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AcmE

RESPIRATORY FAILURE

Acute respiratory failure (ARF) is the most frequent reason for admission to pediatric intensive
care units. Simply stated, ARF occurs when the lungs are unable to meet the oxygenatio][1and/or
ventilation demands of the body. Dysfunction anywhere along the respiratory control pat:hway may
cause respiratory failure.
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Although this pathwayis the samein adultsand children, severalspecific anatomic
predispositionsexist which greatly increasethe risk of ARF in neonatesandinfants:
1.
Thoracic Cage -A child's chest cage is less rigid than an adult's, and his ribs are more
horizontally placed. Thus, there is increased chest wall compliance and a lack of the adult-type
"bucket-handle" chest motion during breathing, both of which are disadvantageous.
2.
Airways -Although children's upper airways are large when compared with those:of adults
on a relative basis, their absolute diameters are still quite small. Since airways resistanc,eis
inversely proportional to the fourth power of the radius of the airways (PoisseuleIsLaw), small
changes in their absolute dimensions cause significant increases in airflow resistance. Thus,
pediatricians frequently deal with diseasescausing critical airway compromise such as croup and
epiglottitis, while internists rarely encounter similar problems.
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Alveoli -Alveoli collapse more easily in young children since there is less elastic tissue to
hold them open at low lung volumes when compared with adults. In addition, the number of
alveoli increases continuously from birth until near puberty, so that younger children have less
surface area for gas exchange and less baseline pulmonary reserve than older ones.
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PHYSICAL EXAMINATION
The physical examination in acute respiratory failure is extremely variable; there are ][10signs or
symptoms pathognomonic for ARF. Cyanosis is a very late rmding! Tachypnea, tachy~:;ardiaand
retractions are important, but may just as easily be caused by congestive heart failure or diabetes
mellitus, for example. Alternatively, children may appear relatively stable and not distressed, and
yet have severe blood gas derangements, so objective data from pulse oximeters, blood g:as
measurements, or capnography may be necessary.

If blood gasesare obtained,ARF canbe categorizedinto two maintypes:
Type I:
Low PaOZwith low or normal PaCOZ
Type II:
Low PaOzwith high or rising PaCOZ
Type I patientstypically have significantpulmonaryventilation-perfusionmismatc:hor
pulmonaryshunt; Type II patientshavesuperimposedalveolar hypoventilation(seebelow).
PA THQPJJYSIOLOGY OF ACillE_RESPIRA TORY FAILURE
I. Problems of o~genation
Why do patients become hypoxemic? There are sevenbasic reasons, four of which w(~can
quickly consider and three which warrant closer scrutiny.

Reasonsfor hVRQxemia
1. Decreasedconcentrationof inspired oxygen
2. Intracardiacright-to-left shunt
3. Decreasedcardiac output (especiallywith co-existinglung disease)
4. Diffusion defects
5. Hypoventilation
6. Ventilation-perfusionmismatch
7. Intrapulmonaryshunt
All patients with acute respiratory failure have a decreasedPa02 in room air. When ]receiving
supplemental oxygen, however, a patient may have a relatively "normal" Pa02, but we must take
into account the extra oxygen he/she is receiving. The alveolar gas equation dictates that a
patient's PaO2 should be about six times his/her percent of inhaled oxygen. Thus, a Jpatient
receiving 50% oxygen should normally have a Pa02 of approximately 300 torr. Don't forget,
however, that a patient supposedly getting 40% 02 by mask is probably r(~ally getting 28..30% at the
carina, since he will entrain room air gas through the mask side holes. It is difficult to estimate
FI02 during mask breathing, especially in small children who constantly try to pull the mlaskoff.
Since our ICU is not located atop Mt. Everest, #1 in the list, reduced concentration 4[)finspired
oxygen, is not usually a problem. Numbers 2 and 3 are not pulmonary problems per se, although
they result in hypoxemia. Right-to-left intracardiac shunts direct desaturatedblood into the
systemic circulation. Low cardiac output causesgross desaturation of venous blood retuLrningto
the lungs, since peripheral tissues compensateby hyperextracting oxygen. Still, this is not
frequently a cause of arterial hypoxemia unless the lungs are also abnormal while cardiac output is

low.
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It is commonly thought that diffusion defects ("alveolar/capillary block") occur freqllently.
Somewhat surprisingly, elegant measurementsin people with very sick lungs show that tlue
diffusion defects are rarely clinically significant. Pulmonary edema, fibrosis, and pneumonia may
cause a small functional diffusion barrier, but hypoxemia is still due primarily to ventilati.onperfusion mismatching and/or intrapulmonary shunt (see below).
We now move on to the three reasons for hypoxemia of major interest in this discussi,on.
Hypoventilation causes both reduced oxygen intake and carbon dioxide washout (see following
section, "Reasons For Hypercarbia"), reagardles of the underlying disease. It is often easy to
reverse hypoventilation. For example, simply intubating and ventilating an apneic patient who does
not have intrinsic pulmonary diseasewill do the trick. On the other hand, a "tight" asthnlatic often
has worse blood gases immediately after intubation, and his hypoventilation may be extremely
difficult to fix.

Ventilation-Perfusion RelationsbiRs
Gravity-dependent gradients of both pulmonary perfusion and ventilation exist in the lungs.
These gradients are not evenly matched; the perfusion gradient is steeper. The ratio of thle
gradients, the ventilation-perfusion ratio (V/Q), is 0.8 overall for the normal lung. Ide:~lgas
exchange depends upon matching adequate ventilation with adequateperfusion.

Spectrum of Ventilation-Perfusion RelationshiRs
Id8alftatdl

v

V/O

.0

Stuw

Wal88d
blood'-

~d8d.-

.V/Q -x

Walled _tilatian

At the apex of the diagram is the "ideal" relationship of ventilation and perfusion. As we travel
rightward, we see increasing V /Q ratios (V /Q mismatch), represented by a normally ventilated
alveolus which is receiving less and less blood flow. The most extreme example of this situation
(far right) would be a major pulmonary embolus or ligation of a pulmonary artery. This is a
pictorial representation of wasted ventilation, or "dead space" (to be discussed later). AI'veoli
served by the occluded vessel can no longer participate in gas exchange, so oxygenation will
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obviously be affected. Unfortunately, compensatory hyperventilation of other normal lung units
with room air (PaO2 of approximately 150 torr) cannot improve oxygenation much, since:the
sigmoidal oxyhemoglobin saturation curve is almost flat at this PaO2. In contrast, room-air
hyperventilation of more normal lung regions can compensatefor hypercapnia caused by other areas
of V /Q mismatch (until it becomes overwhelming, seebelow), since the CO2 curve is arnl1ostlinear
in the physiologic range. That is, PaCO2is inversely related to minute ventilation.

As we travel leftward from the apexof the diagram,we are getting into progressivelyworsening
problemswith decreasedV/Q, whereblood flow continuesto increasinglypoorly aeratedalveoli.
Suchventilation-perfusioninequalitiesare the most commonpulmonaryreasonsfor arterial
hypoxemia(pneumonia,asthma,etc.). Whenthe ultimate decreasein V/Q occurs(i.e., ,complete
occlusionof an alveolus or major bronchus,depictedon the far left), we are dealing with
intrapulmonary shunt. Blood perfusing this area will not be oxygenatedat all, in contrastwith
the situation in all lesserdegreesof low V/Q, where alveoli participateto somedegree ill gas
exchange.
The addition of poorly oxygenated blood from areas of very low V /Q to normally ox:ygenated
blood initially mimics true shunt. This shunt-like low V/Q effect can be differentiated from "true
shunt" by the administration of 100 % oxygen. Ultimately, the oxygen tension of all air-c:ontaining
alveoli, even very poorly ventilated ones, will be increased so that significant pulmonary capillary
oxygenation will occur. Then, arterial PaO2 will increase substantially, although admittedly not to
the value expected with normal lungs. In true shunt, all the oxygen in the world won't inc;rease
arterial PaO2 significantly. This is true whether the shunt is at the pulmonary or cardiac level. The
bottom line is that when either type of true shunt occurs, blood never has the opportunity to come in
contact with oxygen from ventilated alveoli, regardless of FIO2.
Now, that wasn't so bad, was it?

Reasonsfor HYRercarbia
A patient's total minute ventilation (VT) is the product of respiratory rate and tidal volume, and
we have been taught that we can correct hypercarbia by manipulation of one or both of these
parameters. However, it is not quite that simple, because not all of the V T goes to efficient gasexchanging alveoli (alveolar ventilation; VA). This is important, because at any given level of CO2
production, arterial PaCO2is inversely proportional to the effective V A' rather than V T. ~rhe
governing relationship is:
VA=Vr-Vo
where Vo is the "dead space", i.e., the amount of "wasted ventilation" each minute.
What comprises V o? First, there is the amount of gas which only reaches larger conducting airways
(trachea, bronchi, and bronchioles) during each breath ("anatomic dead space"). In addition, there
is the amount of gas in each breath which goes to very poorly perfused alveoli (areas of high V /Q
ratio, the "alveolar dead space", which is usually not a significant amount). Normally, tins
combination accounts for approximately 25 % of V r.
It is apparent from the equation above that anything that either reduces V Tor increases V Dwill cause
V A to fall, and thereby result in a rise in PaCO2. This is called "hypoventilation".
For example, a
patient may be apneic after a drug overdose or a seizure; in such extreme examples, both V T and V A
are zero. What may be less obvious is that in many other diseasestates, hypoventilation ,develops
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more insidiously. Patients may try to breathe, but have underlying pathophysiologies that lead to
hypercarbia. Take, for example, illnesses such as asthma, pneumonia, or bronchiolitis. Their
characteristic restrictive and/or obstructive mechanisms initially cause V /Q mismatch (and maybe a
little true shunt), so they are discussed in many textbooks only in sections dealing with h~rpoxemia.
The patient's respirations become shallower and he compensatesby breathing more rapidly to
maintain constant V T. However, if the disease progresses and the V /Q mismatch or sblunt
becomes severe, breaths may become smaller and smaller, with a larger proportion of each one
relegated to the non-gas exchanging upper airways. That is, there is an apparent increa!;e in
anatomic V D as a direct result of the more rapid, shallower breathing. Eventually, thle patient's
ability to compensate with rising respiratory rate fails to keep pace, so VA falls and PaCO'2rises. As
this is happening, the child typically begins to appear much sicker and the PICU gets the proverbial
"heads-up" call becausethe patient looks like "he may poop out".
Besides such dynamic reasons for an increase in V D' some diseases actually incr(~asethe
size of the anatomic dead space. For example, pulmonary emboli prevent blood flow to alveoli
that are still ventilated. In other patients, diseaseslike cystic fibrosis or pneumonia may ,destroy
capillary beds subtending alveoli that are still ventilated.
Hypercarbia can also result from overproduction of CO2, Some patients have so little
pulmonary reserve at baseline that anything that increases their metabolic rate and produc:esmore
CO2 overwhelms them. For example, consider the baby with very bad bronchopulmonar:y dysplasia
(gee
have you ever seenone?). Suppose that he has a compensatedrespiratory acidosis at rest,
and then contracts a febrile illness. As his metabolic rate rises, he tries to blow off the e,ccessCO2,
but he can't and he develops an acute respiratory acidosis. He looks terrible and the PIC'U gets that
phone call. However, if we can reverse his intercurrent diseaseprocess, reduce his fever, and
augment CO2 exhalation with bronchodilators, chest physiotherapy, etc., we may avoid transfer to
the PICU and/or intubation. Such tenuous patients can also develop acute-on-chronic hypercarbia if
they suddenly receive a large carbohydrate load, again becausethey do not have enough reserve to
eliminate the resulting CO2 surge. Finally, in rare, otherwise-normal patients with a specific
genetic predisposition, anesthetic agents may precipitate a condition known as malignant
hyperthermia. A defect in their ability to process calcium in the sarcoplasmic reticulum initiates an
overwhelming increase in metabolism with generation of heat, metabolic acidosis, and CO2,

WHEN TO INTUBATE AND VENTILATE
As you know, we do not intubate and ventilate every patient who violates arbitrary ac'ceptable
levels of oxygenation or CO2 retention. First, we initiate specific therapies and supportive care to
try to reverse the patient's problems, since intubation and mechanical ventilation are frauJ~htwith
danger even if performed adeptly. We use blood gas data in conjunction with physical e~:amination
and clinical experience to decide when to intubate, and once the decision is made, we move quickly
to prevent respiratory arrest.
So, how do we decide when to intubate? It doesn't take a genius to recognize that an apneic
patient must be intubated if effective breathing cannot be quickly restored. What about other
scenarios? Physiological measurementsin the following table help to quantify respiratof)r
insufficiency. These numbers result from years of observation in adult patients, but can be used as
a rough guide in pediatric patients who are able to cooperate in obtaining the measuremeIlts. Some
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ventilators are designed to allow measurementof key parameters after intubation, as well, to help us
decide when to extubate patients.

QUANTIFICATION OF RESPIRATORY INSUFFICIENCY
Measurement

FEV 1 (ml/kg)

Normalvalue;
no treatment

50-60

Moderatelyabnormal;
intenserespiratorycare

Severelyabnormal;
intubation/ventilation

15-25

Vital capacity (VC) is the volume of gas which can be forcefully exhaled after maxinlal
inspiratory effort. The VC is a measure of respiratory reserve influenced by the patient's: state of
consciousness, ability and willingness to cooperate, extent of pulmonary disease, and strength and
coordination of respiratory muscles. This reserve is needed for deep breathing, coughing, and
overcoming airways resistance. When accurately measured, it is probably the best indicator of
mechanical impairment in patients with restrictive disease.
Forced expiratory volume at one second (FEV 1) is helpful in evaluating the effects IDf
bronchodilator therapy in patients with obstructive diseases. It quantifies the volume of :air which
can be forcefully exhaled in one second, beginning at inflation to total lung capacity. It i~)an effortdependent test of limited use in small children.
Inspiratory force reflects neuromuscular strength and respiratory drive and is typically
independent of a patient's state of consciousnessor level of cooperation. By occluding the patient's
airway at end-exhalation, his inspiratory effort can be measured with a manometer. Thi~; parameter
is used to support sequential decisions about intubation in patients with declining respiratory
strength (especially Guillain-Barre syndrome), as well as readiness for extubation. When a patient
can reproducibly inhale with at least minus 25 cm H2O pressure, he probably has enough
respiratory muscle strength to remain, or be, extubated.

To summarizethe absoluteand relative indicationsfor intubationand/ormechanicalventilation:
1. Apnea
Z. Upper airway obstruction
3. Airway control in the comatosepatient
4. Subjectiveor objectiveevidenceof patientfatigue
5. PaOz < 60 torr (90% saturation)in > 60% oxygen
6. PaCOZ> 50 torr with respiratoryacidosis
7. Rapidly rising PaCOz
8. Managementof copious secretions
Even experienced physicians may become anxious when deciding if a patient should be
intubated or extubated. Some patients are intubated without objective data because they seemto be
"tiring out". On the other hand, some patients have very poor blood gases, but we hold off
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becauseexperience tells us that things will turn around soon if we make good management
decisions. Thus, we often practice art, rather than science.
ACUTE HYPOXEMIC

RESPIRATORY

FAILURE

(AHRF)

Many pulmonary diseasescan culminate in acute respiratory failure, and to this point we
have focused on basic pathophysiologic mechanisms rather than specific entities. Howev,er, AHRF
warrants more specific consideration, if for no other reason than the extraordinary amouIlt of
attention it has received in the ICU and laboratory in the last 20 years. In addition, studilesof
AHRF have led to important, far-reaching basic science and clinical observations involving every
other organ system in the body.
In 1967, Ashbaugh and Petty described a cohort of adult patients suffering from severe
hypoxemia after a variety of non-pulmonary insults. The authors named this entity the "j\dult
Respiratory Distress Syndrome" (ARDS), both as a general descriptive term and to differentiate it
from "IRDS", then the nomenclature for the newly-described syndrome of pulmonary insufficiency
in premature infants lacking lung surfactant. The underlying mechanisms of the diseaseswere
thought to be different, even though severe, refractory hypoxemia and hyaline membrane formation
were common to both. With time, ARDS was increasingly reported in adults, attaining .ill
estimated prevalence of 150,000 cases per year. It was not widely appreciated, however, that a
similar syndrome was also being seen in pediatric patients. As this fact became recognizc~d,the
term" Acute Hypoxemic Respiratory Failure" (AHRF) was coined to include both pediatr'ic and
adult casesof hypoxemia resulting from diffuse pulmonary capillary leak. Initially, mortality rates
in both pediatric and adult series of AHRF were as high a&65 %-90 % in some studies. Although
significant advances in patient managementhave been made in recent years, 30-40% of adult
patients still die after developing AHRF.

AHRF exists when a patientdevelopsthe following syndrome:
I. Severe,refractory hypoxemiabeginsfrequently, but not always, after an identifiable
precipitating eventsuchas sepsis,near-drowning,or shock.
2. Alveolar edemaforms as fluid leaks from abnormallypermeablepulmonary capillaries. The
resultantintrapulmonaryshuntcausesthe majority of the hypoxemia.
3. Chestroentgenogramsrevealdiffuse pulmonaryinfiltrates.
4. Cardiac function is normal by history and by demonstrationof normal left ventricular filling
pressures,signifying that the edemais "non-cardiogenic". In adults, a pulmonar~'capillary
wedgepressure(ppw) of ~18 torr is consistentwith this diagnosis. We rarely obtainthese
measurements
in children; we usuallyuseclinical examand CVP measurements.
PATHOLOGY OF AHRF
The resultant pathological and physiological lung changesare similar among patients,
regardless of the inciting event. In the early "exudative phase", edema accumulates and 1helungs
become heavy and palpably crepitant. Architectural changes known as "diffuse alveolar damage"
are present. Destruction of alveolar Type I and Type II epithelial cells occurs, along Witll varying
abnormalities of the pulmonary micr~vascular endothelium and basementmembrane. Th~~
pulmonary interstitium and alveoli sequentially fill with edema fluid and blood cells. Thf:
proteinaceous fluid and cellular debris agglomerate to form hyaline membranes. The exudative
phase lasts for one to several days, after which the reparative "proliferative" phase begin:s.
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Hyperplasia of epithelial Type II pneumocytes occurs, but these cells are often structuraIJlyabnormal
and do not secrete surfactant normally. Fibroblasts are seen in the widened alveolar walls and
organizing hyaline membranes. This phase typically lasts for several weeks; if resolution of the
lung damage does not occur, severe fibrosis and restrictive lung disease may ensue.

PATHOPHYSIOLOGY OF AHRF
After the triggering insult, intravascular substancesleak into the lung interstitium through the
damaged alveolar-capillary membrane. The forces governing the formation of edema in 1theearly
stagesof AHRF are summarized in the Starling equation seen at the bottom of this schem,atic

diagram:

Edema Flow =[ (Pmv-Pis)

-(1Tmv-1Tis)

0'"]Kf

In this equation, Kf is the filtration coefficient across the microvascular barrier which
embodies the number and size of capillary pores, etc. PInv and Pis are the capillary and interstitial
hydrostatic (water) pressures, respectively. The term {J is the protein reflection coefficieJtlt which
quantifies the ability of the capillary membrane to retain proteins within its lumen (a valule of 1.0
indicates total impermeability to proteins). Normal values range from 0.75 to 0.9 for the pulmonary
capillary endothelial barrier and approach 1.0 for the alveolar epithelium. The terms nmv and nis
are the corresponding oncotic pressures of the capillary blood and lung interstitium. Normally, the
quantity (PInv -Pis) is slightly larger than (nmv -nis), dictating that a small amount of interstitial
edema constantly forms. The lymphatics of healthy lungs easily cope with this fluid and lthe lungs
stay dry.
When damage to the pulmonary epithelial and endothelial structures occurs, edema fo:rms as
both 0"falls towards zero and Kf increases. This edema is rich in protein, with a total concentration
very close to that of plasma. At first, pulmonary lymphatics are able to drain this excess,fluid from
the interstitium. However, if edema formation becomes excessive, the lymphatics become
overwhelmed and fluid begins to spillover into the alveoli.
Alveolar edema causesdecreasedlung compliance and abnormalities of gas exchaJlge. When
it becomes significant, little improvement in systemic oxygenation is seen with the adminiistration of
inhaled oxygen by mask. This clinical observation corroborates laboratory data which shows that
the hypoxemia in these patients is due primarily to intrapulmonary shunting, as depicted in the
following figure, in combination with severe ventilation-perfusion mismatching (which affects
gas exchange much like pure shunt... .hopefully, you remember our discussion of these topics
earlier in this manuscript!). By the way, edema itself is not the only cause of shunt in AHRF.
Pulmonary surfactant normally stabilizes alveoli and maintains functional residual capacity, but
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damagedType II pneumocytesdo not secretenormal surfactant,if they do so at all. In addition, the
proteinsin edemafluid immediatelyinactivateany surfactantalreadyexisting in the lung. These
eventspromote alveolar collapseand aggravateintrapulmonaryshunting.

In this two-compartment schematic representation of the lung, alveolar edema does not allow any
ventilation of the lung unit on the right, yet capillary blood flow continues to both units. In this
hypothetical example the shunt fraction (Qs/Qt) is 50%. The alveolar gas equation indicates that the
administration of 100% oxygen results an alveolar PO2 of approximately 650 torr in the left
compartment, so that the oxygen content of the blood leaving this alveolus is 22 mIldl (this is the .
sum of oxygen bound to hemoglobin and oxygen dissolved in the plasma.. .as discussed in another
of our tutorials that you should have read by now). Since no ventilation of the right alveolus
occurs, the blood leaving this unit still has the same oxygen content as the incoming mixed venous
blood. At a normal mixed venous PO2 of 40 torr, this content is 15 mI/dl. The net resultant (i.e.,
averaged) pulmonary venous content is 18.5 mIldl, corresponding with the systemic PaO~~of 60 torr
you would find from an arterial blood gas determination. It is clear that if' nothing is done to
reverse the shunt configuration of the alveolus on the right, high fractions of inspired oxygen can do
little to improve the patient's overall hypoxemia. No gas can get in or out. Period.
The figures below can be used to corroborate this statementand then make another important
point. On the left we see a plot that defmes the relationship of the PaO2 from the arterial blood gas
and the inspired oxygen concentration at various levels of intrapulmonary shunt. It is ob,'ious that a
patient with moderate shunt (10%) will have rather large increases in PaO2 as you give h:im more
oxygen to breathe by facemask. This is what happens with every routine asthmatic or bronchiolitic
patient you see in the Emergency Room. That is becausethey have a little shunt and a 101t
of
ventilation/perfusion mismatch. In stark contrast, check out what happens when you give: a lot of
oxygen to someone with 50% shunt, as in our example above. His PaO2 is practically unchanged
when breathing 100% oxygen. "Then what's the use of even trying?" you ask. The plot on the
right gives us the answer. This one shows the relationship of the amount of inspired oxy~~en
concentration with the arterial oxygen content (rather than PaOv at varying levels of shlllnt.
Recall from earlier in this discussion that arterial oxygen content is the sum of the oxygen bound to
hemoglobin and that dissolved in plasma. When you first encounter a patient with signifilcant shunt,
his PaO2 may be in the range of 40-60 torr, where the oxyhemoglobin saturation curve is very
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Recall again that it is the oxygen content, and not just the PaO2, which is multiplied by the
cardiac output to obtain the total oxygen delivery to the tissues. The bottom line is that you should
always acutely administer 100% oxygen to AHRF patients to obtain as big an increase in oxygen
content as you can as you decide what therapies are needednext. You will have done the patient a
favor, even though the arterial blood gas you get back may not show a whopping increase in PaO2.

BASIC SUPPORTIVE THERAPIES FOR AHRF
Supplemental oxygen
Although all patients with AHRF require increased concentrations of inspired oxygen, the
predominance of shunt makes this therapy insufficient by itself. Positive pressure ventilat:ion (see
following section) becomes necessary, Unfortunately, prolonged use of high concentratio]1lSof
oxygen is itself toxic to the lungs by mechanisms including absorption atelectasis, free radicalgenerated membrane damage, and inhibition of new surfactant generation. Normal rats ge:ntly
ventilated with 100% oxygen for approximately 3 days drop dead from a relentless pulmonary
capillary leak syndrome that develops. Luckily, we rarely ventilate rats in our PICU (Please! No
bad jokes here!). While humans do not succumb to oxygen toxicity as readily as rats do, j! is
probably good form to adopt a "less is better" attitude without focusing unduly on a mystilcal target
maximum FIO2, Make a decision about the oxygen saturation you will accept and titrate I~IO2

accordingly,
Positive end-expiratory pressure (PEEP)
We can generateend-expiratorypressurein patientsnon-invasivelywith maskBiPJ\P (bilevel positive airway pressure),or with intubationandpressurizedsupport. Adequateend.-
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expiratory pressure prevents alveolar pressure from falling below the level necessaryto IJtlaintain
airspace patency at end-exhalation. This is accompanied by redistribution of edema out ,of the
alveoli and into the interstitium. The amount of edema is unchanged, but it interferes mulch less
with gas exchange when pushed out of the alveoli. Increments in PEEP also directly increase mean
airway pressure, the parameter most closely correlated with systemic oxygenation.

Lung inflation curves for normal and edematousstates are shown on this graph of lun:g volume
(expressed as percent of total lung capacity) vs. airway pressure. Normally, lung inflation occurs
easily with modest increases in airway pressure along the top curve. That is, compliance (il V/ilP)
is high (approximately 60 ml/cm H2O; top bold bar). When pulmonary edema forms, in~~piratory
tidal volume has accessto fewer alveoli due to airspace flooding. The compression of tht~same
tidal volume into fewer alveoli causesa large increase in the measured airway pressure, i,e., there is
decreasedcompliance (ilV/ilP is smaller; bottom bold bar). Keep in mind that the tidal "/olume
defined by the bold bars is the same in both cases. When very large pressures are reacheld(40 cm
H2O in this example), a sudden increment in volume occurs as edema fluid redistributes 1:romthe
alveoli into the interstitial space (dotted line). As airway pressure falls back to zero with exhalation,
alveolar reflooding quickly occurs and a large peak pressure is again needed to reinflate tJl1elung
with the next breath. Mechanical ventilation in this manner repeatedly subjects the airwclYs to
excessive shear forces and augments lung damage (we will discuss this critical concept la1:erin this
chapter). In contrast, when PEEP is applied, alveolar patency is maintained throughout tllle
respiratory cycle such that tidal volume is distributed to more airspaces, compliance is in(;reased
towards normal, and both peak airway pressures and ventilator-induced lung injury are reduced
(middle bold line).
Regardless of the mechanisms involved, if PEEP were shown to either prevent AHRF in
susceptible patients or alter the course of syndrome once it began, it might be the end of the
therapeutic story. Unfortunately, neither is the case. PEEP does not prevent clinical AHRF in
patients at risk for the syndrome, and it does not truly reverse any of the underlying pulmlonary
derangements once AHRF is established. In addition, the utilization of PEEP is not risk-:free. For
example, pneumothoraces may occur. PEEP is also known to have significant effects on the
cardiovascular system, and it is these considerations that probably generate the majority (J~f
the
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controversy surrounding its use. Cardiac output may fall when high levels of PEEP are used,
although they are usually well tolerated in pediatric patients until very high levels are used (> 15 cm
H2O). At least two mechanisms for this phenomenon may be operative. First, PEEP dl~presses
venous return to the right side of the heart when the attendant increase in intrathoracic pressure
compressesthe highly compliant right atrium and vena cavae. Second, this increase in intrathoracic
pressure also represents an increment in afterload for the right ventricle. If the right ven1:ricleis
critically compromised, a leftward shift in the cardiac intraventricular septum may occur, which
encroaches upon the left ventricle and reduces its compliance and output.

AN INTEGRATED APPROACH TO AHRF
Whenever possible, we identify a triggering process for AHRF and begin treating it as soon
as we can. In addition, we try to:
1. Minimize edema formation after we assumecare of the patient;
2. Devise a ventilation strategy which reduces the risk of iatrogenic lung injury.
Minimizing edema formation
You may have heard someone say, "A dry lung is a happy lung!" To the extent tlilat this is
true, is there any way we can limit the amount of edema that forms after we initially stabillize a
patient with AHRF? Inferences from the Starling equation have allowed potential strategiiesfor
edema reduction to be proposed and tested. During AHRF, Kf increasesdramatically. This
coefficient is a function of capillary properties which are, unfortunately, not directly "fixable".
Although the protein reflection coefficient (0') falls as capillary leak occurs, one might thc~oretically
still be able to increase plasma oncotic pressure to re-create an oncotic gradient favoring Jresorption
of interstitial and/or alveolar fluid into the capillary lumen. Unfortunately, lab experiments and
clinical experience have not shown this to be very helpful. However, other studies have c~learly
shown that reductions of total body water or vascular volume (i.e., decreased PInv) miniInize edema
formation, which, in turn, leads to earlier improvements in oxygenation, decreased length of
mechanical ventilator support, and possibly even improved survival. However, we must be careful
not to overdo things. If we are too aggressive, the combination of reduction of intravascular volume
and application of necessary PEEP may synergistically depress cardiac output below acceptable

levels.
Mechanical ventilation strategies
In the earlier section about PEEP, we mentioned the concept of ventilation-induceld lung
injury in passing. What's this all about? In the past, physicians often initiated mechanicall
ventilation for patients with AHRF with tidal volumes of 10-15 ml/kg. Gjven that normal
spontaneoustidal volumes are 5-7 ml/kg, why did they do this? These were the tidal volumes they
were accustomed to using in patients with normal lungs (since peak inspiratory pressures in normal
patients weren't very high with these tidal volumes, no one thought they were detrimentaJl). In
patients with stiff lungs from AHRF, the larger volumes subjectively moved the patients' chests and
resulted in relatively normal PaCO2's. The high peak inspiratory pressures (PIP) that re:~ultedwere
often accepted as the cost of doing business when trying to reach these endpoints. It was not
appreciated at the time that normal arterial blood gaseswere unnecessary, and sometimes
counterproductive, clinical goals.
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Recent studies have focused on the effects of large tidal volumes and airway press:ureson
lung function and architecture per se. In normal animals and patients with AHRF, ventilation with
high PIP (> 30 cm H2O) is associated with augmented lung damage and pulmonary dysfumction.
These adverse effects, along with interstitial emphysemaand pneumothoraces that may oc:;cur,have
long been called "barotrauma".
Is it pressure per se that is the culprit? To answer thi~;question,
normal rats were chronically ventilated to PIP of 30 cm H2O (i.e. total lung capacity). A.s a result,
their lungs were severely damaged. Another group of rats had their chests strapped in su.cha way
as to grossly limit chest wall excursions with ventilation. Thus, while they also reached PIP of 30
cm H2O with each breath, much smaller gas less volumes were pushed into their lungs to attain this
pressure. This group had far less lung damagethan the first group. In a study of patients with
AHRF, chest C. T .' s before application of PEEP showed that only about 1/3 of the lungs were
aerated. It is easy to imagine that pushing 10-15 ml/kg into these "baby lungs" would cause
excessive inflation of the small available alveolar surface area. Taken together, these ancl other
studies led to the concept of "volutrauma".
A landmark study in adult ARDS patients in 2000
showed a significant reduction in mortality when patients were ventilated with tidal volunles of 6
ml/kg, rather than 12 ml/kg in a control group. Again, the concept of "less is better" se(:msto

apply.
But it's even more complicated than that! Most mortalities in patients with AHRF1 occur as a
result of multiple organ failures, not just relentless lung disease. Why does this happen? We now
know that stressed lung cells release a number of pro inflammatory cytokines into the circulation. It
appears that these cytokines are responsible for the initiation of multiple organ failures in patients
with AHRF, leading to the appellation "biotrauma".
Thus, it seems that anything we can do to
ventilate patients in a kinder, gentler fashion (i.e, using lower pressures and volumes to avoid
overstretching of lung cells) may be beneficial.
So, practically speaking, what should we do at the bedside? We typically start BiJPAPor
intubate and ventilate patients early to rest fatiguing respiratory muscles and allow the boldy to
divert blood flow to vital organs. PEEP of 5-10 cm H2O is empirically selected and relatively
small tidal volumes (8-10 ml/kg) are initially used. As with any other patient, we then ob:servechest
excursions, pulse oximetry values, and peak inspiratory pressures on the ventilator to see what we
have immediately wrought. If things are going well (surprise!! they sometimesdo! I), we can add
capnography and/or arterial blood gas data to [me-tune our selection of ventilator paramelters. If the
patient maintains oxygen saturation L90% with an adequatecirculating hemoglobin concentration
(12-15 gm/dl), the FI02 is slowly reduced to "non-toxic" levels, as tolerated. If the patie:nt remains
unacceptably hypoxemic, PEEP is increased in increments of 2-5 cm H2O and we evaluate each
step's efficacy in terms of its impact on arterial saturation, lung mechanics, and airway pressures.
Any apparent adverse effects on cardiac output are initially addressedwith small amount~,of
intravenous fluids. If necessary, this is followed by the addition of inotropic support rather than
simply continuing large intravenous fluid infusions, in the hope of minimizing ongoing eclema
formation. We continue to seekthe lowest cardiac filling pressures associated with adequLate
systemic oxygen delivery (judged by physical exam, lack of metabolic acidosis, normal it)' of venous
oxygenation, and other parameters) in the face of the required level of PEEP needed to maintain
adequate oxygen saturation.
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What is an "acceptable" blood gas result? As stated previously, we no longer believe that it
is necessaryto strive for near-normal values, especially in severe cases. The concept of
"permissive hypercapnia" arose from our desire to be less aggressive with mechanical ventilation.
We acknowledge that it is reasonable to limit inspired oxygen concentration and airway pressures
and to accept relatively low PaOz's and high PCOz's, all in the name of reducing ventilator-induced
lung injury. While it may make you a little nervous to look up at the monitor and see an oxygen
saturation of 88 %-92 %, or get an arterial blood gas result with a PCOz of 70 torr and a
corresponding pH of 7.16, ask yourself: "Are any of these values harmful in and of themselves?"
The answer is "no". In fact, several very recent studies have shown that patients will
usually tolerate severe hypercapnia with PCO2as high as 100 torr, and respiratory acidosis with pH
around 7.00, without much difficulty. In fact, hypercapnia per se has been shown to be
"protective" (and therefore, perhaps even "therapeutic") by reducing eventual injury in !;everal
models. For once, perhaps "more is better".

WHAT'S ON THE HORIZON FOR THE TREATMENT OF AHRF?
Just as there is no single initiator of AHRF, there no specific" cure" .The treatment ,strategies
enumerated above are simply supportive treatments (PEEP; supplemental oxygen; various
ventilation modes) and generic methods to combat the ongoing pathophysiology (minimize edema
formation). Investigators have begun to examine other supportive methods and new pharmacologic
therapies. A summary statementcan be made about each of the brief discussions of new potential
therapies for AHRF that follows: it is early in our experience with each modality, and ongoing
research will hopefully shed important light on its clinical utility in the near futUre.
1. Exogenous surfactant replacement therapy
Normally, pulmonary surfactant prevents airspace collapse at low lung volumes by significantly
reducing alveolar surface tension. Since surfactant formation and function are both aclversely
affected during capillary leak states, it is plausible that replacement therapy would be beneficial,
just as it is for the respiratory distress syndrome (RDS) of the premature newborn wh4~re
surfactant deficiency is the underlying primary pathophysiology. Early laboratory and clinical
studies were not definitive. The major problem in deciphering all the available data is that many
different types of surfactant, routes of administration, and models of capillary leak had been
studied. At the present time, data from a randomized, blinded, placebo-controlled multicenter
trial of surfactant therapy for pediatric patients with AHRF are being analyzed. Even if the
results are positive, it is unlikely that surfactant will be considered a "magic bullet" for AHRF.
2. Nitric oxide (NO)
Nitric oxide is a critical regulator of vascular tone in both normal and pathological states.
Normally, "constitutive" NO is formed in endothelial cells, where it produces cyclic GMP and, in
turn, leads to vascular dilation. After many types of injuries or infections, another type of
"inducible" NO is formed when various cytokines affect smooth muscle cells, endothelial cells, and
macrophages. This form of NO is thought to playa role in the generation of AHRF and multiple
organ failures in sepsis and AHRF.

In AHRF, the predominantpathophysiologies
are increasedpulmonaryvascularresistance
and shunt, as well as severeventilation/perfusionmismatching.A phenomenonknown as hypoxic
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pulmonary vasoconstriction occurs in the vessels that subtend diseasedalveoli. In effec:t, the lung
tries to divert blood away from both completely airless and poorly ventilated alveoli, and towards
more normal ones. It makes sense for the lung to try to send blood where it can participate better in
gas exchange, right? It was postulated that inhaled NO could gain accessto ventilated a][veoli,
where it would dilate local vessels and therefore improve matching of blood flow with relatively
normal airspaces. Several clinical studies of patients with AHRF have shown improved ~~as
exchange and reductions in pulmonary artery pressures with NO administration. While the
increases in oxygenation may not be large, patients have frequently improved enough to ~~etthem
temporarily out of severe danger. It is still unclear whether NO therapy will have a lasting impact
on morbidity or mortality rates.
3. Extracorporeal membrane oxygenation (ECMO)
An ECMO system gives the patient the ultimate "out-of-body" experience! The extracorporeal
circuit effectively supplies an artificial lung, so that the patient's mechanical ventilator parameters
can be turned way down to let the lungs rest and heal. Blood is withdrawn by a mechanil:;alpump
through a large-bore catheter in the right atrium, passesthrough a filter that allows CO2 removal
and oxygenation, and back into the body into either the central venous system (veno-venolus ECMO)
or the proximal aorta (veno-arterial ECMO). It has been successfully used to treat a varil~ty of
illnesses associated with pulmonary insufficiency in newborns. In the late 1970's, an Nllisponsored multicenter study of the effectiveness of ECMO in adults with severe respiratory failure
was undertaken. Results were very disappointing, and the authors concluded that ECMO was not
beneficial for the treatment of acute respiratory failure. Although this report quelled muc:hof the
clinical and laboratory interest in ECMO therapy for years, it was subsequentlycriticized for
several reasons. First, the majority of emolled patients had pneumonia, so that AHRF may not
have been the underlying pathophysiology. Even if AHRF were present, about half of thl~ ECMO
patients had been conventionally ventilated for several days or more, so they had probabl:y
progressed into the proliferative stage of disease, when any added therapy might have failed to have
an incremental effect. With these confounding variables in mind, a renewed interest in ECMO

arose.
More recent reports from Europe suggestedthat veno-veno ECMO (they called it "ECCO2R",
or "extracorporeal CO2 removal") improved survival rates to over 40% in adult patients with
AHRF. These results prompted another NIH-sponsored study utilizing ECCO2R in AHBP patients,
and a similar 40% survival rate was attained. However, this was the same mortality rate found in
the control group which received only aggressive, but careful, conventional mechanical v,entilation
according to a strict protocol. There is relevant data in children. By 1992, experience ~/ith more
than 300 pediatric patients who had undergone ECMO for "respiratory failure" had been reported to
the Extracorporeal Life Support Organization (ELSO) registry. Among these patients w~~re82 with
" AHRF". These patients were very sick: they all were receiving> 90 % oxygen, and had mean
airway pressures of ~25 cm H2O and PEEP of ~ 11 cm H2O when ECMO was instituted. The
patients required an average of 10 days of ECMO therapy, followed by a week of conventional
mechanical ventilation before extubation. The overall survival rate in these children was 41 % .Do
you get the feeling that you have heard this number before
? It is therefore very hard to be
definitive about the efficacy of a therapy as invasive as ECMO in the treatment of AHRF.
However, as we have become more adept at treating these patients with conventional or oscillating
ventilation, fewer patients have reached the point at which we would consider using it.

