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Abstract. In this review, the second of a two part series, 
the analytic techniques introduced in the first part are ap- 
plied to a broad range of pulmonary pathophysiologic 
conditions. The contributions of hypoxic pulmonary 
vasoconstriction to both homeostasis and pathophysiolo- 
gy are quantitated for atelectasis, pneumonia, sepsis, 
pulmonary embolism, chronic obstructive pulmonary 
disease and adult respiratory distress syndrome. For each 
disease state the influencce of principle variables, includ- 
ing inspired oxygen concentration, cardiac output and 
severity of pathology are explored and the actions of se- 
lected drugs including inhaled nitric oxide and infused 
vasodilators are illustrated. It is concluded that hypoxic 
pulmonary vasoconstriction is often a critical determi- 
nant of hypoxemia and/or pulmonary hypertension. Fur- 
thermore this analysis demonstrates the value of com- 
puter simulation to reveal which of the many variables are 
most responsible for pathophysiologic results. 
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In part 1 [1] of this review an analytic method was in- 
troduced that permits information on the distribution of 
ventilation/perfusion ratios to be combined with a detail- 
ed biodynamic model of the pulmonary circulation. This 
approach, therefore, allows many of the variables to be 
included that are common to patients with pulmonary 
pathophysiology and that influence pulmonary gas ex- 
change and steady state hemodynamics. In part 2 the in- 
fluence of some of these principal variables is explored 
with respect to the role of hypoxic pulmonary vaso- 
constriction in atelectasis, pneumonia, sepsis, pulmonary 
embolism, chronic obstructive pulmonary disease and 
adult respiratory distress syndrome. 
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Although the results obtained herein are supported by 
a wide range of observations and may be regarded with 
a reasonable degree of confidence, nevertheless some 
qualifications are warranted. Thus the multiple inert gas 
technique from which the distribution of ventilation/per- 
fusion ratios is derived does not assign positional or ana- 
tomic sites for the compartments and therefore gravita- 
tional infuences are not specifically included. The 
branching structure and responses of the pulmonary ves- 
sels on which the pressure-flow curves are based are gen- 
eralized from observation in a variety of animal species 
the precision of which wiI1 undoubtedly be improved with 
further research. The focus of this work is the perfusion 
side of the ventilation/perfusion ratio and alteration of 
the distribution of ventilation as a result of changes in a 
variable are not included. Finally, the conditions consid- 
ered are those of steady state blood flow and therefore 
only mean pulmonary vascular resistances and 
pulmonary artery pressures are considered. In the pulmo- 
nary circuit unlike the systemic, a considerable propor- 
tion of the cardiac work is extended in generating oscilla- 
tory flow and the present analysis cannot provide an ac- 
curate assessment of the cardiac energy cost of the condi- 
tions considered. 

Within the bounds of these caveats, however, the 
methods discussed here include the steady state variables 
commonly recognized in clinical practice including air- 
way pressure, pleural pressure, hematocrit, hemoglobin, 
Ps0, pH, left atrial pressure, cardiac output, oxygen con- 
sumption, carbon dioxide excretion, minute ventilation, 
dead space, shunt, ventilation/perfusion distribution, in- 
spired gas composition, size of the lung and variety of 
vascular states including embolism, constriction and 
pathologic narrowing (i.e. fibrous or thrombosis etc.). 

HPV in disease states 

Atelectasis with remaining lung homogenous 

Atelectasis, at the microscopic or macroscopic level, re- 
fers to the collapse of lung regions as gases are resorbed 
from underventilated alveoli. Atelectasis may be due to 



380 

space occupying pathology, splinting, or regional airway 
obstruction by retained secretions or a foreign body and 
Consequent hypoventitation of a specific lung region. Pa- 
tients with airway obstruction, breathing room air, devel- 
op atelectasis slowly. The high concentration of  nitrogen 
in air, and its relative insolubility in blood results in long- 
er alveolar stability than in patients treated with resor- 
bable gases (e.g. nitrous oxide or oxygen). Alveolar units 
with very low VA/Q ratios can become unstable and col- 
lapse, because more gas is removed by the blood from the 
alveolus than is excreted into the alvelous. 

Hypoxic pulmonary vasoconstriction limits perfusion 
to atelectatic portions of the lung [2]. In atelectasis, the 
stimulus for HPV is dependent only on the P r o ;  If the 
Pro  2 is raised to 13.3 kPa (100mmHg), blood flow to 
atelectatic lung returns to normal [3] which indicates that 
there is no mechanical obstruction to blood flow [4] in col- 
lapsed lung. In clinical situations where mixed venous oxy- 
gen tension is low (anemia, diminished cardiac output, 
systemic hypoxemia), the stimulus for HPV is increased in 
atelectatic lung, and blood flow to ventilated portions of 
the lung is proportionately greater, unless HPV begins to 
be stimulated also in the remaining ventilated lung. 

The influence of  increasing atelectasis and/or  increas- 
ing inspired oxygen concentration on the arterial oxygen 
tension and the observed pulmonary shunt is illustrated 
in Fig. 1 for both a homogenous lung (lnSD(Q) = 0) and 
for a lung corresponding to chronic lung disease 
(lnSD(Q) = 1.5). A homogenous lung is one in which all 
alveoli have ventilation/perfusion ratios that are identical 
to the mean VA/Q. There is no spread of the ratios 
around the mean and therefore the standard deviation 
(lnSD(Q)) around the mean is zero. This conditions is 
never obtained in real lungs but is a useful analytical de- 
vice because in such lungs the efficiency of gas exchange 
is dependent only on the existence of  shunt. If  the shunt 
is zero the alveolar gas, alveolar end-capillary blood and 
systemic arterial blood would all have the same oxygen 
and carbon dioxide tensions. 

For the homogenous lung (Fig. I a, b) arterial oxygen 
tension decreases as atelectasis increases and as Fio 2 is re- 
duced. The shunt observed remains relatively constant and 
the degree to which the shunt percentage is less than the 
atelectasis percentage is one measure of the effectiveness 
of HPV. However a more relevant measure of the efficacy 
of HPV is obtained by comparing the calculation in the 
presence and absence of  HPV as has been done in Fig. 2. 

Figure 2 shows that the presence of  HPV always re- 
sults in an increase in arterial oxygen tension when atelec- 
tasis is present, but the changes vary both with the extent 
of atelectasis and change in Fio 2. In contrast a much 
more consistent pattern emerges when the same data are 
expressed as arterial oxygen contents and the presence of 
HPV is shown to be increasingly important as atelectasis 
increases. 

This view is confirmed by the more detailed analysis 
shown for a homogenous lung in the left panel of  Fig. 3. 
The figure shows that for each increment of  atelectasis 
the oxygen content change increases and that this change 
is essentially constant for all F~o2 greater than about 
0.25. The results is important because it emphasizes that 
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Fig. l a - d .  The influence of increasing atelectasis, on arterial oxygen 
tension and pulmonary shunt as the inspired oxygen concentration is al- 
tered, is compared for lungs with no abnormality (a, b) of VA/Q distri- 
bution (lnSD(Q) = 0) and for lungs with severe (c, d) maldistribution 
(lnSD(Q) = 1.5). The arterial oxygen tension is clearly reduced as atelec- 
tasis increases and more so in the presence of VA/Q maldistribufion, 
But notice that the commonly recognized insensitivity of Paoz to in- 
creasing FIo is not evident until the atelectasis is at least 40~ of the 
1 z ung volume. The effectiveness of HPV in reducing the shunt percentage 
below the atelectasis percentage is influenced by the extent to which 
HPV is stimulated in the rest of the lung; at lower Fio 2 and especially 
in the presence of VA/Q maldistribution this flow diversion response to 
HPV is impaired 

HPV improves the oxygen content of  arterial blood to a 
greater extent with increasing abnormality. The basis for 
this outcome is not intuitively obvious, so it is worth 
some further analysis. 

Recall that the total content of oxygen carried from 
the lungs per minute is made up of that carried in the 
shunted blood plus that passing through ventilated lung: 

Cao2 x QT = C~o2 x (QT- Qs) + C~o2 x Qs (I) 

The equation can be simplified by dividing through 
by QT and expressing the shunt as a fraction of the car- 
diac output. This equation succinctly divides the arterial 
oxygen content into the two weighted contributions: 

Cao2 = C6o2 x (1 - Fs) + Cvo 2 x Fs (2) 

This equation states that the final arterial oxygen content 
(Cao~) is the sum of  the oxygen delivered from the venti- 
lated alveoli (C6o2X(l-Fs))  and that crossing the lung 
via unventilated or atelectatic alveoli (Cvo2 x Fs). Recall 
also that the arterio-venous oxygen content difference is 
dependent only on the oxygen consumption and the car- 
diac output: 

Cao2 - Cs 2 = ~roz/QT (3) 

The expression (Cao~-Vo2/QT) can be substituted 
for Cvo ~ in Eq. 2 and after rearranging: 
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Fig. 2 a - d .  The influence of  HPV on arterial oxygen tension and con- 
tent are shown for lungs with increasing proportions of  the lung atelec- 
tatic and with VA/Q distribution at the upper limit of  normal  
(lnSD(Q) = 0.6) with Fio 2 = 1.0 (upper panels) and FIo" = 0.3 (lower 
panels)�9 The solid circles are calculated in the presence an~ the open cir- 
cles in the absence of  the ability of  the pulmonary  vessels to respond 
with HPV. The figures demonstrate  that  tension changes are complex 
and disproportional both with increasing atelectasis and increasing 
FIO 2 whereas the content changes reveal a consistent pattern that  ap- 
pears similar with increasing Fio _. For any particular atelectasis value 

�9 z . , 

the difference between the points plotted with and wathout HPV ap- 
pears to be almost  the same at Fio 2 = 1.0 or 0�9 (The insets define the 
initial lung conditions) 

Cao 2 = Cdo2 - (VOz/QT) Fs/(1 - Fs) (4) 

For clarity let Ks replace F s / ( l - F s ) ,  and omit the 
subscript O2 for Ca and Cd. The oxygen content change 
between any two states can then be expressed as: 

Cal - Ca2 = (Cdl - Cd2) + (Vo2/QT) (Ks2 - KsI) (5) 

where the subscripts 1 and 2 in the present context refer 
to the presence and absence of  HPV respectively. The 
value of V%/QT is that of  the arterio-venous oxygen 
content difference. In the calculations that follow 
Vo~ = 250 ml/min and QT = 60 dl/min (note the adjust- 
ment of  the units to be consistent with the expression of  
oxygen content as ml/dl). The value of  4.17 may, there- 
fore be substituted for Vo2/QT. The separate terms of  
Eq. 5 retain the same relationship as those described for 
Eq. 2. Thus, the change in arterial oxygen contents 
(Ca~ -Ca2)  is the sum of  that due to blood from venti- 
lated alveoli ( C d I - C @  and that from unventilated 
alveoli (4.17(Ks2- Ks1)). 

Referring again to the left panel of Fig. 3; at any par- 
ticular Fio. when lnSD(Q) is zero, the alveolar and 

, 

hence the end capillary oxygen tensions and content are 
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Fig. 3 a, b. The difference between the arterial oxygen content with HPV 
present (Ca1) and that  with HPV absent (Ca2) is plotted as the change 
in oxygen content for a wide range of  atelectasis volumes and inspired 
oxygen concentrations. An  homogenous  lung with lnSD(Q)=  0 is 
shown on the left and a lung with initial lung conditions of  severe 
maldistribution (lnSD(Q) = 1.5) is shown on the right. The curves are 
a direct measure o f  the effectiveness of  HPV to preserve oxygenation. 
Note that  with an homogenous  lung HPV improves arterial oxygen con- 
tent to a greater extent as atelectasis increases but  that the change is 
almost independent of  FIo 2 at inspired oxygen concentrations greater 
than  about 0.25. In the presence of  VA/Q maldistribution the impor- 
tance of  HPV is greater at each volume of  atelectasis but  the changes 
are  strongly and alinearly dependent on Fio z. See text for explanations 

constant and independent of  the degree of  atelectasis or 
the presence or absence of  HPV, and therefore the first 
term on the right side of  Eq. 5 (Cdl -Cd2) becomes zero 
and the oxygen content change is dependent only on the 
second term (4.17(Ksz-Ks0).  Figure4 shows the rela- 
tionship between Fs and Ks. Since the greater the volume 
of  atelectasis the greater the Ks value and the greater the 
flow of blood diverted by HPV it follows that the change 
in oxygen content of  the arterial blood is also greater. 
Even though as Fio2 changes the absolute value of the 
alveolar and end capillary oxygen tensions and therefore 
contents change, still the first term on the right side of 
Eq. 5 remains zero. Fig. 3 a demonstrated that the second 
term, relating to shunt flow, remains essentially constant 
for all Fio 2 greater than 0.25 because the stimulus for 
HPV (P~7%) and hence the final shunt remains almost 
constant despite the fact that the arterial oxygen tension 
changes markedly. 

At Fio 2 values of less than 0.25, the entire lung dem- 
onstrates some HPV and pulmonary artery pressure in- 
creases, this has the effect of opposing the HPV in the 
atelectatic region and the change of  arterial oxygen con- 
tent is reduced. 

Atelectasis with remaining lung not homogeneous 

The altered pattern of  changes of  oxygen content ob- 
served with atelectasis when the rest of  the lung is not ho- 
mogeneous is illustrated in the right hand panels of  
Figs. 1 and 3. To understand the basis for these changes 
and the role of  HPV it is necessary first to consider how 
increasingly abnormal distribution of  the VA/Q ratio (or 
lnSD(Q)) influences gas exchange and pulmonary artery 
pressure in the absence of  atelectasis. In Fig. 5 it is appar- 
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Fig. 4a, b. The relationship between the shunt function 
(Fs) and the expression (Fs / ( l -Fs))  used in Eq. 5 is 
shown in a. b provides a portion of the hemoglobin dis- 
sociation curves so that oxygen saturations, contents and 
tensions can be related when considering the text discus- 
sion. A value of 1.306 ml/g is used for the oxygen carry- 
ing capacity of hemoglobin 

ent that when breathing air Fio 2 = 0.21) the greater the 
lnSD(Q) the lower the Pao. and the greater the pulmo- 
nary artery presure (and pulmonary vascular resistance). 
As Fio2 increases, the influence of lnSD(Q) on oxygen 
tension lessens and is abolished at Fio = 1.0. Note that 

�9 . . 2 ,  

lnSD(Q) itself is not abohshed but only its effect on oxy- 
gen exchange. As discussed below carbon dioxide ex- 
change is still affected by the lnSD(Q) when F~o~ = 1.0. 

The role of  HPV is demonstrated in two ways in Fig. 5. 
First, the lower right panel demonstrates how the lnSD(Q) 
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Fig. 5 a - d .  The influence of increasingly abnormal VA/Q distribution 
(lnSD(Q)), in the absence of atelectasis, on gas exchange and hemody- 
namic function with increasing F io .  The inset provide the key to the 
curves, but note that lnSD(Q) of zer2o is an homogenous lung with one 
compartment; 0.3 is a normal lung; 0.6 is the upper limit of normal; 1.0 
and 1.5 represent moderate and severe abnormality respectively encoun- 
tered in chronic lung disease while 2.0 and 2.5 result in the life-threaten- 
ing impairment of gas exclaange found in patients with ARDS. The dot- 
ted vertical line corresponds to FIo 2 of air. For discussion see text 

entered as the initial data is altered in the presence of HPu 
At Fio 2 = 1.0 the final calculated distribution of the 
VA/Q is equal to that entered, but as FIo2 is reduced 
HPV effectively improves VA/Q matching and lnSD(Q) is 
reduced. However, the extent of the improvement varies 
alinearly with both the lnSD(Q) and the Fio 2. A more 
impressive demonstration of the influence of HPV is 
shown in the lower left panel of Fig. 5 where the arterial 
oxygen content change is plotted for each lnSD(Q) when 
HPV is present compared to when it is absent. Again there 
is no effect when Fio 2 = 1.0, but the effect of HPV is in- 
creasingly evident as lnSD(Q) increases and/or Fio~ is de- 
creased. Referring back to Eq. 5 in the previous section 
note that because atelectasis and therefore shunt are zero 
the second term on the right of this expession is zero and 
the results of Fig. 5 C are summarized by 

Ca 1 - C a  2 = C d  1 -Cd  2 . 

This equality is consistent because in a lung without 
shunt the arterial oxygen content is the same as the end 
capillary oxygen content. Note however that the greater 
the lnSD(Q) the greater will be the difference between the 
alveolar gas oxygen tension and the end capillary blood 
oxygen tension. In other words the end capillary oxygen 
content decreases with increasing lnSD(Q) at all FIo2 less 
than 1.0. From the data of Fig. 3 A for the oxygen content 
change with atelectasis when lnSD(Q)= 0 and that of 
Fig. 5 C for oxygen content change when lnSD(Q) is varied 
while atelectasis is zero it might be supposed that the two 
could be simply added to conclude how HPV influences 
diseases states when both atelectasis and abnormalVA/Q 
distributions are combined. Perusal of Fig. 3 B makes it 
clear that the results do not follow a simple summation. 

To visualized how the role of HPV changes when both 
abnormalities are combined a more detailed analysis is 
shown in Fig. 6A for a condition with 40~ atelectasis 
and lnSD(Q) = 1.5. The figure shows how by the use of 
Eq. 5 the shunt and the lnSD(Q) components to the oxy- 
gen content change can be identified at each F io .  With 

2 

this separation the conceptual basis for the changes is 
clarified. When Fzo 2 = 1 the InSD(Q) has no influence 
on arterial oxygen content and the change in oxygen con- 
tent is entirely due to the effectiveness of  HPV in reduc- 
ing the shunt. As Fio 2 decreases the influence of  HPV is 
reflected both in decreased shunt and improved oxygen 
content for the lnSD(Q) compartment.  However, as HPV 
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increases throughout the lung with decreasing Fio 2 pul- 
monary vascular pressure rises; and while at first the ef- 
fect of  increasing pressure is offset by increased stimula- 
tion of HPV as Pro2 decreases, eventually at Fio 2 less 
than 0.4, HPV becomes less effective in the atelectatic 
regions, and the contribution of  the shunt compartment 
to the improvement of oxygen content is reduced. When 
FIO 2 is 0.21 the combination is maximal with the effect 
of HPV being attributable as 84% to improvement of  
lnSD(Q) and 16% to reduction of  shunt. When FIo2 is 
reduced further the entire pulmonary vasculature is 
stimulated to constrict and useful redistribution is im- 
paired. All of  the curves illustrated in Fig. 3 B can be ac- 
counted for in this fashion so it is important  to recognize 
that the effectiveness of  HPV is not a simple function al- 
though the outcome in terms of  oxygen tension or con- 
tent changes may be represented as a more or less smooth 
continuous curve. 

Pneumonia and sepsis 

Lobar or regional pneumonia can be due to viruses, bac- 
teria, fungi, obstruction or aspiration. Distinction be- 
tween atelectasis and pneumonia is often difficult; the ra- 
diographic findings of  each are similar and both may 
cause elevations in temperature and derangements in gas 
exchange. In the clinical setting, it is the presence or ab- 
sence of purulent sputum or elevated white cell count 
which determines the diagnosis. 

Alveolar filling, rather than alveolar collapse, causes 
gas exchange abnormalities in pneumonia, and as with 
atelectasis, HPV can effectively divert pulmonary blood 
flow from poorly ventilated alveoli, resulting in improved 
VA/Q matching by the same method. It may be speculat- 
ed also that loss of  surface tension at the epithelial sur- 
faces with reduction of the outward distending force on 
pulmonary vessels may promote diversion of  blood flow 
with HPV. 

There is evidence that HPV is impaired in acute and 
chronic infections [5, 6] and often abolished in sepsis [7], 
which accounts for the disproportionally increased 
shunting and acute hypoxemia frequently found in these 
states. There are also a variety of  vasoactive mediators 
which may alter pulmonary vascular tone associated with 
infection and aspiration, including prostaglandins [8], 
leukotrienes [9], cytokines, metabolites [10] and platelet 

Fig. 6a,  b. Analysis of  the arterial oxygen content 
change due to HPV to reveal the changing contribu- 
t ion of  the shunt  and the VA/Q distribution compart-  
ments  as FIO 2 is altered. The results were obtained by 
solving Eq. 5 where the total oxygen content change is 
(Ca 1 - C % .  Panel a is for a lung with severe chronic 
lung disease and with initial conditions of  
lnSD(Q) = 1.5 and atelectasis = 40%. Ca 1 and Ca z are 
calculated for the presence and absence of  HPV as 
Fio 2 is increased. 

Panel b is for a lung with moderate lung disease where the initial condi- 
tions where lnSD(Q)=  1.0 and Fto 2 = 0.21. The calculation is per- 
formed in the presence of  HPV (Ca 0 and during the inhalation of  
80 ppm of  nitric oxide (Ca2) as the  proport ion of  atelectasis in in- 
creased. Note that  the scale of  the oxygen content change is expanded 
tenfold in Panel b. See text for discussion 

activating factors [11]. In the absence of  chronic lung dis- 
ease HPV acts on pneumonia both qualitatively in a man- 
ner similar to that described for atelectasis but quan- 
titatively the ability of  the vascular smooth muscles to 
contract is often impaired [5-7] .  In the presence of  
chronic lung disease, the development of  acute pneumo- 
nia combining additional lung injury with impairment of  
HPV often precipitates respiratory failure. 

Loss of  vascular bed 

Concomitant with most forms of  severe lung disordes, 
whether acute or chronic, is loss of  the pulmonary vascu- 
lar bed. Obstruction by various emboli, thrombosis, hy- 
perplasia, fibrosis or space occupying lesions may each 
result in obliteration of  some portion of  the pulmonary 
vascular bed [12]. 

The incidence of pulmonary embolism is high and 
carries an acute mortality rate of about 10%, but unless 
the onset is precipitated by a massive pulmonary embolus 
this is usually a process that progresses in so subtle a 
manner as to go undetected. The vascular bed has a large 
reserve that must be reduced by 40% or more before the 
physical signs at rest show much change. A convincing 
way to demonstrate the functional effect is to measure the 
increase in pulmonary artery pressure during excercise 
but this requires invasive testing and is not often per- 
formed [13]. In the intensive care setting there is often so 
much pathophysiology present that subtle changes in 
pressure-flow relations are overlooked, except as a general 
pattern emerges when successive showers of  microemboli 
reach the lung. 

It is clear from a variety of data that the pulmonary 
vascular effects of  emboli are not due solely to the 
mechanical obstruction of  blood flow through the lungs. 
Intraoperative or diagnostic occlusion of  a main pulmo- 
nary artery does not typically cause any significant eleva- 
tion of pulmonary artery pressure, while occlusion of  a 
similar amount of  the pulmonary vasculature with clot 
causes a significant increase in pressure. There is a consis- 
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tent increase in lung water after embolism, which is prob- 
ably multifactorial. 

Arterial hypoxemia is virtually always present with a 
clinically significant embolism, and usually unrelieved by 
breathing 100% oxygen. Alveolar units near occluded 
pulmonary arteries may become atelectatic and 
edematous, in part due to loss of surfactant. Blood flow- 
ing through these areas is unoxygenated, simulating 
shunted blood. The combination of low cardiac output 
and poor arterial oxygen saturation results in diminished 
oxygen delivery to the tissues and low mixed venous oxy- 
gen saturation. Elevated pulmonary artery resistance 
places a strain on right heart function, which can ulti- 
mately lead to further decreases in cardiac output. A self- 
reinforcing cycle ensues, which, if uninterrupted, leads to 
right heart failure, secondary left heart failure, and death. 

The coexistence of systemic hypoxemia and low mixed 
venous Po~ represents a profound stimulus for generaliz- 
ed hypoxic pulmonary vasoconstriction, which accounts, 
at least in part, for the increase in pulmonary vascular re- 
sistance after pulmonary embolism. HPV in this circum- 
stance is diffuse and maladaptive as compared to atelec- 
tasis and pneumonia where it is regional and beneficial. 
This represents a pathological state wherein HPV is detri- 
mental to gas exchange and to cardiac performance. In a 
similar circumstance, neonates with tetralogy of Fallot 
can develop a deadly cycle wherein they become hypox- 
emic (from coughing, or hypoventilation), HPV ensues 
causing increased pulmonary arterial pressure. Increased 
pulmonary resistance worsens shunting across the ven- 
tricular septal defect and causes systemic hypoxemia and 
low mixed venous oxygen tension which increase the stim- 
ulus for HPV; a downward spiral ensues. 

In Fig. 7 the effects of increasing loss of vascular bed 
are illustrated for three conditions. In the first condition 
the remaining vessels are normal, in the second the small 
arteries and veins have undergone a modest active con- 
striction to 90% of their resting diameters and in the 
third condition the small arteries and veins have been 
moderately narrowed, as by pathology, to 90~ of their 
resting diameter. The difference between constriction and 
narrowing is that constriction is fully reversible but the 
narrowing is not [14]. Most obvious in each panel of this 
figure is the quite abrupt increase in the degree of abnor- 
mality as the loss of vascular bed increases above 40%. 
All three conditions reveal the same trends, but it is note- 
worthy that whereas the pulmonary artery pressure in- 
creases progressively with conditions 1 and 2 and 3, for 
all other measures of gas exchange, as illustrated in Fig. 7, 
the constricted vasculature improves the performance 
while with the narrowed vasculature it deteriorates com- 
pared to the normal vessels. The reason for this behavior 
anticipates the discussion of ARDS below but basically is 
due to improvement of shunting and lnSD(Q) in the pres- 
ence of constriction and the worsening with narrowing. 

These calculations assume that HPV is active and that 
cardiac output remains constant, but the effect of 
changes in one or both of these variables is illustrated in 
Fig. 8. A decreased cardiac output and/or decreased HPV 
results in reductions of both arterial oxygen tension and 
pulmonary artery pressure. 
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Chronic lung disease 

The common pulmonary parenchymal diseases of chron- 
ic bronchitis and emphysema are associated with all of 
the pathophysiologic entities discussed above. Atelectasis, 
increased distribution of VA/Q ratios, loss of vasculature 
and intermittent acute infections are characteristic of 
these patients [13]. The pulmonary hypertension cor 
pulmonale and hypoxemia that characterize the "blue 
bloater" represent loss of vascular bed and ineffective 
HPV while for the "pink puffer" the principal disorder 
is destruction of total lung tissue. These represent ex- 
tremes of a continum of presentations, and in both cases 
something, usually infection, surgery or some other 
stress, precipitates additional hypoxemia and acute respi- 
ratory failure. 

In a study of fifty patients with COPD, Kawakami 
and colleagues [15] performed right sided cardiac cathe- 
terization and compared survival 4 years later. The 27 
non-survivors were compared to 23 survivors. At the time 
of initial evaluation, the nonsurvivors differed from the 
survivors only in regards their lower Pao2 and Pro 2 and 
higher Paeo2 and Pro2. Other parameters, such as mean 
pulmonary artery pressure, right ventricular work, oxy- 
gen transport and coefficient of oxygen delivery were not 
different. This suggests that effectiveness of HPV may 
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correlate with survival in COPD, although increased se- 
verity of  disease in the non-survivors is also probable. 

Figure 9 illustrates chronic lung disease that has 
moderately affected function. When breathing air the 
pulmonary artery pressure is markedly increased and ar- 
terial hypoxemia is evident. The basis for the hypoxemia 
is both shunt from atelectasis and the extra venous ad- 
mixture component from increased lnSD(Q). As FIo2 in- 
creases the pulmonary artery pressure decreases indicat- 
ing that HPV is active; but even at FIo2 = 0.5, when 
lnSD(Q) is no longer causing constriction, the pulmonary 
artery pressure is well above normal reflecting both con- 
striction through the shunt and the loss of  vascular bed. 

When HPV is lost the shunt and lnSD(Q) are no long- 
er regulated and arterial oxygen tension and pulmonary 
artery pressure decrease. Pao2 breathing air is only 
about 7.0 kPa and even with 50% oxygen increases only 
to about 11 kPa. It is easy to understand how acute infec- 
tions with sudden loss of  gas exchange surface and per- 
haps more generalized interference with HPC precipitates 
rapid deterioration. Furthermore if cardiac output de- 
creases or if  oxygen consumption should increase, and es- 
pecially if HPV is simultaneously reduced, as illustrated 
in Fig. 10, the threat to life is immediate. A recurring 
theme in these disease states is that of  HPV either present 
but so generalized as to precipitate right heart failure, or 
so impaired as to reveal severe hypoxemia, 

Adult respiratory distress syndrome (ARDS) 

Patients may develop ARDS as an acute exacerbation of  
chronic lung disease or as a result of  severe acute damage 
to a previously healthy lung. Characteristically, ARDS 
develops secondary to shock, trauma or sepsis and there 
are therefore many etiologies for this state but in all pa- 
tients the severity of  the pulmonary pathophysiology is 
such that sufficient gas exchange cannot be maintained 
breathing air spontaneously. Much of  the enormous cre- 
ative effort in respiratory intensive care has been directed 
at managing patients with acute lung injury or ARDS. 
Despite the significant advances that have benefitted all 
patients requiring periods of  mechanical ventilation, the 
short term prognosis for patients with ARDS remains 
poor. One reason is that ARDS is often just one 
manifestation of  multiple organ failure and the complexi- 
ty is presently overwhelming. A second reason is that 
most of  the treatments have been directed solely at main- 
taining sufficient oxygen and carbon dioxide exchange to 
permit time for antibacterials and natural healing pro- 
cesses to succeed. Improvements in outcome are likely to 
follow when treatments are specifically directed at regu- 
lating the pathophysiologic processes themselves so as to 
reduce or prevent the establishment of  irreversible 
changes in pulmonary structure. Chief among these are 
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destruction of  the pulmonary circulation with loss of  vas- 
cular bed [16], narrowing of  remaining vessels and fibro- 
sis of  the vascular wall with loss of  HPV and hence the 
ability to regulate VA/Q ratios and flow to atelectatic ar- 
eas [171. 

These pathophysiologic processes have not yet been 
sufficiently elucidated, but inappropriate pulmonary vas- 
cular constriction, whether resulting from HPV or from 
endogenous and/or  exogenous vasoactive materials, is 
becoming recognized as one of  the precipitating factors 
for ARDS and if too long sustained, constriction is the 
precursor for irreversible vascular changes [16]. 

That  is why the current interest in the use of  
vasodilators, whether by inhalation (Nitric Oxide) or by 
infusion (i.e. Prostacyclin analogs, sodium nitroprusside, 
nitroglycerine or amrinone, et cetera), is so intense. This 
discussion will therefore focus on the functional 
pathophysiology of  ARDS, the role of  HPV and the ra- 
tionale for the effective use of  vasodilators. Note however 
that many drugs used for other purposes in these patients 
may also interfere with HPV. Such drugs include calcium 
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Fig. 11 a - d. Adult  respiratory distress syndrome. The values for arterial 
oxygen tension, arterial carbon dioxide tension and pulmonary  artery 
pessure are shown for untreated patients and for patients treated with 
infusion of  prostacyclin or nitric oxide. The dose of  prostacyclin is such 
that  it reduces constriction by 50% and the dose response relationship 
for nitric oxide was determined from published data. Note that,  in addi- 
tion to the conditions listed in the inset, the patients were assumed to 
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101/min to adequately remove carbon dioxide. The oxygen content 
change in Panel e is calculated as Ca 1 - C a  z, where Ca I is the untreated 
and Ca z the treated state. With both  treatments pu lmonary  artery pres- 
sure was decreased but  with prostacyclin oxygenation worsened while 
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channel blockers beta agonists, nitroglycerine and 
sodium nitroprusside. 

Pathophysiology of ARDS 

The general changes and the basis for them are illustrated 
in Fig. 11 and 12 for a set of  conditions that would be 
characterized as ARDS. There is no particular combina- 
tion that should be designated typical. The characteristics 
are the functional outcome and in the example illustrated 
by the solid line and filled circles in Fig. 11 and 12 me- 
chanical ventilation and supplemental oxygen are essen- 
tial for maintenance of life. The arterial oxygen tension 
is  less that 6 kPA even with Fio 2 = 0.3 and the alveolar 
ventilation has to be increased to twice normal to main- 
tain carbon dioxide clearance. The combination of  in- 
creased VA/Q abnormality, atelectasis, loss of  vascular 
bed and small vessel constriction from endogenous medi- 
ators in addition to HPV results in severe pulmonary hy- 
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pertension. The functional outcome, summarized in 
Fig. 11, is therefore a patient at the limit of cardiac and 
respiratory reserves. The influence of increasing F~o~ 
and the more detailed analysis provided in Fig. 12 reveal 
the basis for the functional impairment. Thus the modest 
increase in Pao~ when Fio 2 = 1.0 indicates a large shunt 
as the predominant cause of hypoxemia. The decreased 
pulmonary artery pressure with increasing Fio 2 is pri- 
marily due to the reduction of hypoxic constriction in the 
rest of the lung as the effects of lnSD(Q) become less pro- 
nounced. In Fig. 12d, for example, the lnSD(Q) is un- 
compensated when Fto 2 = 1.0; this is because all venti- 
lated alveoli will be filled with oxygen and Pso 2 will be 
greater than 16 kPa, even if Pvo 2 is reduced to 2.7 kPa, 
so that HPV is not stimulated (see [1] Fig. 4). 

Even at Fio_ = 1.0 pulmonary hypertension persists 
although whether due to constriction, narrowing or loss 
of vascular bed cannot be distinguished on the basis of 
this information alone. The worsening of lnSD(Q) as 
Fio z is increased is demonstrated by the increasing alve- 
olar dead space which causes the arterial carbon dioxide 
tension to increase. It is this effect of increasing Fio 2 
that appears to be responsible for hypercarbia in a spon- 
taneously breathing patient with chronic obstructive pul- 
monary disease (COPD) and a severe lnSD(Q) rather than 
a reduction of an abnormal hypoxic ventilatory drive. 

Vasodilator therapy 
The critical distinction between nitric oxide (NO) [18] 
and, all the other vasodilators (i.e. prostacyclin analogs 
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(PG)) [19] is that NO is administered by inhalation and 
is delivered only to ventilated alveoli while PG is infused 
intravenously or into the pulmonary artery and is deliv- 
ered to all regions of the lung. These drugs will reduce or 
abolish HPV and any other active vasoconstrictors only 
at the sites to which they are delivered and therefore the 
simplest expectation would be that both routes of admin- 
istration will reduce the pulmonary vascular resistance 
and hence the pulmonary artery pressure but NO will not 
affect the HPV in atelectatic areas and therefore oxygen- 
ation might be better preserved. 

This indeed was the outcome reported in a series of 
papers [20-22] and demonstrated in the dashed lines of 
Figs. 11 and 12. These figures show, as expected, that pul- 
monary artery pressure is reduced most with PG and also 
substantially with increasing inspired concentrations of 
NO. Furthermore both NO and PG are associated with 
increasing lnSD(Q) because HPV is reduced in the venti- 
lated lung regions. But these are the only similarities and 
it is the differences that are more interesting. 

The arterial oxygen tension decreases with PG be- 
cause the generalized reduction of HPV results in a wors- 
ening of both lnSD(Q) and the pulmonary shunt. The 
substantial shunt increase also compounds the impaired 
excretion of carbon dioxide with a further effective in- 
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crease in alveolar dead space and Paco2. In contrast NO 
only reduces HPV in the ventilated lung so that lnSD(Q) 
is worsened but the reduction in constriction in this re- 
gion of the lung allows more effective diversion of blood 
flow from the atelectatic region and shunt is reduced sub- 
stantially even at he lowest concentrations. The improve- 
ment in oxygen exchange that results from the reduction 
of shunt more than makes up for the loss due to worsen- 
ing lnSD(Q) and it follows that the greater the FI% the 
greater the change will be. 

This contrast is nicely illustrated by considering the 
change in arterial oxygen content. Fig. 11 c illustrates dif- 
ferences in the treated and the untreated state showing 
that the arterial oxygen content is increased by NO and 
decreased by PG. 

This desirable outcome is not however obtained con- 
sistently. Most clinical investigators have observed quite 
variable effects during inhalation of NO. In some pa- 
tients Pao remains unchanged or declines and in some 

2 

the pulmonary vascular resistance does not respond. It is 
therefore useful to identify what factors determine the de- 
sirable responses to NO. 

One approach is to analyze which of the 
pathophysiologic components of the ARDS illustrated in 
Fig. 11 and 12 are necessary for the effect of NO. This 
analysis is presented in Fig. 13 where the effectiveness of 
the NO treatments is evaluated as the change of arterial 
oxygen content from the untreated state. The data show 
that  a positive oxygen content change is only seen with 
treatment when some constriction in addition to HPV is 
present in small arteries of veins or both. By far the great- 
est effect is seen with constriction of small veins, and 
treatment with NO in that circumstance will reduce pul- 
monary capillary pressure and the tendency to pulmo- 
nary edema simultaneously. 

Before concluding that inhalation of NO will only be 
effective when some additional source of constriction is 
present it is useful to examine Eq. 5 again. For this equa- 
tion subscript 1 now refers to the presence of NO while 
subscript 2 is the untreated state. Treatment will only re- 
sult in a decrease of Cd~ so the arterial oxygen content 
change will only be positive if the second term represent- 
ing the effect of reducing the shunt is greater than the ef- 
fect of worsening the lnSD(Q). The major requirement is 

that NO should reduce the vascular resistance in the ven- 
tilated lung regions so that shunt flow declines but at the 
same time not so reduce the end capillary oxygen as to 
offset the benefit to gas exchange. 

Such conditions will exist when a large volume of 
atelectasis coexist with a moderate lnSD(Q) abnormality 
in the presence of an Fio~ low enough to permit con- 
striction in the ventilated lung. This condition is illustrat- 
ed in Fig. 6 B and demonstrates that NO may indeed im- 
prove oxygenation in patients without additional sources 
of vasoconstriction but the changes will be small and the 
requirement that F~o not be too increased necessitates 

�9 2 

and undesirable degree of hypoxemia. 
This conclusion suggests that the ability of NO to im- 

prove oxygenation should be enhanced when it is com- 
bined with an infused vasoconstrictor. This result is dem- 
onstrated in Fig. 14 where it is shown that a judicious se- 
lection of infused vasoconstrictor can almost double the 
improvement in Pa o while still providing substantial re- . 2 . . 

ductaon of pulmonary artery pressure. A chnlcal trial of 
such a combination is clearly warranted which in fact 
may already have inadvertently been the basis for some 
reported successes with NO. 

Several additional factors may interfere with the effi- 
cacy of NO in patients with ARDS and two of these are 
illustrated in Fig. 15. The first of these (Fig. 15 a, b) is any 
circumstance that results in the reduction or loss of the 
HPV response. Pulmonary infection, septicemia and tox- 
emia, direct lung trauma, lung hyperinflation, alcohol 
and systemic administration of vasodilator drugs are ex- 
amples of common factors associated with reduction of 
the HPV response�9 The second example (Fig. 15c, d) is 
the replacement of actively constricted small pulmonary 
vessels by fibrotic and irreversibly narrowed pulmonary 
vessels a sequence that becomes evident in most patients 
after a week or two of ARDS [16]. In both cases the re- 
sponse are substantially reduced or abolished compared 
to those previously illustrated in Fig. 11. 

Conclusion 

The survival of patients undergoing pulmonary intensive 
care is primarily dependent on the successful manage- 
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Fig. 14a, b. In the condition of aduk respiratory dis- 
tress syndrome the combination of an infused 
vasoconstrictor with inhaled nitric oxide is shown to 
markedly enhance arterial oxygen tension compared to 
treatment with nitric oxide alone. At the same time 
substantial reduction of pulmonary artery pressure is 
observed. See text for discussion. (The inset defines 
the initial conditions) 
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Fig. 15a-d .  Additional factors that reduce the effectiveness of nitric 
oxide treatment in adult respiratory distress syndrome are: Panels a and 
b, loss of HPV, and Panels c and d, small vessel fibrosis so that active 
constriction is replaced by irreversible narrowing. See text for discussion 

ment of pulmonary gas exchange and hemodynamics. 
This brief review has used some new analytical tools to 
evaluate the interactions between gas exchange and pul- 
monary blood flow and has revealed the central role of 
hypoxic pulmonary vasoconstriction. HPV is fundamen- 
tal to efficient gas exchange both due to its homeostatic 
regulation of VA/Q ratios and redirection of blood flow 
from atelectatic regions which would otherwise contrib- 
ute to shunt. Its loss, due to pharmacologic interference 
or endogenous vasoactive mediators, can cause hypox- 
emia. The benefical effects of HPV are lost when con- 
striction is so generalized that redistribution is no longer 
possible, and, in this circumstance, pulmonary artery 
pressures may rise to the point that right heart strain or 
failure results. 

As more information about the specific cell biology 
of these disease states becomes available for therapeutic 
applications the effective use of pharmacologic agents 
will require a more detailed understanding of the state of 
the pulmonary circulation. It is anticipated that analytic 
approaches such as that introduced here may be able to 
contribute to that process. 
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