r = -0.78), FEV1/forced vital 

capacity (FVC) (r = -0.64), FVC (r = -0.61), and forced 

expiratory flow (FEF) at 25% to 75% of vital capacity ( r = -

0.65); when both normal and abnormal patients were 

considered together, correlations were higher, with r values 

measuring -0.89, -0.74, -0.77, and -0.81, respectively. In a 

study by Lucidarme et al. [255] of 74 patients with 

suspected chronic airway disease, expiratory air-trapping 

was seen in 18 of 35 (51%) patients with severe airway 

obstruction (FEV 1/FVC <80%), in 21 of 29 (72%) patients 

with predominantly small airway obstruction (abnormal 

flow-volume curve and FEV 1/FVC ≥80%), and in four of ten 

(40%) patients with normal PFT results. Air -trapping scores 



were 27%, 12%, and 8% for these groups, respectively, 

with significant negative correlations with FEV 1 (r = -0.45), 

FEV1/FVC (r = -0.31), and FEF at 25% of vital capacity (r = 

-0.57). Lee et al. [282] studied 47 asymptomatic subjects 

using PFT and expiratory HRCT; in all, PFT were considered 

to be normal. In this study, the air -trapping grade 

correlated with FEV 1/FVC (r = -0.44) In a study of 70 

patients with chronic purulent sputum production [273], the 

air-trapping score defined at a lobular level significantly 

correlated with values of FEV 1 and FEV1/FVC. 

 

FIG. 3-152. Postexpiratory air-trapping in a patient with 

bronchiolitis obliterans related to smoke inhalation. A: An 

inspiratory scan is normal. B: A low-dose dynamic 

expiratory scan shows patchy air -trapping. Note anterior 



bowing of the posterior tracheal membrane, a good 

indication of forceful exhalation. 
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Air-trapping can also be seen in normal subjects, although 

its extent is limited. Air-trapping in one or more secondary 

pulmonary lobules is not uncommon. Also, focal areas of 

relative lucency can be seen in normal subjects on 

expiratory scans in the superior segments of the lower lobes 

and in the lingula or middle lobe [252,278]. It is postulated 

that the slender segments may be less well ventilated than 

adjacent lung, having a tendency to trap air during 

exhalation [252]. In their study of ten young normal 

subjects, Webb et al. [278] found that, although air-

trapping was present in four patients, the air-trapping score 

never exceeded a total of 2 (i.e., 25%) at any one level. In 

subsequent experience with patients having normal PFT, an 

air-trapping score of up to 6/24 (i.e., 25%) has been found 

when the superior segments are included in ana lysis [254]. 

In a study by Lucidarme et al. [255] of ten normal 

nonsmokers, excluding the superior segments of the lower 

lobes and isolated pulmonary lobules, no air -trapping was 

visible. In a study by Lee et al. [282], an air-trapping score 

equivalent to less than 5% of lung was seen in 32% of 

asymptomatic patients, and an air -trapping score of 

between 5% and 25% was seen in an additional 20%. In 

this study, although all patients were considered normal, an 

air-trapping extent between 5% and 25% was more frequent 

in smokers (33%) than nonsmokers (14%) [282]. 



Lung Area Changes 

Robinson and Kreel have shown that a significant correlation 

exists between changes in cross-sectional lung area 

measured using CT and lung volume (r = 0.569) [283]. The 

percentage decrease in lung cross-sectional area that 

occurred during exhalation also correlates with the 

attenuation increase [278,283]. In a study using dynamic 

ultrafast HRCT [278], a significant correlation between 

cross-sectional lung area and lung attenuation was found for 

each of three lung regions evaluated (upper lung: r = 0.51, 

p = .03, midlung: r = 0.58, p = .01; lower lung: r = 0.51, p 

= .05). 



 

FIG. 3-153. Dynamic expiratory HRCT in a patient with 

cystic fibrosis obtained using an electron-beam scanner. A: 

Six dynamic images from a sequence of ten, through the 

right upper lobe region, shown sequentially in a clockwise 

fashion from the upper left to lower left. On inspiration ( top 

middle), lung opacity appears homogeneous. On expiration 

(lower left corner), a part of the anterior segment shows a 

normal increase in opacity, whereas the remainder of the 

upper lobe remains lucent. B: Time-attenuation curve 



measured in a lucent region of the upper lobe shows little 

change in attenuation during expiration. 
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Usually, areas of air-trapping show little or no area and 

volume change during exhalation and can help to identify 

areas of air-trapping. In one study of nine cases of Swyer-

James syndrome [238], expiratory CT scans in areas of 

abnormal lung showed no significant lung volume change, 

and mediastinal shift toward the normal lung was also seen.  



 

FIG. 3-154. Pixel index measured in a patient with bilateral 

lung transplantation and normal lung function. An expiratory 

scan (A) and scan with pixels measuring less than -900 HU 

(highlighted) (B) are shown. The low attenuation pixels 

shown in B represent 0.6% of lung area (pixel index, 0.6). 

This is normal. (From Arakawa H, Webb WR. Expiratory 

HRCT scan. Radiol Clin North Am 1998;36:189, with 



permission.) 
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In a study by Lucidarme et al. [255] of 74 patients with 

suspected chronic airway disease and ten normal subjects, 

an area-reduction score was measured, representing the 

reduction in cross-sectional lung area from inspiration to 

expiration. Area-reduction scores were 18%, 30%, and 

35%, respectively, for groups of patients with severe  airway 

obstruction (FEV 1/FVC <80%), predominantly small airways 

obstruction (abnormal flow-volume curve and FEV 1/FVC 

≥80%), and normal PFT results. In the normal subjects, the 

area-reduction score was 43%. Area-reduction score 

correlated significantly with all PFT indexes (r = 0.35 to 

0.66) except total lung capacity. 

Diagnosis of Air-Trapping in Patients 

with Normal Inspiratory Scans 

In some patients, inhomogeneous lung attenuation is visible 

on expiratory scans in the presence of normal inspiratory 

scans, indicating the presence of obstructive disease (Figs. 

3-149, 3-150, 3-151, 3-152). In one study [257], HRCT in 

273 consecutive patients with suspected diffuse lung disease 

was reviewed. Forty-five patients showed air-trapping on 

expiratory HRCT scans. Of these 45 patients, inspiratory 

HRCT scans showed abnormal findings in 36 (bronchiectasis, 

bronchiolitis obliterans, asthma, chronic bronchitis, and 

cystic fibrosis). In the remaining nine patients, inspiratory 

HRCT showed normal findings; conditions in these nine 

patients included bronchiolitis obliterans (n = 5), asthma (n 



= 3), and chronic bronchitis (n = 1). Results of pulmonary 

function tests in patients with air -trapping and normal 

findings on inspiratory scans were intermediate, falling 

between those of patients with normal findings on 

inspiratory and expiratory HRCT scans and those of patients 

with air-trapping and abnormal findings on inspiratory 

scans. This appearance can also be seen in patients with 

hypersensitivity pneumonitis.  
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Inhomogeneous Lung Opacity: 

Differentiation of Mosaic Perfusion 

from Ground-Glass Opacity 

As indicated above, the presence of inhomogeneous lung 

attenuation on inspiratory scans is a common finding [246]. 

This appearance may result from ground-glass opacity, 

mosaic perfusion resulting from airways obstruction and 

reflex vasoconstriction, mosaic perfusion resulting from 

vascular obstruction, or a combination of these.  

Expiratory HRCT scans may be useful in the diagnosis of 

inhomogeneous opacity and can usually allow the 

differentiation of mosaic perfusion resulting from airways 

obstruction from other abnormalities when the inspiratory 

scans are inconclusive (Algorithm 9). In patients with 

ground-glass opacity, expiratory HRCT typically shows a 

proportional increase in attenuation in areas of both 

increased and decreased opacity (Fig. 3-156). In patients 

with mosaic perfusion resulting from airways disease, 

attenuation differences are accentuated on expiration (Fig. 



3-157); relatively dense areas increase in attenuation , 

whereas lower attenuation regions remain lucent (i.e., air -

trapping is present) [125,252,272,278]. 



 



FIG. 3-155. Inspiratory and postexpiratory images in a 

patient with left lung transplantation for panlobular 

emphysema. A: Inspiratory HRCT shows extensive right -

sided emphysema. B: On a postexpiratory HRCT, measured 

using a region of interest, there was little or no attenuation 

increase in the right lung. As compared to the inspiratory 

image, patchy air-trapping on the left is visible as 

inhomogeneous opacity. This finding suggests small airway 

obstruction and is consistent with constrictive bronchiolitis. 

This was confirmed on transbronchoscopic biopsy. C: Pixels 

having a value of less than -900 HU in the post-expiratory 

image have been highlighted. The pixel index for the 

emphysematous right lung measures 72 and is markedly 

abnormal. The pixel index for the left lung measures 0.7, 

and is within normal limits. (From Arakawa H, Webb WR. 

Expiratory HRCT scan. Radiol Clin North Am 1998;36:189, 

with permission.) 
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In a study by Arakawa et al. [246] of patients showing 

inhomogeneous opacity as their predominant HRCT 

abnormality, the accuracy of HRCT in correctly diagnosing 

the type of disease present increased from 81% to 89% in 

patients with ground-glass opacity and from 84% to 100% 

in diagnosing airways disease when expiratory scans were 

included in the analysis [246]. Some patients who appear to 

show ground-glass opacity on inspiratory scans and show 

air-trapping on expiratory scans thus may be correctly 

diagnosed as having obstructive disease (Algorithm 9). 



In patients with mosaic perfusion resulting from vascular 

disease, expiratory HRCT findings mimic those seen in 

patients with ground-glass opacity; both low-attenuation 

and high-attenuation regions increase in attenuation on 

expiration. In patients with mosaic perfusion due to vascular 

disease, air-trapping is not usually seen. However, in a 

study of patients with inhomogeneous lung attenuation of 

various causes [247], air-trapping was thought to be 

present on expiratory scans in some pat ients with vascular 

disease when scans were viewed blindly.  

Mixed Disease 

In patients with mixed infiltrative and airways disease, 

inspiratory scans may show a patchy pattern of variable 

lung attenuation, representing the combination of ground-

glass opacity (or consolidation), normal lung, and reduced 

lung attenuation as a result of mosaic perfusion. This 

combination of mixed densities has been termed the head-

cheese sign (Fig. 3-146) [256] and is most typical of 

hypersensitivity pneumonitis (Fig. 3-158), sarcoidosis, and 

atypical infections with associated bronchiolitis (Fig. 3-159). 

 



ALGORITHM 9 

 

FIG. 3-156. Inspiratory and postexpiratory HRCT in a 

patient with pulmonary hemorrhage and ground-glass 

opacity. A: Patchy differences in lung opacity are visible on 

the inspiratory scan. This appearance mimics mosaic 

perfusion. B: On a postexpiratory scan, proportional 

increases in lung opacity are seen throughout the lungs. 

Lung attenuation increased by 150 to 200 HU on the 

expiratory scan in all lung regions.  
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In some patients with mixed infiltrative and obstructive 

diseases, ground-glass opacity may be seen on the 

inspiratory scans without clear-cut findings of mosaic 

perfusion. However, in such cases, the presence of air -

trapping on expiratory images may allow the correct 

diagnosis of mixed infiltrative and obstructive disease 

[246]. The combination of ground-glass opacity or 

consolidation on inspiratory scans and air -trapping on 



expiratory scans should also be considered indicative of a 

mixed abnormality (Fig. 3-158) [246]. 

In a study by Chung et al. [256], 14 of 400 consecut ive 

patients having HRCT with routine expiratory images showed 

findings of infiltrative lung disease on inspiratory scans and 

significant air-trapping on expiratory scans. These 14 

patients included six with hypersensitivity pneumonitis, five 

with sarcoidosis, two with atypical infections, and one with 

pulmonary edema. Ten patients showed ground-glass 

opacity on inspiratory scans, whereas four patients with 

sarcoidosis showed nodules. Mosaic perfusion was seen in 

ten patients. Pulmonary function tests demonstrated a 

mixed pattern in five patients, an obstructive pattern in four 

patients, and a restrictive pattern in three patients. 

FEV1/FVC correlated significantly with the extent of air -

trapping score (r = 0.58, p = .05). The extent of infiltrative 

abnormalities correlated significantly with FVC (r = -0.77, p 

= .003) and diffusing capacity (DLco) ( r = -0.75, p = .01). 

 

FIG. 3-157. Inspiratory and postexpiratory HRCT in a 

patient with bronchiolitis obliterans. A: Inspiratory scan 

shows subtle differences in opacity in different lung regions, 



representing mosaic perfusion. B: Postexpiratory HRCT 

shows a marked accentuation in attenuation 

inhomogeneities due to air-trapping. Regions of lucency 

increased in attenuation by approximately 50 HU on 

expiration. Although some areas of air -trapping appear 

patchy and nonanatomic (asterisk), others appear 

subsegmental or lobular (arrows).  

 

FIG. 3-158. Hypersensitivity pneumonitis with the head-

cheese sign. A: An inspiratory scan shows inhomogeneous 



lung attenuation consisting of ground-glass opacity and 

lobular areas of lucency (arrows) due to mosaic perfusion. 

B: Expiratory scan shows air-trapping in the lucent regions 

(arrows). These areas show little or no change in 

attenuation on the expiratory scans. 
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Air-trapping in association with ground-glass opacity is a 

common HRCT finding in both the subacute and chronic 

stages of hypersensitivity pneumonitis [259]. In a series of 

22 patients with hypersensitivity pneumonitis, HRCT scans 

with a limited number of expiratory images were correlated 

with pulmonary function tests [259]. Areas of decreased 

attenuation, mosaic perfusion, and air -trapping were seen in 

19 patients and were the most frequent findings. In 

addition, the extent of decreased attenuation correlated well 

with severity of functional index of air -trapping as indicated 

by increased residual volume (r = 0.58, p <.01). 

In patients with sarcoidosis, HRCT commonly shows findings 

of mosaic perfusion and air-trapping in addition to findings 

of infiltrative disease [258,276]. Hansell et al. [258] 

attempted to determine the relationship between the 

obstructive defects of pulmonary sarcoidosis and HRCT 

patterns of disease in 45 patients. The most prevalent CT 

patterns were decreased lung attenuation on expiratory 

scans (n = 40), a reticular pattern (n = 37), and a nodular 

pattern (n = 36). A reticular pattern was the main 

determinant of functional impairment, particularly airflow 

obstruction, as shown by inverse relationships with FEV 1 and 

FEV1/FVC, among others. Decreased attenuation on 



expiratory scans was also significantly related to measures 

of airway obstruction, although correlations were weaker.  

 

FIG. 3-159. A, B: Mycoplasma pneumonia with the head-

cheese sign. Inspiratory images show inhomogeneous lung 

attenuation consisting of ground-glass opacity and multiple 

lobular areas of lucency due to mosaic perfusion, and 

secondary to bronchiolitis. Air-trapping was present on 

expiratory scans. 
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Distribution of Parenchymal 

Abnormalities in the Diagnosis of 

Lung Disease 

When attempting to reach a diagnosis or differential 

diagnosis of lung disease using HRCT, the overall 

distribution of pulmonary abnormalities should be 

considered along with their morphology, HRCT appearance, 

and distribution relative to lobular structures 

[41,60,76,101]. Many lung diseases show specific regional 

distributions or preferences, a fact that i s likely related to 

their underlying pathogenesis and pathophysiology [284]. 

Preferential or predominant involvement of one or more lung 

regions is commonly seen on HRCT, even in patients with 

chest radiographs showing a diffuse abnormality. For the 

purposes of interpreting HRCT, the regional distribution of 

lung abnormalities can be categorized in several ways: 

central lung versus peripheral lung, upper lung versus lower 

lung, anterior lung versus posterior lung, or unilateral 

versus bilateral. 

An important caveat to keep in mind when reading the 

following section is that significant variations in classical 

patterns of lung involvement can be seen in individual 

patients. A specific diagnosis should not be excluded 

because of an atypical distribution of abnormalities. 

Central Lung versus Peripheral Lung 

Some diseases have a central, perihilar, bronchocentric, or 

bronchovascular distribution [9,60], whereas others favor 

the peripheral or subpleural parenchyma, or lung cortex 



(Table 3-13). Diseases that can have a central or perihilar 

predominance include sarcoidosis (Fig. 3-81), silicosis (Fig. 

3-83), lymphangitic spread of carcinoma [285], and large 

airways diseases, such as bronchiectasis, cystic fibrosis, and 

allergic bronchopulmonary aspergillosis (Fig. 3-138) 

[11,12,41,56,76,90,101]. In a study by Grenier et al. [285], 

a predominantly central distribution of abnormalities was 

visible in 16% of patients with sarcoidosis, 31% of patients 

with silicosis, and 8% of those with lymphangitic spread of 

carcinoma. In another study [76], a central or 

peribronchovascular predominance was seen in 70% of 

patients with sarcoidosis and 60% of patients with 

lymphangitic spread of carcinoma. 

TABLE 3-13. Predominance of lung 

disease on HRCT: central lung versus 

peripheral lung 

Lung disease Findings 

Central lung     

Sarcoidosis Peribronchovascular 

nodules; conglomerate 

fibrosis with traction 

bronchiectasis 

Silicosis Conglomerate masses of 

fibrosis 



Talcosis Conglomerate masses of 

fibrosis 

Lymphangitic spread of 

carcinoma 

Peribronchovascular 

interstitial thickening or 

nodules 

Large airways diseases Bronchiectasis (e.g., cystic 

fibrosis) 

Peripheral lung     

Usual interstitial 

pneumonitis–idiopathic 

pulmonary fibrosis; 

collagen diseases; 

asbestosis 

Subpleural fibrosis; 

honeycombing; sometimes 

ground-glass opacity 

Nonspecific interstitial 

pneumonia 

Subpleural ground-glass 

opacity; reticulation 

Chronic eosinophilic 

pneumonia 

Subpleural consolidation or 

ground-glass opacity 

Bronchiolitis obliterans 

organizing pneumonia 

Subpleural consolidation or 

ground-glass opacity 

Acute interstitial Peripheral consolidation; 



pneumonia ground-glass opacity 

Desquamative interstitial 

pneumonia 

Peripheral ground-glass 

opacity in some 

Hypersensitivity 

pneumonitis 

Peripheral ground-glass 

opacity in some 

Hematogenous 

metastases 

Peripheral predominance of 

nodules common 
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A peripheral, cortical, or subpleural predominance of 

abnormalities has been reported in nearly all patients with 

eosinophilic pneumonia (Figs. 3-103 and 3-104) [204] and 

asbestosis [62], 81% to 94% of patients with IPF (Figs. 3-

25 and 3-95) [62,76,77], and a similar high percentage of 

patients with scleroderma, rheumatoid lung disease (Figs. 

3-17 and 3-36), or interstitial pneumonia of other causes 

[143,285]. Peripheral predominance of abnormalities is 

somewhat less common, visible in approximately half of 

patients with BOOP (Fig. 3-102) and DIP [62,76,134,193]. It 

is occasionally present in patients with hypersensitivity 

pneumonitis and sarcoidosis, ranging from a few percent to 

18% in different studies, and in patients with AIP [185]. In 

patients with hematogenous metastases, nodules may have 

a peripheral predominance. A subpleural predominance is 



also typical of amyloidosis, although this disease is quite 

rare. 

Upper Lung versus Lower Lung 

The relative extent and severity of abnormalities in the 

upper lungs and midlungs and at the lung bases can be 

determined on HRCT if scans have been obtained at several 

levels and if one level is compared to the others. Some 

diseases tend to predominate in the upper lobes, whereas 

others predominate in the lower lobes (Table 3-14) [286]. 

Diseases that have been recognized to have an upper lobe 

predominance on HRCT include sarcoidosis (Figs. 3-5, 3-6, 

and 3-81), Langerhans histiocytosis (Figs. 3-113, 3-114, 3-

115), CWP and silicosis (Fig. 3-49), and centrilobular 

emphysema (Fig. 3-123) [21,58,76,77,90,92,93,101,285]. 

An upper lobe predominance of abnormalities is present in 

nearly equal percentages of patients with sarcoidosis (47% 

to 50%), Langerhans histiocytosis (57% to 62%), and 

silicosis (55% to 69%), whereas a lower lobe predominance 

is present in less than 10% of patients with these diseases 

[77,285]. An upper lobe predominance may be present in 

patients with respiratory bronchiolitis [109]. 

A basal distribution is most typical of lymphangitic 

metastasis (46%), hematogenous metastases, IPF (68%) 

(Fig. 3-30), collagen-vascular diseases such as rheumatoid 

lung disease and scleroderma (80%), and asbestosis 

[39,41,42,62,63,76,77,143,285]. Pulmonary fibrosis of any 

cause has a basal predominance in approximately 60% of 

cases [76,77]. Although hypersensitivity pneumonitis is 

believed to have an upper lobe predominance, it more often 

appears to be diffuse or preponderant in the mid [23,62] or 

lower lung zones (30%) [285]. 



Anterior versus Posterior 

Some diseases produce their initial or most extensive 

abnormalities in the posterior lung (Table 3-15). The 

distinction between anterior and posterior, of course, is 

easily made on HRCT. However,  it is important to recognize 

the value of using both prone and supine scans in this 

regard. Areas of increased attenuation that are limited to 

the posterior lung on scans obtained in the supine position 

can reflect normal dependent volume loss; prone scans are 

essential in making a confident diagnosis of early posterior 

lung disease. Although the percentages vary in different 

series, a posterior preponderance of disease is particularly 

common in scleroderma (60%), sarcoidosis (32% to 36%) 

(Fig. 3-82), silicosis (31% to 38%) (Fig. 3-49), 

hypersensitivity pneumonitis (23%), IPF (9% to 21%), and 

other causes of UIP (Figs. 3-31 and 3-36) 

[58,76,77,90,285]. A posterior predominance of 

abnormalities is also common in patients with asbestosis, 

lymphangitic carcinomatosis, and pulmonary edema 

[39,41,63,76,77,90,143,285]. In patients with pulmonary 

edema, the predominant abnormality is more appropriately 

referred to as dependent (Fig. 3-10) rather than posterior. 

TABLE 3-14. Predominance of lung 

disease on HRCT: upper lung versus 

lower lung 



Lung disease Findings 

Upper lung     

Sarcoidosis Nodules; fibrosis; 

conglomerate masses 

Langerhans histiocytosis Nodules; cysts 

Silicosis Nodules; conglomerate 

masses 

Talcosis Conglomerate masses of 

fibrosis 

Tuberculosis Consolidation; nodules; 

cavities; scarring 

Cystic fibrosis Bronchiectasis; 

emphysema 

Centrilobular emphysema Focal lucencies 

Respiratory bronchiolitis Ground-glass opacity 

Lower lung     

Usual interstitial Subpleural fibrosis; 



pneumonitis–idiopathic 

pulmonary fibrosis; collagen 

diseases; asbestosis 

honeycombing; 

sometimes ground-glass 

opacity 

Nonspecific interstitial 

pneumonia 

Subpleural ground-glass 

opacity; reticulation 

Lipoid pneumonia Consolidation; ground-

glass opacity 

Bronchiolitis obliterans 

organizing pneumonia 

Subpleural consolidation 

or ground-glass opacity 

Hematogenous or 

lymphangitic metastases 

Nodules; septal 

thickening 
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An anterior predominance of lung disease is unusual but has 

been reported in adult survivors of ARDS [71]. In this 

study, HRCT was obtained during the acute illness and at 

follow-up in 27 patients with ARDS. At follow-up CT, a 

reticular pattern was the most prevalent abnormality (85%), 

with a striking anterior distribution (see Fig. 6-76). This 

finding was related to the duration of mechanical ventilation 

and was inversely correlated with the extent of parenchymal 

opacification on scans obtained during the acute illness.  



TABLE 3-15. Predominance of lung 

disease on HRCT: posterior lung 

versus anterior lung 

Lung disease Findings 

Posterior lung     

Usual interstitial 

pneumonia; Nonspecific 

interstitial pneumonia 

Fibrosis; ground-glass 

opacity 

Asbestosis Fibrosis 

Scleroderma Fibrosis; ground-glass 

opacity 

Silicosis Nodules; conglomerate 

masses 

Sarcoidosis Nodules; conglomerate 

masses 

Pulmonary edema Septal thickening; 

ground-glass opacity; 

consolidation 



Adult respiratory distress 

syndrome (ARDS) 

Ground-glass opacity; 

consolidation 

Hypersensitivity 

pneumonitis 

Ground-glass opacity; 

nodules; fibrosis 

Lipoid pneumonia Consolidation; ground-

glass opacity 

Anterior lung     

Post-ARDS fibrosis Subpleural fibrosis; 

honeycombing; traction 

bronchiectasis 

 

TABLE 3-16. Predominance of lung 

disease on HRCT: unilateral or 

markedly asymmetric disease 

Disease Findings 

Pneumonia Variable 

Lymphangitic 

spread of 

carcinoma 

Peribronchovascular interstitial 

thickening; nodules; septal 

thickening 



Sarcoidosis Peribronchovascular; subpleural; 

septal nodules 

Bronchiectasis Findings of bronchiectasis 
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Unilateral versus Bilateral 

A unilateral predominance of abnormalities is most typical of 

lymphangitic spread of carcinoma, which is often 

asymmetric in distribution (Table 3-16); this was seen in 

nearly 40% of patients with lymphangitic spread of 

carcinoma in one series (Figs. 3-4 and 3-9) [76]. 

Asymmetry or unilateral predominance of findings is also 

common in patients with sarcoidosis, ranging from 9% to 

21%. It is somewhat less frequent in association with 

silicosis (2% to 21%), pulmonary fibrosis (3% to 14%), 

Langerhans histiocytosis (12%), and hypersensitivity 

pneumonitis (5%) [76,77]. 

Diffuse Lung Involvement 

Some diseases that appear diffuse on chest films are in fact 

diffuse and involve the lung uniformly from apex to base, 

from anterior to posterior, and from centra l to peripheral 

(Table 3-17) [76,101]. This is not to say that the disease 

may not be patchy in distribution with some areas much 



more abnormal than others, but rather that there is no 

consistent pattern to the disease. Many of the diseases that 

are described in the previous section as showing a particular 

distribution can also be diffuse; these include lymphangitic 

spread of carcinoma, sarcoidosis, and silicosis. One disease 

that typically shows this uniform distribution is 

hypersensitivity pneumonitis [76,101,130]. LAM tends to be 

diffuse, whereas Langerhans histiocytosis does not [224]. 

TABLE 3-17. Diffuse lung disease 

Disease Findings 

Diffuse pneumonia Ground-glass opacity; 

consolidation 

Lymphangitic spread of 

carcinoma 

Peribronchovascular 

interstitial thickening; 

nodules; septal thickening 

Hematogenous 

metastases 

Nodules 

Sarcoidosis Peribronchovascular; 

subpleural; septal nodules 

Hypersensitivity 

pneumonitis 

Ground-glass opacity; 

nodules; fibrosis 

Lymphangiomyomatosis Lung cysts 



Bronchiectasis Findings of bronchiectasis 
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Rheumatoid arthritis (RA), a systemic autoimmune process
characterized by a chronic symmetrical erosive synovitis, is
frequently progressive and results in significant disability,
especially if treatment is delayed.1 In addition to articular
disease, multiple other organ systems may be involved, with
extra-articular manifestations (EAM) in the heart and vascu-

lar system, lungs, skin, and eyes, contributing to the excess
morbidity and mortality of patients with RA.2,3 The lung and
pleura are frequently involved and contribute to 10 to 20% of
overall mortality.2–7 The type of involvement is very varied
and can precede the development of joint symptoms or
diagnosis of RA.7–9 With improvements in imaging of the
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Abstract Rheumatoid arthritis (RA) is a common chronic systemic autoimmune disease charac-
terized by joint inflammation and, in a proportion of patients, extra-articular manifes-
tations (EAM). Lung disease, either as an EAM of the disease, related to the drug therapy
for RA, or related to comorbid conditions, is the second commonest cause of mortality.
All areas of the lung including the pleura, airways, parenchyma, and vasculature may be
involved, with interstitial and pleural disease and infection being the most common
problems. High-resolution computed tomography of the chest forms the basis of
investigation and when combined with clinical information and measures of physiology,
a multidisciplinary team can frequently establish the diagnosis without the need for an
invasive biopsy procedure. The most frequent patterns of interstitial lung disease (ILD)
are usual interstitial pneumonia (UIP) and nonspecific interstitial pneumonia (NSIP),
with some evidence for the prognosis being better than for the idiopathic equivalents.
Risk factors depend on the type of disease but for ILD (mainly UIP and NSIP) include
smoking, male gender, human leukocyte antigen haplotype, rheumatoid factor, and
anticitrullinated protein antibodies (ACPAs). Citrullination of proteins in the lung,
frequently thought to be incited by smoking, and the subsequent development of
ACPA appear to play an important role in the development of lung and possibly joint
disease. The biologic and nonbiological disease modifying antirheumatic drugs
(DMARDs) have had a substantial impact on morbidity and mortality from RA, and
although there multiple reports of drug-related lung toxicity and possible exacerbation
of underlying ILD, overall these reactions are rare and should only preclude the use of
DMARDs in a minority of patients. Common scenarios facing pulmonologists and
rheumatologists are addressed using the current best evidence; these include screening
the new patient; monitoring and choosing RA treatment in the presence of subclinical
disease; treating deteriorating ILD; and establishing a diagnosis in a patient with an
acute respiratory presentation.
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lung, we now have a better understanding of the amount,
severity, and type of lung and pleural disease that occurs in
patients with RA. Recent findings provide fascinating in-
sights into the pathogenesis of lung disease and how it may
relate to the development of RA. The role of antibodies to
specific citrullinated proteins in the diagnosis of early RA, as
markers of RA-associated interstitial lung disease (ILD) and
in the pathogenesis of both lung and joint disease is intrigu-
ing andmay offer new options for detection, monitoring, and
therapy.10 Second, despite the availability of highly sensitive
tools such as the high-resolution computed tomography
(HRCT), the questions of which pleuropulmonary abnormal-
ities are important, how screening andmonitoring should be
performed, andwhether treatment directed at the RA should
be modified because of the presence of subclinical or clini-
cally apparent lung abnormalities is not clear.3,4,11,12 Out-
come from the interplay between lung disease and the new
biological disease modifying antirheumatic drugs
(bDMARDs) used to treat joint disease is unclear11,13,14

and hence the risk versus benefit of bDMARDs in an individ-
ual patient with pulmonary EAM is uncertain.11 Systematic
reviews, however, suggest concerns about pulmonary com-
plications with the use of DMARDs in patients with RA may
be overstated.11 This review will outline the breadth of lung
involvement in patients with RA, but focus on the common-
est forms in terms of pathogenesis, treatment, and uncer-
tainties as outlined earlier. Interstitial, pleural, airway, and
vascular disease and infection are either themost common or
the most difficult to manage lung problems in patients with
RA. Drug-induced lung disease is of importance and may
complicate the management of patients with RA.15,16 On the
basis of this review, we aim to provide a guide as to how to
approach patients with possible lung involvement, whether
as a rheumatologist managing someone presenting with
predominately joint disease, or as a pulmonologist needing
to determine the type, significance, andmanagement of lung
disease.

Overview of Lung Involvement in
Rheumatoid Arthritis

Prevalence and Type of Lung Disease
Almost all components of the respiratory system have been
shown to have the potential to be abnormal in patients with
RA. These changes appear to be a result of the systemic
inflammatory process in RA, as evidenced by the frequency,
temporal relationship, pathogenesis, and pathology2,3,16; or
arise as a result of the treatment used for RA13,14,16–18; or
comorbidities that involve the lung.19,20

Abnormalities involve the following:

• Pleura21,22

• Airways—upper and lower, large and small airways23

• Parenchyma with ILD and nodules3,4,13,16

• Vasculature24

• Infection related to RA or immunosuppressive therapy17

• Drug-related lung disease secondary to treatment of RA,
for example, with DMARDs11,16,25,26

• Comorbidmedical conditions such as venous thromboem-
bolism27,28 and lung cancer.19,29

The specific conditions associated with RA are shown
in ►Table 1, which summarizes their importance and impact
on patients.

In general, patients with RA have an increased standard-
ized mortality rate, which is higher in hospital cohorts when
compared with inception cohorts and higher with increased
age,male gender, presence of comorbidities, higher activity of
joint disease, and presence of EAM of RA.4–6 In an inception
cohort of 1,429 people with symptoms of < 2 years, there
were 459 deaths during 18 years of follow-up.5 The greatest
cause of early mortality was cardiovascular death (31%), but
lung problemswere the next biggest contributor (29%).5 Lung
problems with significant mortality include infection (12%
overall deaths), ILD (4%), and lung cancer (7%).5 Some forms of
lung involvement, such as obliterative bronchiolitis, are rare
but associated with a high mortality.2,44 In terms of morbidi-
ty, significant contributors are infection, ILD, pleural disease,
and drug-related reactions.3,4

It is difficult to confirm the exact prevalence of the
different types of RA-associated respiratory disease but it
can vary widely, with ILD, for example, ranging from 5 to 60%
invarious reports. Differences in prevalence are seen between
autopsy, hospital, and community-based studies.46–51 Stud-
ies contain heterogeneous populations with differences in
proportions with early or late stage disease, severity of
disease, treatment, the method used to detect pulmonary
abnormalities, sensitivity of equipment, expertise of those
interpreting the tests used, and how “abnormal” is defined.
The prevalence is undoubtedly influenced by smoking rates,
other diseases in the community, genetic, and environmental
factors.2,3,16 Most published studies have used multifaceted
assessment, but some tests are consistently better at detect-
ing abnormalities than others. In a study of 36 patients with
new onset RA, abnormalities consistent with ILD were found
in 58% of patients (physiology 22%, chest X-ray [CXR] 6%,
HRCT 33%, bronchoalveolar lavage [BAL] 52%, 99mTc-DTPA
[technetium-99m diethylenetriamine pentaacetic acid] ra-
dionuclide scan 15%).46 Despite all these abnormalities, only
14% were felt to have clinically significant ILD. Similarly, a
large number of patients with RA have pleural abnormalities
on HRCT, but a minority of patients have clinically trouble-
some disease.52 Tests may be complementary, reflecting
different aspects of structure or function. As much disease
is subclinical and progression varied,6,9 the significance of
many of these abnormalities in terms of futuremorbidity and
mortality is not clear and in the absence of validated prog-
nostic indicators, it is the complete clinical picture, with the
combination of symptoms and structural and functional
abnormalities in terms of both presence, severity, and change
over time,55 which helps determine the importance of any
one finding and the need for intervention.

Risk Factors for Lung Disease
Understanding risk factors for pulmonary EAM in patients
with RAhas led to insights into pathogenesis andmayprovide
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guidance for screening and surveillance. Although RA is more
prevalent in females, inmost but not all studies,45malesmore
commonly developed ILD44,56 and nodules.57 The findings
with respect to smoking aremixedwith evidence that current
or previous smoking is a risk factor for ILD58 (odds ratio [OR]
3.8 for > 25 pack years),59 although some studies have
reported no association.60 It is important to note RA-ILD
can occur in nonsmokers.39 The severity and duration of joint
disease is associated with the presence of both airflow

obstruction and ILD,51 and older age with ILD.61 The shared
epitope human leukocyte antigen (HLA)-DRB1 allele is asso-
ciated with ILD62 and in other studies, HLA-DRB1�1502 with
ILD (relative risk [RR] ratio ¼ 4.02; p ¼ 0.013) but not air-
ways disease (RR ratio ¼ 0.15; p ¼ 0.08).61 Rheumatoid fac-
tor is associated with a low diffusing capacity for carbon
monoxide (DLCO),47,61 anticitrullinated protein antibodies
(ACPAs) with ILD63 and airways disease,61 and antibodies
against anticitrullinated Hsp90α/β with ILD.64

Table 1 Frequency and impact of EAM in the lung in patients with RAa

Frequency Impact if present

Pleural21,22,30–34

Pleuritis þþ þþ
Effusiona þþ þþ
Pleural thickening þþþ þ
Other—unexpandable lung, empyema,
chyliform effusion,b pneumothorax,b hemothorax,b

pyopneumothorax,b bronchopleural fistulab

þ þþþ

Airway2,23,35–42

Upper—cricoarytenoid immobility with
vocal cord abnormality, cord nodules,
recurrent laryngeal, or vagus nerve
vasculitis and cord paralysis

þ þþ

Lower

Airflow obstruction þþ þ
Obliterative bronchiolitis þ þþþ
Bronchiectasis43 þ þ

Parenchymal3,4,8,9,12,13,44–48

Interstitial lung disease þþþ þ þþþ
Apical fibrosis and Caplan syndrome þ þ
Nodules þþþ þ

Vascular24,49–51

Pulmonary hypertension þ þþþ
Vasculitis þ þþþ

Musculoskeletal related3,18

Chest wall immobility and respiratory failure þ þ
Infection17,52–54

Related to RA þ þ
Related to treatment þþ þþ

Treatment related13–17,25,26

Pneumonitis þþ þþþ
Pleuritis/effusion (methotrexate, infliximab, adalimumab) þ þ

Increased risk19,27–29

Lung cancer þ þþþ
Pulmonary thromboembolism þ þþ

Abbreviations: EAM, extra-articular manifestation; RA, rheumatoid arthritis.
aþ (infrequent or unimportant) to þþþ (frequent or important).
bMay be associated with a ruptured nodule.

Seminars in Respiratory and Critical Care Medicine Vol. 35 No. 2/2014

Rheumatoid Arthritis and Lung Disease Lake, Proudman224

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Anticitrullinated Peptide Antibodies and Pathogenesis
of Rheumatoid Arthritis
The role of ACPAs in joint inflammation and EAMs of RA has
been a focus of much research over the last decade.10 Cit-
rullination is a posttranslational modification of proteins by
the enzymes peptidyl arginine deaminsase-1 and -2 (PAD-1
and -2), in which arginine is converted to citrulline, thereby
changing the tertiary structure and charge of the protein,
increasing its immunogenicity. Several diseases have been
associatedwith abnormal citrullination of peptides, including
psoriasis, multiple sclerosis, and idiopathic pulmonary fibro-
sis (IPF).10,63 In RA, a range of synovial proteins, including
vimentin, filaggrin, and fibronectin, can become citrullinated
and incite an antibody response. Antibodies to citrullinated
peptides are quite specific for RA and may play a role in the
disease process. Furthermore, citrillunated peptides are
found within the lungs of patients with RA, especially in
smokers where citrullination is triggered in the context of
smoking-induced inflammation.62 This is one mechanism by
which smoking is a risk factor for RA. The early commercial
assay for ACPAs was an enzyme-linked immunosorbent assay
which used various filaggrin epitopes. The second, improved
assay uses cyclic epitopes that mimic true conformational
epitopes, which were selected from libraries of citrullinated
peptides. This widely available commercial kit (second-gen-
eration anticyclic citrullinated peptide2 assay [anti-CCP2])
has been shown to have amoderate sensitivity (approximate-
ly 65%) and high specificity (approximately 95%) for RA.65

ACPAs could contribute to synovial inflammation through
the deposition of immune complexes and targeting of syno-
vial antigens. With regard to the lungs and ACPAs, there are
several interesting observations. First, a range of interstitial
and airway abnormalities were documented in a group of
patients with ACPAs in the absence of clinical or serological
evidence of RA or other connective tissue disorders (CTD).66

Over time, joint inflammation did develop in a small number
of these patients, demonstrating that generation of ACPAs can
precede the development of joint disease.66 In patients diag-
nosed with RA by clinical and serological methods, ACPAs
have been associated with a variety of lung abnormalities
including a low DLCO,47 ILD,61,63,64,67 bronchial wall thicken-
ing,47 airflow obstruction,61 and nodules.47,63 Mori et al
found high levels of ACPAs associated with RA-related air-
ways disease (RR, 3.8; p < 0.005) and less sowith RA-ILD (RR,
2.7; p < 0.07).61

The strength of these associations may be influenced by
the type of ACPA measured. In recent work looking at ACPAs
identified in the serum using a “reverse immunophenotyp-
ing” approach, Harlow et al demonstrated that a specific
ACPA, against citrullinated Hsp90 has a high specificity (>
95%) andmoderate sensitivity (20–30%) for RA-ILD relative to
RA without lung disease or IPF.64 In another study of 177
patients with RA, ACPAs were measured with both the anti-
CCP2 commercial kit and by using a range of specific ACPAs
that had been identified in previous studies. They found that
RA-ILD was associated with both higher levels and a greater
number of specific ACPAs than RAwithout ILD.67 It is possible
that an association between specific ACPAs and lungdisease is

hidden when the broad range, rather than specific ACPAs, is
studied.

The interaction between smoking, the lungs, and RA is
intriguing. Smoking increases pulmonary PAD-2 and is also a
recognized risk factor for airways disease and idiopathic and
RA-related ILD. Citrullinated proteins are found in the BAL of
smokers but not in nonsmokers.62ACPAs have been identified
in the lungs of smokers, with elevated levels in the BAL and
airways.Willis et al identified ACPAs in the sputum of a group
of patients at risk for RA (based on family history) in the
absence of seropositivity, which alongwith increased ACPA to
total immunoglobulin (Ig) ratios in sputa, supports the lung
being the site of autoantibody generation in the early devel-
opment of RA.68 It is possible immune responses to citrulli-
nated proteinsmayoccur and indeed start in the lung. Clearly,
this is not the whole answer as RA-ILD can occur in
nonsmokers.69

At this stage, apart from their use in the diagnosis of RA,
these antibodies remain in the research domain. However,
this work raise the possibility that specific antibodies may
help predict ILD as an EAM in RA, as is seen in the anti-
synthetase syndrome where anti-Jo-1 is strongly predictive
of ILD in the inflammatory myopathies.10

Interstitial Lung Disease in Rheumatoid
Arthritis

Importance and Clinical Presentation
ILD is the most important pulmonary manifestation of rheu-
matoid disease, being the commonest pulmonary cause of
death in RA and a significant contributor to morbidi-
ty.5–7,70,71 An autopsy study of 81 patients with longstanding
RA noted that 16% died of respiratory failure, while 34% had
evidence of ILD.70 In a large inception cohort in the United
Kingdom followed for 18 years, excess mortality was seen for
pulmonary disease overall (18%) and specifically ILD (4%).6

Apart from the clinical consequences of ILD, the presence of
either clinically overt or subclinical ILD may influence the
choice of DMARDs although it should be noted that the
majority of patients with RA are not troubled by lung disease.

The clinical presentation and disease spectrum of RA-ILD
are generally similar to that of the idiopathic interstitial
pneumonias (IIPs)72 although differences have been noted
in the pathology.73 The classification of the idiopathic forms is
regularly updatedwith progressive teasing apart of previous-
ly combined categories (cellular and fibrotic nonspecific
interstitial pneumonia [NSIP]) and the addition of newly
recognized IIP,74,75 but all recommendations emphasize
that the diagnosis is best made through multidisciplinary
discussion (MDD) between pulmonologists, radiologists, and
pathologists.75,76 Castelino et al has emphasized the need for
rheumatologists and pulmonologists to work together to
enhance the accuracy of disease classification.77 In a study
of 50 patients referred with ILD, reclassification from idio-
pathic to CTD-associated ILD (CTD-ILD), or CTD-ILD to a
different form of ILD occurred in a significant number
(54%), with changes in therapy occurring in the majority of
patients with CTD-ILD (84%). For those patients with
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supposed idiopathic ILD, a number with predominately usual
interstitial pneumonia (UIP) pattern, on review were reclas-
sified as having an autoimmune featured-ILD, with manifes-
tations of an undifferentiated CTD.78 As ILD can predate the
development of joint or serological manifestations,7–9 sup-
ported by the finding that 21 of 603 patients in a population
cohort had ILD diagnosed before the appearance of RA,7

ongoing monitoring of presumed idiopathic ILD is warranted
and ACPA measurement should form part of the screen for
patients presenting with what appears to be idiopathic ILD.

For a patient with RA, an acute respiratory presentation
may represent acute interstitial pneumonia (AIP), an exacer-
bation of ILD (with known or previously unknown pre-
existing disease), infection in an immunosuppressed host, a
drug reaction, or amixture of these. The differential diagnosis
needs to remain broad, with a range of investigations cover-
ing the possibilities being included (see section “Approach to
Patients with RA-ILD”) and discussions should be held within
a multidisciplinary team.3 Diagnosis is based on clinical
presentation, blood gases, and pulmonary function tests, if
the latter can be performed, and HRCT scan, blood tests,
sputum, possibly BAL, and very occasionally, a lung biopsy.
Bronchoscopy and BAL are primarily useful in the exclusion of
infection or diagnosis of other diffuse lung diseases (e.g.,
sarcoidosis, drug reaction). Nuclear imaging with gallium
scans or DTPA scans do not have a useful role. With regard
to a biopsy, transbronchial biopsies (TBBs) may be diagnostic
with organizing pneumonia (OP) or confirm infection (fungal)
but for most other possibilities are inadequate for diagnosis.
Old HRCTs, including abdominal films, where upper slices
may include the lung bases, are invaluable in determining if
there is longstanding disease.

In the patient with RA presenting with chronic respiratory
symptoms or the asymptomatic patient with RA, a range of
interstitial patternsmay be present.Modalities used to look for

disease vary in sensitivity and frequently detect changeswhich
may not be clinically significant. Of 36 patients with early
rheumatoid disease, 33% had a DLCO < 80% of predicted, but
only 14% had symptoms.44 It is the clinical picture with
symptoms and crackles79 and changes on HRCT, backed by a
restrictive pattern on physiology, that are the key for confirm-
ing the type and significance of ILD, with the majority with
significant disease showing abnormalities on all measures.

The common pathological and HRCT patterns of RA-associ-
ated ILD are shown in►Table 2. These changes vary in terms of
prevalence, prognosis, and histology but based on histological
and HRCT-based studies, UIP and NSIP are the most common
patterns found (44–56 and 33–44%, respectively), followed by
mixed disease (0–12%).80,81OP and AIP are seen less common-
ly (0–11%),82–84 and ymphocytic interstitial pneumonia (LIP)
and desquamative interstitial pneumonia (DIP) are
rare.3,4,18,56,80,81,90 Most studies of prognosis are likely to
include patients with a mix of UIP and NSIP, making recom-
mendations for a specific pattern difficult. A poor prognosis is
associated with more extensive fibrosis or worsening of the
extent of disease on HRCT, although reliable techniques which
minimize interobserver variation are still being devel-
oped91–94 with the aim of better prediction of outcome. Goh
et al have proposed a simple system classifying disease as
extensive (> 30% of lungs affected) or limited (< 10% of lungs
affected), with the significance in indeterminate category (10–
30%) being determined by the forced vital capacity (FVC), with
values > 70% suggesting limited disease. A recent study
showed traction bronchiectasis and honeycombing were re-
lated to mortality in CTD-ILD, and interobserver agreement
was greatest for traction bronchiectasis.95,96 The importance
of asymptomatic changes will be discussed later.

Physiological abnormalities include a reduction in lung
volumes, with total lung capacity (TLC) and FVC, a low DLCO,
and oxygen desaturation during a 6-minute walk test

Table 2 Clinicopathological subtypes of RA-associated ILD3,4,7,16,18,72,75,80–90

Prevalencea Prognosis Radiological pattern Histological pattern

Usual interstitial
pneumonia

þþþ Poor Subpleural, basal predominance,
reticular abnormality, honey-
combing with or without traction
bronchiectasis, absence of incon-
sistent features

Subpleural and paraseptal inter-
stitial fibrosis, fibroblastic foci,
architectural distortion with hon-
eycombing, temporal heteroge-
neity, patchy involvement

Nonspecific interstitial
pneumonia

þþþ Intermediate
to good

Bilateral ground glass change
may have traction bronchiectasis
and bronchiolectasis

Ground glass opacification (cellu-
lar) through to interstitial fibrosis
(fibrotic) without honeycombing,
uniform process

Organizing pneumonia þþ Good Patchy peripheral consolidation,
subpleural and peribronchial, of-
ten migratory

Intraluminal organization in alve-
olar ducts, occasionally alveoli
and bronchioles with preserva-
tion of background lung tissues;
variable interstitial inflammation

Acute interstitial
pneumonia/DAD

þ Poor Patchy ground glass changes with
basal consolidation, rapid
progression

Acute DAD with edema and hya-
line membranes.

Abbreviations: DAD, diffuse alveolar damage; ILD, interstitial lung disease; RA, rheumatoid arthritis.
aPrevalence þ (rarest) to þþþ (commonest).
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(6MWT).3,4,15,55 Both DLCO and desaturation with walking
can be influenced by the coexistence of emphysema or
pulmonary hypertension.55 A low DLCO is the measure best
associated with the extent of disease in ILDs and a poorer
prognosis in RA-ILD and FVC alone is not useful for predicting
prognosis in ILD. Dawson et al found that a low DLCO was an
indicator of a poor prognosis, with 80% of patients whose
disease progressed having a DLCO less than 54%, and 93% of
patients whose disease did not progress had a DLCO greater
than 54% (i.e., 80% sensitivity and 93% specificity).45 Desatu-
ration < 88% is associated with a worse prognosis in ILD and
is useful for guiding need for oxygen therapy or referral for
transplantation. In terms of monitoring disease, comprehen-
sive tests rather than FVC should be measured to increase the
accuracy.55 A significant fall would be accepted as a decrease
in DLCO by 15% and FVC by 10% from baseline values. If
abnormalities are present, initial monitoring should be 3 to 6
monthly, then yearly if stable.55

The importance of investigations, in particular the HRCT
and physiological assessment, is in determining the type of
lung disease, the severity, and the change over time. It is
extremely important to determine what type of underlying
ILD is present in the IIPs because of differing prognoses and
treatment,95 but the importance of determining the subtype
of ILD in RA is less clear. As in the IIPs, when the radiological
picture is not classical, the diagnosis can be inaccurate when
compared with histology.74,96,97 One report in RA noted a
UIP-like picture on HRCT but NSIP on histology, but this is
uncommon.98

Outcomes in RA-ILD
Bongartz et al found in a longitudinal study that the 10, 20,
and 30 years cumulative incidence of definite and probable
ILD in patients with RA was 3.5, 6.3, and 7.7%, respectively,
with a lifetime risk of 10%, suggesting disease can develop or
progress late in the disease process.7 Dawson et al noted 34%
of patients with RA-ILD progressed45 and Kim et al noted
those with a definite UIP pattern on HRCT had a worse
prognosis.90Hakala showed hospitalizationwas not common
among patients with RA-ILD (one case per 3,500 patient-
years), but those hospitalized for ILD had amedian survival of
only 3.5 years.98 Solomon et al retrospectively reviewed 48
patients with RA-ILD proven on biopsy, 31% of them having
UIP. Age and fibrosis predicted a poor outcome.99

In a retrospective review of 84 patients with RA-UIP who
were monitored for 33 months, Song et al found respiratory
abnormalities remained stable over that period in 50%, pro-
gressed in 30%, deteriorated with an acute exacerbation in
17%, and improved in 6%. A high TLC predicted stability.97

Importantly, the stable group remained stable for a median of
45 months. Tsuchiya et al used HRCT and where available,
pathology to retrospectively review outcome in 144 patients
with RA-ILD, according to pathological patterns.100 As ex-
pected the poorest prognosis was in those with diffuse
alveolar damage (20.0% 5-year survival), followed by UIP
(36.6%), OP (60.0%), bronchiectasis (87.1%), and bronchiolitis
(88.9%), with the best prognosis in the patients with NSIP
(93.8%). Importantly, diagnosis of NSIP was based on HRCT

findings of predominant bibasilar ground-glass attenuation
with limited reticulation and absent honeycombing.

Studies on the outcomes in RA-related UIP, NSIP, or un-
classifiable patterns compared with the idiopathic forms,
although not sufficiently powered to provide robust conclu-
sions, suggest a better prognosis with RA than in IIP, including
with a range of immunosuppressive therapies.94,96,99–101 In
one case–control study comparing 18 patients with RA-ILD
versus 18 patients with IPF, the median survival was greater
for patients with RA-ILD (60 vs. 27months).85 In a study of 86
patients with RA-ILD and 872 with IPF, survival was similar
between the two groups.87 Song et al reported a retrospective
study where the prognosis of RA-UIP was significantly better
than IPF, after matching for age, sex, smoking, and baseline
lung function, with amedian survival of 53 versus 41months,
respectively (p ¼ 0.015).97 Although the evidence is mixed, it
does suggest that a substantial number of patients with RA-
ILD have abnormalities that do not progress and a better
outcome with RA-ILD than IPF.100–103 These findings hold
when the subgroup of RA-UIP is compared with IPF. Studies
also show much heterogeneity in progression among pa-
tients, irrespective of the pathological picture.80–94

In view of the variability in outcomes, combined with
significant comorbidities in patients with RA, unlike in the
IIPs, a surgical lung biopsy is usually not sought. As will be
discussed, a more pragmatic approach to diagnosis is tending
to be taken and prognosis and need for treatment is guided
more by the extent of disease on HRCT, severity of physiology
impairment, and rate of progression determined during a
period of observation, than histology.103 This approach may
change with information from better longitudinal studies
regarding the clinical course and response to treatment
with the different histological subtypes.

Treatment of RA-ILD
With regard to treatment, the evidence is of low quality or
absent. Nondrug treatment to be considered includes educa-
tion, psychological support, and exercise rehabilitation, the
latter used in IPF, but in patients with RA is likely to be limited
by joint disease. There are no randomized controlled trials for
drug treatment of RA-ILD. The limited data come from series
or case reports, or small trials, the most recent with ritux-
imab, which was inconclusive.

In general, the approach to treatment is based on evidence
from the IIPs, where OP is usually very responsive to gluco-
corticoids and treatment would be given, NSIP somewhat
responsive, and treatment given especially if features sug-
gested a nonfibrotic type, and UIP is poorly responsive and
drug treatment would be avoided unless given as part of a
clinical trial. In the retrospective study of Song et al, 41% of
patients with RA-UIP were treated due to poor initial lung
function or progression of the disease. Treatment was with
high-dose corticosteroids combined with azathioprine, cy-
clophosphamide, or cyclosporine and median follow-up of
33months.97Of the patients, 50% improved or had stable lung
function and therewas no difference in outcome between the
treated and untreated groups, despite worse starting lung
function in the treated group. Predictors of poor outcome
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were age, low FVC, and a decrease in DLCO over time. This
study was not prospective, randomized, or controlled but
would suggest either the outlook with treatment is better in
RA-UIP than IPF, or the clinical diagnosis of RA-UIP is not
accurate and the group probably includes patients with RA-
NSIP, shown to have a better prognosis and response to
treatment.

Approach to Patients with RA-ILD
How does this translate into practical advice for the clinician?
An approach taken by Ryerson et al with unclassifiable ILDs
was to categorize disease by behavior, taking into account
independent predictors of survival with low DLCO and high
radiological fibrosis score from the HRCT.103 To quote Cottin,
in an editorial linked to the article of Ryerson et al,104 the
classification as “self-limited, reversible, stable, or progres-
sive and irreversible (with andwithout the potential for long-
term stabilisationwith therapy) may help to adapt treatment
goals and the monitoring strategy.” The approach is used in
recent guidelines on IIPs and can be usefully applied to RA-ILD
with heterogeneous outcomes, infrequent pathological con-
firmation, and little data to guide treatment other than on
clinical behavior.72 An adaptation of the approach for RA-ILD,
incorporating drug-induced lung problems, is shown
in ►Table 3. Using this as a guide, the treatment for drug
reactions and RA-OP is relatively clear. For the many forms of
RA-ILD,wewould recommend the following be considered, in
deciding whether or not to treat with drugs:

• MDD to confirm the diagnosis and review severity of ILD
based on extent of fibrosis on HRCT and DLCO (< 54%).

• Unless severe symptomatic disease, monitor comprehen-
sive lung function (spirometry, lung volumes, DLCO, and

6MWT) for 3 to 6 months if initial measurements are
abnormal.

• Consider potential impact (positive or negative) of drugs
required for joint disease (DMARDs) and monitor lung
function during therapy.105

• Consider treatment if extensive disease (extent of fibrosis
on HRCT > 30%, DLCO < 54%, desaturationwith exercise),
deteriorating (decrease from baseline in FVC by 10% or
DLCO by 15%) or very symptomatic.

• Review age and comorbidities (obesity, osteoporosis, car-
diovascular disease, infection risk, diabetes, coexisting
lung disease such as chronic obstructive pulmonary dis-
ease [COPD]).

• Determine patient’s informed wish.

Treatment may be considered, irrespective of whether the
pattern of ILD is UIP or NSIP, if disease is clinically significant
(symptoms, severity of abnormalities), progressive and if the
patient is younger, hasminimal comorbidities, and is keen for
treatment.

There are no randomized controlled trials for the treatment
of RA-ILD. There are reports of the benefits of prednisolone/
azathioprine, prednisolone/cyclophosphamide, cyclophospha-
mide, azathioprine, hydroxychloroquine, d-penicillamine, and
cyclosporine,3,4,18,94,97,106–108 but there are no data as yet on
N-acetyl cysteine or pirfenidone, although a study of the
former is underway. Outcomewas poorer whenmethotrexate
(MTX) was part of therapy. In acute severe disease, pulsed
intravenous methylprednisolone is recommended. There are
reports of bDMARDs resulting in an improvement in ILD;
however, as discussed later, reports have also documented
rapid, occasionally fatal progression of lung disease and the
development of new ILD.

Table 3 RA-associated interstitial pneumonias: classification according to disease behavior, adapted from Travis et al,72

classification for the idiopathic interstitial pneumoniasa

Clinical behavior Treatment and treatment goal Monitoring strategy

Potentially reversible with risk of irre-
versible disease (e.g., cases of drug-
related lung disease in RA)

Remove cause, treat to obtain a
response to reverse changes

Short-term (3–6 mo) observation to
confirm disease regression, or occa-
sionally need for palliation

Reversible disease with risk of pro-
gression (e.g., RA-cellular NSIP and
some RA-fibrotic NSIP, RA-OP)

Treat to initially achieve response and
then rationalize longer term therapy

Short-term observation to confirm
treatment response. Long-term obser-
vation to ensure that gains are
preserved

Stable with residual disease (e.g., some
RA-fibrotic NSIP, some RA-UIP)

No treatment if stable, aiming to
maintain status

Long-term observation to assess dis-
ease course

Progressive, irreversible disease with
potential for stabilization (e.g., some
RA-fibrotic NSIP, some RA-UIP)

Consider treatment trial to stabilize Long-term observation to assess dis-
ease course

Progressive, irreversible disease despite
therapy (e.g., RA-DAD, most RA-UIP,
some RA-fibrotic NSIP)

In absence of contraindications, con-
sider treatment trial in selected pa-
tients to slow progression

Short (DAD) or long-term observation
to assess disease course, and need for
transplant or effective palliation

Abbreviations: DAD, diffuse alveolar damage; NSIP, nonspecific interstitial pneumonia; OP, organizing pneumonia; RA, rheumatoid arthritis; UIP, usual
interstitial pneumonia.
aBased on a diagnosis established by a multidisciplinary team and with disease behavior classification reviewed with longitudinal measurement.
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If a patient fails to respond or deteriorates, different
immunosuppression could be considered but if the patient
is young, early referral for lung transplantation is required
and for others, following extensive discussion with the
patient and family, active palliation may be institut-
ed.109–111 Lung transplantation is often not possible be-
cause of age, immobility, osteoporosis, and EAM. Palliative
measures include oxygen, titrated to reduce the exercise-
induced hypoxia, treatment for cough, reflux, and
breathlessness.109–111

Subclinical RA-ILD and Progression
Subclinical disease is frequent and the best way to approach a
patient with abnormalities but no symptoms is unclear.8,9,59 In
practical terms, subclinical disease is when HRCT shows inter-
stitial changes, but symptoms and other tests do not support
clinically important disease. The importance of subclinical dis-
ease is that early disease can progress and there is hope
that deterioration can be prevented. RA patientswhowere older
at the time of disease onset, male and who had more severe
RA, were on MTX59 or continued to smoke were at highest risk
of progression.6 Although these studies demonstrate
progression, the majority of patients do not have problems so
how aggressively patients should be monitored, with investiga-
tions such as HRCTwhich carry some risk with radiation, is not
clear. Doyle et al have outlined an algorithm for those with
idiopathic disease, but also those seen to be at higher risk, as in
the setting of familial ILD and CTD-related ILD.12 This investigat-
ing all patients with RA as they are “at risk” would result in a
large number of investigations. Tominimize unnecessary tests, a
threshold for instigating further investigations needs to be
considered. Cottin and Cordier have argued crackles may be a
useful screen, which should lead to a CXR, and comprehensive
lung function, as spirometry (FVC) alone may underestimate
abnormalities.55,79 A history of smoking should lead to investi-
gation with a CXR and spirometry (looking for airflow obstruc-
tion) in the first instance. When DMARDs, such as MTX, should
be avoided in patients with subclinical ILD will be discussed in
the next section.

Drug-Induced Lung Disease in Rheumatoid
Arthritis

Developments in drug therapy, with earlier use of conven-
tional nonbiologic DMARDS and bDMARDs, often in com-
bination or with a rules-based treat-to-target strategy, has
had a profound impact on the morbidity and mortality of
RA.1,12–14 Infrequently, DMARDs have been associatedwith
drug-related pulmonary disease with significant mortality,
which needs to be considered when choosing treat-
ment.112,113 The most common problems are infection
(discussed elsewhere),16,17 diffuse interstitial processes,16

and less commonly, airway disease or the development of
nodules.114 The risk of pneumonitis, in particular, in
the presence of pre-existing lung disease, may be over-
emphasized, especially in the context of the benefits of
DMARDs.

Differentiating between a drug reaction, underlying RA-
associated lung disease, infection, or another problem can be
difficult so a careful history and clinical assessment is impor-
tant.12 The Web site, www.pneumotox.com113 provides a
comprehensive collection of the published literature relating
to adverse drug effects involving the lungs. ►Table 4 summa-
rizes the drugs, their reactions, and predisposing factors.
However, with new drugs entering the market on a regular
basis, up to date information on adverse reactions should be
obtained if there is any concern.

Nonbiologic DMARDs
MTX remains the most commonly used DMARD in patients
with RA and is recommended as first-line therapy. The most
common noninfectious pulmonary complication is AIP, with
uncommon reports of interstitial fibrosis, nodules, asthma,
and air trapping.16,119–125 Importantly, MTX has been asso-
ciated with progression of preclinical interstitial disease,63

raising the issue of screening and avoidance ofMTX in certain
patients. However, this is a rare occurrence andwith the high
prevalence ofminor abnormalities and the significant benefit
of MTX, a decision as to whether to avoid the drug or not
should be based on both the severity of the joint disease and
underlying lung disease. Acute pneumonitis may be an
idiosyncratic reaction, as it does not always recur on rechal-
lenge with MTX. Pneumonitis can occur with low doses (<
20 mg per week), usually within 2 years but can begin early
after commencement and on changing from oral to paren-
teral,120 or in one case, a month after it was discontinued. In
patients with RA, the overall likelihood of developing acute
pneumonitis during MTX therapy is 0.3 to 11.6%.127 A
multicenter, case–control study of 29 patients and 82 con-
trols122 found older age (OR, 5.1), diabetes mellitus (OR,
35.6), hypoalbuminemia (OR, 19.5), pre-existing pleural or
lung involvement with RA (OR, 7.1), and smoking and use of
other DMARDs, in particular penicillamine (OR, 5.6) which is
rarely used now, were risk factors for MTX-induced pneu-
monitis. In general, patients respond toMTXwithdrawal and
the prognosis is usually good, although the reaction can be
fatal in some cases. Uncontrolled studies suggest glucocorti-
coids may be important in severely ill patients. Cautious
rechallenge is an option if the drug is essential for manage-
ment.16 Concern over the long-term effects ofMTXupon lung
function have not been supported by studies and although a
mild reduction in spirometry has been reported, it is not
clinically important.12,125

Leflunomide blocks pyrimidine synthesis in activated
lymphocytes and has been associated with ILD and nodule
formation, with a RR of ILD of 1.9 compared with other
DMARDs,126–128 although the risk was insignificant if there
was no prior diagnosis of ILD or MTX use. Similar findings
were reported in a large observational study with 1.2% of
patients treated with leflunomide developing new or wors-
ening ILD. As with MTX, safe prescribing requires assessment
of risk factors with severity of pre-existing lung disease being
the most important factor128 as well as smoking, low body
weight, and use of a loading dose.
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Biologic DMARDs
Biological DMARDs are used second line after MTX and work
in a variety of ways.13,14,16,24,130,131 They have been shown to
improve symptoms, joint disease, and possibly lung disease in
patients with RA; however, pulmonary toxicity with a high
mortality has also been described.14–16 Overall, however, the
rate of adverse reactions is low. A variety of lung toxicities are
shown in ►Table 4.

Useful information comes from themany biologic registers
around the world.130–132 The British Society for Rheumatolo-
gy Biologics Register (BSRBR) prospectively collects data on
all patients in the United Kingdom receiving bDMARDs (>
8,000 patients).140 The OR for mortality was 4.4 times higher
(95% confidence interval [CI], 1.8–10.7) for those patients
with RA and pre-existing pulmonary disease who were
treated with bDMARDs compared with those without pul-

monary disease,140 although some case reports show an
improvement in ILD with bDMARDs.105 Overall, the risk is
low at around 1% although the mortality with a reaction
appears to be high at 35.5%.11 Despite case reports, it is not
clear if combination therapy, such as with MTX and lefluno-
mide, significantly increases the risk of an adverse reaction
with bDMARDs.11

Use of DMARDs in the Presence of Subclinical or
Clinically Apparent Lung Disease in RA
The overall risk of pneumonitis from MTX, leflunomide, or
tumor necrosis factor (TNF) inhibitors has been estimated
from a systematic literature review, at around 1%.11 The
fatality rate from the reaction is reported to be 13% with
MTX, 18%with leflunomide, and 35.5%with TNF inhibitors. In
recognizing the significant impact, these drugs have had on

Table 4 Reported adverse pulmonary reactions to drugs used to treat RA

Drug group Adverse reaction Risk factors for adverse reaction

Anti-inflammatory drugs

NSAID (high-dose)
anti-inflammatory114,115

Eosinophilic pneumonia (naproxen) n/a

Corticosteroids116–118 Infection • Dose related
• Pre-existing severe lung disease
• Biologic DMARD

Nonbiologic DMARD

MTX119–125 Pneumonitis • Abnormal lungs (DLCO < 70%
increased risk by 10%)

• Smoking, low albumin, previous
use of DMARD

Leflunomide112,126–128 Pneumonitis—ALI/DAD
Nodulosis

• Pre-existing ILD
• Previous MTX—OR, 8.17; 95% CI,
4.63–14.4

• Japanese origin

Sulphasalazine, gold,
penicillamine16,129

Pneumonitis—OP and NSIP

Biologic DMARD134,135

TNF blockade130–139

• Etanercept (soluble p75 TNFα
receptor fusion protein)

• Infliximab (dimeric anti-TNFα)
• Adalimumab (anti-TNFα
monoclonal antibody)

• Golimumab
• Certolizumab

Infection including TB (pneumonia 0.8%)
Pneumonitis—ALI/UIP/NSIP (0.6%)
Noninfectious granulomatous disease
New lung nodules

• Previous lung disease
• Low body weight
• Older age
• Previous MTX pneumonitis
• CXR and Mantoux or QuantiFERON

Gold before therapy

Anakinra (IL-1 blocker)140,141 Infection No reports of pneumonitis

Rituximab (anti-B cell monoclonal
antibody)141–146

Rare—rapidly progressive, OP

Abatacept (a selective
costimulation modulator
which prevents T cell CD28 binding)141

Pneumonitis

Tocilizumab (humanized
anti-IL-6 receptor mAb)

Rare exacerbation of pre-existing ILD

Abbreviations: ALI, acute lung injury; CI, confidence interval; CXR, chest X-ray; DAD, diffuse alveolar damage; IL, interleukin; NSIP, nonspecific
interstitial pneumonia; OP, organizing pneumonia; OR, odds ratio; TNFα, tumor necrosis factor alpha; UIP, usual interstitial pneumonia.

Seminars in Respiratory and Critical Care Medicine Vol. 35 No. 2/2014

Rheumatoid Arthritis and Lung Disease Lake, Proudman230

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



joint disease and overall morbidity and mortality,1 the oft
recommended avoidance of these drugs in the setting of any
pulmonary abnormality seems inappropriate. Important con-
siderations are pulmonary reserve and other comorbidities,
and whether the patient would tolerate the development of
pneumonitis.11 With significant abnormalities with symp-
toms, signs (crackles), and abnormal HRCT and physiology,
the drugs should be avoided or used with caution, but most
other patients are likely to tolerate therapy without pulmo-
nary consequences. Patients should understand the small risk
and be educated to seek early reviewwith the development of
any new pulmonary symptoms. If DMARDs are used in
patients with lung disease, regular monitoring with compre-
hensive lung function, initially at 3 to 6, then 12-month
intervals if stable, is recommended.55 Repeat HRCT should
be used if deterioration in lung function is noted.

Infection in Rheumatoid Arthritis

The reported prevalence of infection in patients with RA
varies substantially among studies and although it is not
clear if there is an increase in mild infections in patients
with RA, several studies confirm an increase in severe
infections with probably worse outcomes.137,139,141 Most
of these studies have not reported on infection by site,142

but pulmonary infection, in particular bacterial pneumo-
nia, is the commonest form of severe infection.146,147 Other
forms of pulmonary infection include bronchitis, exacer-
bations of bronchiectasis, empyema, or infected nodules.
Predisposing factors for severe infection include host de-
fense abnormalities related to RA (e.g., premature aging of
the immune system), more active disease, comorbidities (e.
g., underlying lung disease, smoking, diabetes, kidney
disease),53,54 and RA-related drug therapy.147–150 It is
estimated that corticosteroids increase the risk of serious
infection fourfold.118 Nonbiologic DMARDs such as MTX
and low-dose azathioprine have not been shown to consis-
tently increase the risk of infection,5–54 but may delay
recovery from an infection, and although there is no clear
evidence, some recommend the drug should be stopped
during the episode of severe infection.

Cohort studies from registries show an increased risk of
infection with bDMARDs53,54,135,151 with suggestions TNFα
inhibitors increase risk twofold. However, results from the
German bDMARD registry RABBITof TNFα inhibitors usehave
shown, over 3 years of observation, that the risk of severe
infection fell from 4.8 to 2.2/100 patient-years.147 This, in
part, relates to the drop out of high-risk patients, but is likely
to also relate to the bDMARD with improvement in RA with
therapy resulting in better mobility and less need for cortico-
steroids.147 In terms of disease control and reduction in
corticosteroid use, the use of bDMARDS outweigh the risk
of infection with these drugs.53,150 With respect to cortico-
steroids in RA, it is estimated a dose of 5 mg/d is associated
with a RR for severe infection of 1.4 (95% CI, 1.2, 1.6), for 5 to
10 mg/day a RR of 1.9 (95% CI, 1.7, 2.2), and for 10 to 20 mg/
day a RR of 3.0 (95% CI, 1.9, 4.7),23,54,119,120 so minimizing the
dose should be a priority.

It is important to be aware of the possible infectious agents
when caring for an individual unwell with respiratory symp-
toms. Many infections reflect the organisms endemic to a
geographical area. From cohorts and case series treated with
corticosteroids and DMARDS, both common organisms such
as pneumococcus, and opportunistic infections such as Pneu-
mocystis jiroveci pneumonia (PJP), cryptococcal pneumonia,
invasive pulmonary aspergillosis and disseminated histoplas-
mosis, other fungal species, Nocardia, Listeria, and viral
pneumonia caused by parainfluenza and cytomegalovirus
and tuberculosis have been reported.149–157 Kameda from
Japan showed, in a study of patients on bDMARDs presenting
with acute onset ILD thought to be drug related, 13/26 had
definite and 11/26 had probable P. jiroveci,152 with good
outcomes with treatment.

The development of tuberculosis, with both mycobacteri-
um tuberculosis (MTB) and nontuberculous mycobacteria
(non-TBM) has been associated with bDMARDs. From the
British Biologics Register, the development of MTBwas great-
est in those treated infliximab and adalimumab, and lowest
with etanercept.140 The majority of the disease was extrap-
ulmonary (62%) with a significant number presenting with
disseminated disease. Appropriate screening (history, CXR,
and Interferon Gold/Mantoux) before the start of treatment
has had a significant impact on the development of active TB
during therapy.58 The development of non-TBM, most com-
monly due to Mycobacterium avium, probably relates to pre-
existing disease, with a range of CT abnormalities being
evident before treatment commenced, from small nodular
lesions, bronchial abnormalities, and bronchiectasis to alve-
olar abnormalities.152 Outcome for non-TBM with treatment
was favorable and it has been suggested the bDMARD could
be continued during treatment for the non-TBM with suc-
cessful outcome for both RA and the non-TBM.154,155 Moni-
toring for at least 6 months after anti-TNF therapy is stopped
is required.153,157

Attempts have been made to estimate the size of the
contribution each of these factors, such as severity of RA,
comorbidities, and RA therapy, to infection risk,117,118,147–150

and to provide a guide when considering RA treatment
options in any individual. For example, in patients with
comorbidities such as COPD and older age, and a dose of
glucocorticoids which cannot be reduced despite other ther-
apy, the risk of bDMARDs probably outweighs the benefit. The
most important measure to reduce risk appears to be mini-
mizing the dose of corticosteroids in all patients, and selective
use of other immunosuppressive drugs. Other general meas-
ureswhich are important are vaccinationwith pneumococcus
and influenza vaccines,53 which appear to reduce morbidity
and mortality.146,150 The responses to pneumococcal vacci-
nation is not significantly diminished by bDMARDs. Prophy-
laxis against PJP during treatment for RA is not routine but
could be considered when high-dose corticosteroids
(�20 mg of prednisone daily for 1 month or longer) are
required, especially when combined with a TNFα inhibitor
or another immunosuppressive drug. When rituximab is
considered, low IgG levels increase risk of infection and so
levels should be measured.153,157
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Bronchiectasis
An association between diffuse bronchiectasis and RA (RA-
BB) has been noted, but for many, the disease is not trouble-
some.43 As with other forms of lung disease, the HRCT is a
sensitive way of detecting airway abnormalities. In a study of
26 patients with extensive bronchiectasis, the delta F508
mutation of the transmembrane conductance regulator
gene (CFTR) was seen in 15.4%, significantly higher
(p < 0.05) when compared with patients with RA but no
bronchiectasis (0%) or the general population (2.8%).158 In a
family study, the CFTR mutation cosegregated with RA-DB
(sib transmission disequilibrium test ¼ 10.82, p ¼ 0.005),
indicating that a mutation unrelated to RA is linked to EAMs
of RA.159 Treatment of symptomatic disease does not differ
from bronchiectasis unrelated to RA but significant disease
and ongoing infection would be a contraindication to the use
of bDMARDs.

Changes in Extra-articular Lung Disease over
Time and with New Therapies

There have been significant changes in themanagement of RA
over the past 25 years and as a result the development of
disabling joint disease is much less common.1 A shift has
occurred from simple symptommanagement, to anti-inflam-
matories such as corticosteroids, to the consistent and early
use of DMARDs, such as MTX, and bDMARDs, alone or in
combination.11,15 The aim with early treatment is to reduce
the inflammation and structural joint damage, and this has
resulted in improvement in long-term outcomes, with signif-
icantly reduced mortality and morbidity.13,160–163 As the
EAMs of RA are related to the activity, severity, and duration
of the joint disease, onewould predict early treatment of joint
disease, with better drugs, may reduce the incidence or
severity of EAM. This predicted improvement, however, could
be masked by adverse effects of the DMARDs.

Earlier longitudinal cohort studies did not show any
change over time in the prevalence of severe EAM or vasculi-
tis (up to 1995).161 Recently, however, several studies have
shown a reduction in amyloidosis and vasculitis but not
nodules or ILD. Glace et al followed 10 patients on the French
AutoImmunity and Rituximab/Rheumatoid Arthritis registry,
who had lung nodules found at recruitment. A significant
reduction in nodule size was seen after treatment.162 How-
ever, the major focus is on ILD. As noted, there are numerous
case reports or case series of the development of a variety of
forms of ILD in patients with RA treated with MTX and with
biological modifiers, but also reports showing substantial
improvement in pre-existing lung disease with MTX and
bDMARDs. In a group of 122 patients with RA, with and
without lung disease before treatment, Perez-Alvarez et al
found worsening or new ILD of various histological types
developing after commencement of anti-TNFα agents.163 As
noted, both new and worsening of pre-existing ILD after anti-
TNF therapy carried a high mortality.11 Conversely, a study in
1993 of 59 patients with RA who had no pulmonary symp-
toms showed 18% who were taking DMARDs (MTX, chloro-
quine, gold, penicillamine) had abnormal histology on TBB

but 42% who were not on DMARDs had abnormal
histology.164

Large studies from registries,12 including from the BSRBR,
with patients with known RA-ILD on DMARDS and
bDMARDs, found after adjustment for age, sex, and other
potential confounders, the adjusted mortality rate ratio was
0.81 (95% CI, 0.38–1.73) for the bDMARD cohort compared
with the DMARD cohort. RA-ILD, however, was a more
common cause of death in the TNFα blockers cohort.165

Two large cohorts from Japan involving over 10,000 patients
found a low prevalence of ILD and good outcomes when
treated with etanercept and infliximab combined with
MTX.11 As noted previously, although there is a range of
potential biases, the recent systematic literature review
would support the safety of these agents, showing pulmonary
toxicity was rare.

How to balance the risk of adverse lung reactions, includ-
ing from infection and the possible benefit in terms of
“treating” underlying lung disease will require more data
from longitudinal studies, but as recommended, a sensible
approach is to assess the risk factors for adverse effects
(smoking, significant pre-existing lung disease, older age,
comorbidities such as diabetes mellitus, need for high-dose
corticosteroids) and closely monitor patients, through edu-
cating patients to seek help early with symptoms and moni-
toring of lung function. Longer and larger studies of the use of
biologic DMARDs in a range of stages of RAILD and in
combination with a variety of risk factors will better guide
our ability to accurately predict risk.

Summary: A Practical Clinical Approach to
Patients

The importance of lung disease in patients with RA has been
recognized for some time, and the extent highlighted by
improvements in the sensitivity and accuracy of investiga-
tions such as the HRCT. Numerous case reports raise concerns
about drug toxicity with the DMARDs in patient with no lung
disease, subclinical or clinically important lung disease. How-
ever, reactions are rare and overall, there does not appear to
be worse outcomes. ►Table 5 outlines an approach for either
pulmonologists or rheumatologists for the commonest clini-
cal scenarios they will see, namely, a new patient presenting
with RA; a patient with RA and subclinical pulmonary
abnormalities; a patient with known RA with pulmonary
symptoms and interstitial abnormalities referred for assess-
ment by pulmonologist; and finally, a patient with known RA
treated with nonbiologic or biologic DMARDs. More data are
required to allow us to accurately predict the risk of worsen-
ing RA-related lung problems or adverse lung reactions to
therapy. In considering infection in the setting of RA, progress
has been made in modeling risk and estimating the impact of
being on corticosteroids at varying levels, additional DMARDs
in the presence of other comorbidities and underlying lung
disease (including ILD and COPD). With more data, we should
be able to take a similar approach with estimating the risk of
the development or worsening of ILD in the setting of
treatment for RA. Until that time, the need for effective RA
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Table 5 Approach to patients with RA and possible pulmonary EAM

Scenario 1: Patient with new onset RA presenting to a rheumatologist

In patient with new onset RA, it is important to determine the type and severity of lung involvement as part of the EAM,
or presence of other lung disease, which may impact choice of RA treatment.
A recommended approach would be to assess
• Symptoms (breathlessness, cough, chest pain), smoking status, occupational, or other exposures
• Signs (crackles)
• Ensure receives yearly influenza vaccination and 5 yearly pneumococcal vaccination153,166

• If considering biologic DMARD, obtain history of TB exposure, and perform CXR and Mantoux or QuantiFERON Gold153,166

If normal and nonsmoker
• Nil apart from ongoing monitoring of symptoms and signs

If normal but significant smoking history (previous or current)
• Smoking cessation
• Spirometry
• CXR
• Monitor if abnormalities

If significant abnormalities
• Smoking cessation
• Comprehensive lung function (spirometry, lung volumes, diffusion capacity) and 6MWT
• CXR and HRCT
• Consider review by a pulmonologist
• Monitor 3–6 monthly (comprehensive pulmonary function tests), then yearly if stable
• If evidence of latent TB and/or TB exposure, consider TB prophylaxis if using biologic DMARD

Scenario 2: Patient with known RA with subclinical or clinically apparent interstitial pulmonary abnormalities (rheumatologist or
pulmonologist)

Consider
• Initial assessment to include clinical assessment, comprehensive lung function and 6MWT, CXR and HRCT,

autoantibodies, ACPA
• Consider multidisciplinary review to establish

� Pattern and severity of lung disease
� Treatment options for RA

• Ensure receives yearly influenza vaccination and 5 yearly pneumococcal vaccination
• If considering biologic DMARDs, obtain history of TB exposure and perform Mantoux or QuantiFERON Gold153,166

• Monitor symptoms, comprehensive lung function, 6MWT initially 3–6 monthly, 12 monthly if stable
• HRCT if decline in lung function.
• Avoid MTX if clinically significant lung disease and comorbid factors
• If biologic DMARD, close monitoring166 of symptoms and 3–6 monthly lung function, and if evidence of latent TB

and/or TB exposure, consider TB prophylaxis. Avoid if severe chronic lung infection

Scenario 3: Patient with known RA with pulmonary symptoms and interstitial abnormalities referred for assessment by
pulmonologist

Consider the possible diagnoses
• New onset ILD associated with RA
• Known or unknown pre-existing ILD with

� Worsening/exacerbation of disease
� Superimposed infection or other problem (e.g., pulmonary embolism, heart failure)
� Superimposed drug reaction

• Drug reaction
• Other problem (pulmonary embolism, heart failure)

Approach to assessment
• History looking for timing of start of symptoms or decline, examination for crackles
• Look for pre-existing disease with old X-rays, including abdominal or spinal CTs, which may include basal lung fields
• Sputum for culture, blood tests exploring infection and RA
• HRCT, lung function, oxygenation, 6MWT
• Consider bronchoscopy, washings (infection, drug reaction)
• Multidisciplinary review of type and extent of disease
• Consider surgical lung biopsy if unusual or if felt it would change management (rarely required)

If deteriorating
• Multidisciplinary discussion to confirm the diagnosis and review severity of ILD based on extent of fibrosis on HRCT and

DLCO (< 54%)
• Unless severe symptomatic disease, monitor comprehensive lung function (spirometry, lung volumes, DLCO, and 6MWT)

for 3–6 mo if initial measurements are abnormal
• Consider potential impact (positive or negative) of drugs required for joint disease (DMARDs) and monitor lung function

during therapy
• Consider treatment if extensive disease (extent of fibrosis on HRCT > 30%, DLCO < 54%, desaturation with exercise),
deteriorating (decrease from baseline in FVC by 10% or DLCO by 15%) or very symptomatic
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therapy should drive treatment decisions and therapy
avoided only in those patients with severe or worsening
lung disease. The rest can be monitored closely during
therapy and have a good outcome.
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Rheumatoid arthritis
Josef S Smolen, Daniel Aletaha, Iain B McInnes

Rheumatoid arthritis is a chronic infl ammatory joint disease, which can cause cartilage and bone damage as well as 
disability. Early diagnosis is key to optimal therapeutic success, particularly in patients with well-characterised risk 
factors for poor outcomes such as high disease activity, presence of autoantibodies, and early joint damage. Treatment 
algorithms involve measuring disease activity with composite indices, applying a treatment-to-target strategy, and use 
of conventional, biological, and newz non-biological disease-modifying antirheumatic drugs. After the treatment 
target of stringent remission (or at least low disease activity) is maintained, dose reduction should be attempted. 
Although the prospects for most patients are now favourable, many still do not respond to current therapies. 
Accordingly, new therapies are urgently required. In this Seminar, we describe current insights into genetics and 
aetiology, pathophysiology, epidemiology, assessment, therapeutic agents, and treatment strategies together with 
unmet needs of patients with rheumatoid arthritis.

Introduction
Rheumatoid arthritis is one of the most prevalent chronic 
infl ammatory diseases. It primarily involves the joints, 
but should be considered a syndrome that includes extra-
articular manifestations, such as rheumatoid nodules, 
pulmonary involvement or vasculitis, and systemic 
comorbidities. A therapeutic revolution in the treatment 
of rheumatoid arthritis in the past decade—with the 
advent of novel therapeutics, introduction of early 
therapy, development of new classifi cation criteria, and 
application of new eff ective treatment strategies—has 
transformed articular and systemic outcomes.1–6 In this 
Seminar, we highlight recent insights into most aspects 
of rheumatoid arthritis, from diagnosis to treatment 
strategies, and from aetiology to novel therapies. There is 
still a considerable unmet need in rheumatoid arthritis; 
full or stringent remission is not typical, nor is it usually 
sustained without continuing treatment, and as such it 
should now be the priority of research eff orts.

Epidemiology, genetics, and aetiology
Rheumatoid arthritis is a chronic disease that carries a 
substantial burden for both the individual and society.7 
The individual burden results from musculoskeletal 
defi cits, with attendant decline in physical function, 
quality of life, and cumulative comorbid risk.8 The 
socioeconomic burden, aside from major direct medical 
costs, is a consequence of functional disability, reduced 
work capacity, and decreased societal participation.9 
Eff orts to establish the diagnosis early, initiate treatment 
promptly, and design novel treatment strategies to 
control infl ammation and reduce or prevent consequent 
damage are paramount.

Rheumatoid arthritis has an incidence of 0·5% to 1%, 
with an apparent reduction from north to south (in the 
northern hemisphere) and from urban to rural areas.10,11 
Some Native American populations have a very high 
prevalence.10 A positive family history increases the risk of 
rheumatoid arthritis roughly three to fi ve times; con-
cordance rates in twins are increased, implicating genetic 
factors in pathogenesis.10,12 The heritability of rheumatoid 
arthritis is currently estimated as 40–65% for seropositive 

rheumatoid arthritis, but lower (20%) for seronegative 
disease.13,14

Modern genetic technologies combined with large, 
well-characterised clinical cohorts have advanced our 
understanding of the genetics of the disease. Genome-
wide association studies using single nucleotide poly-
morphisms have characterised more than a hundred loci 
associated with rheumatoid arthritis risk, most of which 
implicate immune mechanisms (fi gure 1), some of 
which are shared with other chronic infl ammatory 
diseases.15 The HLA system (particularly HLA-DRB1) 
remains the dominant infl uence, strongly implicating 
peptide (and self-peptide) binding in pathogenesis.16 
Disease-associated alleles share common aminoacid 
sequences in the peptide-binding groove (the so-called 
shared epitope).17 Moreover, some HLA genotypes 
particularly associate with more aggressive erosive 
disease and with higher mortality, pointing to a crucial 
role of peptide binding.18

Other genetic loci probably contribute smaller 
functional eff ects that are presumably singly or 
cumulatively mediated,19 for example, via altered co-
stimulatory pathways (eg, CD28, CD40), cytokine 
signalling, lympho cyte receptor activation threshold (eg, 
PTPN22), and innate immune activation (fi gure 1). The 
increased risk for rheumatoid arthritis in patients with 
the shared epitope is linked with seropositivity for 
autoantibodies against citrullinated peptides (ACPAs) 
and autoantibodies against IgG (rheumatoid factor [RF]). 
These characteristic autoantibodies for rheumatoid 
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arthritis are present in 50–70% of patients at diagnosis, 
with remarkable stability throughout the disease 
course.20,21 The shared epitope has only poor association 
with ACPA-negative and RF-negative rheumatoid 
arthritis.18

Epigenetics contribute to pathogenesis, probably by 
integrating environmental and genetic eff ects.22 A recent 
epigenome-wide association study identifi ed ten 
diff erentially methylated positions that could promote 
genetic risk in rheumatoid arthritis.23 Altered histone 
acetylation and DNA methylation can regulate the 
biology of synovial fi broblasts and leucocytes.22 
MicroRNAs represent an additional epigenetic aspect by 
targeting mRNA for degradation, thereby fi ne-tuning 
cellular responses.24,25 Many microRNAs have been 
identifi ed as key regulators of lymphocytes, macrophages, 
and synovial fi broblasts (eg, miR146a or miR155).25 
Whether microRNAs will off er therapeutic utility in 
rheumatoid arthritis is as yet unclear.22

Development of rheumatoid arthritis is associated with 
environmental factors. Consistently reported risk factors 
include smoking26,27 and low socioeconomic status or 
educational attainment.28,29 Rheumatoid arthritis is 
associated with periodontal disease, although the 
causality and nature of this relationship remains ill 
defi ned.30 One hypothesis proposes that Porphyromonas 
gingivalis (a bacterium frequently found in periodontitis) 
promotes aberrant citrullination and provokes local 
breach of tolerance to citrullinated peptides via 
endogenous expression of its PADI4, which converts 
arginine to citrulline.31 Indeed, other infectious agents 
(eg, Proteus mirablis, Escherichia coli, and Epstein-Barr 
virus) have been suggested to trigger rheumatoid 
arthritis,32 generally via molecular mimicry; however 
these proposed mechanisms have not yet been 
substantiated.

As is the case with many autoimmune diseases, there 
is now considerable interest in the eff ect of the 
microbiome on disease risk and progression (fi gure 2).30,35 
Data from animal models of arthritis suggest an essential 
role for the gut microbiome in the development of 
disease.35 Initial studies in humans have implicated 
gastrointestinal dysbiosis in rheumatoid arthritis, 
particularly in early disease.30 One study36 detected 
alterations in common microbial populations in oral, 
salivary, and gastrointestinal sites, which were associated 
with C-reactive protein and ACPA status, and further 
altered by therapy with disease-modifying antirheumatic 
drugs. The mechanisms underpinning such observations 
and their importance remain to be elucidated.

Pathophysiology of rheumatoid arthritis
Autoimmune response
Rheumatoid arthritis is pathologically heterogeneous. The 
presence of autoantibodies (seropositivity) is associated 
with more severe symptoms and joint damage, and 
increased mortality.35–39 This is most likely due to formation 
of immune complexes by ACPAs with citrulline-
containing antigens and subsequent binding of RF, which 
can lead to abundant complement activation.40–42 The 
detection of autoimmune responses to citrullinated self-
proteins is a major advance.43,44 ACPAs can bind 
citrullinated residues on many self-proteins including 
vimentin, α-enolase, fi bronectin, fi brinogen, histones, 
and type II collagen. The tissue in which these immune 
responses are activated is uncertain, but the lung is an 
attractive candidate, which is consistent with a role for 
smoking in rheumatoid arthritis and the presence of 
shared citrullinated peptides in lung and synovial tissue 
biopsies (fi gure 2).45 Circulating ACPAs can be detected 
up to 10 years before diagnosis—so-called pre-rheumatoid 
arthritis.46 Over time, the concentration and epitope 
diversity of ACPAs increases, as do serum cytokine 
concentrations, especially before onset of articular 
involvement. ACPAs can be of IgG, IgA, or IgM isotype, 
are indicative of T-cell help, and have an altered 
glycosylation status that confers enhanced Fc-receptor and 
citrullinated antigen binding.47,48 ACPA-producing B cells 
are present in the synovium and in the circulation.47,49 
ACPAs themselves can be pathogenic, either by activating 
macrophages (eg, by ligating to toll-like receptors via the 
bound antigen, or by Fc-receptor engagement, or both), or 
by activating osteoclasts via immune complex formation 
and Fc-receptor engagement or, possibly, by binding 
membrane citrullinated vimentin,50 thus promoting bone 
loss. With eff ective therapy, both RF and ACPA 
concentrations decrease, but patients rarely become 
ACPA negative, whereas RF decreases more profoundly 
and more frequently and patients may serocovert to RF 
negativity.51 Anti-carbamylated and acetylated peptide 
autoantibodies have also been identifi ed in patients with 
rheumatoid arthritis;52 additional autoantibodies, directed 
against other post-translational protein modifi cations, 

Figure 1: Important loci associated with risk and progression of 
rheumatoid arthritis
Key immune cells implicated in the pathogenesis of rheumatoid arthritis. 
Th1=T-helper-1. Th17=T-helper-17. Treg=regulatory T. mDC=myeloid dendritic 
cell. pDC=plasmacytoid dendritic cell. 
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might emerge. RF is more directly involved in mechanisms 
of macrophage activation and induction of cytokine 
activation than ACPAs.42,53 ACPAs might form immune 
complexes that interact with RF, thus potentiating the 
eff ect on the infl ammatory and destructive response.37,53 
Less is known of the T-cell response that supports these 
processes.54 Using HLA-DRB1*0401 tetramers, elevated 
numbers of citrulline-specifi c T-helper-1 cells have been 
found in the circulation of patients with rheumatoid 
arthritis, particularly in those with early disease,55 although 
their contribution to autoimmune mechanisms remains 
uncertain. Lymph node biopsies in early rheumatoid 
arthritis suggest T-cell activation distant from the 
synovium.56

Infl ammation
Joint swelling in rheumatoid arthritis refl ects synovial 
membrane infl ammation consequent to immune 
activation, and is characterised by leucocyte infi ltration 
into the normally sparsely populated synovial com-
partment (fi gure 3). The cellular composition of synovitis 
in rheumatoid arthritis includes innate immune cells 
(eg, monocytes, dendritic cells, mast cells, and innate 
lymphoid cells) and adaptive immune cells (eg, T-helper-1 
and T-helper-17 cells, B cells, plasmablasts, and plasma 
cells). A robust tissue response—whereby synovial 
fi broblasts assume an aggressive infl ammatory, matrix 
regulatory, and invasive phenotype, together with 

enhanced chondrocyte catabolism and synovial 
osteoclastogenesis—promotes articular destruction.33,34 
Findings from ultrasound-guided biopsies of small joints 
and detailed molecular (particularly transcriptomic) 
analyses suggest that myeloid-dominant, lymphocytic-
dominant, and fi broid-dominant synovial subtypes might 
exist, which could be of therapeutic signifi cance.59

The infl ammatory milieu in the synovial compartment 
is regulated by a complex cytokine and chemokine 
network; clinical interventions clearly demonstrate that 
of these components, tumour necrosis factor (TNF), 
interleukin 6, and probably granulocyte-monocyte colony 
stimulating factor are essential to the process, whereas 
others (such as interleukin 1 and various lymphokines) 
may be less important.60 Cytokines and chemokines lead 
to the induction or aggravation of the infl ammatory 
response by activating endothelial cells and attracting 
immune cells to accumulate within the synovial 
compartment. Activated fi broblasts, together with the 
accumulated activated T cells and B cells, and monocytes 
and macrophages, ultimately trigger osteoclast generation 
via receptor activator of nuclear factor κ B ligand (RANKL) 
expressed on T cells, B cells, and fi broblasts, with its 
receptor RANK on macrophages, dendritic cells, and pre-
osteoclasts.61,62 Bony erosions ensue, arising from the so-
called bare area at the junction between cartilage, 
periosteal synovial membrane insertion, and bone. 
Cartilage undergoes damage by catabolic eff ects in 

Figure 2: Pathways to rheumatoid arthritis
In a genetically predisposed host with susceptibility genes, environmental insults, epigenetic modifi cations, and post-translational modifi cations can lead to loss of 
tolerance with subsequent asymptomatic synovitis, ultimately leading to clinically overt arthritis. ACPA=autoantibodies against citrullinated peptides. RF=rheumatoid 
factor. Adapted from Smolen and colleagues33 by permission of Elsevier, and McInnes and Schett34 by permission of the Massachusetts Medical Society.
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chrondrocytes after their stimulation by cytokines. 
Cartilage matrix is degraded by matrix metalloproteinases 
and other enzymes.63 Cytokines bind cognate receptors to 
trigger various intracellular signal transduction events, 
the intermediaries between extracellular events and 
activation of an array of genes that lead to or aggravate 
infl ammation and damage (fi gure 3). 

Learning from success and failure of therapies
Many of these cells and molecules have been tested as 

therapeutic targets with notable success in rheumatoid 
arthritis and subsequently other infl am matory diseases, 
whereas targeting of other molecules rendered low or no 
therapeutic success. Thus, whereas the pathogenetic 
events initiating and mediating chronicity of synovitis 
are not yet fully understood, remarkable insights have 
arisen from genetic, epidemiological, translational 
biological, and therapeutic studies.

Taken together, this evidence suggests that rheumatoid 
arthritis probably arises from multiple hits, whereby an 
initial combination of environmental, lifestyle, and 
stochastic insults occurring in a genetically predisposed, 
epigenetically modifi ed individual leads to breach of 
immunological tolerance. An additional trigger, perhaps 
infectious (facilitated particularly by pathways associated 
with HLA class II), drives expansion of T-cell-mediated 
autoimmunity, and thereafter articular localisation via 
currently obscure mechanisms (eg, neurological, vascular, 
biomechanical). This crucial transition to chronic (non-
resolving) synovitis is characterised by leucocyte and 
stromal cell dysregulation and wider comorbidity aff ecting 
various organs, such as the heart and the bone. Importantly, 
this transition must occur quite early, because treatment of 
very early, clinically incipient but overt rheumatoid arthritis 
usually does not reverse arthritis, and because synovial 
infi ltration by infl am matory cells can occur before clinical 
signs and symptoms.64,65 Therefore, diagnosis of preclinical 
rheumatoid arthritis has become a focus of research 
activity,66,67 with the goal of using preventive therapy; the 
term “window of opportunity” increasingly refers to 
preventive aspects rather than interventions in early but 
clinically already manifest disease.

Diagnostic approach and diff erential diagnosis
No diagnostic criteria exist for rheumatoid arthritis. The 
typical patient presents with tender and swollen joints of 
recent onset, morning joint stiff ness, and abnormal 
laboratory tests such as elevated concentrations of 
C-reactive protein or erythrocyte sedimentation rate. 
Unfortunately, this presentation is not specifi c to 

Figure 3: Pathogenetic pathways in rheumatoid arthritis
Green text shows molecules or cells which are successfully targeted by respective 
therapies. Red text relates to molecules or cells for which targeting was not 
eff ective. Adapted from Smolen and colleagues33 by permission of Elsevier, 
Mavers and colleagues57 by permission of Springer, and Smolen and Steiner58 by 
permission of Nature Publishing Group.
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rheumatoid arthritis. Other causes of arthritis need to be 
considered, such as reactive arthritis, osteoarthritis, 
psoriatic arthritis, infectious arthritis (viral or bacterial, 
and particularly Lyme disease depending on geographic 
region), or some rarer autoimmune conditions such as 
connective tissue diseases if additional suggestive signs 
or symptoms are present (eg, rash, mouth ulcers, 
alopecia, Raynaud’s phenomenon, Sicca syndrome, 
antinuclear antibodies, elevated muscle enzymes). In 
fact, in many patients no specifi c diagnosis can be made 
at fi rst presentation, and the diagnosis of exclusion is 
undiff erentiated arthritis. Providing such preliminary 
diagnosis, while leaving the future evolution to a distinct 
diagnosis open, is important, because disease-modifying 
treatment is indicated and necessary for any type of 
chronic infl ammatory arthritis.

New classifi cation criteria for rheumatoid arthritis were 
presented in 20101 to eliminate shortcomings of the former 
American College of Rheumatology (ACR) criteria, 
particularly inclusion of features of chronicity and poor 
prognosis.68 Briefl y, the new criteria, developed using 
cohorts and case scenarios of patients with early arthritis, 
require at least a single clinically swollen joint as entry 
criterion in the absence of other diseases explaining the 
clinical symptoms. Thereafter, the classifi cation criteria 
allow for sensitive assessment of extent of joint 
involvement (tender joints or joints positive by ultrasound 
or MRI can be classifi ed as active joints, just as well as 
clinically swollen joints). Additional features are serological 
markers (RF and ACPA), long symptom duration, and 
laboratory markers of systemic infl ammation. The criteria 
have been validated in many settings and off er 21% higher 
sensitivity than the former criteria, at the cost of 16% lower 
specifi city.69 However, classifi cation is not synonymous 
with diagnosis. Whereas diagnosis has the ultimate goal of 
being correct at the level of the individual patient, 
classifi cation aims to maximise homogeneous populations 
for study purposes, but can be used to support diagnosis.

Extra-articular manifestations and comorbidities
Patients with insuffi  ciently treated rheumatoid arthritis 
can have various extra-articular manifestations, including 
vasculitis or interstitial lung disease.69 Moreover, the 
chronic infl ammatory state of rheumatoid arthritis has 
been associated with secondary amyloidosis, lymphoma,70 
and cardiovascular disease8 and increased mortality.71 All 
these risks appear to be strikingly reduced with modern 
therapeutic strategies.72,73 Of note, methotrexate can induce 
nodulosis, which is indistinguishable from rheumatoid 
nodules,74 and TNF inhibitors can elicit psoriasis-like 
lesions75 that only subside after cessation of the drugs.

Disease assessment and defi nition of treatment 
targets
Assessment of disease activity is crucial in the follow-up 
of patients with rheumatoid arthritis.76,77 Composite 
measures that include joint counts have been 

recommended for daily practice.77 The ACR improvement 
criteria78 distinguish a change from baseline of several 
defi ned variables by at least 20% (ACR20, minimal 
response), 50% (ACR50, moderate response), or 70% 
(ACR70, major response). They were developed to 
diff erentiate active therapy from placebo in clinical trials 
(in particular, ACR20), but cannot be used in practice 
because they are not based on a continuous scale; 
improvement is related to baseline values of the respective 
variable, which diff er between individual patients or 
within patients at diff erent treatment starts. By contrast 
with the DAS28, a disease activity score using 28 joint 
counts along with other components in a complex 
calculation (table 1),80 the simplifi ed disease activity index 
(SDAI) and clinical disease activity index (CDAI)81,82 
provide continuous numerical scales refl ecting disease 
activity (higher is worse; table 1).80,83 These measures can 
also classify disease activity states (high, moderate, low, 
and remission). There is an almost linear relationship 
between these disease activities and impairment of 
physical function77,82,84 or damage progression.82,85–87 Other 
disease activity measures that do not include joint counts88 

Components Cutpoints

Remission Low disease 
activity

Moderate 
disease activity

High disease 
activity

DAS28-ESR* Tender joint count (of 28), 
swollen joint count (of 28), 
erythrocyte sedimentation 
rate (in mm), global health

<2·6 2·6 to 3·2 >3·2 to ≤5·1 >5·1

DAS28-CRP† Tender joint count (of 28), 
swollen joint count (of 28), 
C-reactive protein (in mg/dL), 
global health

<2·6 2·6 to 3·2 >3·2 to ≤5·1 >5·1

SDAI‡ Tender joint count (of 28), 
swollen joint count (of 28), 
patient global assessment, 
evaluator (physician) global 
assessment both in cm, 
C-reactive protein (in mg/dL)

≤3·3 >3·3 to 11 >11 to ≤26 >26

CDAI§ Tender joint count (of 28), 
swollen joint count (of 28), 
patient global assessment, 
evaluator (physician) global 
assessment both in cm

≤2·8 >2·8 to 10 >10 to ≤22 >22

ACR-EULAR 
remission79

Index: SDAI, CDAI; 
Boolean: swollen joint count 
(of 28), tender joint count 
(of 28), patient global 
assessment, C-reactive protein 
(in mg/dL)

SDAI ≤3·3, 
CDAI ≤2·8, 
Boolean all 
≤1

·· ·· ··

Patient global assessment refl ects global health in DAS28; mm in DAS28; cm in CDAI, SDAI, Boolean. ACR=American 
College of Rheumatology. EULAR=European League against Rheumatism. DAS28=disease activity score using 28 joint 
counts. SDAI=simplifi ed disease activity index. CDAI=clinical disease activity index. TJC28=tender joint count (of 28). 
SJC28=swollen joint count (of 28). ESR=erythrocyte sedimentation rate (in mm). GH=global health. 
CRP=C-reactive protein (in mg/dL). *DAS28-ESR calculated according to the following equation: 
0·56 × √ (TJC28) + 0·28 × √(SJC28) + 0·70 × loge(ESR) +0·014 × GH. †DAS28-CRP calculated according to the following 
equation: 0·56 × √ (TJC28) + 0·28 × √(SJC28) + 0·36 × loge(CRP + 1) + 0·014 × GH + 0·96. ‡SDAI calculated according to 
the following equation: TJC28 + SJC28 + PtGA + EGA + CRP. §CDAI calculated according to the following equation: 
TJC28 + SJC28 + PtGA + EGA.

Table 1: Composite measures of disease activity including joint counts, and ACR-EULAR remission criteria
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have also been developed but are not widely recommended 
because of insuffi  cient evidence for reliability across all 
patient populations and refl ection of all outcomes. 

Remission (primarily for early rheumatoid arthritis) or 
low disease activity (especially in long-standing disease) 
have been established as treatment targets.89,90 The ACR 

and the European League Against Rheumatism (EULAR) 
recently developed new remission criteria, based on a 
Boolean approach or on an index approach using the 
criteria of the SDAI or CDAI (table 1).79 Other defi nitions of 
remission (eg, remission according to DAS28-ESR criteria; 
table 1) might not correspond to true remission, because 
they are associated with progression of joint damage,91 
presence of comorbidities,92 and signifi cant residual 
activity in many patients,93,94 even if the established cutpoint 
of 2·6 is lowered.79,95 Although this issue is controversial, 
our analyses96,97 suggest that classifi cation of remission 
according to DAS28-ESR or DAS28-CRP criteria (table 1) 
results in high frequency of false-positive responses, 
particularly when drugs aff ecting the acute-phase 
response are used. Indeed, sometimes major diff erences 
between DAS28-ESR and DAS28-CRP activity states are 
observed.98,99 Importantly, with the development of the new 
remission criteria, remission—either index-based or 
Boolean-based—is now closely related to the absence of 
residual infl ammatory disease activity,100 leaving other 
defi nitions consistent with a state of low disease activity.96,101

Finally, it is important to evaluate structural progression 
of the disease. Treatment of rheumatoid arthritis should 
prevent or halt structural changes and thereby minimise 
or reverse physical disability. In routine practice, 
radiographs are usually done annually and evaluated 
semi-quantitatively. Formal scoring of radiographs for 
progression of erosions and joint space narrowing, as 
done in trials, is more accurate and sensitive.102 Other 
imaging modalities are being increasingly used, especially 
for diagnostic purposes. MRI scans detect bone marrow 
oedema as a potential area of (early or future) erosions,103 
but erosions also correlate well with clinical joint swelling. 
Ultrasound can quantify the degree and extent of synovial 
infl ammation by using greyscale and power Doppler 
measurements.95,104,105 However, in follow-up, targeting 
sonographic remission does not provide any benefi t over 
targeting clinical remission or even low disease activity, 
but is associated with substantial overtreatment.106,107 
Notably, many healthy people have detectable ultrasound 
and MRI signals of synovitis and vascularity.108 Physical 
function is typically assessed using the Health 
Assessment Questionnaire Disability Index,109 usually at 
every clinical visit.

Treatment strategies
Because infl ammation is at the apex of clinical events 
(driving clinical symptoms, joint damage, disability, and 
comorbidity),33 its reversal is the major therapeutic target; 
if infl ammation subsides rapidly, damage or its progression 
are prevented, and physical function can be maximally 
improved without further sequelae. Treatment of 
rheumatoid arthritis thus requires a strategic approach 
whereby regular assessment of disease activity drives 
therapeutic adaptations or changes of drugs in accordance 
with such activity (treat to target).100 Composite measures 
of disease activity that include joint counts are preferred 

Figure 4: Therapeutic approaches to rheumatoid arthritis
(A) General strategy. (B) Early treatment phase. (C) Treatment approach if methotrexate (plus glucocorticoid) 
does not achieve the treatment target. (D) Treatment approach after a fi rst biologic has failed. The 
recommendation to potentially use a TNF inhibitor after another TNF inhibitor has failed is based on the available 
evidence for biological DMARDs, but in some countries switching to another mode of action is recommended or 
mandated (against this evidence). Treatment algorithm based on EULAR recommendations.89,100 DMARD=disease-
modifying antirheumatic drug. tsDMARD=targeted synthetic DMARD. csDMARD=conventional synthetic 
DMARD. bDMARD=biological DMARD. ACR=American College of Rheumatology. EULAR=European League 
Against Rheumatism. CDAI=clinical disease activity index. HDA=high disease activity. MDA=moderate disease 
activity. LDA=low disease activity. REM=remission. TNF=tumour necrosis factor.
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tools in treat-to-target approaches. In practice, if a state of 
low disease activity or approximately 80% improvement in 
SDAI or CDAI has been attained by 3 months, the 
likelihood of reaching the target at 6 months from therapy 
initiation is very high.110 If improvement is small at 
3 months (fi gure 4), treatment should be adapted. Likewise, 
if the state of low disease activity (or remission) is not 
attained at 6 months, treatment should be re-evaluated. 
However, escalation of therapy needs to be balanced 
against patient factors and treatment-related risks.100

Therapies
Therapeutic approaches
Disease-modifying antirheumatic drugs (DMARDs) target 
infl ammation and by defi nition must reduce structural 
damage progression. Non-steroidal anti-infl ammatory 
drugs (NSAIDs), while reducing pain and stiff ness and 
improving physical function, do not interfere with joint 
damage and are thus not disease modifying. Gluco-
corticoids off er rapid symptomatic and disease-modifying 
eff ects,111 but are associated with serious long-term 
side-eff ects.

There are two major classes of DMARDs: synthetic and 
biological. Synthetic DMARDs are further defi ned as 
conventional synthetic or targeted synthetic.112 The use of 
conventional synthetic DMARDs has evolved empirically 
and their modes of action are still largely unknown. 
By contrast, targeted synthetic DMARDs have been 
developed to modulate a particular target implicated in 
the generation of infl ammation. Key examples include 
janus kinase (JAK) inhibitors, such as tofacitinib or 
baricitinib (Eli Lilly, Indianapolis, IN, USA).

Conventional synthetic DMARDs and glucocorticoids
According to EULAR recommendations,89 treatment 
should be initiated with a conventional synthetic DMARD, 
ideally methotrexate, plus low-dose glucocorticoids 
(fi gure 4). There is compelling evidence that this is 

the optimal approach. First, clinical trials comparing 
methotrexate plus glucocorticoids with combinations of 
methotrexate plus a biological agent have shown no 
signifi cant diff erence in outcomes (table 2).115,116 Clearly, 
the dose of all conventional synthetic DMARDs should be 
optimised, escalating methotrexate to 25–30 mg per week 
(about 0·3 mg/kg)—either orally or subcutaneously—or 
sulfasalazine up to 3 g per day. Second, comparing 
methotrexate plus glucocorticoids with combinations of 
conventional synthetic DMARDs plus glucocorticoids 
revealed similar effi  cacy with less toxicity (table 2).113,114 
Glucocorticoids are given at low to intermediate oral doses 
or parenterally as single intravenous or intramuscular 
applications. Low doses of glucocorticoids (<7·5 mg daily) 
combined with methotrexate confer additive structural 
protection when compared with methotrexate alone.117 
Oral glucocorticoids should be tapered and then stopped 
within 6 months, when conventional synthetic DMARDs 
should have induced signifi cant improvement.89 With 
respect to the choice of a conventional synthetic DMARD, 
methotrexate is considered the anchor drug that also 
optimises effi  cacy of biological DMARDs.89,90 However, it 
has not yet been conclusively shown that methotrexate is 
superior to other conventional synthetic DMARDs 
clinically or structurally; rather, comparisons with 
sulfasalazine or lefl unomide revealed similar outcomes, 
but the doses of methotrexate in these studies were low 
compared with those in current use.118 Other conventional 
synthetic DMARDs include sulfasalazine, lefl unomide, 
and (for very mild disease) hydroxychloroquine or 
chloroquine, although these antimalarials have few 
structural eff ects.119 In some countries parenteral gold is 
still used,120 but it can have serious side-eff ects.121

Table 2 summarises the most recent data on 
conventional synthetic DMARD monotherapy and com-
bination therapy. These data suggest some uncertainty as 
to general use of conventional synthetic DMARD 
combinations. By comparison with methotrexate 

Timepoint Methotrexate plus glucocorticoid Methotrexate plus other csDMARDs plus glucocorticoid, or 
methotrexate plus bDMARD

Dose LDA (% of 
patients)

Dose LDA (% of 
patients)

CareRA113 4 months 15 mg methotrexate plus 30 mg 
prednisone (tapered)

87% 15 mg methotrexate plus 2 g sulfasalazine 
plus 60 mg prednisone (tapered)

85%

tREACH114 6 months 25 mg methotrexate plus 15 mg 
prednisone (tapered)

68% 25 mg methotrexate plus 2 g sulfasalazine 
plus 400 mg hydroxychloroquine plus 
15 mg prednisone (tapered)

71%

IDEA115 6 months 20 mg methotrexate plus single 
intravenous dose of 250 mg 
methylprednisolone

67% 20 mg methotrexate plus infl iximab 65%

BeSt116 6 months 7·5 mg methotrexate (increased to 
30 mg if needed) plus 2 g sulfasalazine 
plus 60 mg prednisone

67% 25 mg methotrexate plus infl iximab 64%

LDA=low disease activity. DMARD=disease-modifying antirheumatic drug. csDMARD=conventional synthetic DMARD. bDMARD=biological DMARD.

Table 2: Achievement of low disease activity using methotrexate monotherapy (with glucocorticoids) or combination therapy
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monotherapy, there might be no added effi  cacy of 
conventional synthetic DMARD combinations at the 
potential cost of more toxicity. By comparison with 
biological agents used after methotrexate, conventional 
synthetic DMARD combi nation confers profound 
responses (eg, ACR70) at only low frequencies.122 This is a 
controversial issue,118,123 and triple therapy (methotrexate 
plus sulfasalazine plus hydro xychloroquine) was thought 
to be more effi  cacious than monotherapy. Several reviews 
that addressed higher glucocorticoid doses in the triple 
therapy arm arrive at diff erent conclusions.4,124 Indeed, if 
the same dose of glucocorticoids is applied across both 
study groups, the most recent randomised controlled 
trials show no signifi cant clinical, functional, or 
structural advantage of conventional synthetic DMARD 

combi nations compared with methotrexate monotherapy, 
but more toxicity and discontinuations.113,114

Notably, the new ACR guidelines no longer advocate an 
early use of combination conventional synthetic DMARD 
therapy.90 Many studies of such combination therapies 
were investigator initiated and these trials could have 
limitations, as discussed by Landewé and colleagues.125 
However, in patients with low risk of progressive disease, 
adding a conventional synthetic DMARD when 
methotrexate has not suffi  ciently improved disease activity 
is a possible therapeutic option, although switching the 
conventional synthetic DMARD is just as good an option.116

When the fi rst treatment cycle fails, EULAR 
recommends stratifi cation for predictors of severe 
disease as suggested by high disease activity despite the 

Molecule type Usual dose* Loading dose Comments

Conventional synthetic DMARDs

Methotrexate Small chemical 25 mg once weekly* No Starting dose 10 mg—escalation to 25 mg within 
4–8 weeks; folate use important (suggest 
10 mg/week or 1 mg/day)

Sulfasalazine Small chemical 3 g/day* No Starting dose 1 g, escalation to 3 g/day within 
4–8 weeks

Lefl unomide Small chemical 20 mg/day Optional Loading dose associated with more gastrointestinal 
side-eff ects

Hydroxychloroquine Small chemical 400 mg/day No For mild arthritis or as combination therapy

Biological DMARDs

TNF inhibitors

Adalimumab Human monoclonal antibody 40 mg every 2 weeks 
subcutaneously

No Biosimilars expected

Certolizumab 
pegol

F(ab’) fragment of a 
humanised monoclonal 
antibody

200 mg every 2 weeks 
subcutaneously

Yes

Etanercept IgG–Fc-receptor construct 
(fusion protein)

50 mg/week subcutaneously No Biosimilar approved

Golimumab Human monoclonal antibody 50 mg/month subcutaneously No

Infl iximab Chimeric monoclonal antibody 3–10 mg/kg intravenously 
every 4–8 weeks

Yes Biosimilars approved

Anti-B-cell

Rituximab Chimeric monoclonal antibody 1000 mg intravenously every 
6 months

No Biosimilars expected

Anti-T-cell 
co-stimulation

Abatacept IgG–Fc-receptor construct 
(fusion protein)

125 mg/week subcutaneously No Intravenous dosing available

Anti-IL 6R

Tocilizumab Humanised monoclonal 
antibody

162·6 mg/week 
subcutaneously

Intravenous dosing available; sarilumab (anti-IL6R 
[Regeneron, Tarrytown, NY, USA]) and anti-IL6 
cytokine antibodies (sirukumab [Janssen, 
Springhouse, PA, USA]) in development

Targeted synthetic DMARDs

Janus kinase inhibitors

Tofacitinib Small chemical 5 mg twice daily No JAK1/2/3 inhibitor; once daily medication in 
development; baricitinib (Eli Lilly, Indianapolis, IN, 
USA), a JAK1/2 inhibitor, has completed phase 3 
trials

IL6R=interleukin 6 receptor. IL6=interleukin 6. DMARD=disease-modifying antirheumatic drug. TNF=tumour necrosis factor. *Contraindicated or dose reductions needed 
with renal or hepatic impairment; for adverse events see package inserts.

Table 3: DMARDs and recommended doses
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previous therapy, autoantibodies (ACPA or RF, especially 
at high titres), and early joint damage on radiography 
(fi gure 4).89 Patients with these risk factors should receive 
a biological DMARD, whereas those without should 
receive another conventional synthetic DMARD again in 
combination with glucocorticoids.

Biological DMARDs
Currently approved biological therapeutics for rheumatoid 
arthritis have four diff erent modes of action:3 TNF 
inhibition, interleukin 6 receptor inhibition, T-cell co-
stimulation blockade, and B-cell depletion (table 3, 
fi gures 3, 4, 5). A small proportion of patients respond to 
inhibition of interleukin 1 pathways.3 Among the TNF 
inhibitors, fi ve compounds are currently approved, one 
for intravenous use (infl iximab) and four for subcutaneous 
application (adalimumab, certolizumab pegol, etanercept, 
and golimumab). Etanercept is a TNF-receptor construct, 
whereas the others are monoclonal antibodies or 
fragments of monoclonal antibodies (certolizumab). 
Etanercept appears to have a lower (but not absent) risk of 
reactivating tuberculosis than monoclonal antibodies.127 
Patients with a positive tuberculosis test should receive 
appropriate prophylactic therapy. Biosimilar infl iximab is 
already available and a biosimilar etanercept has been 
approved in Europe and other countries (table 3). 
Interleukin 6 inhibition is currently achieved by treatment 
with tocilizumab, a humanised monoclonal antibody 
directed at the interleukin 6 receptor; sarilumab 
(Bridgewater, NJ, USA), a human interleukin 6 receptor 
inhibitor, has completed phase 3 trials. Interleukin 6 itself 
is targeted by several monoclonal antibodies, including 
sirukumab (Janssen, Springhouse, PA, USA), which has 
completed phase 3 trials (eg, NCT01606761). Abatacept is 
presently the only T-cell co-stimulation inhibitor approved 
for rheumatoid arthritis; intriguingly its effi  cacy might 
result not only from T-cell targeting but also from 
inhibition of myeloid cell function.128,129 Rituximab is the 
only B-cell-directed monoclonal antibody approved for the 
treatment of rheumatoid arthritis, targeting CD20; 
biosimilars are expected in the near future.

These mechanistically discrete therapies seem to 
convey similar effi  cacy.3 Patients who have not previously 
received methotrexate have the highest ACR70 response 
rates (a surrogate for achieving low disease activity) with 
these therapies. Overall, ACR70 response rates to 
biological DMARDs in combination with methotrexate 
in these patients are around 30–40% (fi gure 5). However, 
embedded within this group of responders are those who 
would experience effi  cacy with methotrexate alone 
(20–25%). These data informed the decision of EULAR 
and, more recently, ACR to recommend starting 
treatment with metho trexate.89,90 Importantly, despite 
diff erences in targets, all four major modes of action of 
targeted biologics (in combination with methotrexate) 
have similar response rates, decreasing with increasing 
previous drug experience (fi gures 4, 5).3,130,131 This suggests 

that all these drugs might mediate their effi  cacy by 
interfering with a common fi nal pathway—namely, 
proinfl ammatory cytokine production.132

Figure 5: Response to diff erent DMARD therapies
(A) Abatacept (inhibition of T-cell co-stimulation). (B) Golimumab (TNF inhibitor). (C) Tocilizumab 
(anti-interleukin 6 receptor antibody). (D) Rituximab (anti-CD20 mediated B-cell depletion). (E) Tofacitinib 
(pan-JAK inhibitor). (F) Baricitinib (JAK1/2 inhibitor; Eli Lilly, Indianapolis, IN, USA). ACR70 improvement rates as a 
surrogate for profound treatment responses. Baricitinib is not yet approved by regulatory authorities but has 
completed phase 3 trials. For the full list of references, see appendix. DMARD=disease-modifying antirheumatic 
drug. MTX=methotrexate. Adapted from Smolen and Aletaha2 by permission of Nature Publishing Group.
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All biological DMARDs exhibit enhanced effi  cacy 
when combined with methotrexate and presumably 
any other conventional synthetic DMARD, especially 
lefl uno mide.133,134 No biological DMARD used as mono-
therapy has shown consistent statistically signifi cant 
clinical or functional superiority compared with 
methotrexate.126,135,136 Progression of structural damage is 
inhibited more strongly with biological monotherapy 
than with methotrexate monotherapy, albeit to a lesser 
extent than with the combination therapies. Also, 
combination of biologics with methotrexate has shown 
clinical and functional superiority to biological 
monotherapy.135–138 Moreover, methotrexate (plus gluco-
corticoids) conveys similar clinical, functional, and 
structural effi  cacy as methotrexate plus biological agent 
(table 2).115,116 However, if a monotherapy of a biological 
DMARD must be given because of intolerance of all 
conventional synthetic DMARDs, then tocilizumab 
would be the biologic of choice, since it has better 
effi  cacy than TNF inhibitor monotherapy139 and also 
somewhat better effi  cacy than methotrexate.126,140

Clinical and structural effi  cacy is similar across all 
types of biological DMARDs. This has been shown in 
meta-analyses, as well as in head-to-head studies.3,130,141 
When a patient does not achieve the treatment target on 
a biological DMARD (plus methotrexate), then any other 
biological DMARD or a targeted synthetic DMARD can 
be used.89 Indeed, even sequential use of TNF-inhibitors 
after initial lack of response appears to provide similar 
outcomes as biologics targeting other molecules, at least 
in clinical trials.130,131,142 Of note, in most recommendations 
or guidelines, rituximab should be used after other 
biologics have failed; however, it is highly eff ective in 
early rheumatoid arthritis143 and is often used as a fi rst 
biologic when others are contraindicated.

Targeted synthetic DMARDs
The fi rst approved targeted synthetic DMARD is 
tofacitinib, a pan-JAK inhibitor; JAK inhibition interferes 
with signal transduction and thus cell activation elicited 
by interleukin 6, granulocyte-monocyte colony stimu-
lating factor, interferons (type I and type II), and 
common γ-chain cytokines (such as interleukin 2 or 
interleukin 15).144 Tofacitinib has been approved in the 
USA and many other countries, but is not yet approved 
for use within the European Union. The effi  cacy of 
tofacitinib plus methotrexate at the approved dose of 
5 mg twice a day appears to be similar to that of biologics 
(fi gure 5). Intriguingly, tofacitinib monotherapy is 
clinically superior to methotrexate,145 by contrast with 
most biological DMARDs. In phase 3 clinical trials the 
JAK 1/2 inhibitor baricitinib, which is not yet approved 
in any jurisdiction, appears to convey a similar range of 
effi  cacy as the biological DMARDs and tofacitinib 
(fi gure 5). Interestingly, however, baricitinib plus 
methotrexate elicited a superior clinical and functional 
(although not structural) outcome compared with 

adalimumab plus methotrexate;146 moreover, the roughly 
15% ACR70 response rate in patients whose disease had 
previously not responded to or not tolerated a TNF 
inhibitor was similar to the response rate in patients 
who had not responded to multiple biologics.147

Tapering therapy
After the desired treatment target (low disease activity 
or remission) has been reached, it should be sustained 
over time. Maintenance of a good outcome will 
normalise or at least maximise physical function, 
quality of life, and ability to work. When remission (or a 
targeted low disease activity) is sustained on biological 
DMARDs for some time (usually about 6 months), the 
treating clinician should consider tapering therapeutics. 
Glucocorticoid should be reduced and discontinued 
within about 6 months, and this should be done fi rst. 
For biological therapies, the risk of a fl are in disease 
activity after halving dose or doubling the interval 
between doses is low, whereas complete withdrawal 
often leads most patients to experience a fl are in disease 
activity; however, the rate of fl ares decreases with 
increasingly lower disease activity and longer duration 
of sustained response.148–150 Importantly, when a fl are 
occurs, patients usually respond very well to re-
introduction of the same agent. However, more than 
10% of the patients do not regain their original good 
outcome and, therefore, subjecting patients to abrupt 
stopping of biologics and thus risking potentially 
permanent deterioration of their status may be regarded 
as ethically unsound. Therefore, gradual dose 
reduction, rather than sudden stopping of biologics, 
should be the norm.

Adverse event profi les
The biological agents and the targeted synthetic 
DMARDs induce more adverse events than do 
conventional synthetic DMARDs. In particular, the 
incidence of serious infections is increased, although it 
decreases over time.5,151 A special risk relates to 
reactivation of tuberculosis,127 although this has not been 
reported with rituximab. Rituximab is also the drug of 
choice in patients with concomitant multiple sclerosis, 
because it has shown effi  cacy in this disease,152 whereas 
TNF inhibitors can elicit fl ares of multiple sclerosis.153 
Patients with hepatitis B or hepatitis C, whose disease is 
well controlled with antiviral therapy, can be treated with 
biologics, but hepatologists should be consulted to 
introduce and monitor antiviral therapy.154 However, the 
introduction of curative treatment for hepatitis C is likely 
to eliminate the potential risk for these patients. 
Biological agents (except rituximab) should be avoided 
within 5 years after malignant disease has been cured, 
although registry data do not suggest increased risks.155 
However, in patients with a history of lymphoma, 
rituximab or possibly tocilizumab would be drugs 
of choice.
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During pregnancy, the drugs of choice are sulfasalazine 
or possibly azathioprine, which is approved for rheumatoid 
arthritis although it seems to have little effi  cacy.4 
Methotrexate and lefl unomide are contraindicated.156 The 
use of biological therapies in pregnancy is controversial.157,158 
Recent data suggest that use of TNF inhibitors is not 
associated with eff ects on conception or teratogenic risk. 
Similar data have been reported for abatacept and 
tocilizumab.159,160

Open questions, unmet needs, and future 
therapeutics
Despite advances made over the past two decades, many 
open issues remain. First, we do not understand how 
therapies targeting diff erent molecules achieve such 
similar effi  cacies, and we do not even know if profound 
responses are elicited by these agents in the same, 
totally diff erent, or overlapping patient populations. 
Second, we cannot predict optimal responses or toxic 
risk for a given treatment; molecular analyses have 
failed to answer this question,161–163 although we fi rmly 
believe that predictors to permit precision medicine 
approaches in rheumatology will emerge. Third, 
although stringent remission (or at least low disease 
activity) is today’s therapeutic goal for rheumatoid 
arthritis, many patients do not reach this target or 
achieve it but remain dependent on medication, 
implying that new therapies are still needed. Fourth, 
many patients lose responsiveness over time, the 
reasons for which are not known but might include 
immunogenicity, or non-adherence. Finally, therapeutics 
are not delivered via a patho genetically coherent 
protocol that takes account of early dominant 
autoimmunity and later damage-related eff ector 
pathways. In this context, early treatment might be 
highly eff ective at preventing manifestation of 
rheumatoid arthritis, but how to detect pre-rheumatoid 
arthritis or patients at increased risk is unknown. Future 
diagnostic approaches and therapeutics must address 
these issues. We contend that there is value in studying 
the mechanisms of therapeutic failure—for example, 
interleukin 1, interleukin 12, interleukin 17, inter-
leukin 20, interleukin 21, interleukin 23, anti-CD4, anti-
BAFF, and inhibitors of p38-MAPK and SYK. The panel 
shows new therapeutics that are currently being 
developed on the basis of pathogenic insights and are 
being tested in early trials. The ultimate goal is to 
develop cause-directed, curative therapies, but this will 
not be possible without better understanding of the 
cause—or causes—of rheumatoid arthritis.

Conclusions
The therapeutic insights presented in this Seminar 
constitute the basis for recommendations for the 
management of rheumatoid arthritis (fi gure 4).89 Early 
diagnosis and initiation of DMARD therapy are pivotal 
to prevent damage from occurring or becoming 

clinically signifi cant.164 The lower the disease activity 
achieved at 6 months, the better the long-term outcome; 
reaching stringent clinical remission within 3–6 months 
halts damage progression independent of the type of 
therapy used.85,91 Setting a treatment target of low disease 
activity or remission, following up patients regularly 
using composite disease activity measures (especially 
joint counts) to determine the disease activity status, 
and modulating DMARD therapy rapidly if the targeted 
state has not been achieved within a period of few 
months lead to better outcomes than routine care.165,166 
Adding low-dose glucocorticoids to conventional 
synthetic DMARDs maximises clinical, functional, and 
structural benefi t.117,167 In higher-risk patients, using 
methotrexate as a fi rst DMARD and adding a biologic, 
for those who do not attain at least low disease activity 
within 6 months and have high progression risk, 
optimises benefi t.168 And fi nally, if a state of low disease 
activity or an 80% reduction of disease activity is 
achieved within 3 months from start of treatment, 
attainment of the target of low disease activity or 
remission at 6 months is highly likely. Rigorous 
attention to this regimen, coupled with the development 
of further therapeutic options for patients who remain 
unresponsive, should ensure within the next 10 years 
that most patients will achieve cessation of disease 
progression and disability, and retention of high levels 
of quality of life.

Panel: Potential future therapeutics for rheumatoid arthritis

Biologics
• Cytokine inhibitors (human, or humanised; eg, targeting 

interleukin 6, interleukin 21, interferons, granulocyte-
monocyte colony stimulating factor or its receptor)

• Cytokine–IgG fusion proteins (eg, interleukin 4–IgG)
• Bi-specifi c antibodies
• miRNA targeting
• Cell-targeting agents (eg, B-cell depletion, co-stimulatory 

blockade)

Intracellular signal inhibitors
• Janus kinase inhibitors (eg, baricitinib [Eli Lilly, 

Indianapolis, IN, USA], fi lgotinib) 
• Bruton’s tyrosine kinase inhibitors
• PI3 kinase inhibitors

Cellular therapies
• Tolerogenic dendritic cell transfer
• Stem cell transfer
• T-regulatory-cell activation

Miscellaneous approaches
• Toll-like receptor inhibitors
• PADI4 inhibitors
• Epigenetic modifi ers (eg, histone deacetylase inhibitors)
• GnRH antagonists
• Vagus nerve stimulation
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