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Preface 

It is with a great sense of good fortune, humility, and responsibility that we, the 
editors, have undertaken the task of updating Dail and Hammar's Pulmonary 
Pathology, one of the great modern textbooks not only in the field of lung pathology 
but also in the wider arena of general pathology as well. Following the publication 
of its first edition, "Dail and Hammar" rapidly became the standard against which 
subsequent textbooks of lung pathology were measured. 

First published in 1987, Pulmonary Pathology provided an alternative to Herbert 
Spencer's time-honored text, Pathology of the Lung which, in its fourth edition at 
that time, was the reigning tome on the pathology of the respiratory system. The 
first edition of "Dail and Hammar" was in part dedicated to Dr. Spencer, who gra
ciously penned the foreword for that text. The first edition was also dedicated to 
Averill Liebow, one of the giants of pulmonary pathology, under whom Dr. Dail had 
served and been mentored as a fellow. Dr. Liebow's influence was notable in the 
first two editions, and has continued in this edition in the revised classifications and 
current understanding of interstitial pneumonias and lung tumors, subjects in which 
Dr. Liebow played such a defining role. Several of Dr. Liebow's timeless original 
illustrations continue to grace the pages of the third edition. 

In the 13 years since the second edition there have been astounding advances in 
medicine and pathology. The current edition has been revised and updated to reflect 
these advances. As much as possible, however, we have striven to remain true to Drs. 
Dail and Hammar's original goals, "to present the reader with an authoritative yet 
readable text which hopefully answers questions that might arise in facing problem 
cases and to offer the reader appropriate review of particular areas within the field 
of pulmonary pathology." In the face of wide-reaching revisions our intent has been 
to maintain the unique character of Pulmonary Pathology, and retain continuity with 
previous editions. Dr. Dail and Dr. Hammar have continued to playa major role in 
the present text, together contributing as author or coauthor to approximately one 
fourth of the chapters. Nine other chapters have been updated by contributors who 
were also featured in the second edition. Many, if not the majority, of the illustrations 
in the text represent the color counterparts of previous black-and-white figures. Elec
tron microscopy, which was emphasized in the previous two editions, continues to 
have a presence in the third, mainly in the volume on neoplasia, and lays the founda
tion for a deep understanding of the histological appearances of tumors. 

The changes in the current edition, however, are significant. The previous sizable 
single volume text has been divided into two volumes, covering neoplastic and non
neoplastic lung diseases, to afford the reader more ready access and less strenuous 
effort when referencing the sections of interest. Entirely new chapters have been 
added on the pathology of small airways disease (Chapter 25), forensic lung pathol
ogy (Chapter 31), molecular genetics of lung and pleural neoplasms (Chapter 33), 
and preinvasive (neoplastic) disease (Chapter 34). The topics formerly included 
in the second edition chapters on AIDS and tobacco-related injury have been 
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dispersed in the third edition, mainly throughout the sections on lung infections and
lung cancer, respectively. Similarly the monumental chapters on common and
uncommon lung tumors in the previous editions have been divided into seven
smaller topical units housed in the second volume. Over 90 percent of the illustra
tions in the current edition are now presented in vivid color.

Pulmonary Pathology was one of the first pathology textbooks to emphasize the
burgeoning field of immunohistochemistry and its application to diagnostic pathol
ogy, and the current edition continues to expound on the important diagnostic role
of immunohistochemical stains. In this edition, however, we also embrace the molec
ular age with updated information on molecular pathology. In addition to extensive
references to molecular aspects of lung disease, which are integrated within each of
the individual chapters, the new edition includes two chapters (Chapters 33 and 34)
devoted almost exclusively to molecular pathology. Chapter 33 (Molecular Genetics
of Lung and Pleural Neoplasms) is essentially a text-within-a-text, serving as a com
pendium of information on the molecular pathology of lung tumors as well as a
primer on basic molecular pathology for the uninitiated or molecularly challenged
pathologist.

Within reason and to the best of our ability we have tried to maintain the reputa
tion of Pulmonary Pathology as a comprehensive textbook that not only serves as
a diagnostic guide to the "labyrinths of the lung," but also enables the reader to
explore the etiology and pathogenesis of lung diseases. The references, both classical
and modern, have been greatly increased and, as of the time that the book went to
press, are relatively current. The present edition also recognizes the growing impor
tance of electronic information sources. Relevant Internet Web sites have been
included among the chapter references, and Chapter 22 on pulmonary drug toxicity
is essentially constructed around Web-based resources.

There are numerous individuals to whom we owe a debt of gratitude. Most im
portantly, we thank the many authors who gave of their time and talent, without
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Figure 1. Members of the editorial board with Drs. Dail and Hammar. (From left to right: Carol F. Farver, Philip T. Cagle,
David H. Dail, Samuel P Hammar, Armando E. Fraire, and Joseph F. Tomashefski, Jr.)



Preface ix 

financial compensation, to contribute to this book. Their expertise and dedication 
represent the soul of the work. We also appreciate their patience and understanding 
as both authors and editors faced the stressful implications of rapidly approaching 
(and receding) publication deadlines. We recognize and are especially thankful for 
the wonderful pulmonary pathologists under whom we have trained, who taught us 
the trade and served as our role models: Dr. S. Donald Greenberg (Drs. Cagle and 
Fraire); Dr. William Thurlbeck (Dr. Cagle); Drs. Jerome Kleinerman, John D. Reid, 
Merle Legg, and Lynne Reid (Dr. Tomashefski); and Drs. John Godleski and Les 
Kobzik (Dr. Farver). Finally, we are grateful to the Springer publishing firm, espe
cially to our executive editor, Melissa Ramondetta and her editorial assistant, 
Dianne Wuori.A special thanks goes to our developmental editor, Stephanie Sakson, 
who kept us on track throughout the process, surmounting the hurdles of copyright 
permits, and the inexorable correlation of images, references, and text. 

From the editors' perspective our labors now are ended (for a while at least). We 
leave it to you, the reader, to evaluate this text. We welcome your comments, posi
tive or negative, which may help to direct future editions. 

Joseph F Tomashefski, Jr., MD 
Philip T. Cagle, MD 
Carol F Farver, MD 

Armando E. Fraire, MD 
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1 
Tissue Procurement, Sampling, and Preparation 
Joseph F. Tomashefski, JI. 

The approach to the morphological diagnosis of lung 
disease varies with the type of tissue sample submitted 
and the associated clinical setting. Tissue samples can be 
roughly grouped into three major categories: (1) small 
biopsy specimens; (2) surgical lung biopsy specimens; and 
(3) large specimens including those obtained by lobec
tomy, pneumonectomy, or autopsy. The clinical situation 
usually dictates the manner of tissue procurement. For 
example, a central endobronchial lesion is approached 
via endoscopic biopsy under direct visualization, whereas 
a peripheral or perihilar mass is better accessed by a 
computed tomography (CT)-guided transthoracic or an 
endoscopic transbronchial needle biopsy, respectively. 
Transbronchial forceps lung biopsy is often the initial 
procedure in stable immunocompetent patients with 
interstitial lung disease, but an open lung biopsy or a 
biopsy obtained by video-assisted thoracoscopic surgery 
(VATS) may be the preferred diagnostic modality in 
immunosuppressed patients with rapidly evolving pulmo
nary infiltrates. Regardless of the means of tissue pro
curement, a review of the clinical and radiological data 
by the pathologist is essential for appropriate tissue han
dling and interpretation. High-resolution CT scan has 
become the modern pathologist's "gross specimen" in the 
assessment of lung biopsy samples.1 In some areas of lung 
pathology, such as the idiopathic interstitial pneumonias, 
the final diagnosis is sometimes an integration of histo
logical and radiological findings (see Chapter 19). 

This chapter reviews the standard techniques used to 
sample lung tissue, and the assessment and handling of 
lung specimens at the dissecting bench and in the histol
ogy laboratory. Special emphasis is placed on the limita
tions of sampling techniques, diagnostic yield, and the 
pitfalls of interpretation associated with different modali
ties of lung biopsy. The handling of lung tissue at autopsy 
is also addressed in this chapter and is further discussed 
in the chapter on forensic pathology (Chapter 31). At the 
end of this chapter an overview of special techniques 
applied to the study of lung pathology is provided. Cyto-

logical sampling is discussed in Chapter 45 and pleural 
biopsy techniques are reviewed in Chapter 30. 

Small Biopsy Specimens 

The key to success in diagnostic lung pathology is to 
maximize the information that can be obtained from the 
tissue sample provided. A tenacious, yet judicious, end
in-mind approach, which appropriately conserves and 
allocates tissue for essential diagnostic testing is para
mount. Howard Andersen, a pioneer in the development 
of the transbronchoscopic lung biopsy, recognized and 
summarized the importance of this general philosophy 
when he stated, "It is necessary not only to have satisfac
tory biopsy specimens, but it is particularly important to 
have an interested and experienced pathologist who is 
willing to glean everything possible from these tiny pieces 
of tissue. If such a person is not available, the endoscopist 
need not attempt transbronchoscopic lung biopsies."z On 
the other hand, it is equally important that the patholo
gist understand the limitations of these small specimens 
and realize when a nonspecific, descriptive diagnosis is 
appropriate. Even a nonspecific diagnosis is important in 
patient management, as it will often result in clinical 
reconsideration, exclude certain diagnostic possibilities, 
and lead to additional diagnostic testing.3 

The handling of most small tissue samples, including 
those obtained by endoscopic forceps biopsy, or by trans
bronchial or transthoracic needle biopsy, is similar. A 
standard approach includes fixation followed by serial 
step-sectioning and staining of selected sections with 
hematoxylin and eosin (H&E), preserving the interval 
unstained sections on adhesive slides for subsequent his
tochemical or immunohistochemical staining. In our lab
oratory we routinely set five or six serial sections per slide 
and initially stain slides 1,4, and 7. The tissue remaining 
in the paraffin block can be utilized as needed. For very 
minute specimens additional unstained sections may be 
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cut initially. Close communication between the patholo
gist and the histotechnologist is critical in preparing or
selecting levels that are most likely to give a positive
staining result. Tissue or fluids for microbiological culture
should be obtained separately and submitted directly to
the microbiology laboratory from the procedure room.
When indicated, tissue for special studies such as direct
immunofluorescence (DIF) microscopy or electron mi
croscopy (EM) is submitted separately either as fresh
tissue or in the appropriate fixative, but processing should
be withheld until after the initial H&E sections have been
reviewed to ensure that there is satisfactory tissue for
histological diagnosis.

A variety of fixatives, including formaldehyde and
nonformaldehyde preservatives, are available for routine
tissue fixation. The author uses 10% neutral buffered
formalin as a general fixative. Most immunohistochemi
cal procedures can now be performed on formalin-fixed
tissue without the need for fresh-frozen tissue or other
special preservatives, provided that appropriate antigen
retrieval methods are available to recover those antigens
that are diminished or modified.4 However, for suspected
lymphoproliferative lesions, especially in large tissue
samples, at least one piece of tissue is fixed in B-5 fixative.
When EM studies are necessary, a fresh tissue sample is
either submitted directly or minced into cubic-millimeter
sized fragments and placed in glutaraldehyde. Other EM
fixatives such as Karnovsky's solution are also excellent.

A basic armamentarium of special stains should be
available to the lung pathologist. The stains most fre
quently used are those for microorganisms (tissue gram
stain [Brown-Brenn or Brown-Hopps], Gomori methena
mine silver stain for fungi, and Ziehl-Neelsen stain for
acid-fast bacilli), for connective tissue (elastic van Gieson
or Movat pentachrome, and Masson trichrome), and for
iron (Perls or Prussian blue), in addition to histochemical
(e.g., periodic acid-Schiff and mucicarmine) and immu
nohistochemical stains to delineate the components of
neoplasms. Other special stains are utilized as needed.
Polarizing filters should also be used routinely to search
for crystals and other birefringent material in the evalu
ation of nonneoplastic lung disease. The application and
interpretation of special stains, including fluorescent,
immunofluorescent and immunohistochemical tech
niques, in the morphological detection of microorganisms
are reviewed in the chapters on infectious diseases (Chap
ters 8 to 14). Immunohistochemical and histochemical
stains used in the classification of neoplasms are exten
sively discussed in volume 2, which is devoted to neoplas
tic lung disease.

Bronchoscopic Biopsy

The rigid bronchoscope, traditionally utilized by surgeons,
currently serves a limited function mainly for the extrac-
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tion of tracheobronchial foreign bodies, control of massive
hemoptysis, placement of bronchial stents, and laser abla
tion surgery.5-7

Flexible fiberoptic bronchoscopy (FFB), introduced by
Ikeda in 1967, has largely replaced rigid bronchoscopy as
the standard method for visualization of the bronchial tree
and biopsy of bronchi and surrounding parenchyma (Fig.
1.1).5.8-10 Compared to the rigid bronchoscope, which pro
vides visual access only to the orifices of segmental bronchi,
the fiberoptic bronchoscope can reach to the origins of
about 56% of sixth-order bronchi and physically enter
approximately 38% of fifth-order bronchi.1I Flexible fiber
optic bronchoscopy is particularly advantageous in navi
gating the angulated bronchial divisions of the upper lobe.
Hinged cup-shaped forceps with a cutting edge or serrated
alligator forceps grasp tissue fragments on the order of 1 to
3mm in maximal dimension (Fig. 1.1).11.12 Endobronchial
biopsy is the preferred method for sampling intrabronchial
lesions.9 Three or four tissue samples are recommended to
achieve a diagnostic success rate of nearly 100%.13-15

Transbronchial biopsy (TBB) provides samples of
pulmonary parenchyma or peripheral mass lesions by

FIGURE 1.1. A. Adult flexible fiberoptic bronchoscope.
B. Extension of biopsy forceps through endoscope channel.
C. Magnified image of serrated alligator jaw biopsy forceps.
(Courtesy of Olympus America Inc., Melville, NY.)
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extending the biopsy forceps, often under fluoroscopic 
guidance, beyond the visual range of the bronchoscope.9,10 

Transbronchial biopsy is frequently done in concert with 
bronchial washing or bronchial brushing (BB) to obtain 
cytologic specimens (see Chapter 45). Transbronchial 
biopsy is a relatively safe procedure with a low mortality 
rate (approximately 0.1 % to 0.2%), the major complica
tions being pneumothorax (3% to 5%) and hemorrhage 
(9% in routine cases)Y.16,17 The risk of significant hemor
rhage is increased in patients on mechanical ventilation 
or in patients with bleeding disorders, immunosuppres
sion, pulmonary hypertension, or uremia. 1O,12,16 

Diagnostic Yield of Transbronchial Biopsy 

The diagnostic yield of TBB is influenced by the patient 
population, underlying diseases, and whether or not non
specific chronic inflammation and fibrosis is considered 
as a specific histologic entity.3 For peripheral mass lesions 
the diagnostic yield by TBB ranges from 30% to 80% 
(average, approximately 50%)Y The diagnostic yield for 
malignant nodules (63 %) is greater than for benign 
lesions (38%), and the yield for central neoplasms exceeds 
that for peripheral tumors.15,18 The diagnostic success rate 
also increases with the size of the lesion and with the 
number of samples obtained.15.19-21 In one study, 75% of 
peripheral tumors were diagnosed with a six-sample pro
tocol. 15 The addition of bronchial washing and brushing 
cytology further increases the diagnostic yield. 15,22,23 

The diagnostic yield of TBB for localized or diffuse 
infiltrates is limited not only by inconsistent tissue sam
pling of irregularly distributed lesions but also by the 
nonspecific features of chronic inflammation and fibrosis 
that characterize many pulmonary disorders.24 Specific 
histologic diagnoses, however, can be frequently achieved 
for selected diseases such as infections, sarcoidosis, and 
malignancy (including lymphangitis carcinomatosa), and 
occasionally determined for diseases such as pulmonary 
Langerhans' cell granulomatosis, Wegener's granuloma
tosis, pulmonary alveolar proteinosis, amyloidosis, and 
lymphangioleiomyomatosis.I,12,25-32 In other conditions, 
including collagen vascular diseases, eosinophilic pneu
monia, drug reactions (e.g., amiodarone toxicity), and 
hypersensitivity pneumonitis, nonspecific histologic fea
tures in conjunction with a strong clinical-pathologic cor
relation may be sufficient to establish a clinical-pathologic 
diagnosis. Ancillary studies such as DIF, EM, or microbio
logic cultures may additionally provide a specific diagno
sis in some cases with nonspecific histologic features. 
However, for idiopathic interstitial pneumonias, lympho
proliferative disorders and pneumoconioses, the findings 
on TBB are generally inadequate to determine a defini
tive diagnosis.1.33,34 

A reasonable diagnostic yield of TBB in nonimmuno
compromised patients with diffuse lung disease is around 
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30% to 40% if nonspecific diagnoses are excluded.2,3,21,33-40 
Transbronchial biopsy samples are inadequate or consist 
of normal lung tissue in up to 21 % of cases.2.3,40 The clini
cal implication of a nonspecific diagnosis on TBB was 
evaluated by Wilson and colleagues,41 who concluded that 
patients with a peripheral mass lesion were often subse
quently found to have cancer, whereas nonimmuno
compromised patients with localized or diffuse infiltrates 
frequently had a benign clinical course that did not warrant 
a follow-up open lung biopsy. 

The diagnostic yield of FFB (including TBB, cultures, 
and cytologic evaluation of bronchial brushings and 
washings) in immunosuppressed patients without acquired 
immune deficiency syndrome (AIDS) ranges from 52% 
to 88% (most series include nonspecific interstitial pneu
monitis in the diagnostic category).42-48 Flexible fiberoptic 
bronchoscopy is more likely to establish the diagnosis 
when the lung infiltrate is due to an infectious agent than 
to a noninfectious process.48-50 A greater diagnostic yield 
has also been reported in diffuse versus localized radio
graphic infiltrates.42,5l However, neither Jain and col
leagues49 nor Matthay and colleagues43 found a difference 
in diagnostic yield relative to the radiographic distribu
tion of disease. Transbronchial biopsy alone provides a 
specific histologic diagnosis in about 38% of immuno
compromised patients.49 The combination of TBB with 
bronchoalveolar lavage improves the diagnostic value of 
fiberoptic bronchoscopy in this setting.49 

Specimen Adequacy and Artifacts of 
Transbronchial Biopsy 

In general, bronchoscopists are unable to predict at the 
time of the biopsy procedure the quality of the specimens 
obtained based on crude subjective assessments such as 
whether or not the tissue floats in formalin. 52,53 The use 
of serrated forceps and the acquisition of multiple (two 
to four) specimens that fill the forceps cup are the best 
indicators of a likely diagnostic biopsy.53,54 For the diag
nosis of infection (but not for tumor), a positive correla
tion was found with the number of biopsy samples 
obtained and with the presence of at least 20 alveoli in 
the parenchymal tissue sampled.55 In a canine study, 
Shure and associates56 found no difference in biopsy size, 
alveolar area, or percentage of alveoli in TBB samples 
taken at inspiration versus expiration, or in samples con
solidated in a tissue cassette prior to placing them in for
malin versus samples individually placed immediately in 
formalin. While the presence of alveolar tissue is neces
sary to judge a TBB specimen as "satisfactory," there are 
no good criteria of adequacy when lung parenchyma is 
present and yet no specific diagnosis can be rendered. 1 
Conversely, in a multicompartmental disease such as 
sarcoidosis, granulomas present in bronchial tissue are 
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TABLE 1.1. Common artifacts in transbronchial biopsy
specimens

1. Lung parenchymal compression
2. Nuclear crush artifact of lymphocytes and tumor cells (especially

small cell carcinoma)
3. Sponge artifact
4. Air bubble artifact simulating lipoid pneumonia
5. Acute procedural hemorrhage
6. Telescoping of blood vessels
7. Inadvertent sampling of pleura

diagnostic even when no parenchymal tissue is included
in the biopsy sample.34

The pathologist should be aware of various histologic
artifacts in TBB specimens that may be diagnostically mis
leading57 (Table 1.1). Compression of tissue by the biopsy
forceps may result in nuclear smearing of inflammatory

FIGURE 1.2. A. Compressed lung parenchyma obtained by
transbronchial lung biopsy. The tissue appears pinched from the
forceps bite (arrows). B. Adjacent areas of expanded and com
pressed parenchyma in transbronchial biopsy sample. The com
pressed parenchyma appears hypercellular. C. Air bubble artifact
simulates exogenous lipoid pneumonia. Air bubbles are sur-
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cell nuclei, mimicking the similarly induced crush artifact
of tumor cell nuclei (especially those with small cell car
cinoma). Compressed alveolar septa appear hypercellular,
simulating interstitial pneumonitis (Fig. 1.2). Kendall
and GaP8 reduced the degree of compression artifact in
TBB samples by mechanically stirring the fixative solution
during tissue fixation. Sponges in embedding cassettes
may produce angulated clefts in the tissue that further
impede histological evaluation.58-61 It is recommended
that sponges not be used to secure tissue in cassettes;
rather, small tissue fragments should be wrapped in lens
paper.60 Air bubbles of variable size in compressed lung
parenchyma create the illusion of exogenous lipoid pneu
monia (Fig. 1.2).1,58 Air-bubble artifact, however, lacks the
giant cell reaction and vacuolated histiocytes of lipoid
pneumonia (see Chapter 5).1 Other frequently seen
artifacts in TBB specimens are procedure-related acute

rounded by collapsed lung parenchyma and pigmented macro
phages. Note absence of giant cells or other inflammatory reaction.
D. Fragments of visceral pleura (left) and lung parenchyma (right
lower) in this transbronchial biopsy (TBB) sample from patient
who developed a post-biopsy pneumothorax. Inset. Immunostain
for calretinin highlights reactive pleural mesothelial cells.
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alveolar hemorrhage, and telescoping of pulmonary vessels 
that superficially resemble organized thrombi. Infre
quently, visceral pleura is inadvertently sampled by TBB, 
resulting in pneumothorax.57 Strips of mesothelial-lined 
connective tissue in a TBB specimen are easily miscon
strued as interstitial fibrosis with pneumocyte hyperplasia. 
An immunostain for calretinin highlights mesothelial cells, 
while an elastic stain is useful in delineating normal pleural 
elastic structure in such cases (Fig. 1.2). 

Bronchoscopic Transbronchial Needle Biopsy 

Bronchoscopic trans bronchial needle aspiration (TBNA) 
was developed by Wang and colleagues62,63 as a means of 
obtaining cytologic samples of parabronchial neoplasms 
or lymph nodes inaccessible to endobronchial forceps 
biopsy.64,65 Transbronchial needle aspiration was later 
applied to sampling intrapulmonary peripheral mass 
lesions with improved diagnostic yield over TBB alone.66 
A modification of the Wang technique using a larger
caliber needle provides thin tissue cores for histologic 
assessment.12,67 In this technique the biopsy needle is 
positioned endobronchially and pushed through the 
airway wall into the adjacent lymph nodes or mass 
lesion. 12,62 For peripheral lesions, a retractable needle is 
advanced to the lesion under fluoroscopic guidance, a 
procedure similar to that of TBB.7,12,66 

The major application of endoscopic TBNA biopsy is 
in the diagnosis and staging of malignant neoplasms; 
however, the sampling of juxtabronchiallymph nodes has 
also been shown to increase the diagnostic yield in stage 
I sarcoidosis (see Chapter 18).68,69 Transbronchial needle 
biopsy specimens tend to be extremely minute and 
require great care in handling. It is advisable that extra 
serial sections be prepared at the time of initial histologic 
sectioning of these minuscule tissue fragments. 

Transthoracic Needle Biopsy 

Advanced sophisticated radiographic imaging techniques 
have generated a resurgence in image-guided, percutane
ous transthoracic needle biopsies (PTNB), performed by 
radiologists, of parenchymal nodules, mass lesions, or 
cysts.70 Previously, transthoracic needle biopsies using 
cutting needles or trephines attached to high-speed air 
drills were done with trepidation because of their high 
complication rate, including a mortality rate of approxi
mately 0.5% (mainly due to massive hemoptysis or air 
embolism).44,71-76 Computed tomography-guided trans
thoracic needle biopsy is now a much safer procedure 
with a high diagnostic yield in selected situations.70,77,78 
The addition of automated cutting needles provides cores 
of tissue that enable a histologic diagnosis and definitive 
cell typing of malignant neoplasms.79-81 Tissue cores are 
processed in the histology laboratory in a similar manner 
to traditional core biopsy samples of solid viscera such as 
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prostate, liver, or breast. The diagnostic yield of PTNB 
for malignant lesions ranges from 89% to 93%, with a 
specificity approaching 100% .80,81 Percutaneous transtho
racic needle biopsy is especially useful in verifying lung 
metastases in patients with multiple pulmonary nodules 
and a single known primary.82 The addition of fine needle 
aspirate cytology plus histologic evaluation increases the 
diagnostic yield.79,83 Specific diagnoses of benign lesions 
are rendered in about 71 % of casesY A major challenge 
encountered with transthoracic needle biopsies is estab
lishing benignancy when biopsy samples exhibit only 
nonspecific inflammation and fibrosis. In this situation, 
complete excision is frequently required in order to 
exclude a malignant lesion.84 

Surgical Lung Biopsy 

Open Lung Biopsy 

The mini-thoracotomy introduced by Klassen et a1.85 in 
1949 replaced the full thoracotomy and opened the door 
for the routine use of diagnostic open lung biopsy in 
diffuse lung disease. The mini-thoracotomy involves an 
incision of approximately 8 cm placed in the anterior 
fourth or fifth intercostal space.85,86 Subsequent modifica
tions of this procedure include small incisions through 
the second or third intercostal space (modified Chamber
lain procedure), a larger incision through the posterior 
auscultatory triangle, or even a supraclavicular incision 
for sampling lesions at the lung apex.1,87,88 The radio
graphic distribution of lung disease usually dictates which 
thoracotomy site is used. Typically at least two areas from 
different lobes of the lung are sampled. The tissue frag
ments obtained by this technique measure on the order 
of 3 to 4 x 2 x 1 cm, are covered by pleura on two sides, 
and are stapled at the line of excision. 1 

Video-Assisted Thoracoscopic Surgical 
Lung Biopsy 

Around 1910 Jacobaeus first introduced thoracoscopy 
using a modified cystoscope to lyse pleural adhesions and 
to biopsy pleural-based tumors.89,90 The advent of fiber
optic and video technology has led to widespread appli
cation of thoracoscopic procedures. Open lung biopsy has 
now been largely supplanted by VATS lung biopsy, with 
resultant decreased patient morbidity, reduced length of 
hospital stay, and less overall COSt.84,90-94 Video-assisted 
thoracoscopic surgery excisional biopsy of solitary lung 
nodules has even been advocated as the initial diagnostic 
procedure for these lesions, thereby providing a rapid 
definitive diagnosis of malignant and benign disease.84,95-98 
The applications of VATS are expanding to include larger 
and more complex surgical procedures including lung 
reduction surgery, lobectomy, and pneumonectomy.90 
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FIGURE 1.3. Thoracoscopic biopsy technique. Inset. Videoscopic 
view of the lung tissue being grasped by the endoscopic forceps 
introduced through one trocar site and the endoscopic stapler 
being positioned beneath the grasped tissue as it is introduced 
through the alternate trocar site. (From Ferson et al.99 Copy
right 1993, with permission from the American Association for 
Thoracic Surgery.) 

Typically, VATS biopsy is performed in the operating 
room with the patient under general anesthesia and uni
lateral ventilation of the contralateral lung, resulting in 
collapse of the manipulated lung.90 Two to three trocars 
are introduced into the pleural space to provide access 
for a thoracoscope with video camera attachment and 
separate access sites for the thoracoscopic dissecting 
instruments, grasper, and linear stapler (Fig. 1.3).90.97.99 
The size of the tissue samples obtained and the diagnostic 
accuracy (92% to 95%) of VATS biopsy are equivalent 
to that of open lung biopsy (OLB).91-93.99-101 Histologically, 
hemorrhage and neutrophil margination are more fre
quent in VATS biopsy specimens while overinflation is 
more pronounced in specimens obtained by OLB. 101 

These artifacts, however, are minor and do not compro
mise biopsy interpretation. 101 

Lingular Biopsy 

Surgical lung biopsy is considered to be the diagnostic 
gold standard for diffuse lung disease. 102- 104 The diagnos
tic yield, however, is dependent on adequate sampling by 
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the surgeon. Biopsy of the most diseased area is to be 
avoided and the selection of areas of average lung involve
ment, based on direct inspection and knowledge of the 
radiographic distribution of disease, is advocated. 102 

Although the lingula is an attractive site for OLB because 
of its accessibility, there are concerns that nonspecific 
inflammation and fibrosis are accentuated in the lingula, 
rendering it nonrepresentative of the lung as a whole. 103.105 
Using a quantitative morphometric grading system of an 
unselected sample of lungs at autopsy, Newman and col
leagues106 identified increased fibrosis and vascular 
changes in the lingula compared to other segments. Wet
stein,107 however, found no difference in the diagnostic 
sensitivity or specificity of lingular biopsies for acute 
diffuse lung disease. Miller and colleagues108 likewise 
found no bias in biopsy samples of the lingula and recom
mended that the lingula should not be arbitrarily excluded 
from tissue sampling. They further recommended that a 
preoperative CT scan should be done routinely to guide 
the surgeon toward appropriate tissue sampling at the 
time of OLB. 

Handling of Surgical Lung Biopsies 

Ideally, surgical lung biopsy specimens should be received 
fresh from the operating room (OR) to facilitate triaging 
for diagnostic testing. If tissue for microbiologic cultures 
has not been submitted directly from the OR, this diag
nostic testing should be done at the surgical bench in all 
nonneoplastic cases. To some extent, the handling of the 
specimen in the pathology laboratory relates to the clini
cal situation. If the underlying disease process is thought 
to represent chronic interstitial lung disease and there is 
no clinical urgency or a low clinical suspicion of infection, 
the tissue can be serially sliced and directly placed in 
fixative for routine histologic processing. Prior inflation 
of the specimen with fixative introduced transpleurally 
through a narrow-gauge needle has been advocated as a 
means of overcoming collapse artifact. 109 

Surgical biopsy samples from patients for whom an 
immediate diagnosis is clinically necessary, such as 
patients with acute lung injury, immunosuppression, or 
suspected infection, as well as from patients with possible 
lymphoma, vasculitis, or lung hemorrhage, should be 
initially evaluated with cytologic touch imprints and 
diagnostic frozen section according to the flow diagram 
presented in Figure 1.4. While awaiting the frozen section, 
the touch imprint of the freshly sliced specimen can be 
fixed immediately in absolute alcohol and then stained 
rapidly with H&E for assessment of malignant cells, 
inflammatory cells, or pathogens. A rapid Gomori methe
namine silver (GMS) stain of the touch imprint, available 
within an hour, may be screened for Pneumocystis and 
other fungal organisms. I 10 The histologic pattern of lung 
disease is assessed on the frozen section slide, and the 
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FIGURE 1.4. Flow chart for the handling of urgent or emergent 
surgical lung biopsy specimens in cases of acute lung injury, 
infection, alveolar hemorrhage/vasculitis, or lymphoma (see 

specimen can then be properly allocated for necessary 
ancillary testing (Fig. 1.4). The handling of lung biopsy 
specimens in cases of suspected lymphoma is further 
described in Chapter 32. In cases where infection is sus
pected, stains for microorganisms should be ordered at 
the time of accessioning and reviewed on the permanent 
sections as early as possible the following day. 

Diagnostic Yield of Surgical Lung Biopsies 

The diagnostic yield of surgical lung biopsies relates to 
the underlying immune status of the patient, that is, 
whether the patient is immunosuppressed or immuno
competent. Patients may be immunosuppressed for a 
wide variety of reasons, including an underlying malig
nancy or its treatment with chemotherapy or radiother
apy; steroid or other immunosuppressive therapy for 
nonneoplastic conditions, such as autoimmune diseases 
and other inflammatory states; organ transplantation; or 
congenital immunodeficiency disorders.111 Patients with 
AIDS are subject to a different pathologic spectrum of 
diseases than are non-AIDS immunosuppressed patients. 
Because of the greater severity of immunodepression in 
patients with AIDS, the causes of lung infection, the tissue 
reaction patterns to the causative organism(s), and the 
greater tissue burden of microorganisms defines the 
AIDS population.1.112 

Immunosuppressed patients frequently develop local
ized or diffuse lung infiltrates that are initially evaluated 
by traditional diagnostic procedures such as sputum cul
tures, bronchial washings and brushings, and TBB. Surgi-

text). AFB, acid-fast bacillus; DIF, direct immunofluorescence; 
OMS, Oomori methenamine silver (stain); H&E, hematoxylin 
and eosin. 

cal lung biopsy is performed after these less invasive 
procedures fail to yield a diagnosis, or when the patient's 
clinical course rapidly deteriorates. In a previous review 
of 18 major series ofTBB or OLB in non-AIDS immuno
suppressed patients, Dail l found that the major diagnostic 
categories were infection and malignant neoplasms. Il3- l3O 

Infection was diagnosed in 10% to 96% (median, 42%) 
of biopsies, respectively. The percentage of nonspecific 
diagnoses among the 19 series ranged from 0% to 66% 
(median, 40%) of biopsies, and the mortality rate was high 
(15% to 74% of patients, respectively)Yl3-130 

The clinical benefit of a specific diagnosis on OLB in 
the immunosuppressed population has been ques
tioned.120.l31 Rossiter and colleagues120 found that of those 
patients for whom lung biopsy dictated a change in treat
ment, 22% died in the hospital compared to 28% of 
patients in whom no treatment change was indicated 
after OLB. These authors also found that patients whose 
biopsies yielded a specific diagnosis fared no better than 
those without a specific diagnosis (26% vs. 24% mortal
ity). Surgical lung biopsy is now a mainstay in the evalu
ation of immunosuppressed patients, and the opportunity 
to establish the efficacy of this procedure in prospective 
clinical trials has realistically been lost.131 It is therefore 
important that each patient be critically evaluated 
prior to undertaking a surgical lung biopsy to assess 
the likelihood that the biopsy will be diagnostic, and if 
diagnostic, whether or not the patient's outcome will be 
improved. J3J-J33 Surgical lung biopsy should also be 
undertaken as early as possible in the patient's clinical 
course. 
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Nonimmunocompromised patients with chronic or 
subacute diffuse infiltrative lung disease, the so-called 
non-critically ill group, may also require a diagnostic 
surgical lung biopsy.41 In the large progressive series 
of patients studied by Gaensler and colleagues,38,102,103 
approximately one third of patients with diffuse infiltra
tive diseases required lung biopsy for diagnosis. In the 
series of Ray et al.,105 which included 416 OLBs, patients 
exhibited the symptoms of cough (71 %), dyspnea (61 %), 
chest pain (40%), and weight loss (40%). This category 
of patients typically has chest radiographs that show 
either a mass effect, persistent localized infiltrate or 
diffuse interstitial disease. Of the 502 patients, reported 
by Gaensler and colleagues103 who underwent OLB for 
chronic diffuse infiltrative lung disease, nonspecific 
changes were identified in 5.6%, normal lung in 0.8%, 
and exclusively honeycomb lung in 3.4 % of OLB samples, 
for an overall diagnostic yield of 90%. Other series have 
also shown the diagnostic yield of surgical lung biopsy in 
the nonimmunosuppressed population to range from 
95% to 100%.101,134,135 Occasionally surgical lung biopsy is 
necessary for patients with symptoms and pulmonary 
function abnormalities but with normal chest radio
graphs.136 In this group, changes of desquamative intersti
tial pneumonia or extrinsic allergic alveoli tis were most 
often found.103,136 

Ternes and colleagues137 studied the efficacy of surgical 
lung biopsy related to clinical urgency in a series of 
patients, most of whom were immunocompetent. For 
stable patients undergoing elective procedures and in 
those for whom the biopsy was considered to be urgent, 
beneficial therapeutic changes were made on the basis 
of surgical lung biopsy and operative mortality was low. 
In patients undergoing an emergency biopsy, mortality 
rate was high (54%) and therapeutic changes consisted 
of the addition of steroids in 82%. On the basis of this 
study, emergency surgical lung biopsy in this group of 
patients was considered to be disadvantageous.137 The 
efficacy and diagnostic yield of surgical lung biopsy in 
patients with acute respiratory distress syndrome is 
covered in Chapter 4. 

The Normal or Minimally Abnormal Surgical 
Lung Biopsy 

Occasionally the slides of a surgical lung biopsy specimen 
demonstrate apparently minimal histologic changes in 
the face of significant clinical or radiographic findings 
(Table 1.2). This situation may be the result of inadequate 
tissue sampling. Certain clinical conditions, however, have 
been notably associated with minimal changes on surgical 
lung biopsy.138 Early interstitial edema due to congestive 
heart failure or noncardiogenic edema may present his
tologically with subtle expansion of interlobular septa 
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TABLE 1.2. Causes of minimally abnormal surgical lung biopsy 
specimen* 

1. Surgical sampling error of dispersed lesions (especially 
Langerhans' cell (histiocytosis) 

2. Pulmonary edema 
3. Pulmonary hypertension 
4. Bronchiolar disease 
5. Prior immunosuppressive therapy 
6. Fat emboli 
7. Rounded atelectasis 
8. Extrapulmonary restriction 

*See Colby and Yousem.138 

and dilated lymphaticsYs Among the chronic diffuse infil
trative disorders, pulmonary Langerhans' cell granuloma
tosis occasionally presents with minimal changes in 
surgical lung biopsy specimens because of aberrant sam
pling of widely dispersed cellular lesions. 138 Prior treat
ment of interstitial pneumonia with steroids may also 
suppress inflammatory changes, leaving only slight lym
phocytic perivascular cuffing and type II pneumocyte 
hyperplasia in the biopsy slide. 138 Pulmonary hyperten
sion sometimes presents with restrictive changes on lung 
function tests, yet histologically vascular sclerosis may be 
the only abnormality seen.139 Biopsy samples of rounded 
atelectasis may be submitted as a suspected neoplasm or 
mass lesion, but histologically only collapsed lung paren
chyma and thickened pleura are observed (see Chapter 
27). Restriction due to extrapulmonary causes such as 
obesity or neuromuscular disease will have minimal asso
ciated histologic changes in the lung. Close correlation of 
the histologic findings with clinical and imaging data; 
scrutiny of the slides for subtle features of interstitial 
edema, chronic congestive heart failure, bronchiolitis, or 
pulmonary hypertensive vascular disease; and deeper 
sections or rotation of the block to disclose widely dis
persed lesions may resolve the frustrating dilemma of a 
"minimal change" OLB. 

Resection Specimens 

Surgical lung resection, including segmental, lobar, or 
whole lung removal, is usually performed for the excision 
of a malignant neoplasm, but occasionally is required for 
advanced nonneoplastic disease, including lung trans
plant. The best method for processing large lung speci
mens of all types is to fix the lung in inflation followed by 
serial slicing. Inflation-fixation provides for excellent his
tologic detail of lung parenchyma, most clearly defines 
the location of lesions and their anatomic relationships, 
and enables superior radiographic-pathologic correla
tion. Inflation-fixation is indispensable for the evaluation 
of pulmonary emphysema. In a busy surgical pathology 
laboratory, inflation-fixation for as little as 1 hour ade-
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quately preserves anatomic detail, but overnight fixation,
if possible, is recommended. The need for fresh lung
tissue for special studies or microbiologic cultures must
be anticipated and the tissue obtained prior to fixation.
The acquisition of fresh lung samples does not usually
preclude inflation-fixation since small pleural tears or
punctures do not severely hamper lung inflation, and
larger pleural defects can be sutured or closed with small
clamps.140

In resections for neoplasm, the bronchial margin should
be sectioned and the peribronchial lymph nodes sampled
prior to inflation-fixation. The lung is then weighed,
placed in a large container, and distended through the
bronchus with 10% neutral buffered formalin (or other
preferred fixative) introduced via a tube attached to an
elevated reservoir of fixative until the pleural surface is
fully expanded and smooth. The distance between the
lung and the reservoir should be about 25 cm. It is con
venient to have available an assortment of cannulae of
different sizes to provide a tight bronchial seal. Removal
of intrabronchial mucus or manipulation of the tubing
within the bronchus is sometimes required to effect infla
tion of all bronchopulmonary segments. For severely atel
ectatic lungs, gentle kneading of the lung parenchyma
during fixation, or leaving the specimen attached to the
fixative reservoir for a prolonged interval is helpful. Once
the lung is fully expanded the cannula can be removed
and the bronchus either clamped or sealed with a cotton
plug and the lung covered with fixative in a nonrestrictive,
closed container. Suspension of the lung from the lid of
the container eliminates the possibility of compression
artifact.

After fixation the pleural surface should be completely
inspected and the external anatomic landmarks docu
mented. If parietal pleura or chest wall is attached to the
specimen, the surgical margins of these structures are
sampled. Samples should also be obtained from all pleural
stapled margins. This can be readily accomplished by
trimming the tissue on the surface of the staples with fine
pediatric dissecting scissors. The lung is then serially
sliced at 1-cm intervals (or 0.5-cm intervals for pediatric
lungs) using a long sharp slicing knife. A simple cutting
board with elevated 1-cm edges is ideal for obtaining
uniformly thick slices (Fig. 1.5). The lung should be cut in
the plane most suitable to display the neoplasm and its
extension, or for optimal radiographic correlations. Ini
tially bisecting the lung in the appropriate plane facili
tates subsequent slicing. In our laboratory we routinely
slice lungs in the coronal plane to correlate with the pos
teroanterior chest radiograph. Correlations with CT scans
are best achieved by cutting the lung in the horizontal
plane.

Lung slices are next oriented and arranged sequen
tially on a large tray, inspected, and sampled for histologic
review. Photographs may be taken prior to histologic sec-

9

FIGURE 1.5. Plexiglas lung cutting board. Note holes for fluid
drainage and movable I-em-thick runners for obtaining uni
formly thick lung slices.

tioning or, alternatively, one of two adjacent mirror-image
slices can be sampled and the other preserved for pho
tography. In evaluating lung neoplasms, the specimen
should be assessed for pathologic staging (see Chapter
35). The tumor should be precisely localized according to
the bronchopulmonary segments, measured, and sampled
(at least one section per centimeter) for histology. The
relationships and distances between the tumor and the
overlying pleura, interlobar fissures, and nearest bronchi
should be recorded and documented histologically. Any
additional lymph nodes should be sampled and their ana
tomic position noted. It is important to next assess the
parenchyma, documenting the presence of satellite lesions
and the gross extent of emphysema, fibrosis, pneumonia,
or any other macroscopic abnormalities. Histologic sam
pling of the parenchyma should include representative
sections from each lobe, including each grossly distinctive
type of anatomic lesion in addition to at least one sample
of the most normal-appearing parenchyma. Using this
approach, the often neglected, nonneoplastic "second
diagnosis" will be included in the surgical pathology
report. 141 An example of histologic sampling in a case of
resected lung cancer is presented in Figure 1.6.

Resection specimens for nonneoplastic disease are
processed in a similar manner as neoplastic specimens,
but usually without the need for sampling the specimen
margins. In cases of suspected infection, appropriate
microbiologic cultures must be obtained prior to fixation.
The parenchymal sampling protocol in nonneoplastic
cases should be directed toward the major underlying
disease process. At least one cross section of central
airway should be obtained for histologic assessment of
airway pathology and mucous gland hyperplasia. The
sampling protocol for pneumoconioses, including acquisi
tion of tissue for mineralogic analysis, is presented in the
review by Gibbs and Seal.142
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FIGURE 1.6. Example of histologic sampling of a right pneumo
nectomy specimen for non-small-cell carcinoma. 1, bronchial
and vascular margins; 2, lymph nodes; 3, endobronchial tumor
extension; 4, pleural edge nearest the tumor; 5, representative
sections of tumor; 6, tumor extension across minor fissure; 7,
obstructive pneumonia; 8 and 9, representative sections of
parenchyma of upper and lower lobes (see text).

Autopsy Specimens

The handling of intact whole lungs removed at autopsy
is identical to that described for large surgical resections,
that is, inflation-fixation followed by serial slicing. A
common autopsy practice is to examine and dissect one
lung in the fresh state and the other after inflation
fixation. The nonexpanded lung is felt to better repre
sent pneumonia and pulmonary edema. In reality, as long
as the lung is weighed and cultured prior to fixation, in
my experience, inflation-fixation of bilateral lungs is
optimal. If only one lung is to be fixed in inflation, the
most diseased lung should be selected.

Dissection of the noninflated lung can be accomplished
by initially opening the bronchi from hilus to periphery
followed by slicing the lung sagittally. Sagittal slicing
provides many cross sections of bronchi and vessels,
allowing for optimal study of these structures.143 The lung
may alternatively be sliced in the coronal plane, leaving
the slices attached at the hilum and parahilar area, thus
preserving anatomic relationships. A third alternative
approach is dissection of bronchi and vessels from inci
sions made along the lateral surfaces of the lung. 143 While
this method is technically more difficult, it leaves the dis-
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sected lung in continuity, allowing for reconstruction of
lesions. '43

Since the focus of the autopsy is directed toward a
determination of the cause of death, as well as an assess
ment of the effects of medical or surgical therapy or pos
sible iatrogenic lung injury, and the provision of detailed
clinical-pathologic correlations, there are unique consid
erations related to the handling and removal of the lung
postmortem that do not apply to the surgically excised
lung. '44 A careful review of the available medical records
and radiologic reports prior to starting the autopsy is
important so that the prosector can anticipate suspected
pulmonary diseases and appropriately test for them. The
evaluations for pneumothorax, gas embolism, upper
airway obstruction, and suspected anaphylaxis require
special procedures that must be performed prior to lung
removal (see Chapter 31). In-situ dissection of the pul
monary trunk and main pulmonary arteries should be
carried out in cases of suspected pulmonary embolism,
and the leg veins dissected if emboli are found. In cases
of suspected bronchoesophageal fistula, the esophagus
should remain attached to the posterior aspect of the
thoracic block during its removal.

Intrathoracic fluid must also be carefully measured,
described, and appropriately cultured. A hematocrit
should be obtained when the fluid is hemorrhagic. All
intrathoracic catheters and cannulae, including chest
tubes, endotracheal tubes, and pulmonary artery cathe
ters, should be localized and their positions documented.
Iatrogenic lung laceration or perforation by chest tubes
occasionally escapes clinical recognition (see Fig. 7.5 in
Chapter 7).145 Localized lung parenchymal hemorrhage
due to pulmonary arterial perforation by a pulmonary
artery catheter has a distinctive macroscopic and histo
logic appearance. 146 The deleterious effects of endotra
cheal intubation and mechanical ventilation should also
be assessed at autopsy.

A special situation related to removal of the lung
postmortem is the presence of dense pleural adhesions,
fibrothorax, or a pleural-based neoplasm that tightly
adheres the lung to the chest wall. In this setting, extra
pleural dissection, in which the lung is removed with its
complete pleural investment, is accomplished by sharp
dissection between the thickened parietal pleura and the
rib cage. Attempts to separate the lung from the parietal
pleura by blunt or sharp dissection invariably result in
lacerations, which induce artifact and prevent adequate
inflation-fixation.

In cases of suspected pneumoconiosis, a semiquantita
tive macroscopic assessment, including type, size, and
profusion of lesions, should be recorded for dust foci,
emphysema, and interstitial fibrosis (see Chapter 26).142
The recommended sampling protocol for asbestos-related
lung disease is that of the pneumoconiosis panel of the
College of American Pathologists (see Chapter 27).147
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Special Techniques

Numerous techniques have been applied to lungs mainly
obtained at autopsy in order to study in detail varied
aspects of pulmonary pathology. This section describes
some of the more practical and useful techniques, and
provides references for the interested reader. Those
methods that I consider particularly applicable or have
personally utilized are discussed in more detail. A good
general review of supplemental methods for examining
lungs can be found in Ludwig'sl43 Handbook ofAutopsy
Practice, and in the article by Whimster. 148 Space limita
tions prohibit a detailed discussion of morphometric
techniques and the processing of lungs for quantitative
evaluation. The classical principles and application of
lung morphometry can be found in the authoritative text
by Weibel. 149 A practical approach to the quantitative
study of lung pathology has been provided by the British
Medical Research Council Committee headed by Dunnill
et al. 150

Rapid Giant Paper Sections of Lung

In 1949 Gough and Wentworth 151 described a method for
preparing whole lung sections mounted on paper. This
technique has been applied extensively to the study of
emphysema and pneumoconioses. A modification of this
method by Whimster152 reduces the time required for
preparation, making the technique more readily available
for general laboratory use. The rapid method requires
formalin inflation-fixation followed by serial slicing of the
lung as previously described. One or more thick lung
slices is then embedded in gelatin, frozen, and cut thinly
(400 to 600/-lm) with a rotary meat slicer. The thin slice
is then rinsed, mounted with gelatin on paper, and dried.
The section may be stained or remain unstained, and is
available for viewing after 24 to 48 hours.152 Air-space
dilatation and the pigmented macular and fibronodular
lesions of pneumoconioses are readily discerned and
quantified (see Fig. 26.8 in Chapter 26). The paper
mounted section can be included as a permanent record
with the autopsy report.

Barium-Sulfate Impregnation

This simple technique advocated by Heardl53.l54 enhances
the gross detection of emphysema and other parenchy
mal lesions in slices of inflated fixed lung. Representative
lung slices are alternately immersed for approximately
30 seconds each in warm saturated aqueous solutions of
barium nitrate (75 giL) and sodium sulfate (100 giL). The
lung is gently squeezed to promote uptake of each solu
tion, and as much fluid as possible is manually expressed
immediately before immersion in the alternate solution.
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FIGURE 1.7. Lung parenchyma showing severe mixed panacinar
emphysema and fibrosis. Relatively normal lung parenchyma
is seen in the left upper corner. Barium-sulfate impregnation.
Photograph taken of lung immersed in water.

After about three immersion cycles a homogeneous
white-gray precipitate coats the surface of the lung slice
and enhances the normally translucent surface features.
Following barium-sulfate impregnation the lung is then
submerged in water in a glass dish and can be examined
to great advantage with a hand lens or dissecting micro
scope. Exquisite macroscopic photographs can be taken
of the submerged lung (Fig. 1.7). Histologic structure is
preserved, although barium-sulfate particles can be seen
along tissue surfaces.

Injection Cast Methods

Barium-Sulfate-Gelatin Vascular Injection

The distribution, branching pattern, and macroscopic
structure of the pulmonary vasculature are well studied
by vascular injection methods. Barium-sulfate-gelatin
injection has been used extensively by Reid and col
leaguesl55.l56 to study the pulmonary vasculature during
lung development and in various disease states of chil
dren and adults. In this method the pulmonary arteries
(or veins) of the fresh lung are injected for 4 to 7 minutes
with a suspension of barium sulfate and gelatin heated to
60°C and applied at a pressure of approximately 100cm
H2O. It is important that the lung be brought to room
temperature and overlaid with a heating pad to ensure
free flow of the injection mixture. This casting method fills
vessels down to about 15 /-lm in diameter without entering
the capillary bed. Following injection the lung is then
fixed in inflation, and specimen radiography is performed
on the intact lung and sequential lung slices to display
vascular branching patterns (Fig. 1.8). Lungs prepared in
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FIGURE 1.8. Postmortem whole lung arteriogram from patient 
with cystic fibrosis and cor pulmonale. Note the widened central 
arteries and the peripheral pruned branches with a striking 
reduction in background haze in the upper lobe (left). Barium
sulfate-gelatin vascular injection. (From Tomashefski JF Jr, et al. 
Pulmonary pathology. In: Hodson ME, Batten JC, eds. Cystic 
fibrosis. London: Bailliere Tindall, 1983:40, with permission.) 

A 

FIGURE 1.9. Corrosion cast of bronchial tree in nonobstructive 
bronchiectasis. A. Saccular bronchiectasis. Less severe damage 
is present in upper part. (From Liebow et al./58 with permis
sion.) B. Varicose bronchiectasis. Note irregular involvement 
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this way are ideal for subsequent histologic study and 
vascular measurements since the vessels are marked and 
fully distended by the gelatin mixture. 

Corrosion-Casting Techniques 

The basic concept of corrosion casting is the filling of a 
hollow space by a fluid material that hardens, followed by 
digestion of the surrounding tissue. This modality faci
litates detailed study of anatomic organization in three 
dimensions, and has been used to study the pulmonary 
vasculature, lymphatics, and airways (Fig. 1.9).1.157.158 
Casting materials include wax, metals, gelatin, celloidin, 
neoprene, vinylite, latex, silicone, and acrylic products.1.159-
161 Different anatomic compartments within the same 
organ can be studied simultaneously by the injection of 
material containing contrasting colors, illustrating dif
ferent anatomic structures to maximal efficiency. The 
negative aspect of corrosion-casting techniques is destruc
tion of lung parenchyma, which precludes histologic 
examination. 

Vinylite casts were used extensively in the laboratory 
of Averill Liebow in studies of the pulmonary vascula
ture, collateral blood supply, bronchial arterial system, 
and bronchiectasis (Fig. 1.9). The interested reader is 

B 

and irregular contours of dilated bronchi. Also note persistence 
of connections to lung as evidenced by smaller areas of injection 
material. (Courtesy of AA Liebow Pulmonary Pathology Col
lection, San Diego, CA) 
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referred to the review by Dail l and to the article by
Liebow and colleagues l58 in which this technique is
described.

Specimen Inflation-Fixation Methods

Formalin Inflation Tank

For anatomic laboratories with a high volume of lung
specimens, and for protocols that necessitate precise
specimen inflation such as required for morphometric
studies, a specimen inflation tank may be considered. As
described by Heard et aI., 153.162 the basic construct includes
a large inflation tank filled with formalin, and a smaller
formalin supply reservoir elevated a distance above the
tank to ensure a delivery pressure head of about 25 cm.
The reservoir is connected by plastic tubing to a manifold
to which can be attached multiple lung specimens simul
taneously. An electrical pump automatically recycles fixa
tive from the inflation tank to the reservoir, in which the
level of fixative is regulated by a float sensor, to maintain
the pressure column throughout fixation (Fig. 1.10).
Because of the large volumes of formaldehyde that are
used, the apparatus must be located under a fume hood.
Due to evaporation, the tank must also be refilled peri
odically and the concentration of formaldehyde within
the tank monitored.

Formalin Fume Fixation

Formalin fume fixation as a means of inflation-fixation
with maximal preservation of lung volumes and anatomic

FIGURE 1.10. Formalin inflation tank. Large plastic tank filled
with formalin, with overriding smaller plastic formalin reservoir.
P, circulating pump; R, recirculation tube; S, float sensor; 0,
overflow channel; T, tubing connected to multiport manifold
(not visualized) located in the bottom of the tank.
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FIGURE 1.11. Severe bullous panacinar emphysema. Section of
dried lung after formalin fume fixation. (Prepared in the labora
tory of Dr. Philip Pratt.)

relationship was proposed by Blumenthal and Borenl63

in 1959. By means of an air source bubbled through form
aldehyde at 5 to 30 Llmin, vaporized formalin can be
passed through the distended lung for 3 to 5 days. Using
this method the final product is an expanded lung that is
rigid and dry, having the consistency of Styrofoam. The
lung may be sliced with a knife or a band saw. Acceptable
histologic sections can be obtained, and the method is
excellent for producing thick sections that can be studied
in three dimensions. I63

Variations on the method of formalin fume fixation
have been described by Markarian,l64 Pratt,165 Wright and
colleagues,l66 and Weibel and Vidone.167 The Pratt modi
fication allows the postmortem lung to "breathe" forma
lin vapors by means of a ported cylinder and piston. Pratt
and KlughI68 utilized this inflation apparatus to perform
postmortem lung function tests that were correlated with
the pathologic anatomy of the fixed lung (Fig. 1.11). Fume
fixation techniques are primarily research methods that
require construction of rather elaborate inflation devices,
and necessitate venting of toxic formaldehyde fumes.

Tracheobronchial Whole Mounts

To study the structure and distribution of cartilage plates
in the tracheobronchial tree, whole mounts of the airway
can be selectively stained for cartilage and then cleared.
According to the method of Landing and Wells,169,I7o the
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FIGURE 1.12. Whole mount of opened, normal adult right lower
lobe bronchus and bronchus intermedius stained with toluidine
blue to highlight cartilage plates. (Specimen prepared by Dr.
Bal Kampalath.)

dissected airway is immersed in a dilute toluidine blue
solution, followed by clearing of the tissue in graded
ethanol (70% to 95%) and finally xylene. Toluidine blue
impregnates the cartilage with a deep blue color. Loosely
adherent stain is removed from the connective tissue by
the solvent rinses during the clearing process, allowing
the cartilage to stand out in the translucent airway wall
(Fig. 1.12). The specimen can then be secured to wire
mesh and preserved in mounting medium or clear
plastic.

The technique of tracheobronchial whole mounts was
used by Landing and colleagues 169 and othersl70.171 to
study tracheobronchial anomalies, including those seen
in congenital lobar emphysema (see Chapter 6). Tracheo
bronchial whole mounts of adult airways have also been
studied to document atrophy of cartilage in chronic
obstructive lung disease. 172

•
J73 In my experience, staining

for cartilage is inconsistent in adult bronchi that have
been fixed in formalin for prolonged periods.

Assessment of Cardiac
Ventricular Weights

Although not a technique applied to the lung, the meas
urement of cardiac ventricular weights is often an impor
tant adjunct to assess right ventricular hypertrophy in
conditions of suspected pulmonary hypertension and cor
pulmonale. Simple linear measurement of the thickness
of the right ventricular free wall is notoriously inaccurate
for establishing right ventricular hypertrophy. The pre
ferred method for determining ventricular weights is that
of Fulton, Hutchinson, and Jones,174 in which the right
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ventricular (RV) free wall and left ventricle plus septum
(LV+S) are dissected free of the heart and from each
other and weighed separately after removal of epicardial
fat and coronary arteries. Individual ventricular weights
and the ratio of RV to LV+S are determined. In general,
for isolated right ventricular hypertrophy, an absolute
RV weight exceeding SOg or an RV/LV+S ratio >0.5
establishes the diagnosis. 174 A deficiency of this method
is that the RV/LV+S ratio is invalid as a measure of right
ventricular hypertrophy when there is also left ventricu
lar hypertrophy. The method of Fulton et al. 174 has also
been applied to the study of the heart during fetal
development. 175
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Anatomy and Histology of the Lung 
Joseph F. Tomashefski, Jr., and Carol F. Farver 

The lung is uniquely designed to accomplish its major 
functions of movement of air and the delivery of oxygen 
to and removal of carbon dioxide from the circul
ation. Pulmonary anatomic compartments are tightly 
integrated for this purpose, while redundancy of struc
tures and provisions for collateral ventilation and blood 
flow enable the lung to rapidly adjust to physiologic 
demands and meet the challenges imposed by disease. 
The intricate net-like connective tissue skeleton of the 
lung, with its intrinsic elasticity, enables the lung to func
tion as a cohesive unit. Protected by the rigid thoracic 
cage and sealed in a bellows-like chamber, the lung 
responds to cyclical volume and pressure fluctuations 
coordinated with contractions of the diaphragm and tho
racic muscles of respiration on the order of 16 breaths 
per minute. 

Espousing the precept that an understanding of normal 
anatomy is essential for the recognition and appreciation 
of abnormal structure, this chapter on practical lung 
anatomy and histology provides the reader with a base
line for the evaluation of macroscopic, histologic, and 
ultrastructural changes imparted by disease. A working 
conception of regional lung anatomy at the gross and 
microscopic level is also essential for the accurate local
ization of lesions. For this purpose, fixation of the lung in 
the inflated state is optimal (see Chapter 1). Knowledge 
of normal lung structure is also crucial for understanding 
radiologic appearances and in making radiographic cor
relations, which have become an important adjunct in the 
assessment of lung biopsy samples.1,2 

Perhaps more than any other organ, the lung lends 
itself to anatomic and physiologic correlations. With the 
normal anatomy as a starting point, the pulmonary 
pathologist is in an ideal position to develop an apprecia
tion of the way in which abnormal structure is reflected 
in deviant function. Excellent texts that correlate anatomy 
with respiratory physiology and pulmonary function tests 
are those by Bates and colleagues3 and Fishman and 
colleagues.4 Special morphologic techniques used in 
the study of the lung are presented in Chapter 1. The 
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quantitative expression of lung anatomy and its mor
phometric evaluation are discussed by Weibel and 
Taylor. 5 

External Features 

The right and left lungs, invested in the visceral pleura, 
reside in their respective hemithoracic cavities, separated 
by the heart and mediastinal structures and bordered 
inferiorly by the diaphragm. Because the size of the lung 
is dependent on its volume, lung weight is the usual mea
surement provided in anatomic descriptions. The normal 
weight range of each lung in an adult is roughly 300 
to 450 g.6 Increased lung weight is an indication of conges
tion, edema, or inflammatory exudates. Lung volume, 
measured in the inflated state by water displacement, 
ranges from 3.5 to 8.5 L for both lungs.6,7 The right lung is 
slightly larger than the left by a volume ratio of 53% to 
47%.6 Due to their elastic nature, the lungs shrink to 
approximately one-third their size when the thoracic cavity 
is opened.s 

The lung is covered by a smooth glistening visceral 
pleura. The pleural membrane is translucent, but as it rests 
on the lung, the visceral pleural surface appears pink. With 
increasing age, the pleura invariably accumulates black 
pigment, the amount of which is a reflection of the degree 
of exposure to environmental particulates. Pigment tends 
to deposit in a reticular fashion along the pleurallymphat
ics and is usually accentuated in the upper lobe. Interest
ing patterns of pigmentation include linear deposition at 
the angles of the lobes, or accentuation along the rib 
indentations (Fig. 2.1). Nodular accumulation of pigment 
is associated with subpleural lymphoid aggregates. Gray 
thickening indicates pleural fibrosis that is frequently seen 
at the lung apex as the "apical fibrous cap" (see Fig. 30.10 
in Chapter 30).9 The visceral pleura wraps around the lung 
and is reflected from the mediastinal pleura at the hilum 
and pulmonary ligament. Prominent pleural indentations 
include, on the right, grooves for the esophagus and supe-



2. Anatomy and Histology of the Lung 21

FIGURE 2.1. A. Lateral external view
of right lung. The horizontal fissure is
incomplete anteriorly. Black pigment
is accentuated in the upper lobe,
following the indentations of the
ribs. B. Pigment outlines the pleural
lymphatics, which demarcate the
boundaries of secondary lobules. A
pigmented nodule is seen in the lower
lobe (arrowhead). Note also the linear
deposit of pigment (arrow) along the
inferior angle of the middle lobe.

rior vena cava, and a cardiac impression. On the left side
the cardiac impression is more pronounced and there is
an indentation (the cardiac notch) in the area of the
lingula. A prominent crook-shaped aortic groove is located
superiorly and posteriorly to the left hilum. lO

Lobes and Fissures

The right lung is divided into three lobes-upper, middle,
and lower-that are demarcated from one another by a
diagonal (major) fissure that separates the lower from the
upper and middle lobes, and a horizontal (minor) fissure
that separates the middle from the upper lobe (Fig. 2.1).11
The left lung is composed of an upper and lower lobe sepa
rated by a single diagonal fissure. The lingula (L. tongue),
which represents the anterior-inferior division of the left
upper lobe, overrides the left cardiac ventricle, and is the
counterpart of the right middle lobe. Although readily
accessible by a mini-thoracotomy, routine biopsy of the
lingula for diffuse pulmonary disease has been discouraged
because the lingula, like the right middle lobe, frequently
has old pathologic or nonspecific changes not necessarily
related to the current disease process (see Chapter l)Y

Deviations in fissure anatomy and distribution, includ
ing accessory and partial fissures, are common.l3 Usually
the anterior aspect of the horizontal fissure is incomplete,
potentially allowing for collateral ventilation between the
right upper and middle lobes (Fig. 2.1). Occasionally a
horizontal fissure separates the lingula from the rest of
the left upper lobe forming a trilobed left lung (pseudo
right lung). Conversely, absence of the horizontal fissure
produces a bilobate right lung. Any segment of the lung
may be partially or completely segregated by an acces
sory (supernumerary) fissure, a relatively frequent

anomaly occurring in up to 50% of specimens.1.I
3 Common

accessory fissures include the inferior accessory fissure
of the right lower lobe, which isolates the medial
basal segment as the retrocardiac lobe (Fig. 2.2), and an
accessory fissure separating the superior segment ("dorsal
lobe") from the lower lobe basal segments, also said to
be more common on the right. 1

,13 From a practical stand
point, deviations in fissure formation are of greatest

FIGURE 2.2. Accessory fissure (AF) separating medial basal
(MB) segment from the other basal segments of the right lung.
LB, lateral basal segment.
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FIGURE 2.3. Azygos lobe. A. Azygos fissure (arrow) in the
medial aspect of the right upper lobe visualized in a posteroan
terior (PA) chest x-ray. B. Medial view of right lung showing

importance to the radiologist, and to the surgeon when
planning a lung resection.

A particularly interesting anomalous fissure, the azygos
fissure, is a vertically oriented cleft dividing the apical
segment of the right upper lobe, seen in approximately
1% of anatomic specimens and 0.4% of chest radio
graphs. 14

.15 It is thought to be produced by the downward
invagination of the azygos vein with its pleural invest
ment, thus forming a mesoazygous. 16 The segregated
portion of lung is termed the azygos lobe (Fig. 2.3). The
azygos fissure presents radiographically as an oblique line
across the apical portion of the right upper lobe, termi
nating in a teardrop shadow that represents the azygos
vein seen on end (Fig. 2.3A).1.15 The bronchial and arterial
supply of the azygos lobe arise from the apical or poste
rior segments of the right upper lobe. 16

Bronchopulmonary Segments

For localization of lesions it is important to understand
the anatomy of the bronchopulmonary segments. A
segment refers to that portion of lung supplied by a seg
mental bronchus (see below). 17 Except in situations of
aberrant fissures, bronchopulmonary segments do not
have defined anatomic boundaries, and a pathologist
must estimate the localization of a segment based on the
supplying airway. The bronchopulmonary segments are

segregated azygos lobe (arrow) superior to the main bronchus.
The posterior aspect of the specimen is to the right.

listed in Table 2.1, and the usual segmental distribution
of each lung is shown schematically in Figure 2.4. The
terminology of the bronchopulmonary segments is that
originally proposed by Jackson and Huber. 17 Compared
to the right lung, the apical and posterior segments of the
left upper lobe and the anterior and medial basal seg
ments of the left lower lobe are often each supplied by a
single bronchus, and are referred to as the apicoposterior
and anteromedial basal segments, respectively. The lingula
is composed of a superior and inferior segment as com-

TABLE 2.1. Lobes and segments of the lung

Right lung Left lung

Lobe Segment Lobe Segment

Upper Apical (1)* Upper Apical' (1)
Posterior (2) Posterior' (2)
Anterior (3) Anterior (3)

Middle Lateral (4) Lingular Superior (4)
Medial (5) Inferior (5)

Lower Superior (6) Lower Superior (6)
Medial basal (7) Medial basal' (7)
Anterior basal (8) Anterior basal' (8)
Lateral basal (9) Lateral basal (9)
Posterior basal (10) Posterior basal (10)

'The two segments are frequently fused and considered as a single
segment.
*Numbers in parentheses refer to the numbering of segments in
Fig. 2.4.
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FIGURE 2.4. Schematic of the segmental anatomy of the lungs
(see Table 2.1 for orientation and a key to the numbering).
The right lower lobe superior segment (6) and the left upper
lobe posterior segment (2) are not visualized from this anterior
view.

pared to the medial and lateral segments of the right
middle lobe.

Bronchi

Branching Pattern

Just below the level of the aortic arch, the tracheal carina
marks the bifurcation of the right and left main bronchi.
The left main bronchus angles 40 to 60 degrees off the
original course of the trachea and extends longer than the
right main bronchus as it circumvents the left side of the
heart. The right main bronchus deviates only 20 to 30
degrees off the course of the trachea, following a nearly
straight path into the right lower lobe bronchus. The
straighter course of the right main bronchus predisposes
to aspiration in the upright position (see Chapter 5)Y
The rigidity of the extrapulmonary bronchi is maintained
by cartilaginous C-rings.

In the right hilum the main bronchus (Figs. 2.4 and 2.5)
divides into the right upper lobe bronchus and a short
segment, the bronchus intermedius, which then divides
into the middle and lower lobe bronchi. The upper lobar
bronchus divides into the three segmental bronchi. The
middle lobe bronchus divides into the medial and lateral
segmental bronchi. The right lower lobe bronchus is quite
short due to the abrupt takeoff of the posteriorly directed
lower lobe superior segmental bronchus at about the
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level of the middle lobe bronchial origin. The lower lobe
bronchus then proceeds toward the more distal bifurca
tions of the four basal segmental bronchi (Fig. 2.4). The
left main bronchus divides into upper and lower lobar
branches. The left upper lobe bronchus branches into a
superior division, which gives rise to apicoposterior and
anterior segmental branches, and the inferior (lingular)
division. 17 The lower lobe bronchus divides into the supe
rior segmental bronchus (as on the right) and continues
to the four basal segmental divisions.6.'7

The bronchi accompany the pulmonary arteries as
bronchovascular bundles surrounded by a connective
tissue sheath. With each division the caliber of the airways
narrows. The number of airway divisions varies among
lobes. The axial pathway (from the main bronchus to the
terminal bronchiole) may contain as many as 25 divisions
or as few as five airway generations (along shorter path
ways).6 Normally bronchi are not macroscopically visible
within 2cm of the visceral pleura.

Connective Tissue, Cartilage, and
Smooth Muscle

Connective tissue and smooth muscle provide the basic
structure of the conducting airways. There are 16 to 20
tracheal cartilage rings, each of which is a C-ring that
encircles approximately two thirds of the circumference
of the trachea, leaving an opening on the posterior surface
that allows for expansion of food boluses traveling within
the adjacent esophagus.The rings are composed of hyaline
cartilage that may calcify and ossify with age. The most
proximal and distal cartilage rings of the trachea differ
from the others. The first ring is bifurcated and attached

FIGURE 2.5. Hilar structures. Hilum of right lung showing rela
tionship of main bronchus (B), pulmonary artery (PA) and vein
(PV), hilar lymph node (N), and inferior pulmonary ligament
(L). The anterior aspect of the specimen is to the left.
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FIGURE 2.6. A. Longitudinally oriented elastic fibers create striations in the intrapulmonary bronchial mucosa. Note adjacent
pulmonary arterial branches (bronchovascular bundles). B. Microscopic detail of submucosal elastic bundle in large bronchus.

to the cricoid cartilage of the larynx. The last tracheal
cartilage is wider than the others with a triangular-shaped
lower border with two semi-ring-shaped areas that give
rise to the cartilages of the two major bronchi. 18 In
between each cartilaginous ring and on the posterior
surface of the trachea and main bronchi, is a fibrous mem
brane composed of collagen and elastic fibers, the latter
of which provide for some recoil from stretching during
breathing.

Beginning in the main bronchi just proximal to the
lobar bronchi, the bronchial cartilage is organized cir
cumferentially into haphazard irregular plates that
decrease in size and areal density as the bronchi extend
into the lung (Fig. 2.4; also see Fig. 1.12 in Chapter 1).
With the rapid decrease in the cartilage mass, the circular
smooth muscle bundles become the most prominent
mural components in medium-sized bronchi, and it is
here that bronchoconstriction is most efficient. A few
fibers of longitudinal smooth muscle may be present,
external to the circular smooth muscle. More peripher
ally, smooth muscle decreases in amount and becomes
scarce in the terminal bronchiole. In chronic obstructive
lung disease, smooth muscle proliferates centrifugally
and can be found prominently even around the orifice of
the alveolar duct. Elastic fibers run longitudinally in the
larger bronchi (Fig. 2.6) and become helical toward the
peripheral airways, like coiled metal springs, and then
continue into the alveolar wall forming integrated fine
networks. The outer limits of the extrapulmonary con
ducting airways are poorly defined. Alveolar walls form
the outer limit of the intrapulmonary bronchi, bronchi
oles, and pulmonary arteries.

Bronchial Glands

Mucoserous glands are present in the submucosa of
the trachea and bronchi. These submucosal glands con
tain both mucous cells and serous cells, both of which
contribute to the secretions of the mucous bilayer cover
ing the bronchial epithelium (Figs. 2.7 and 2.8). These
mucinous secretions contain bacteriostatic lysozymes
and lactoferrins, antibodies (immunoglobulin A, IgA)
from the surrounding plasma cells, and some antiprote
ases. In older individuals glandular cells may be largely
replaced by oxyphil cells (oxyphil metaplasia) (Fig. 2.8B).
Approximately one opening of the duct of the bronchial
gland can be found in a I-mm-square area in large
human bronchi. Ciliated cells usually extend into the
duct for a short distance (Fig. 2.8e). The bronchial duct
divides into one or more generations, depending on
the size of the gland, before reaching the glandular acinus.
Myoepithelial cells line the secretory parts of the glands
and are controlled by the autonomic nervous system
(Fig.2.8D).

The volume of the bronchial glands is estimated by
the gland-to-wall ratio (Reid index) or point-counting
methods on random light microscopic sections of a major
bronchus. The Reid index is calculated by measuring the
thickness of the bronchial gland divided by the distance
between the basal lamina of the bronchial mucosa and
the nearest perichondrium (Fig. 2.7B). For this determi
nation, a well-oriented bronchial cross section of a main
stem bronchus is necessary, and an average of several
measurements is optimal. For a practical estimation of
the mucous gland mass, an "eyeball" estimate may suffice.
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FIGURE 2.7. Bronchial wall. A. Low magnification of the bronchial wall for orientation. 8. The Reid index is calculated as the
percentage of line A divided by line B (see text). (Elastic van Gieson [EVG].)

FIGURE 2.8. Seromucinous glands. A. Seromucinous gland.
8. Oxyphil metaplasia involving a portion of the glandular
lobule (arrow). C. High magnification of a ciliated intercalated

duct. D. Actin filaments ensheath the mucous gland. (Immuno
histochemical stain for muscle-specific actin.)
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In patients without chronic bronchitis the Reid index is
usually ~0.4.!9.20

Mucosa

The tracheal and bronchial mucosa is continuous with the
larynx and consists of a pseudostratified ciliated ~olum

nar epithelium interspersed with goblet cells that SIt on a
basement membrane. The bronchial basement membrane
is a thin layer of extracellular matrix that provides supp~rt
for the epithelium. By light microscopy the bronchial
basement membrane measures approximately 7 j.tm in
thickness?! The major molecular constituents are colla
gen IV, fibronectin, laminin-entactin/nidogen complexes,
and proteoglycans.z1

-
23 What appears as a homogeneo~s

basement membrane by light microscopy, however, IS
actually a bilaminar structure consisting of the b~sal

lamina (true basement membrane) and the dee~er la~ma
reticularis. Thickening and fibrosis of the lamma retIcu
laris is characteristic of bronchial asthma.

The four major types of cells that make up the epithe
lium are (1) ciliated cells, (2) goblet cells, (3) basal cells,
and (4). ne~roend~crine cells (Fi.g. ~.92!' Layer~d atop .t~e
epithelIum IS the aIrway surface lIqUid that, wIth t~e cIlIa,
comprise the mucociliary escalator that traps foreIgn par
ticles and organisms that enter the airways and propels
them up and out of the conducting airways via the
larynx.24

Ciliated Cells

The main function of the ciliated cells of the mucosa is
to propel foreign particles/organisms via the mucociliary
clearance mechanism. The number and importance of
ciliated cells in the air passage are best illustrated by a
scanning electron microscopic view of the surface of t.he
large bronchus, where cilia appear to cover the entIre

FIGURE 2.9. Light microscopic image of the bronchial mucosa
showing the ciliated cells, rare goblet cells, and bronchial basal
cells resting on a thin basement membrane.
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surface (Fig. 2.10). The ciliated cell in the large bronc~us
is up to 20/-lm in length and 10 /-lm in width, and cont~ms

about 200 cilia of 3 to 6/-lm in length on the lummal
surface. The nucleus is basal, and the cytoplasm is rich in
mitochondria, which accumulate apically to supply energy
for cilia (Fig. 2.11). The size of the cell and the length of
the cilia decrease as the diameter of the bronchus
decreases.

A cilium has an intracytoplasmic basal body that is
enmeshed and stabilized in place by a fibrillary network
immediately beneath the cell membrane. From the basal
body a long striated root extends and anchors deep in~o

the cytoplasm, and a basal foot aligns itself sideward m
the direction of the effective stroke of the cilium. At the
neck, or the portion where the cilium emerges from the
cell, the cell membrane forms a rosary-like modification
called the necklace. The cilium tends to break off but also
regenerates itself from this neck portion. The main body
of the cilium is formed by an axoneme surrounded by the
extension of cell membrane. The axoneme consists of a
central pair and nine peripheral doublets of microtubules
(see Fig. 5.41 in Chapter 5). Each doublet has a com~lete
tubule (A subfiber) and an attached three-quarter CIrcle
of B subfiber. From the A subfiber, two rows of side arms
(the inner and outer dynein arms) protrude to~ard the
B subfiber of the adjacent doublet, and one radIal spoke
extends toward the central pair. The dynein arms are
formed by protein with high adenosine triphosphatase
(ATPase) activity. At the distal e~d of .the c.ilium are
hooking devices or bristles. (A detailed dIscussiOn of the
ultrastructure and pathology of the cilia is provided in
Chapter 5.) . .

The cilia extend into the overlying air surface lIqUid
(ASL), which measures 5 to 100j.tm in thickness. The ASL
is a bilayer of a low-viscosity or watery (sol) lower layer
(a product of the serous and mucous glands in the submu
cosa), and a high-viscosity or gel ~ppe2~ layer .s~creted
from the goblet cells in the epithelIum. The CIlIa bend
and beat back and forth by sliding opposing groups of
doublets in opposite directions, which is accomplished by
repeated attachments and detachments of dyne~n ~rm~ to
adjacent doublets, similar to the motions used m jackmg
up a car. The recovery stroke of the ciliary beat is believed
to be curved and to occur completely within the watery
(sol) layer of the mucus. The effective stroke is done with
cilia straight up, which allows the bristles to catch and
propel forward the gel or viscous mucus on top of the sol
layer to the larynx where it can be expectorated. The rate
of the ciliary beat is usually 12 to 16 beats/second and
metachronous25 and is coordinated by intercellular gap
junctions that allow for spread of this beat among the
ciliated cells.

Cilia and ciliated cells are constantly exposed and
vulnerable to many noxious agents including cigarette
smoke. Therefore, ultrastructural ciliary changes are
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A B 

FIGURE 2.10. By scanning electron microscopy (SEM), cilia completely carpet the luminal surface of large airways. The presence 
of nonciliated cells is not appreciated from the surface. A. Swine, x2500. B. Swine, xll,OOO. (Prepared by Dr. N.-S. Wang.) 

common and varied; these include compound or fused 
cilia, deranged axonemes with supernumerary or missing 
micro tubules, internalized (cytoplasmic) or shed cilia, and 
other defects. (For a further discussion of cilia defects, see 
Chapter 5.) 

Goblet Cells 

The goblet cell is the most common nonciliated cell, and 
it extends from the larger bronchi to the smaller bronchi 

FIGURE 2.11. Mitochondria accumulate adjacent to cilia in cili
ated cell. Long striated root (arrow) extends deeply from basal 
body of cilia. Human. Transmission electron microscopy (TEM) 
xll,OOO. (Prepared by Dr. N.-S. Wang.) 

but is absent in the bronchioles. The ratio of ciliated to 
goblet cells is estimated to be between 7:1 and 25:1 in the 
large bronchi (Figs. 2.9 and 2.12). 

The goblet cell has a basal nucleus, a well-developed 
rough endoplasmic reticulum, a Golgi apparatus, and 
abundant apical collections of mucous granules forming 
a "goblet" appearance (Fig. 2.13). The mucous granules 
are released into the bronchial lumen by the fusion and 
then the fenestration of the membranes of the granule 
and the cell, representing merocrine-type secretion. In 
excessive production and release, such as is seen in status 
asthmatic us, the apical portion of a goblet cell may appear 
to be completely replaced by an amorphous mass of 
mucus that extends in continuity from the cell into the 
mucous layer. Mucus in the lung, presumably like that in 
the intestine, is secreted for protection. It consists of 
acidic glycosaminoglycans, though the composition may 
vary during pathologic conditions. Goblet cells can divide 
mitotically and may increase in number drastically in any 
acute bronchial irritation, replacing almost all ciliated 
cells within 2 to 3 days. The recovery of ciliated cells is 
equally fast, and in chronic irritations certain balances 
develop between the two processes. Excessive goblet cell 
hyperplasia may disrupt the continuity of ciliary flow, and 
an excessive amount of mucus may obliterate the air 
passage, especially in small scarred airways. Although 
goblet cells contribute to the gel layer of bronchial mucus, 
the major source of mucus is the submucosal gland. 

Basal Cells 

All ciliated and nonciliated cells in the bronchial mucosa 
are derived from the basal cell. The basal cell of the 
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FIGURE 2.12. Ciliated cell is the most common cell type in bron
chial mucosa. Large goblet cell (G) appears pale. Darkly stained 
basal cell at bottom of mucosa is smaller than other tall colum
nar cells. Human. TEM, x2500. (Prepared by Dr. N.-S. Wang.) 

bronchus is a pluripotential reserve cell that has a light 
and electron microscopic appearance similar to that of 
the epidermis. This cell is triangular with one of the broader 
sides firmly anchored on the basement membrane 
by hemidesmosomes (Fig. 2.12). The nucleus is large, 
and the organelles are scanty in the cytoplasm, which con
tains mainly loosely scattered ribosome complexes and 
tonofilaments. Desmosome complexes are prominent 
between cells. 

Unlike the rest of the bronchial epithelium, the basal 
cell usually survives mucosal injuries to ensure a com
plete reconstruction of the bronchial mucosa. Prolonged 
irritation stimulates the proliferation of the basal cells 
(basal cell or reserve cell hyperplasia) or induces their 
differentiation into one or more differentiated forms. 
Deranged or mixed forms, which contain organelles of 
different types of cells, are also common, especially in the 
dysplastic and neoplastic epithelium that arise out of 
these cells (Fig. 2.14). 

The Dense Core (Neuroendocrine) Cell and 
Neuroepithelial Bodies 

See Chapter 36, Neuroendocrine Carcinomas, for a de
tailed discussion of neuroendocrine cells. 
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Other Bronchial Lining Cells 

Brush cells, also termed tuft, caveolated, multivesicular, 
and fibrillovesicular cells, are a special type of cell char
acterized by blunt microvilli and having disk- or rod-like 
inclusions of unknown functions. These cells have been 
identified from the nose to the alveoli in many species, 
but have not been found in humans except under certain 
disease states.26 The function of the pulmonary brush cell 
is obscure. 

Bronchioles 

A bronchus becomes a membranous bronchiole when 
cartilage completely disappears from its wall (Fig. 2.15). 
This occurs when the diameter of the airway decreases to 
about 1 mm. The terminal membranous bronchiole leads 
into the acinus, the functional unit of the lung, which con
sists of the respiratory bronchiole, alveolar ducts, alveolar 
sac, and alveoli (see below). The lung has approximately 
30,000 terminal bronchioles, and each drains and concen
trates the contents of approximately 10,000 alveoli. 

Membranous bronchioles (including the terminal bron
chiole) are lined completely by epithelial cells. This epi
thelium consists of ciliated columnar cells and nonciliated 
Clara cells. These bronchioles derive their mechanical 
support from the tethering effect exerted by the attached 
elastic fibers of the surrounding alveoli. Alveolar elastic 
fibers connect to the adventitia of the small airways and 

FIGURE 2.13. Multiple mucous granules accumulate near apex 
of goblet cell with amorphous and reticular appearance. Human. 
TEM, xll,OOO. (Prepared by Dr. N.-S. Wang.) 
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FIGURE 2.14. Mucous granules (0) and tonofilaments (T) are 
present within a dysplastic cell in bronchial mucosa. Human. 
TEM, x38,OOO. (Prepared by Dr. N.-S. Wang.) 

help prevent the collapse of the small airways during the 
final phase of expiration (Fig. 2.15A). Their destruction 
in lungs with emphysema causes a premature collapse of 
these small airways and obstruction of the airflow (see 
Chapter 24). 

The terminal bronchiole gives rise to the respiratory 
bronchiole, in which alveoli are present in the bronchiolar 
wall (Fig. 2.16). Usually there are three generations of 
respiratory bronchioles, although some variation between 
one and five generations is possible. Ciliated cells extend 
to the bronchioloalveolar junction. In these more periph
eral locations, they are short and decreased in number 
but maintain the continuity of the ciliary flow by a network 
arrangement around the nonciliated Clara cells (see 
below). This transitional zone is generally believed to be 
a normal lung structure, and formation of new alveoli in 
the small bronchioles is a normal process during the post
natal growth period, extending from birth until about 10 
years of age. Direct epithelial-lined channels between 
membranous bronchioles and adjacent alveoli have been 
termed canals of Lambert (Fig. 2.15C). Depressions and 
eventual fistulous perforations of the wall of small mem
branous bronchioles also commonly occur in lung damage, 
especially in small-airway injury associated with tobacco 
use, leading to peribronchiolar proliferation and exten-
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FIGURE 2.15. A. Membranous bronchiole with alveolar attach
ments. B. Wall of membranous bronchiole. Note single cell layer 
of ciliated epithelium and narrow fascicles of smooth muscle. 
C. Canal of Lambert. Narrow epithelial-lined channel (arrow) 
extends directly into adjacent lung parenchyma from a small 
membranous bronchiole. 
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FIGURE 2.16. Respiratory bronchiole and alveolar ducts. TB, 
terminal bronchiole; RBI, 2, and 3, three orders of respiratory 
bronchiole; AD, representative alveolar ducts. 

sion of bronchiolar lining cells into the alveolar region 
("Lambertosis"). 

Clara Cells 

The Clara cell is a nonciliated cuboidal cell found in 
both the membranous and respiratory bronchioles that 
replaces the disappearing goblet cell in small bronchioles. 
The Clara cell has an apical surface that bulges into the 
lumen, is rich in endoplasmic reticulum and mitochon-

FIGURE 2.17. Electron micrograph of a Clara cell. Clara cells are 
taller than ciliated cells in small bronchioles. Note flame-shaped 
cytoplasmic processes rich in mitochondria, endoplasmic reticu
lum, and secretory granules. Mouse. TEM, x4500. (From Wang 
NS, Huang SN, Sheldon H, Thurlbeck WM. Ultrastructural 
changes of Clara and type II alveolar cells in adrenalin-induced 
pulmonary edema in mice. Am J Pathol 1971;62:237-252, with 
permission from the American Society for Investigative 
Pathology. ) 
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dria, and contains a prominent Golgi apparatus with 
apically located secretory granules that stain positively 
with periodic acid-Schiff (PAS)-diastase (Fig. 2.17). The 
Clara cells have been shown to secrete surfactant apopro
tein that serves to decrease the surface tension in this 
area of the lung and keep these small channels open.27 
The Clara cell also serves as the reserve and reparatory 
cell in the small airways, a role similar to the basal 
cell more proximally and the alveolar type II cell more 
dis tally. 28 

Parenchyma 

Anatomic Subunits 

Lobules 

The secondary lobule of Miller is the smallest unit 
delineated by fibrous septa in the lung, and the smallest 
macroscopically observed unit of lung parenchyma.29 
Each lobule measures from 1 to 2.5 cm in maximal dimen
sion and contains three to five acini (see below) (Fig. 
2.18).6,30 In adult lungs the lobule is best observed in 
the peripheral subpleural areas where interlobular septa 
extend from the visceral pleura, incompletely demarcat
ing polyhedral units of lung parenchyma (Fig. 2.18A). 
Lobular architecture is much better defined in fetal 
or young children's lungs, especially in the upper lobe 
(Fig. 2.18B). The boundaries of the lobules are also 
readily recognized on the surface of the visceral pleura 
as the hexagonal pattern of lymphatic distribution (Fig. 
2.1). Well-defined lobules are obscure in the central 
regions of normal adult lungs because the continued 
postnatal proliferation of alveoli stretches and disrupts 
the continuity of the interlobular septa. 12 Airways 
and pulmonary arteries enter the central portion of the 
lobule while pulmonary veins transport blood in the 
interlobular septa (Fig. 2.18e). The lobule is an important 
unit in chest radiology and histopathology, and some 
diseases such as emphysema are classified by their intra
lobular distribution of lesions (see Chapter 24). Inter
lobular septa are widened and accentuated in pulmonary 
edema and are visualized radiographically as Kerley B 
lines (see Fig. 28.42 in Chapter 28). With the advent of 
high-resolution chest computed tomography (CT) scans, 
the secondary lobule has assumed even greater impor
tance in the recognition of radiographic patterns of lung 
disease.2,31,32 

The primary lobule of Miller, which refers to the distal 
portion of the acinus, originates from the last-order 
respiratory bronchiole and includes the divisions of the 
alveolar ducts, alveolar sacs, and attached alveoli (Fig. 
2.19A). The primary lobule has been superseded by the 
acinus as the practical basic unit of lung anatomy (see 
below).6,3o,32 
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FIGURE 2.18. A. Macroscopic view of lung parenchyma showing 
interlobular septa (arrows) demarcating secondary lobules. The 
visceral pleura is in the left upper corner (barium sulfate 
impregnation). B. Secondary lobules are prominently visualized 
in the lung of a 21-week gestational age fetus. C. Microscopic 
view of secondary lobules in an adult lung following pulmonary 
arterial injection of barium-gelatin contrast media. Interlobular 
septa are demarcated with arrows. Note filling of arteries in the 
centrilobular zone while veins are empty. Visceral pleura is at 
top. (EVG.) 
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Acinus 

The pulmonary acinus is the unit of lung distal to the last 
conducting airway, the terminal bronchiole (Fig. 2.19).29,30 
In lung casts, the acinus measures approximately 7.S x 
8.S mm and consists of about three divisions of respira
tory bronchioles and several divisions of alveolar ducts, 
terminating in alveolar sacs with their grape-like clusters 
of alveoli. 1,29 In adults the number of alveoli within the 
acinus ranges from lS00 to 4000 alveoli.32 Acini have no 
septal boundaries, thus allowing for collateral ventilation, 
and they are not visible as defined units either grossly or 
microscopically (Fig. 2.19B). However, they have been 
delineated by means of corrosion casts.29,32 Historically 
the acinus has been important histopathologically in 
defining the intraparenchymal spread of tuberculous 
lesions, and in the classification of emphysema into cen
triacinar and panacinar variants.32 By virtue of the local
ization of bronchioles in the central portion of the lobule, 
the terms panacinar and centriacinar are synonymous 
with panlobular and centrilobular, respectively (see 
Chapter 24).32 

Alveoli 

Where alveoli completely replace the bronchiolar epi
thelial cells, the air passage, known as the alveolar 
duct, terminates in a semicircular blind end called the 
alveolar sac, which is surrounded by four or more 
alveoli. 

The distal portion of the lung is formed by multifaceted 
and cup-shaped compartments called alveoli that have 
diameters of ISO to SOOf,lm (average, 2S0f,lm) (Fig. 2.20). 
In a 70-kg man, there are about 300 million alveoli with 
a gas-exchanging alveolar surface of approximately 
143 m2 contained within an average lung volume of 4.3 L. 
After the age of 30 or 40 years the lungs undergo a pro
gressive dilatation of air spaces. Alveolar ducts enlarge 
while adjacent alveoli appear flattened (alveolar duct 
ectasia), although it is uncertain whether or not there is 
actual destruction of alveolar septa. It has been recom
mended that the term aging lung be used rather than the 
traditional term senile emphysema for aging-associated 
changes.33 

The orifices of alveoli along the alveolar ducts and 
alveolar sacs are formed by thick elastic and collagen 
bundles that are the continuum of bronchial and bron
chiolar elastic bundles (Fig. 2.20B). From the orifice 
bundle, finer elastic fibers spread out further, resembling 
a basket, and are interwoven with capillaries. This network 
of elastic fibers and capillaries is plated (like wallpaper) 
on both sides by thin layers of type I alveolar lining 
cells. All elastic fibers, including the fine meshwork of the 
alveolus, are interconnected in all directions to form an 
integrated elastic network that is fundamental to the 


