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PULMONARY THROMBOSIS

Although embolization is undoubtedly the most
frequent mechanism involvead (6! lexplain the pres-
ence of intrapulmonary thrombus, in sifu thrombo-
sis of pulmonary vessels is probably more common
than is generally appreciated. However, because of
the difficulty in distinguishing thromboembolus
from in situ thrombus both radiologically and path-
ologically, and because the predisposing conditions
for pulmonary thrombosis are frequently-the ‘same
as those for systemic Venous'thrombosis, it can be
difficult to state with certainty which of the two
processes is operative. The pathogenesis and effects
of pulmonary vascular thrombaosis: are related 'to
some extent to the ‘sit¢e and:can be conveniently
discussed under three categories: (1) arteries, (2)
arterioles and capillaries, and (3) veins.

PULMONARY ARTERIES

It is in the pulmonary arteries that the distinc-
tion between in situ thrombosis and. embolism, can
be particularly difficult; in fact, in some cases, dif-

ferentiation is not/passible. Probably the most com- -

mon underlying cause of in situ arterial thrombosis
is infectious pneumonia, in which vascular damage
occurs in relation to abscesses and foci.of active
granulomatous inflammation.  Thrombosis- related
to primary or metastatic neoplasm is also relatively
common; it can result’ from' either’invasion of the
vessel by the neoplasm or vascular compression by
expanding tumor. Less common causes include im-
mune-mediated vasculitis,' trauma,? aneurysms,® in-
dwelling catheters,* congenital heart anomalies as-
sociated with decreased pulmonary blood flow such
as tetralogy of Fallot,” and sickle-cell trait or dis-
ease;*® in the last named condition, thrombosis is
sometimes associated - with “sudden ‘death.®’ Other
pulmonary and cardiac diseases, such as emphy-
sema,'® pneumoconiosis, .mitral stenosis, .and pri-
mary pulmonary hypertension,’! have, also been
associated; however, pulmonary thromboemboli oc-
cur with such frequency in these conditions that it
is difficult, if not impossible; to'estimate with any
degree of accuracy the true incidence of thrombosis.

Pathologically, in situ arterial thrombosis should
be suspected grossly if there is adjacent parenchy-
mal disease or if there is extensive and continuous
thrombus in multiple vessels; the formation of a
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.cast of the-arterial tree-would not be possible with
the maltiple fragments ‘of thrombus characteristic
of emboli. In one literature review of 100 cases
considéred to-represent in situ thrombosis, the site
of thrombus formation was the right lung in 49 per
cent, the left in 6 per cent, and both lungs in 45
per cent;'' the author suggested that the longer
course of the right pulmonary artery and its asso-
ciation with other mediastinal structures were re-
sponsible. for the  higher. incidence in this lung.
Histologically, in situ thrombosis:should be consid-
ered when there’isvassociated” vasculitis'or.'if the
thrombus is eccentrically located on'the side of the
vessel wall adjacent to a focus of parenchymal in-
flammation " (Fig. 9-1).. The . genesis: of isolated
thrombi unassociated with pneumonia-or other ac-
tive inflammatory pulmonary disease cannot be de-
termined histologically in most instances; although
such in situ thrombi undoubtedly occur, they are
usually considered thromboemboli. /

Thrombosis is found most often‘in small elastic
or muscular arteries supplying Tung that is already
the site of disease; as a result, the effects of the
thrombus are. often. difficult to. evaluate in deter-
mining roentgenographic or clinical manifestations.
An exception is ‘the necrosis and cavitation that
occur_in some cases of pneumonia (lung, “gan-
grene”) or vasculitis, the pathogenesis being related
at least in -part to the thrombosis and-resulting
ischemia. In addition, thrombus 'can'occasionally
extend proximally froma focus of active parenchy-
mal inflammation, especially in tuberculosis;'' such
extension can-sometimes. occur-as far-as the pul-
monary trunk and.opposite‘main: pulmonary artery,
resulting in severe obstruction of pulmonary blood
flow and cor pulmonale.

PULMONARY ARTERIOLES AND CAPILLARIES

Thrombosis of small pulmonary vessels occurs
in immunologically mediated leukocytoclastic vas-
culitis (see page1264); -in these cases, it is. usually
associated with other evidence of vascular‘damage,
particularly parenchymal - hemorrhage. - Fibrin
thrombi, believed .to be, the product of an acute
hypercoagulability state, are also found in the lungs
of animals and humans who have died of “shock”'?
and disseminated intravascular coagulation®? related
to such conditions as septicemia and amniotic fluid
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Figure ' 9-1.  Pulmonary . Artery
Thrombosis in Situ. The Ieft portion of
the figure shows alveolar airs s full of
polymorphonuclear leukocytes, represent-
ing ‘an’ acute bacterial pneumonia. A pul-
monary. artery: at the junction. of -affected
and. . unaffected Jung reveals  eccentric
thrombosis - in relation to the pneumoma
(x80).

embolism. Ini'situ thrombosis of small’as well as large
pulmonary ‘vessels'can'occur in sickle cell disease.®

PULMONARY VEINS

'“Asin the arterial c1rculauon pulmonary venous
thrombosis' 'commonly “develops''secondary'‘to''an
infectious process or neoplasm. Other related con-
ditions include those in' which'there is decreased
blood flow, such' as tetralogy' of Fallot,® sclerosing
mediastinitis,’*'*> 7'® and’ veno-occlusive ‘disease; in
fact, venous’ thrombosis has' been “considered ‘by
some' to' be' intimately ‘involved in'the pathogencsns
of the last-named disorder:

‘ PULMONAHY THROMBOEMBOLISM
INCIDENCE

‘Estimates of the incidence of pulmonary throm-
boembolism : vary«considerably in' different 'series,
largely las a result of differences in the characterof
the population under study and the techniques and
criteria used in 'diagnosis. In general; thromboem-
boli' are an infrequent cause of hospital admission,
ranging in incidence 'from:0.49 to 2.5 per cent of
medical patients and'0.09 to 0.6 per cent of surgical
patients in three series.'® As a diagnosed complication
of ‘hospitalization, 'they are- also relatively ‘uncom-
mon; in one retrospective study of patients ‘dis-
charged from the hospital overia 10-year period,
the' incidence was: only:0.21 'per-cent.!® The ‘inci-
dence offatal pulmonary embolism after routine
surgery:is' also very low, estimated at only ‘two to
three per 1,000 procedures.'” Despite these figures:
however, it is well recognized that the true incidence
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of thromboembolism is much hlgher, a belief that
is based on‘three observations: '

1. Signs and symptoms are lackmg in many
patients; it has ‘been estimated that about 80 per
cent ' of ‘pulmonary thromboembolic" episodes - are’
unrecognized ias' @ result of ithe' absence of clinical
findings.'®

2. A definitive diagnosis is difficult to''make
during llfe, even when symptoms and s:gns are
present.* ,

3. Thromboemboli are frequently 1demlﬁed at
autopsy;'in retrospective necropsy studies, the inci-
dence!in’most series ranges from 5 to 20 per cent.'®
2:2 If lung specimens are examined in detail pro-
spectively, the incidence is even higher:/in one series
of 61 “consecutive necropsies, 64 per cent were
found to contain organized or recent thromboem-
boli.** In: another investigation of 263 right lungs,**
emboli'were: found 'in' 51.7 per cent; and, as ‘the
authors admitted,’ the true’incidence must have
been even' higher, ‘since ‘'only one 'lung was exam-
ined. “Even’iwhen' the ' pulmonary 'embolisny is  of
major degree, the correct “diagnosis is ‘often’not
made before death: of 54 autopsies' performed at
the Peter Bent Brigham Hospital on patients with
this’ finding; the correct’ diagnosis’was made ante
mortem in; only' 16 (30 per cent); 'misdiagnosis ‘was
mostfrequent: in ‘the ‘elderly and 'in’ patients  with
established pneumoniai*® Misdiagnosis is not invar-
iably related to underdiagnosis; in one study, 61.9
per cent “of all clinical 'diagnoses of pulmonary
embolism 'were false positives.?!

Although the precise incidence of ‘pulmonary
thromboembolism' is ‘not known, it appears-to be
increasing,?” particularly  in' previously healthy
young adults**? Some of ‘this' increase can be
attributed to a higher index of clinical suspicion
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and improved, readily accessible diagnostic facili-
ties.?’ However, there appears to be a real increase
for which not all the causal factors are known,
although the increasing complexity of surgical pro-
cedures and the vast increase in the use of oral
contraceptives (see further on) are at least partly
responsible.

An accurate estimate of the frequency of pul-
monary thromboembolism as a major or significant
contributory cause of death is difficult to establish
because of the subjectivity involved in such esti-
mates. Nevertheless, the condition is clearly of great
importance; for example, it has been estimated that
pulmonary thromboembolism is responsible for
50,000 deaths per year in the United States.* In
their study of 263 right lungs, Morrell and Dunnill®*
considered that death was attributable to thrombo-
embolism in 56 (43 per cent) of the 136 patients in
whom these were found and in 21 per cent of the
total number of patients. These high figures are in
sharp contrast to the 2.7 to 8.8 per cent in the three
series quoted by Morrell,'® figures that are more in
keeping with our experience and with that of oth-
ers. 16, 23

ETIOLOGY AND PATHOGENESIS

The pathogenesis of pulmonary thromboem-
bolism can be conveniently considered under (1)
the development of venous and cardiac thrombosis
and (2) the effects on the lungs of the thromboem-
boli themselves.

Venous and Cardiac Thrombosis

Since by definition pulmonary thromboembo-
lism is characterized by the transport to and impac-
tion within the lung of a fragment of thrombus, the
process must be preceded by the development of
thrombus elsewhere in the circulatory system. In
the great majority of cases, chis occurs in the veins
of the legs, particularly the thighs. Other relatively
common sites are the pelvic veins (including the
periprostatic veins in men), the inferior vena cava,
and the right atrium. The right ventricle®' (rarely
in association with a right ventricular myxoma),** *
right-sided heart valves, superior vena cava,* and
the veins of the neck and arms are infrequent
sources. The incidence of deep venous thrombosis
in the arms® is estimated to be less than 2 per cent
of all cases;*® however, complicating pulmonary
embolism is not proportionately rare, being re-
ported in three of 25 patients in one series* and in
five of 16 in another.® Foci of peripheral throm-
bosis are sometimes multiple, making detection of
the precise source of an embolus difficult; for ex-
ample, in one necropsy study of 78 patients known
to have had pulmonary embolism,* peripheral
thrombi were found in 62, at multiple sites in more
than a third; the leg veins were involved in 46 per
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cent, the right atrium in 23 per cent, the inferior
vena cava in 19 per cent, and the pelvic veins in 16
per cent. It should be emphasized that the source
of thrombus is not found during life in up to 50
per cent of cases of fatal embolism***' and may not
be identifiable even at autopsy.*°

The pathogenesis of cardiac and venous throm-
bosis is complex and is related to one or more of
three major factors: (1) an alteration in blood flow,
caused by either stasis or local turbulence; (2) endo-
thelial damage, usually the result of trauma or
inflammation; and (3) a change in the coagulability
of blood, caused by either substances or processes
that increase the clotting tendency or a deficiency
of substances inhibiting clot formation. A thorough
discussion of the pathogenesis and effects of these
three factors is essential for an understanding of
pulmonary thromboembolism.

ALTERED BLOOD FLow

The rate of blood flow through the systemic
veins to the heart depends upon the input from the
arterial side of the circulation, the resistance to
venous flow, the milking action of the local muscu-
lature, and, in those veins in which they are present,
intraluminal valves. An alteration in any of these
can lead to a decrease in blood flow that may
predispose to thrombus formation. Many of the
clinical conditions associated with venous thrombo-
sis, particularly in the legs, are in turn associated
with an abnormality of one or more of these factors.
Such conditions include left-sided heart failure and
shock (decreased arterial input),?” *? obesity, preg-
nancy, intra-abdominal tumors, right-sided heart
failure, external pressure from leg casts or bandages
(increased resistance to flow),** strokes** *! and the
postsurgical or paraplegic state (immobility with loss
or decrease of muscle activity), and varicose veins.'”
27424546 Slowing of blood flow that is caused by
intrinsic abnormality of the blood itself, such as in
multiple myeloma*” ** and sickle-cell anemia,* also
predisposes to thrombosis.

Because of their distance from the heart and
the effects of gravity and immobility, the legs are
the most vulnerable site for an alteration in venous
blood flow, and the frequency of pulmonary throm-
boembolism directly parallels thrombosis in this site.
In high-risk patients, deep venous thrombosis in
the legs is common, being found in 27 to 60 per
cent of patients in large autopsy series.?* > % When
detected by phlebography and scanning techniques,
thrombosis associated with immobility or surgery is
equally frequent; in their study of 160 patients
undergoing total hip replacement, Stamatakis and
colleagues™ found evidence of deep venous throm-
bosis in the legs in 81 (50 per cent). In another
series of 132 consecutive patients undergoing elec-
tive surgery (not on the legs), 40 (30 per cent)
showed evidence of thrombosis by '*I fibrinogen
test and phlebography;®* only 20 of these had clin-
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ical signs, only four had detectable pulmonary em-
boli, and in 14 there was evidence of lysis of the
thrombus within 72 hours. Isotopic scanning tech-
niques and radiographic phlebography have shown
deep venous thrombosis (DVT) in up to 60 per cent
of patients with strokes,™ and in 34 to 37 per cent
of patients with myocardial infarction:** ** in the
latter group, the incidence of DVT appears to be
closely associated with the severity of myocardial
damage and does not occur in the majority of cases
of uncomplicated myocardial infarction.*

In the legs, most thrombi appear to be initiated
by local fibrin—platelet-red blood cell aggregates,
often in the region of a valve pocket.®*" 79 Al-
though many initially form in the calf, it is clear
from postmortem anatomic studies®**"*” and in vivo
phlebographic investigations®* *® that a substantial
proportion arise in the veins of the thigh. It is
widely believed that it is from this site rather than
the calf where the majority of clinically significant
pulmonary thromboemboli arise,** **-¢! although oc-
casional well-documented cases have been described
in which the calf was the site of origin.®?

Localized areas of blood turbulence are prob-
ably responsible, at least in part, for the thrombus
related to foreign objects, such as indwelling Swan-
Ganz arterial catheters,* ® pacing catheters,% and
cerebrospinal fluid shunt® or inferior vena cava
plication®” devices.

ENDOTHELIAL INJURY

The role of endothelial injury in the genesis of
deep venous thrombosis is currently believed to be
of little importance in most situations.*" % 7' In his
study of 50 small thrombi in the pockets of femoral
vein valves, Sevitt®” generally identified no evidence
of antecedent intimal damage; however, he did find
within apparently normal valves microscopic foci of
fibrin thrombi, which he speculated were the pre-
cursors of future macroscopic thrombi. In addition,
although experimental venous trauma is associated
with limited platelet adherence to exposed suben-
dothelial tissue, it has been found to be a weak
promoter of fibrin thrombus formation.”** Thus,
venous thrombosis secondary to injury or inflam-
mation of the vessel wall (thrombophlebitis) is prob-
ably uncommon compared to the typical bland
thrombosis unassociated with these events. Despite
these observations, endothelial injury can be a sig-
nificant factor in some situations in which there is
localized venous trauma, such as total hip replace-
ment.* It may also be important in the thrombosis
associated with bacterial endocarditis and immuno-
logically mediated vasculitis.

Paradoxically, the contrast medium used to
detect venous thrombosis can itself initiate throm-
bosis, presumably as a result of endothelial dam-
age;®- ™ it has been estimated that this complication
occurs in 3 to 5 per cent of patients undergoing
this procedure.” A follow-up study of a group of
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patients 5 to 10 years after proven venous throm-
bosis in a lower limb revealed a surprising incidence
of filling defects, presumably representing organ-
ized thrombi in vessels initially found to be patent;
the authors suggested that the diagnostic venogra-
phy might have been responsible.™

COAGULATION ABNORMALITIES

Most instances of venous thrombosis and pul-
monary thromboembolism, particularly those that
are acute and massive, are associated with medical,
surgical, or obstetric conditions with well-defined
risk factors.”” However, some patients in whom
peripheral venous thrombosis develops, with or
without associated embolization, are otherwise
healthy. In many such cases, questioning will reveal
other potential pathogenetic factors for the throm-
bosis, such as sitting for long periods in a cramped
position while traveling (as has been reported in
active duty servicemen™ ™) or standing for long
periods at work in occupations such as nursing.” 7
In such circumstances and in those in which no
other pathogenetic factors are evident, the possibil-
ity of a hypercoagulable state should be considered.
Although the existence of such a condition has long
been suspected and there is abundant indirect evi-
dence for its presence, its precise nature has been
documented only rarely. Thus, a familial deficiency
of antithrombin 111, an alpha-2-globulin capable of
inactivating thrombin and factor Xa, is associated
with a substantially increased incidence of deep
venous thrombosis and occasionally pulmonary em-
boli,”” usually in association with a second risk fac-
tor, such as pregnancy or surgery, but in one
instance following venography.® Similarly, deficien-
cies of either of the coagulation inhibition proteins
C or S may be associated with recurrent venous
thrombosis and pulmonary thromboembolism.™" 7!

Patients with myeloproliferative disorders man-
ifesting thrombocytosis (such as polycythemia vera
and essential thrombocythemia)” are prone to
thrombotic and hemorrhagic complications, where-
as those with reactive thrombocytosis tend not to
be.” Platelet aggregate formation has been pro-
posed as a factor in the pathogenesis of recurring
venous thrombosis, and in such patients treatment
with dipyridamole and aspirin has been shown to
increase platelet survival time®®' and prevent ve-
nous thrombosis.®! Physical conditioning, pedalling
devices, and such physical methods as elastic or
pneumatic compression and electrical stimulation
of the muscles of the extremities have been shown
to prevent thrombosis, possibly by increasing fibrin-
olytic activity®*® in addition to increasing flow. In
addition, some disease entities, including hyperten-
sion and hyperlipidemia,* predispose to thrombosis
because of an apparent alteration in the noncellular
elements of the coagulation system. As in other
conditions which have been associated with a ten-
dency to increased coagulation, such as the post-
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operat,lve and. posttraumatm states, the precise al-
teration in blood components leading to this has
not been clearly defined and is likely multifactorial
and complex, .

Two other factors that predispose to. thrombus
formation—neoplasms and ora! contraceptives—
deserve imore detailed discussion. Patients with cer-
tain neoplasms, particularly’ those 'of the lung; gas-
trointestinal tract, and genitourinary tract,*® show a
propensity for the developmcm of venous throm-
bosis, and, affected patients haye an increased inci-
dence (approxnmately four-fold)_of _pulmonary
thromboembohsm In some cases, the thrombus has
been associated with intravascular, mucus, suggest-
ing that, this might be the initiator of thrombosis;
in others, alteration in the normal level of coagula-
tion factors such as fibrinogen, antithrombin, and
thromboplastin has been, identified.”™

Since the late 1960s, it has become, evident, that
tfere is ah increase risk of venous thrombosis and
pulmonaql thromboembolism in women taking oral
contraceptives.*™* The risk is dose-related® and is
helieved to be especially serious in patients with
umgenital left~to-r1ghl intracardiac_shunts.* The
(ulpdble mgredlent in the hormone pill is thought
to be estrogen,™ which both augments clotting and
impairs fibr inolysis;** lowering the estrogen content
of such medication has resulted 1n a decrease in
morbidity but  not mor[ahty caused by . venous
thromboembolic disease.*

... Several epidemologic studies support the asso-
ciation. The incidence  of postoperative thrombo-
cmhohsm is mcreased three to four times in women
taking oral, contracepuves 7 and it _has been esti-
mated that healthy. women between the ages of 20
and 34 taking oral contraceptives run a risk of
death from pulmonary or cerebral embolism that is
seven to eight tmes that in nonusers.* Stated an-
other way, one of every 2, 000 women takmg oral
contracepuves in one study’ lequ;red inpatient treat-
ment for venous thrombosis in contrast to only one
of 20,000 not taking these drugs.* Since thrombo-
embolisim is an uncommon cause of death in healthy
women in this age group, these figures are statisti-
cally equnalem to_eight deaths ‘per  half-million
users of the contraceptive pill compared to one
death 'per half-million nonusers. However, the risk
of thromboembolism due to pregnancy itself should
be halanced against these figures when contracep-
five therapy is being considered.

3

MISCELLANEOUS FAorons

“A number of other conditions that are associ-
ated wuh venous thrombosis and pulmonary throm-
boembolism are characterized by a pathogenesxs
fh!l is even less weIl understood

1. It has been shown in many studies that
the mudence of thromboembollsm increases’ with
c. 16 58It is ‘not known to what extent this is a
“ature’ of the aging process itself or simply a
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reflection of  the mcrcased mcxdence of the other
known risk factors in this group.-

2. Blood group O has been shown to be.the
least llkely to be assocuau;d with: venous thrombosm,
particularly in postoperative and pregnant or puer-
peral women.®® %

F: Clgarette smokmg has been claimed. to in-
crease the risk of venous thromboembolism,'” al-
though evndence for this association is not at all
convincing.” For example, two studies of patients
with. recent myocardial  infarction'®" ' found a
significantly | greater, . incidence  of 'deep  venous
thrombosis in, nonsmokers than in smokers; 1sotop1c
scanning revealed. deep venous thrombosis in 42 of
74 (56 per cent) nonsmokers but in only 24 of 126
(19, per; cent) smokers (whose_smoking had been
stopped on hospital admission), -

.. 4. Strangely, thromboembolism appears to be
an, infrequent cause, of mortallty in patients with
chronic renal failure. In a series of 2,255 autopsies

_on _adults, the overall incidence of pulmonary em-

bolism was 32.3 per cent (18.4 per cent microscopic,
4.4 per _cent macroscopic;, and 9.9 per cent both);
by contrast, in the 95 patients with chronic renal
failure (serum creatinine level over 5.0 mg/dl), the
incidence was only 9.47 per cent (all microscopic).'”®

This_brief discussion of the. pathogenesis. of
venous and cardiac thrombosis has separated, pre-
disposing factors into three groups. However, it is
important to realize that in many clinical conditions
two and sometimes all three of these are'involved
in the increased risk and that assessment of the
relative importance of each can be exceedingly
difficult.” " The multifactorial pathogenesis of
thromboembolism is well illustrated by pregnancy,
in which the incidence is clearly increased; in addi-
ton to increased venous pressure in the legs and
the risk of varicosities; in the pelvic and leg veins,
there is an increase in the concentration of several
components of, the clottmg mechanism.,'* An addi-
tional hazard in pregnancy is lhrombophlebms of
the ovarian veins, especially in the presence of
sepsis.”® 1 Most studies indicate that thromboem-
boli¢, disease is not common ante, partum;'® for
example, in one study, measurement of the uptake
of '*I-labeled. ﬁbrmogcn"" revealed puerperal deep
vein thrombosis in only one of 100 women consid-
ered to be at high risk; Instead, embolism tends to
occur during the postpartum_period, most often
after difficult or traumatic delivery and especially if
there has. been hcmorrhage 1% However, others
have shown an mcreased mcxdence of thrombosis
and pulmonary embolism in pregnancy, even dur-
ing the first trimester;'™. " for example, in one
investigation  of women over the age of 35 who
required assisted delivery and were taking estrogen
therapy to inhibit lactation, the incidence of periph-
eral thrombosis was increased, tenfold 0

Because of the risk and expense of admlmster-
ing prophylactic_low-dose ‘heparin to all patients
considered to be susceptible to thromboembolic



EMBOLIC AND THROMBOTIC DISEASES OF THE LUNGS

disease, attempts have been made 10 identify those
patients' who should ‘receive such medication based
on a predictive index' calculated ‘from euglobulin
lysis time, 'concentration of fibrin-related antigen,

percentage ‘overweight for height, and presence or.

absence of varicose veins. ' 17

Thromboembohsm

A fragment - of ‘embolized ' thrombus lodged
withina pulmonary artery has two immediate con-
sequences—an increase in pressure proximal to the
thrombus ‘and a’'decrease’or cessation of flow distal
to it.” Theeffects of thromboemboli ' are largely a
result'of these two'consequences, the! final clinical,

roentgenographic; and’ pathologic 'manifestations’

being modified' by a 'number of: factors; including
the 'size 'of ‘the‘embolus, the’ presence of 'bacteria
within the thrombus'(septic embolism), the presence
and extent of underlying lung abnormality (includ-
ing previous.thromboemboli), and ‘the presence of
extrapulmonary disease; particularly of the cardio-
vascular system. These manifestations can be dis-
cussed under four headings: (1) hemorrhage and
infarction, (2) alelectasm (3) hypertensnon and (4)
edema. { |

HEMORRHAGE AND_INFARCTION |

Parenchymal consolidationsecondary tosud-
denocclusion of d'pulmonary artery is' due ‘to'one
or more ‘of three processes: (1) hemorrhage alone,
(2)" hemorrhage with 'necrosis of lung: parenchyma
(infarction) or(3) pneumonia “The'last-named oc-
curs| in' association with:septic thromboemboli ' (see
later)’or- with infection superimposed on infarcted
lung!#The first 'two'are a direct consequence of ‘a
deficiency 'of 'pulmonary! arterial ‘blood flow ‘and
may ‘represent in - part’different manifestations of
the severity of the ‘vascular occlusion. It 'should 'be
noted ‘that''bécause clinical’ and 'roentgenographic
findings ‘seldom permit reliable differentiation  be-
tween ‘hemorrhage ‘and 'infarction, ‘at least in'their
early stages, the two'are usually referred to under
the single term “infarction; in'addition, ‘pure pul-
monary hemorrhage 'has sometimes ‘been referred
to‘as “incipient” or “incomplete” infarction."? Al
though' it'is likely that some of|these latter cases do
in ' fact' represent true ‘tissue 'necrosis as| well 'as
hemorrhage at a stage 'before pathologic or roent:
genographic identification is possible, itis clear that
others are:simply a reflection of reversible ischemic
damage to the alveolocapillary membrane.

"Despite 'this fundamental ‘pathogenetic 'distinc-
tion, ‘we ' feel it ‘proper to ‘use the word “infarct”
roentgenographically in all situations in' which a pul-
monary ‘opacity develops within one or more bronchopul-
monary segments or subsegments distal to ‘an occluded
pulmonary ' artery.’‘Should ' follow<up' examinations
show 'rapid  clearing, it ‘would be 'reasonable to
consider ' the ' lesion 'to 'be caused by hemorrhage
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alone. Should the opdcity clear 'more slowly; over
several weeks, the reasonable inference can be made;
that the vascular insult resulted in tissue death. On:
the other hand, from a pathologic point-of view, a
precise distinction between’ hemorrhageand infarc-
tion'is ‘usually possible; and in the following patho-
logic descriptions these terms are used accordmg to
their specific’connotation:

Although the precise palhogenesls of pulmo-
nary' hemorrhage following thromboembolism has
not ‘been ‘clearly established; the probable mecha-
nism is ischemic damage to endothelial and alveolar
epithelial cells; permitting the passage 'of red blood
cells'and edema into 'theairspaces. The hemorrhage
has’been considered to be ‘derived from the bron-
chial'arteries via. bronchopulmonary anastomoses''®
but theoretically can also come from the pulmonary:
artery itself ' when the vessel'is only partly occluded
or after clotretraction or ﬁbrmolysrs has partly
reopened the vessel. ' £

It is‘not" known prec1sely what proportion of
emboli result'in infarction, although'some necropsy

reviews have suggested that the incidence is:as'low
as-10't0'15 per cent®* ¥ From both clinical ‘and
experimental ‘findings,’ however,it''is ‘well known
that pulmonary-vascular occlusion; particularly'of
one of the main pulmonary arteries; usually results
in'no' permdnent tissue damage unless other factors|
coexist.!'* The ‘'most common underlying condition
predisposing' to'infarction is ‘congestive heart’ fail-
ure,''® an “association ' believed to' be explained by
increased ‘pulmonary venous pressure and resulting
decreased oronchial artery ‘blood flow:

Experimentally; ligation of the pulmonary veins
inthe  presence’ of ‘thromboembolism has' been
shown''to cause ‘pulmonary infarction; supporting
this : hypothesis.'*'Shock; ' 'possibly by ' decreasing
blood flow!through the: bronchial arteries; is also!
frequently accompanied by infarction.?* Other con-
ditions associated with'‘an' increased 'incidence 'of
infarction include'malignancy (especially of the lung’
in'‘'one series),"” multiple 'emboli, ‘the:'number of
lobes containing emboli, the presence ofperipheral
as opposed to central'emboli,?* !¢ and,; experimen-:
tally, chest ' wall.compression and pleural effusion.*!*
In one recent study in which' the factors associated
with pulmonary infarction were examined, the ma-:
jor'determinants were the' functional status:of the
patient, the number of lobes containing emboli, the'
presence of left ventricular failure; and the coexis-
tence of lung cancer.''* Using discriminant analysis
ona group-of 21 patients; the combination of these
four wvariables predicted ‘the presence of infarction
with (70 per: cent accuracy;> the size of the: infarct
was’ correlated most' strongly’ with the use: of vaso-
dilators and the embolic burden.'!*

ATELECTASIS

Pathophysiologic ' consequences of sudden oc-
clusion of ‘a pulmenary vessel include local decrease
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in compliance and in ventilation, caused at least
partly by bronchoconstriction resulting from de-
creased Pco, within the bronchus supplying the
occluded segment.''”-'"? Loss of lung volume follows
and is attributable at least in part to surfactant
depletion;'?*'?* this manifestation of pulmonary
embolism is a common roentgenographic finding
and is usually more striking when accompanied by
infarction.'*!

After induction of pulmonary embolism in
dogs,'*® airway resistance increased but bronchog-
raphy showed no change in caliber of the large
bronchi. If this takes place in humans, the airway
obstruction must occur in small bronchi, bron-
chioles, or alveolar ducts.'?® In fact, experiments in
dogs have implicated airways of 0.5 to 3.5 mm in
diameter as being responsible for this response;'?’
roentgenographic opacification with powdered tan-
talum of airways as small as 0.5 mm in diameter
showed that all outlined intrapulmonary airways
constricted equally after either ipsilateral or contra-
lateral vascular occlusion by embolus. Airways
whose initial caliber was 0.5 to 3.0 mm were the site
of maximal narrowing, which occurred 80 to 120
seconds after embolization; the caliber became nor-
mal again in 4 to 40 minutes. Subsequently, it was
shown'?® that autologous thrombi injected into the
pulmonary artery of the left diaphragmatic lobe of
dogs resulted in narrowing of right-sided airways
of 0.4 to 15 mm in inner diameter, indicating reflex
bronchoconstriction. Prior section of the left cervical
vagus nerve significantly reduced contralateral
bronchoconstriction, indicating that the parasym-
pathetic nervous system partially controls airway
narrowing after acute pulmonary thromboembo-
lism. Using a similar technique plus bronchial pres-
sure measurements, another group'® injected aged,
fresh, and inert (agarose) clots as emboli, to assess
mechanical and humoral factors in the pathogenesis
- of bronchoconstriction. Bronchoconstriction of air-
ways 0.3 to 3.0 mm in diameter occurred in all
three groups. Since humoral effects derived from
the thrombus could be discounted or minimized in
the inert agarose and aged clots, it was concluded
that mechanical factors were the common denomi-
nator. Bronchoconstriction was usually transient,
the airways returning to normal dimensions within
5 minutes; the time of bronchoconstriction corre-
lated with a drop in pulmonary compliance and an
increase in airway resistance. This transient bron-
choconstriction in response to pulmonary embolism
in dogs has been demonstrated by radionuclide
imaging,'”® unilateral pulmonary artery occlusion
resulting in immediate diminution in ventilation of
the ischemic lung and return to normal in 4 to 6
hours. Inhalation of 8 per cent CO, improved
ventilation in some dogs.

Humoral effects of thrombi may be involved in
the pathogenesis of bronchoconstriction. Experi-
ments with animals showed that thrombi passing
through the bloodstream to the lungs collect plate-
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lets which, when exposed to fresh thrombin, release
serotonin and histamine, giving rise to bronchocon-
striction.'”® In animals'' and in humans,'** this
response can be prevented with heparin. In animals,
postembolic bronchoconstriction is evidenced func-
tionally by decreased lung compliance and increased
resistance. '3

Clinical and physiologic studies in humans also
have indicated that pulmonary emboli induce the
release of vasoactive and bronchoconstrictive sub-
stances such as serotonin, prostaglandins, and his-
tamine, leading to bronchoconstriction, vasocon-
striction, and perhaps altered pulmonary micro-
circulatory permeability.’* Physiologic evidence of
bronchoconstriction was found in 61 of 72 patients
with pulmonary emboli, and only some had rhon-
chi.’®® In another study,'® only 12 of 250 patients
with acute pulmenary embolism (proved by angi-
ography) had sufficient wheezing to justify a diag-
nosis of bronchial asthma; six of the 12 had an
allergic diathesis, bronchial asthma having been
diagnosed several years before embolism developed.

HYPERTENSION

The effects of pulmonary embolism on the
pulmonary vasculature are somewhat similar to its
effects on the airways. Small pulmonary emboli
increase pulmonary arterial pressure and arterial
hypoxemia, the pressure rise depending on both
mechanical blockage and vasoconstriction.'*” Angi-
ography after induction of pulmonary air embolism
in dogs'** '*° showed that air injected into the main
pulmonary artery resulted in a 140 per cent increase
in pulmonary arterial pressure, no change in pul-
monary wedge or left atrial pressures, and a 28 per
cent decrease in cardiac output; all these changes
disappeared within 13 minutes. Proximal branches
of the pulmonary artery became wide and tortuous,
and peripheral branches tapered rapidly with both
unilateral and bilateral embolization. With the for-
mer, peripheral vasoconstriction occurred in the
nonembolized lung, indicating a reflex origin. The
angiograms also revealed faster passage of contrast
material from pulmonary arteries to pulmonary
veins, indicating that the increased pressure had
opened arteriovenous anastomoses, creating a right-
to-left shunt and explaining at least partly the ar-
terial hypoxemia. Additional evidence for vasocon-
striction in humans with thromboembolic disease
lies in the partial reversibility of chronic pulmonary
hypertension following the administration of vaso-
dilating agents.'"!

Multiple small pulmonary emboli rarely cause
sudden death and do so only when there is severe
underlying lung disease. These patients may have
no symptoms indicative of an embolic episode, but
occlusion of the major portion of the pulmonary
vascular tree almost inevitably results in acute pul-
monary hypertension, cor pulmonale, and right-
sided heart failure (a small atrial or ventricular
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septal defect may be sufficient to relieve the right-
sided hypertension and is the rare exception to this
general rule). Even if there are multiple pulmonary
emboli, pulmonary hypertension is not sustained un-
til at least 50 per cent (probably closer to 70 per cent)
of the pulmonary vascular tree is occluded.'**'"
However, transient pulmonary hypertension may
result from vasoconstriction, particularly when
smaller vessels are occluded;'** %152 this may de-
pend on a reflex or humoral mechanism.'** '%*

When an increase in pulmonary artery pressure
is discovered in patients with recent pulmonary
embolism, it is usually necessary to exclude previous
embolic occlusions or underlying disease, such as
chronic obstructive pulmonary disease (COPD), as
being responsible for the pulmonary hypertension.
In such patients, the ratio of the mean pulmonary
arterial pressure to the severity of vascular occlusion
observed angiographically may effectively distin-
guish those patients in whom recent pulmonary
embolism is the primary determinant of the postem-
bolic hemodynamic abnormality from those in
whom the pre-embolic hemodynamic abnormalities
play the dominant role."** The presence of pulmo-
nary hypertension in patients with COPD is an
indication of advanced disease; a simple measure-
ment of the FEV, as an indicator of the severity of
disease may be useful in distinguishing underlying
disease from embolic disease as the cause of the rise
in pulmonary artery pressure.'*®

PULMONARY EDEMA

Diffuse pulmonary edema sometimes develops
after pulmonary embolism.'*® Many patients are in
heart failure at the time of the embolic episode,'*® 1%
in which case the edema is readily explained on this
basis alone. In experiments on animals, however,
embolization of only one lung sometimes resulted
in bilateral pulmonary edema, suggesting the pos-
sibility of a neurogenic mechanism.'®" '** Another
possible pathogenetic mechanism of pulmonary
edema, applicable only in patients suffering massive
embolism, is the pulmonary arterial hypertension
that accompanies obstruction of a large cross section
of the pulmonary vascular bed. Since right ventric-
ular output must pass through a markedly reduced
vascular bed, the pulmonary hypertension that inev-
itably ensues can conceivably cause high capillary
hydrostatic pressures with resultant edema, analo-
gous to that which occurs in some individuals at
high altitudes; as might be expected, this is partic-
ularly true of patients with congenital absence of
the right or left pulmonary artery.'® Pulmonary
edema localized to the left upper lobe has been well
documented in a patient with massive embolism
affecting the vasculature of the left lower lobe and
right lung.'®* Sparing of the nonperfused areas of
lung in both acute and chronic pulmonary emboli-
zation has been reported in patients who develop
noncardiogenic pulmonary edema.'6: 1%
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PATHOLOGIC CHARACTERISTICS

Lung Parenchyma

In the majority of instances, lung parenchyma
distal to a pulmonary thromboembolus is either
normal or shows only mild atelectasis and minimal
intra-alveolar hemorrhage or edema. When changes
are more marked, they consist of either hemorrhage
alone or a combination of hemorrhage and necrosis.
In the early stages, the two may be difficult to
distinguish grossly, possessing a typical appearance
of a more or less wedge-shaped area of deep red
consolidation whose base abuts the pleura.

In the absence of tissue death, parenchymal
hemorrhage usually disappears fairly rapidly and
its residue may not be grossly detectable if the lung

.is examined a week or more after the embolic

episode. Occasionally, deposition of hemoglobin-
derived pigment on parenchymal and vascular in-
terstitial tissue imparts a distinct yellow appearance
to the previously affected lung for weeks after the-
initial event. In the early stages, histologic exami-
nation shows only intra-alveolar hemorrhage and

d

a2 i

Figure 9-2. Recent Pulmonary Infarct. A wedge-shaped
focus of hemorrhagic lung parenchyma is present adjacent to the
pleura (small arrows). The lobule at the left is somewhat more
hemorrhagic, aithough the entire area is necrotic. The lung archi-
tecture is easily identified in the necrotic regions. Note the throm-
bus in the feeding pulmonary artery (large arrow) and the fibrinous
pleuritis (P).
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edema. wlth intact aﬁveolar walIs Later on, hemo-
sxderm-ladqn macmphages usually are the only ev-
idence o yrior: damage
_ Within 1 or 2 days of the thromboembolic
evem, an infarct becomes more easily recognizable
as a'firm, more or less wedge-shaped area of hem-
orrhagic consolidation typically abutting the pleura
(Fig. 9-2). ‘Although it is usually well demarcated,
patchy; areas of parer chymal hemorrhage may be
 adja ; it is this zone that can cause
poor bﬁniuou, f infarcts rqemgenographxcally
Overiym brinous pleurtus is often present at this
ge (Fig. 9-2). MuluPIc foci of ‘mfarcnon are not
mfxequem (Fig. 9-3). With time, the necratic
1enchyma beéomc"clem'ly demarcated from adja-
‘by a zone of organization tissue that may
;appearance (reflecting the vascularity of
the organization tissue) or distinctly white as a result
of the influx of a large number of polymorphonu-
clear leukocytes (Fig. 9—4). Eventually, the infarcted
parenchyma is completely replaced by fibrous tissue,
resulting in a contracted, somewhat elongated scar
associated with pleural puckering. Cavitation within
the infarct usually but not invariably'®’: '*® indicates
the presence of superimposed infection, although
it-may bedifficult to distinguish this from primary
pneumonia with' secondary vascular _thrombosis.
Whatever the etiology, cavitation is typically associ-
ated with.a prominent leukocytic infiltrate, the en-
zymes' from thelatter‘presumably ‘causing diquefac-
tion of necrotic tissue as a precursor to drainage
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'/ Figure - '9-3. ' Thromboem-
bolism with Multiple Pulmonary
Infarcts. A slice. of right lung
‘shows’ multiple recent pleural-

“'based infarcts in the middle and
lower lobes. (arrows).

METRIU 2
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Figure 9-4. Organlzlng Pulmonary Infarct. A well-demar-
cated infarct is present in the basal aspect of the lower lobe. At
the junction of necrotic and viable parenchyma, there is a distinct
zone of white tissue representing a prominent polymorphonuclear
leukocytic reaction.: In relation: to! this, there:is focal liquefaction
and ‘cavitation. Note that the underlying lung.architecture .in the

necrotic zone is preserved; note also the pulmonary artery throm-
bus (arrow) and the residual pleuritis.
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and cavity formation. Occasionally, the hemorrhagic

appearance of a partly orgamzed infarct is, lacking, '

the affected parenchyma appearing white and gran-

ular; such a lesion can be mistaken grossly for..

neoplasm.

Histologically, infarcted
shows coagulative necrosis, which in the early stages
may be somewhat obscured by alveolar hemorrhage
and edema. Organization by granulation tissue is
identifiable at the periphery after several days (Fig:
9-5). Reactive epithelial changes, particularly. of

type 2 pneumocytes, are often present at the margin’

of the infarct; when expectorated, these cells occa-
sionally give rise to a false-positive cytologic diag-

nosis of malignancy.'®® Long-standing infarcts show

Figure 9-5. Organizing Pulmonary
Infarct. A histologic section at low power
(A) reveals a fairly well demarcated focus
of necrotic lung parenchyma surrounded
by a zone of organization tissue. Note the
prominent vascularity in the adjacent
pleura. A magnified view (B) shows co-
agulative necrosis of lung tissue on the left
and granulation tissue on the right. (4, x
25; B, x 100.)

lung parenchym‘a ‘

~inent increase in va

1711

dense parenchymal fibrosis in which the underlying
lung architecture often can still be recognized. Aiy-
“Ways within the fibrotic region may: remain patem

“and viable, reflecting the preservation of the bron-"
~chial circulation; recanalized thr ombus may be iden-+
R uﬁablc m.pulmonary'artenes (Fxg 9-6). The pleum

arct typically shows a proi
larity ‘as well s fibrosis
retraction into the Tunglitself (Fig. 9-6),

- Experimental investigations in dogs and anw 5
vations on humans with protracted. pulmmmw T
tery occlusion reveal a gradual increase in the Hini.
chial circulation, which anastomoses  freel. «with’
pulmonary vessels until the normal pulmonary a2

~terial blood ﬁow is equaied 5.7 4 Systemic- i -




nary arterial anastomoses are usually inapparent on
postmortem aortography 3 to 7 days after emboli-
zation, but are well formed by 3 to 4 weeks; these
anastomoses presumably play a major role in the
lung’s response to later emboli.*

Thromboembolus and Pulmonary Vessels

The fate of pulmonary thromboemboli de-
pends on multiple factors, including the status of
the patient’s fibrinolytic system, the degree of or-
ganization of the thrombus before its embolization,
and the amount of new thrombus added in situ.
Although emboli occasionally change little in size,
thereby causing chronic vascular obstruction,'” the
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Figure 9-6. Remote Pulmonary In-
farci. A histologic section (A) reveals a
well-demarcated area of parenchymal fi-
brosis that abuts the pleura; the pleura
itself is fibrotic and retracted into the lung
(short arrows denote the pleura-lung inter-
face). Note the histologically viable bronchi
within the infarct and the partly occluded
pulmonary artery (large arrow) containing
recanalized thrombus. A magnified view
(B) shows the: pulmonary artery to better
advantage. (A, x 10; B, x 120.)

vast majority are largely degraded by one or more
of three mechanisms—Ilysis, fragmentation and pe-
ripheral embolization, and organization and recan-
alization.

Lysis

Both roentgenographic'” and perfusion scan-

ning'™ studies have established that, in many cases,
flow through obstructed arteries returns relatively
rapidly in the first few days after embolization.
These clinical observations have been substantiated
experimentally by several workers. In one investi-
gation in which serial roentgenograms were ob-
tained of dogs following administration of throm-
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boemboli labeled with powdered tantalum, Austin
and his coworkers'” found a gradual decrease in
the breadth of the radiopaque labels in the individ-
ual clots, particularly during the first 2 to 4 days
after embolization. In another study of fresh clot
emboli in dogs,'™ the volume of the embolized clot
was seen to diminish by 50 per cent in 3 hours.
Such rapid and extensive dissolution suggests the
effect of fibrinolysis. This subject is discussed in
greater detail on page 1773. s

FRAGMENTATION AND PERIPHERAL EMBOLIZATION

In the study by Austin and colleagues,'” the
clots were observed to fragment into multiple small
pieces which embolized further towards the periph-

Figure 9-7. Organizing Thrombo-
embolus. A histologic section of a mus-
cular artery of medium size (A) shows a
small amount of thrombus (short arrow) in .
the lower aspect. Its luminal surface is
smooth and covered by endothelial cells;
the thrombus was originally in direct con-
tact with the vessel wall but has been
partly replaced by fibrous tissue (long ar-
rows). A section of another vessel (B)
shows a more advanced stage of organi-
zation, the thrombus being completely re-
placed by fibrous tissue. Such eccentric
intimal thickening is highly suggestive of
remote thromboembolism.

lllustration continued on
following page
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ery of the lung; this change was observed somewhat
later than lysis and was most prominent after the
first week following embolization. The pathogenesis
of this fragmentation may be related to splitting of
the thrombus into smaller and smaller pieces as a
result of ingrowth of endothelial cells and macro-
phages from the vessel wall.'”

ORGANIZATION AND RECANALIZATION

Ingrowth of fibroblasts, capillaries, and endo-
thelial cells from the vessel wall into the peripheral
portion of a thrombus can also result in its organi-
zation and eventual incorporation into the wall as a
fibrous plaque, typically in an eccentric location (Fig.
9-7). Alternatively, some thifombi undergo lysis and



