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Human alveolar capillaries undergo angiogenesis in
pulmonary veno-occlusive disease
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ABSTRACT: The bronchial circulation undergoes angiogenesis in several patho-
logical conditions, such as lung neoplasm and bronchiectasis, but whether the pul-
monary circulation can do this has been questioned.

A woman treated with mitomycin C and 5-fluorouracil developed progressive,
fatal pulmonary hypertension over 5 months. In addition to light and transmission
electron microscopic examination of her lung, her pulmonary vasculature was cast
and the casts were studied with scanning electron microscopy.

Light microscopy showed that she had pulmonary veno-occlusive disease and
angiomatoid capillary growth in the alveolar walls. Transmission electron microscopy
confirmed the presence of pulmonary hypertension and showed thickened endothe-
lial basement membrane. Scanning electron microscopy of the cast blood vessels
showed distortion and destruction of alveolar capillaries prohibiting the passage of
erythrocytes. Large new capillaries developed on top of, and were connected to,
the shrivelled capillaries that made up the alveolar wall. The new capillaries were
larger and fewer, which reduced the alveolar-capillary interface. Arteries and veins
were irregularly narrowed and the veins had broad muscularity. Oedema was pre-
sent, and the pulmonary lymphatics were extensively cast, especially in the lobular
septa, but the lymphatics had a normal appearance.

It appears that this patient suffered extensive capillary damage and venous occlu-
sion and that the response was extensive new capillary formation, sometimes in
angiomatoid configurations, and hypertrophy of pulmonary veins and arteries.
Casting the microvasculature and viewing it with scanning electron microscopy iden-
tified new alveolar capillaries in this patient with acquired pulmonary hyperten-
sion.
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Most pathological states associated with new blood
vessel growth in the lung, such as neoplasms, bronchiec-
tasis, and lung abscesses, are associated with prolifera-
tion of the bronchial rather than the pulmonary circulation
[1-3]. In experimental pulmonary hypertension in rats,
produced by monocrotaline [4] or bleomycin [5], new
blood vessels have been found on the pleural surface [4]
and the peribronchial domain [5], but not among the alve-
olar capillaries. Such studies in experimental animals
and observations in common clinical situations have led
to the speculation that pulmonary capillaries cannot under-
go angiogenesis. It has been suggested that there may
be a lack of pericapillary matrix, because the lung par-
enchyma has scant tissue and cells, being mostly sur-
rounded by alveolar air. This is teleologically appealing
because angiogenesis in the alveoli would probably inter-
fere with blood oxygenation. Evidence against this hypo-
thesis comes from the rare clinical condition, pulmonary
capillary haemangiomatosis, where capillaries appear to

be found in the intralobular fibrous septa and alveolar
walls [6-9].

Part of the difficulty of showing angiogenesis may
result from the limitations of light and transmission elec-
tron microscopy that give a narrow field of view. On
the other hand, scanning electron microscopy of microvas-
cular casts shows the three-dimensional structure over a
large area and can easily identify neovascular structures.
This technique can distinguish arteries from veins in ves-
sels with diameters as small as 15-20 pm. It can dis-
tinguish different forms of capillaries [10, 11] and show
the form that new blood vessels take as they develop
[12]. Lymphatics are also easily identified by their unique
form [13].

A young woman treated for an anal carcinoma deve-
loped relentlessly progressive, fatal pulmonary hyperten-
sion. The lung was examined for microvascular changes
and angiogenesis of alveolar capillaries was found, in
addition to other abnormalities.
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Methods

Case history

A smoking, but healthy, 42 year old woman develop-
ed squamous cell carcinoma of the anus and was treated
with 3,000 centigray of external X-irradiation, 5-fluorour-
acil, 1,420 mg daily for 4 days, and 14 mg of mitomycin
C. A month later she had a second cycle of 5-fluorou-
racil. Two months later she was hospitalized for dehy-
dration as a result of diarrhoea. Her chest film had
increased markings and the patient's oxygen saturation
was 92% when she was breathing room air. Three and
a half months after receiving the chemotherapy, she gra-
dually developed myalgia, dyspnoea, and dry cough. She
was hospitalized and was found to have crackles at the
lung bases, leucocytosis and mild anaemia. The arterial
pH was 7.38, arterial carbon dioxide tension (Pa,CO,) was
3.3 kPa (25 mmHg), and arterial oxygen tension (Pa,0,)
was 5.5 kPa (41 mmHg), whilst breathing room air. Chest
film showed prominent pulmonary vasculature, cardio-
megaly, a small right pleural effusion, and increased in-
terstitial and alveolar markings. The patient was intubated
and mechanically-ventilated with 100% oxygen and given
antibiotics and corticosteroids. Bronchoalveolar lavage
was negative for pneumocystis, tuberculosis, fungi, legi-
onella and viruses. Pleural effusion was transudative. A
transoesophageal echocardiogram showed right ventri-
cular enlargement, decreased right ventricular systolic
function, and tricuspid and pulmonic insufficiency.

The patient improved and was discharged on 3 L of
oxygen and 40 mg of prednisone daily. Her forced vital
capacity (FVC) was 2.8 L (100% predicted), forced expi-
red volume in one second (FEV1) was 1.9 L (78% pred),
and FEV1/FVC was 0.69. Total lung capacity (TLC)
was 3.5 L (82% pred), functional residual capacity was
2.2 L (90% pred), and gas transfer factor was 2.98
mL-min-':-mmHg-! (19% pred). The radiographic lung
shadows cleared, but the pulmonary arteries and right
ventricle progressively increased in size. Over the next
month, she developed cor pulmonale with severe dysp-
noea, cough, and right upper quadrant abdominal pain.
The patient entered the hospital for the last time in res-
piratory distress. Her pulse was 100 beats-min-!, respi-
ratory rate was 30 breaths-min-!, temperature was 37.5°C,
and blood pressure was 94/60 mmHg. She had jugular
venous distension, bibasilar crackles and pedal oedema.
She had a parasternal heave, an increased pulmonic com-
ponent of the second heart sound, and a III/VI systolic
murmur at the left sternal border. The liver was enlarged,
pulsatile and tender. Abnormal blood chemistries includ-
ed: sodium of 130 mmol-L-!, bicarbonate of 10 mmol-L-1,
total bilirubin of 1.9 mg-dL-! (32 pmol-L1), aspartate
aminotransferase (SGOT) of 3,075 U-L-1, alanine amino-
transferase (SGPT) of 2,395 U-L-!, alkaline phosphatase
of 157 U-L!, lactate dehydrogenase of 3,938 U-L-!, and
lactic acid of 6.4 mEq-L-!. Urinalysis was normal, with
the exception of 10 erythrocytes and 2 leucocytes per
high power field (hpf). Abnormalities of the blood cell
profile included: a leucocyte count of (15.2x10%L-1)

(15,200 cells-pL-1) with 89% neutrophils and 1% bands
(nonsegmented (immature) polymorpho-nuclear leuco-
cyte), and haemoglobin of 10.8 g-dL-! (108 g-L-!). There
was mild anisocytosis with a few schistocytes on the
peripheral smear. The prothrombin time was 17 s but
partial thromboplastin time was normal.

Before being placed on a ventilator, the patient's pH
was 7.26, Pa,CcO, was 2.8 kPa (21 mmHg), and Pa,0, was
9.6 kPa (72 mmHg) on a 50% Venturi mask. Right atrial
pressure was 24 mmHg, right ventricular pressure 99/11
mmHg, and pulmonary artery pressure 92/51 mmHg, and
pulmonary capillary wedge pressure 22 mmHg. Cardiac
output was 3.12 L-minl. A lung scan and pulmonary
angiogram were negative. The patient was given heparin,
antibiotics and a high dose of corticosteroids. The last
chest radiographs showed pulmonary oedema and pleur-
al effusions. After 2 weeks, at the patient's request, she
was extubated and died 3 days later.

Histological methods

The autopsy was limited to the thorax and performed
5 h after death. The left lung was fixed by perfusion
with 4% formaldehyde through the bronchus. Small
pieces were removed and fixed in buffered 2% gluta-
raldehyde for transmission electron microscopy.

The right lung was removed and the vasculature was
rinsed with heparinized saline until the effluent was clear.
One hundred and twenty millilitres of partially poly-
merized methyl methacrylate (Mercox, Ladd Research
Industries, Burlington, VT, USA) was mixed with the
accelerator and injected into the pulmonary artery to fill
the lung vasculature. The plastic was allowed to harden
for 1 h. Sections were taken for light microscopy and
the lung was then placed in sodium hydroxide solution
until the tissue was digested. The remaining casts were
rinsed and cut into pieces approximately 1 mm thick.
The specimens were fastened to aluminum studs with
double-sided tape or silver cement, sputter-coated with
palladium-gold, and viewed with a JEOL, (Tokyo) JSM-
35C, scanning electron microscope. Tissue for light
microscopy was dehydrated, and embedded in paraffin
in the usual manner. Slides were stained with haematoxy-
lin and eosin and elastic van-Gieson. For transmission
electron microscopy, the tissue was submerged in 2.5%
cacodylate-buffered glutaraldehyde and minced into 1
mm?3 pieces. After fixation for 4 h, the tissue was rinsed
with the buffer. The pieces were postfixed in 1% osmi-
um tetroxide for 1 h, dehydrated in graded concentra-
tions of alcohol and propylene oxide and embedded in
Epon 812. Thin sections were cut and mounted on cop-
per grids, stained with uranyl acetate and lead citrate and
examined in a JEOL 100S transmission electron micro-
scope.

Results

At autopsy, the patient had bilateral hydrothoraces, with
400 mL of fluid on the right side and 250 mL on the
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left. The heart weighed 350 g and was dilated. Its right
ventricular wall was 5 mm thick and its left wall was 15
mm thick. The valve circumferences were normal. The
right lung weighed 460 g and the left weighed 450 g.
Anthracotic pigmentation was present on the pleura. The
cut surface of the left lung showed moderate emphy-
sema.

Light microscopy confirmed that moderate irregular
emphysema existed, especially in the upper lobes. Scatt-
ered interstitial anthracotic pigment was more accentu-
ated around bronchioles. There was mild patchy fibrosis
and many haemosiderin-laden alveolar macrophages.
Both were more pronounced near the interlobular septa.
Medium-sized arteries had medial thickening and inti-
mal proliferation. Small arteries and veins had eccen-
tric fibrous plaques in their walls as well as occasional
bridging of their lumens by fibrous bands. The intralob-
ular septa were fibrosed and had dilated lymphatics. The
media and intima of the pulmonary veins were thicken-
ed and their lumens were narrowed and often completely
obstructed (fig. 1). They often had distinct internal and
external elastic laminae. Dilated lymphatics often sur-
rounded occluded veins. Angiomatoid structures, which
were more apparent after viewing the casts, joined alve-
olar capillaries (fig. 2). These clusters of dilated capilla-

Fig. 1. — The light micrograph shows small pulmonary veins com-
pletely occluded. The veins lie in the septum, which has dilated lym-
phatics. (Elastic-van Gieson stain; Internal scale bar = 40 pm, original
magnification x125).

Fig. 2. — Low power view showing alveoli that have patches of ex-
tensive new alveolar capillaries on their walls. (Elastic-van Gieson
stain; Internal scale bar = 558 ym, original magnification x16).

ries more often occurred away from the interlobular
septa. Transmission electron microscopy confirmed light
microscopic findings showing increased muscularity of
the small arteries and veins and endothelial damage.
Scanning electron microscopy of the vascular casts
showed that the most abnormal site was the capillary.
The capillaries were so distorted and destroyed that it
was difficult to imagine erythrocytes passing through
them. Large capillaries developed on top of, and were
connected to, the small distorted capillaries that made up
the alveolar walls (fig. 3). The small capillaries that
occupied the normal position in the alveolar wall were
pinched off and the large capillaries grew around them
(fig. 4). The normal space between capillaries was vir-
tually eliminated in many areas of the lung. Normally,
capillaries are strikingly uniform in diameter, seldom
smaller than 5 pm or larger than 8§ pm. In the lung of
this patient, capillaries 16—18 pm in diameter were com-
monly connected to and interspersed with capillaries that
were only 1-2 pm in width (fig. 5). The larger capil-
laries had the general pattern and structure of normal
alveolar capillaries but had less branching and density,
and lacked the delicate basket-like structure that cradles
alveoli. Remains of adherent inflammatory cells were
found in cast segments before contortions. Arteries were
constricted. The surfaces of the venous casts were tex-

Fig. 3. — Casts of the pulmonary microcirculation showing great dis-
tortion of the alveolar capillaries. Outlines of alveoli (above open
arrowheads) are evident but the alveolar septa are thickened with extra
capillary growth. (Internal scale bar = 100 pm).

*
-

Fig. 4. — Scanning electron micrograph showing extensive large cap-
illaries not only overgrowing the small base capillaries but spanning
alveoli (triangular arrowhead). the new capillaries have only a frac-
tion of the alveolar-capillary interspace of normal capillaries (Internal
scale bar = 10 pm).
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Fig. 5. — Micrograph showing the new large capillaries (small arrow)
are connected to the underlying alveolar capillaries. (Internal scale
bar = 10 pm).

tured and their cell junctions were marked by furrows
that corresponded to intercellular ridges, features not
found on normal veins. The venous casts did not have
thin ring-like bands commonly seen in experimental ani-
mals [14], but broader less regular narrowings that more
closely resembled those of the muscular walls of arter-
ies and corresponded with the muscularization of pul-
monary veins on light microscopy. Cast lymphatics were
also frequently found but had a normal appearance, which
is characteristic and not difficult to distinguish from blood
capillaries [13, 15].

Discussion

This study refutes the assertion that new blood vessel
growth in the lung only results from expansion of the
bronchial circulation. It appears to show that damaged
alveolar capillaries can be replaced. This angiogenesis
appears to be a compensation but the new capillaries
were larger, scantier and less orderly than the normal
vascular bed, probably resulting in this patient's inability
to adequately oxygenate her blood. Also, the space occu-
pied by the smaller, effete capillaries might cause a lar-
ger diffusion distance. Our study does not identify the
mechanism of the capillary damage. Although it does
not rule out that the veins are the main site of injury,
the electron microscopic observations suggest that the
most damaged component was the alveolar capillary.

The findings were only possible with scanning elec-
tron microscopy of cast microvasculature. Viewing the
microvasculature of other patients with this disorder
may indicate how frequently such pathological changes
occur. Alveolar angiogenesis is not easily detected with
sectioning histological techniques. Although microangio-
pathic haemolysis has been reported in idiopathic pul-
monary hypertension [16], the nature of capillary changes
is difficult to visualize without scanning electron micro-
scopy of casts. In our case, the angiomatoid structures
were not detected before finding them in the capillary
casts. The transmission electron microscopy was simi-
lar to past studies on pulmonary veno-occlusive disease

[17]. "Pseudoangiomatous features", capillary clumps,
have been reported in the adventitia of pulmonary veins
[18], but have been considered collateral circulation aris-
ing from the bronchial circulation in the walls of the
occluded pulmonary veins [19, 20].

Pulmonary capillary haemangiomatosis was first report-
ed by WAGENVOORT et al. [6] in 1978. Less than 20 cases
have been reported since [9]. In this condition, new cap-
illary-sized, thin-walled blood vessels grow in the lung
interstitium and in and around pulmonary blood vessels
and airways. Pulmonary capillary haemangiomatosis is
associated with pulmonary hypertension and pulmonary
veno-occlusive disease [21], and has been described after
radiation therapy and anti-oestrogen therapy in a patient
with breast cancer [22]. On light microscopic sections (fig.
2), our patient had angiomatoid areas consistent with pul-
monary capillary haemangiomatosis, but scanning elec-
tron microscopy of the vascular casts showed that the
predominant lesion was diffuse capillary destruction and
regrowth of virtually all the alveolar capillaries fields.
Other forms of pulmonary hypertension could also have
capillary destruction as their main pathogenic mechan-
ism. Such a finding would be important not only in under-
standing the disease but also in evaluating treatment.
The distorted capillaries in this patient would make her
an unlikely candidate to respond to vasoactive agents.

Pulmonary toxicity from mitomycin C, the alkylating
agent, is well-documented and pulmonary veno-occlu-
sive disease has been reported in patients taking mito-
mycin C, bleomycin, and cis-platinum [23] and other
chemotherapeutic agents [24]. Pulmonary angiomatoid
changes have also been reported in association with a
haemolytic-uraemic syndrome [25], noncardiogenic pul-
monary oedema [26], and pulmonary hypertension [27].
Patients with mitomycin-induced microangiopathic hae-
molytic anaemia had dyspnoea, hypoxaemia, thrombo-
cytopenia, thrombi in the pulmonary microvasculature,
dilated pulmonary capillaries, and renal failure [25-27].
Our patient had obstruction of the pulmonary microcir-
culation without haemolytic anaemia, thrombocytope-
nia, or renal failure. Although occasional schistocytes
were seen on the peripheral blood smear, the patient did
not have significant haemolysis and never required a
blood transfusion.

Mitomycin may generate superoxide radicals in the
presence of oxygen, and exposure to high concentrations
of oxygen may potentiate lung injury as it does in those
treated with bleomycin. Our patient underwent two rec-
tal examinations under anaesthesia 1 month after recei-
ving mitomycin: the first used general (intravenous)
anaesthesia with an unspecified inspired oxygen con-
centration and the second used caudal anaesthesia with
4 L oxygen via nasal cannula. No pulmonary symptoms
occurred during that admission, but a contribution of oxy-
gen to the lung injury cannot be excluded. Radiation
therapy to the lung can cause pulmonary veno-occlusive
disease [28]. The endothelium is most sensitive to the
damaging effects of irradiation, but this patient's lungs
were not in the radiographic field.

Clinically, our patient was recognized at an early stage
to have a pulmonary hypertension caused by capillary
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damage because of the progressive dyspnoea, hypoxia,
and increased pulmonary artery size visualized radio-
graphically with an otherwise nearly normal chest film,
pulmonary function tests, and nucleotide lung scans.
Heparin and corticosteroids were not beneficial.
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