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Abstract

Oxygen delivery and carbon dioxide removal being critical to

cell survival, mammals have developed collateral vascular and
ventilation systems to ensure tissue viability. Collateral ventilation,
defined as ventilation of alveoli via pathways that bypass normal
airways, is present in humans and many other species. The presence
of collateral ventilation can be beneficial in certain disease states,
whereas its relative absence can predispose to other diseases. These
well defined anatomical pathways contribute little to ventilation in
normal humans, but modulate ventilation perfusion imbalance in

a variety of diseases, including obstructive diseases, such as asthma
and emphysema. These pathways can be affected by pharmaceuticals
and inhaled gas compositions. The middle lobe and lingula,

constrained by their isolated, segmental anatomy, have reduced
collateral ventilation, which predisposes them to disease. Recently,
attempts to improve the quality of life of patients with emphysema,
by performing nonsurgical lung volume reduction via use of
endobronchial valves, have led to mixed results, because the role

of collateral ventilation in the success or failure of the procedure
was not initially appreciated. This review describes the anatomical
pathways of collateral ventilation, their physiology and
relationship to disease states, their modulatory effects on gas
exchange, treatment considerations, and their effect on diagnostic
procedures.
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Oxygen uptake and carbon dioxide (CO,)
removal are critical to survival, leading many
mammals to have developed redundant
collateral respiratory and vascular pathways
to meet cellular needs. Collateral ventilation,
defined as the ventilation of alveoli via
pathways that bypass normal airways, is
present in many species, including humans
(1). Its presence or absence can be beneficial
or harmful, depending on the clinical
circumstances (2, 3). This review describes
the anatomy, physiology, relationship to
disease states, modulatory effects on gas
exchange, and the role of collateral ventilation
in recent treatment advances.

Anatomy of
Collateral Ventilation

Collateral ventilation is thought to occur
through alveolar pores of Kohn (3-13 um
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diameter), interbronchiolar Martin’s
channels (30 wm diameter) and
bronchoalveolar Lambert’s channels

(120 pwm diameter) (4-6) (Figure 1). In
addition, short, tubular, interlobular
channels and intersegmental respiratory
bronchioles (200 pm diameter) have also
been described in humans (7, 8). Pores of
Kohn, absent in newborns, develop at
around 4 years of age, and are found in
greatest numbers in the apical portions of
upper and lower lobes, as well as in
peribronchial, perivascular, and subpleural
areas (9-13). In experiments in which
sheep were studied at three different ages,
high resistance to collateral airflow (RColl)
in the young evolved into very low RColl in
the aged, suggesting an increase and/or
enlargement of collateral channels (14). The
effect of age on the number of collateral
channels in humans is not well studied,

but available data suggest that RColl
decreases with age, perhaps partially due to
an observed increase in the size of pores
(13, 15-17). In pathologic states, such as
emphysema, much larger pathways develop
as a result of alveolar wall destruction.

Collateral ventilation is affected by
gross anatomy. RColl in humans is higher
in the middle lobe than in all other areas of
the lung that have been measured (3).
Because there are only two segments within
the middle lobe, it is hypothesized that
the isolation of these by the surrounding
pleura leads to a higher measured RColl
between segments than occurs when three
segments interface with each other. For the
same reason of interfacing with one other
segment, it is hypothesized that inferior
lingula segment RColl is also high. All other
lung segments, save the superior segment
of the right lower lobe, which is rarely
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Figure 1. Pathways for collateral ventilation. Upper insert reprinted by permission from Reference 6; middle
insert reprinted by permission from Reference 5; lower insert reprinted by permission from Reference 4.

isolated by an accessory fissure, interface
with at least two other lobar segments (18).
Collateral ventilation does not occur
between lobes when a complete visceral
pleural envelope surrounds adjacent lobes,
but does when the interlobar pleura is
incomplete, estimated to occur in 50-83%
of persons (19-21).

Physiology of
Collateral Ventilation

In supine adult humans at functional
residual capacity, RColl is about 50 times
greater than airways resistance in the
tracheobronchial tree (22). When humans
inspire, both airways resistance and RColl
decrease, but collateral resistance remains
significantly greater than that of airways
(22). In addition, studies show that, when a
supine human has a segmental airway
occluded, the partial pressure of oxygen in
the obstructed segment rapidly falls to
near mixed venous levels, but does not fall
to the extent expected if atelectasis were
occurring (23). Combined, these studies
suggest that, in supine normal humans,
there is little contribution of collateral
ventilation to gas exchange.

Oxygen and CO, effect collateral
ventilation. When 5% CO, is infused into
an obstructed area of lung, RColl decreases
significantly (46%) compared with when air
flows into the area (24). A concentration
of 10% CO, causes a further minimal
(9%) decrease in RColl. In addition, studies
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have shown that inhaled CO, can cause
airways dilation and active parenchymal
tissue relaxation, which may then lead to
increased lung volume and reduced RColl
(25-27). These observations suggest that
hypocapnic areas of lung with increased
RColl, increased airways resistance, and
reduced compliance may cause a
homeostatic redistribution of ventilation to
areas of the lung that are hypoventilating
and where increased CO, concentrations,
airways dilation, parenchymal relaxation,
and decreased RColl are present. Hypoxia
(5%) increases RColl (36%), but its effect
can be abolished by infusing CO,
simultaneously. This raises the question
of whether the hypoxia is acting indirectly
by inducing vascular constriction to
reduce capillary blood flow, and therefore
decreased regional CO, delivery, with
resultant lower expired CO,, as the actual
cause of the increased RColl.

Limited physiologic studies have
attempted to determine the effect of
interdependence between normal and
adjacent abnormal areas of lung on
collateral ventilation. It is thought that
the flow of air into a diseased or atelectatic
area of lung through collateral channels is
dependent on the pressure differential
created by the interdependence of the
adjacent areas of lung (28). Animal studies
of bleomycin-induced fibrosis have shown
that, although RColl is increased in fibrotic
regions of lungs, the interdependence
with adjacent areas of normal lung does
not cause a disproportionate drop in

collateral flow resistance in the fibrotic
areas compared with adjacent areas of
normal lung during inspiration (29). The
effect of interdependence on collateral
ventilation in humans with fibrotic lung
disease is unknown.

Although the exact contribution of
each of the possible anatomic pathways
of collateral ventilation (pores of Kohn,
Martin’s and Lambert’s channels) to gas
exchange in both normal and disease states
is unknown, the physiologic studies in
which collateral ventilation was affected
by a hypoxic and hypercarbic stimulus, as
well as pharmacologic agents, suggest that
Martin’s and Lambert’s channels and the
intersegmental bronchioles are the effective
collateral channels in normal lungs (30).
These observations are supported by
evidence on microscopy that no pores of
Kohn exist in intersegmental septa (31).

Effects of Pharmacologic
Agents on Collateral Ventilation

The effects of pharmacologic agents

on collateral ventilation were first
investigated by Alley and Lindskog in
1948 (32). After observing lower-lobe
atelectasis in patients undergoing
abdominal surgery, they hypothesized

that surgery released a histamine-like
substance compromising collateral
ventilation and promoting atelectasis. In
experiments in dogs, they demonstrated
increased RColl after intravenous injection of
histamine. Subsequent animal studies have
shown that sympathomimetic drugs can
increase collateral ventilation, whereas
cholinergic drugs do the opposite (33, 34).
The mediators of anaphylaxis prostaglandins
D2 and F2 have been shown to increase
RColl in dogs when given intravenously (35).
Except for halothane and isoflurane, which
reduce RColl, the effects of pharmacologic
agents on collateral ventilation in humans is
unknown (36).

Collateral Ventilation in
Disease States

Asthma

Increased airways resistance, a hallmark
of asthma, leads to increased residual and
closing lung volumes, and hyperinflation
(37). Although mucus plugging of small
airways is characteristic of asthma,
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segmental and lobar atelectasis is rare

in chronic asthma or during asthma attacks
in adults (38). Inert gas exchange studies in
asymptomatic subjects with asthma show
that as many as one-half of airways may
be completely closed and have areas of
low ventilation-perfusion ratio, but do

not show an increased shunt fraction, nor
is the hypoxemia seen in mild and
moderate asthma difficult to correct with
supplemental oxygen (39, 40). It has been
suggested that the absence of shunt is due
to RColl to obstructed areas of lung when
breathing at higher lung volumes (39, 40).
During severe asthma requiring mechanical
ventilation, virtually no shunt fraction is
seen unless 100% oxygen is administered.
In that case, shunt does occur, although
as a small percentage of blood flow (41).
It is hypothesized that this may be due

to collateral ventilation becoming
insufficient, leading to alveolar collapse

in low ventilation—perfusion areas. Taken
together, these observations suggest

that collateral ventilation prevents
atelectasis and promotes homogeneity of
gas tensions in both obstructed and
unobstructed areas during chronic and
acute asthma in adults.

In contrast to adults and consistent
with an increased RColl in the middle
lobe and possibly the lingula, asthma in
children is associated with middle lobe
and lingula collapse (42). In a study of
3,528 subjects with asthma, 56 (1.62%)
were found with middle lobe collapse, with
one-half being less than 6 years of age
(42). A study of 445 children showed that
11% of children without hypoxemia and 36%
of children with hypoxemia with asthma
exacerbations had evidence of partial or
complete lobar atelectasis (43). Physiologic
explanations for this include decreased
peripheral airways conductance in younger
children, fewer alveoli, and decreased
collateral ventilation due to reduced numbers
of alveolar pores (44, 45). In most children,
this collapse is reversible; however, a few
develop “middle lobe syndrome” and or
chronic lingula collapse characterized by
bronchiectasis and fibrosis, and require
resection (46, 47).

Chronic Obstructive

Pulmonary Disease

The Burrows type A emphysematous form
of chronic obstructive pulmonary disease is
characterized by hyperinflation, airway
obstruction, little sputum, low diffusing
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capacity with hypoxemia easily corrected
with small increases in Fip, even with the
most severe obstruction (48). It has been
hypothesized that the resting Pag, and ease
with which hypoxemia is corrected are due
to increased collateral ventilation (2, 15).
Studies in excised emphysematous human
lungs have shown RColl to be significantly
lower than airways resistance (49). Studies
in supine patients with emphysema have
shown that RColl is significantly less than
airways resistance (15). The contribution of
reduced RColl to the maintenance of gas
exchange in emphysema was shown by
Morrell and colleagues (2) in studies
measuring helium concentration in
occluded lung segments.

In these studies, subjects breathed
room air until bronchoscopically created
airway occlusion was established. Subjects
were then switched to breathe an
oxygen-helium mixture and the rate of
rise of helium concentration distal to
the occlusion was measured. The rate of
rise in helium concentration in an occluded
segment of lung was 10 times faster in
patients with emphysema, suggesting that
RColl was significantly lower in patients
with emphysema than in normal subjects.
There was a positive correlation between
the rate of rise in helium concentration and
the final alveolar Po, in the occluded
segments, suggesting that increased
collateral ventilation in these patients
enhances arterial oxygenation. Inert gas
exchange studies in similar patients reveal a
ventilation—-perfusion pattern showing no
shunting of blood in spite of significant
airways obstruction (50). Together, these
studies show the importance of collateral
ventilation in preserving gas exchange in
the presence of severe airways obstruction.

Burrows’s type B bronchitic form of
chronic obstructive pulmonary disease is
characterized by sputum production,
hypoxemia, hypercarbia, and relatively
normal lung volumes. In contrast to the
emphysematous form, inert gas studies
show large areas of low ventilation to
perfusion, partially explaining the
hypoxemia seen (50). Even when high
oxygen concentrations are inhaled by
these individuals, shunt is not seen, thought
to be at least partially prevented by
collateral ventilation.

Restrictive Lung Diseases
Although there is much speculation, there
is little objective evidence related to

collateral ventilation in interstitial lung
diseases. In a study of dogs in which
bleomycin caused localized fibrosis,
increased resistance to collateral ventilation
was noted in the fibrotic areas of lung
compared with control areas (29). There
is a single study of two excised fibrotic
human lungs showing that interlobar
RColl was increased compared with other
diseases (16). Gas exchange studies in
interstitial lung diseases in humans
suggest that different mechanisms of
ventilation-perfusion balance occur in
different diseases (51). When patients
with idiopathic pulmonary fibrosis breathe
100% oxygen, the small shunt fraction does
not change appreciably from that when
breathing air, but more low ventilation—-
perfusion areas occur, suggesting that
pulmonary vasoconstriction reduces gas
exchange in these patients (52). This
suggests that collateral ventilation was
preventing atelectasis of poorly ventilated
and perfused areas, but with increased
inspired oxygen through collateral
channels, the vasoconstriction is partially
relieved, resulting in low ventilation—
perfusion areas.

Middle Lobe Syndrome

In 1937, Brock and colleagues (53) described
a series of cases of recurrent or chronic
atelectasis of the middle lobe. Graham

and associates (54) coined the term
“middle lobe syndrome,” and believed

that tuberculous lymphadenopathy
compressed the middle lobe bronchus,
causing the atelectasis, leading to
bronchiectasis and fibrosis. However,
Culiner (55) and Bradham and colleagues
(56) showed that, in many cases, the middle
lobe airways were patent, and hypothesized
that inadequate collateral ventilation was
the explanation for the lobar collapse. In
1978, Inners and colleagues (3) showed that
RColl in the middle lobe was five times
higher than that of the upper lobe,
consistent with Culiner’s hypothesis. This
entity can be found in children and adults
with a variety of lung infections, cancer,
foreign bodies, and bronchiolitis.

Nodular Bronchiectasis—Lady
Windermere’s Syndrome

A nodular bronchiectatic form of
nontuberculous mycobacterial infection
involving predominantly the middle lobe
and lingula has been reported with
increasing frequency in postmenopausal
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women who are thin, and may have pectus
excavatum and or scoliosis (57, 58). Initial
speculation was that this was due to
unwillingness to cough and expectorate
sputum ala the heroin of Oscar Wilde’s
play, Lady Windermere’s Fan (59, 60).
More recent studies have raised questions
about the contributions to this syndrome
by alterations in adipokines, IFN-vy, IL-10,
fibrillin, ciliary dysfunction, and a form of
Marfan’s syndrome (57, 58, 61). Together,
these studies suggest a genetic
predisposition to the syndrome causing
impaired inflammatory responses and or
aberrant mechanical and physiologic
responses, coupled with poor collateral
ventilation in these lobes, leading to poor
secretion clearance, chronic inflammation,
and bronchiectasis

Congenital Lesions

Bronchial cysts, pulmonary sequestrations,
bronchial atresia, and the hyperlucent
lung syndrome have all been shown to be
accompanied by evidence of emphysema
secondary to collateral ventilation distal
to the occluded airways in each (62-64).

Foreign Bodies

Foreign body aspiration does not lead to lobar
atelectasis when the foreign material obstructs
distal to the first segmental bronchus, because
air may enter the obstructed area via this
proximal segmental bronchus. Lobar
atelectasis does occur when there is complete
lobar airway obstruction, unless the interlobar
fissure is incomplete (65). In the latter case,
overexpansion distal to the obstruction

may occur.

Low Lung Volume States

Individuals who are obese, postoperative
from major abdominal procedures, or
with bilateral diaphragmatic paralysis or
kyphoscoliosis may develop plate-like
atelectasis and hypoxemia. The unifying
characteristics are that they all have normal
lung architecture and are breathing at low
lung volumes. As demonstrated by Sinha
and Bergofsky (66) in kyphoscoliotics, their
atelectasis is reversible with lung inflation,
as demonstrated by postinflation increased
lung compliance. A likely, although
unproven, partial explanation, is that, at
low lung volumes, and with an inability to
take sighs or deep breaths, collateral
resistance is so high that air cannot enter
poorly ventilated areas, and reabsorption
atelectasis occurs.
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Effect of Collateral Ventilation
on Diagnostic Testing

Bronchoalveolar lavage is commonly
performed to obtain diagnostic specimens.
Studies have shown that the highest
percentage fluid return is from the middle
lobe and lingua (67). Although their
nondependent nature may contribute

to this, it is likely that an increased

RColl prevents rapid fluid egress into
adjacent segments, aiding in a higher
percent return.

It is often necessary in diffuse
interstitial lung disease to perform a more
invasive lung biopsy when transbronchial
and percutaneous approaches fail to make
a diagnosis. The surgeon’s choice of
biopsy site may be arbitrary or dependent
on other clinical factors if the disease is
diffuse. Lingula and middle lobe biopsies
have commonly been performed because
they are easily completed. However, in the
past, it has been shown that these biopsy
sites may be unreliable, because they have
shown nonspecific inflammation and
fibrosis not representative of the underlying
disease (68, 69). Minimal collateral
ventilation, leading to a propensity for the
middle lobe and lingular to inadequately
clear infections, is a likely contributor to
these findings of nonspecific fibrosis and
inflammation. A more recent study by
Miller and colleagues (70) suggests that
use of computed tomography may be
helpful in guiding the surgeon to the
appropriate biopsy site, especially in
immunocompetent patients.

Collateral Ventilation and
Treatment of Lung Disorders

Collateral ventilation has been a major
determinant in the effectiveness of
nonsurgical attempts to reduce lung
volumes in patients with emphysema or
those with giant bullae, thereby improving
their quality of life (71-73). Most studies
have used bronchoscopically placed one-
way valves occluding segmental airways
of target lobes. These valves allow air to
leave, but not enter obstructed areas, so that
lobar atelectasis can occur. These studies
have shown variable outcomes, primarily
dependent on the presence or absence of
collateral ventilation between adjacent
lobes (71, 72). When lobar fissures are
incomplete, atelectasis of a lobe may not

occur and the patient may not benefit
from the procedure. In treated patients
with no evidence of collateral ventilation
and resultant lobar atelectasis, quality of
life and exercise capacity improve (74).

Determination of the presence or
absence of collateral ventilation is
presently done using the Chartis system,
which consists of a balloon-tipped catheter
endobronchially placed to occlude a
lobar bronchus (75). If air continues to flow
from the obstructed lobe through the
catheter, despite lobar bronchus occlusion,
this indicates collateral ventilation from
an adjacent lobe. Attempts are underway to
develop noninvasive radiologic techniques
to predict the presence or absence of
interlobar collateral ventilation in potential
candidates (76-78). Interestingly, some
patients with relatively small areas of
persistent interlobar collateral ventilation
have benefitted, even though the obstructed
lobes have not collapsed (79). This is due
to reduced dynamic hyperinflation in
the obstructed lobe during inspiration,
leading to greater inflation of the adjacent
lobe (80).

Another approach to improving the
quality of life of patients with emphysema
has been to attempt to create even more
collateral ventilation by making airway
openings between large airways and
adjacent alveoli. In a large, well designed
study of 315 patients, multiple proximal
airway passages were created and up to
6 stents were placed in proximal airways
of patients. Initial evaluation revealed
improved physiologic parameters; however,
at 6 months, there was no difference
between the experimental and control
groups (81). This was attributed to closure
of the passages, and either expectoration or
occlusion of the stents.

A more radical approach that takes
advantage of the fact that airways
resistance exceeds collateral resistance in
patients with emphysema is to create
transthoracic fistulae (spiracles), which
connect subpleural alveolar spaces to the
external environment. Air then enters the
lungs through the trachea and spiracles,
and may be expired through both. This
solution, first proposed by Macklem (82),
has been used in a pilot study of three
patients with reported success (83).
Recently, several patients with emphysema
undergoing lung transplantation developed
pleural tears in their native lungs, and
were documented to be expiring through
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the pleural tears in preference to the
endotracheal tube, demonstrating the
preference for collateral ventilation over
airways expiration (84).

Persistent air leaks postoperatively
are not uncommon. When chest tube
drainage, blood patches, and changes in
suction pressure are not successful in
stopping the leak and surgical treatment is
contraindicated, pulmonologists have used
endobronchial valves in an attempt to stop
air leaks. Because of collateral ventilation,
it is common to require that more than
one segmental airway be occluded before
airflow through the pleural tear ceases (85).

Physical Therapy

The principle benefits of chest physical
therapy are to decrease atelectasis and

aid in the clearance of secretions. Andersen
and colleagues (86) showed that, in excised
human lungs made atelectatic, a negative
pressure surrounding the lungs to mimic
deep breathing or normal tidal volumes
combined with continuous positive airway
pressure was more effective in opening
atelectatic areas via collateral channels
than mechanical ventilation techniques
with or without positive end-expiratory
pressure. They have shown in surgical
patients that periodic continuous positive
airway pressure by mask was superior to

standard postoperative conventional
therapy in decreasing atelectasis and
improving gas exchange (87). The use of
positive end-expiratory pressure maneuvers
in patients with cystic fibrosis has been
shown to increase lung volumes and
promote peripheral collateral air movement
distal to bronchi obstructed with mucus
(88). Taken together, a reasonable
conclusion is that chest physical therapy
that includes maneuvers that increase lung
volume works because enhanced collateral
ventilation at higher lung volumes allows
air to accumulate distal to airways
narrowed or obstructed by inflammation
and secretions, and that, during coughing
and expiration, the resultant higher lung
volumes and increased air pressure in
alveoli distal to the airways obstruction
promotes mucus movement to the more
proximal, larger airways (89).

Future Directions

Our knowledge of the role of collateral
ventilation is incomplete, especially in
interstitial diseases. Measurements in
various interstitial diseases need to be made
to determine if there is variability dependent
on the disease state. The demonstration
that RColl is responsive to various gas

and pharmacologic agents suggests that we
need to explore how to exploit these

observations. For example, knowing that
subjects with asthma have a reduced arterial
CO, partial pressure, and knowing that
increased inspired CO, can reduce
collateral resistance, suggest that having
subjects with asthma inhale low
concentrations of CO, may be of benefit
(90). Such a study was performed in
subjects with asthma inhaling 6% CO,, and
demonstrated a relaxation of central and
peripheral airways and reduced total lung
capacity (91). The authors suggested that
collateral ventilation changes could explain
some of the physiologic improvement.

Conclusions

In some circumstances, collateral
ventilation, like collateral circulation, serves
to maintain organ function by modulating
the effects of disease that would otherwise
result in a marked reduction in oxygen
delivery to organs. In other circumstances,
because of anatomic differences, an
increased RColl predisposes to disease.
Why, during evolution, such an anatomic
difference should occur is unclear. Work
needs to be done to discover and apply
therapeutic agents that can improve
collateral ventilation.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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