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Respiratory insufficiency that occurs following a traumatic injury is 
due to both mechanical and physiological disruption of pulmonary integ­
rity. Although an overall decrease in pulmonary compliance (Ll V/ Ll P) is 
a component of acute lung injury (ALI) and the acute respiratory distress 
syndrome (ARDS) *, this may not be a homogeneous process. Changes in 
compliance may actually occur at varying degrees throughout the lung 
parenchyma in a heterogeneous fashion. Attempting to open or "recruit" 
collapsed alveoli widlOut causing lung iftiury by overdistention or stretch 
of alveoli with more normal compliance remains a clinical challenge. 
Airway pressure release ventilation (APRV) is a ventilator mode that in­
corporates features that optimize the spectrum of alveolar mechanics 
present in ARDS/ALI. In the past, the focus on ventilator support was on 
confornling the patient to the ventilator; alternatively, APRV accommo­
dates dle patient's breathing pattern and superimposes ventilation onto a 
pressure framework to support spontaneous breathing,I-3 and thereby 
conforms the ventilator to the patient. APRV differs from other modes of 
positive-pressure ventilation in that it delivers a continuous positive airway 
pressure (CPAP) that releases periodically to augment CO2 exchange. 
The patient's breathing is spontaneous and unrestricted throughout the 
entire ventilator cycle, allowing infinite inspiratory/expiratory ratios. 
Studies have shown that APRV can augment ventilation with lower pul­
monary artery pressures and improved efficiency compared to traditional 
modes of ventilatory support; these elements may reduce the risk of ven­
tilator-associated lung injury while improving oxygenation. After a brief 

·ALI and ARDS as referred to in this text are as defined by the American-European Consensus Con­
ference on ARDS, Barcelona, September 2000. (personal correspondence. Dr. Roy Brower, pankipant) 
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review of the incidence and outcome of traumatic ARDS, we will present 
basic concepts of ventilator management "vith APRV and then will address 
the use of APRV in the patient ...vith respiratory failure secondary to 
trauma. 

• ARDS Following Traumatic Injury 

The incidence of ARDS in the general population has been estimated 
to be 6.9_18%,4-6 while the incidence in the trauma population is re­
ported to be 12-39%.7 Despite advances in technology and treatment 
(i.e., new ventilator modes, noninvasive ventilation, intermittent prone 
positioning, extracorporeal support) and the implementation of new 
dmg therapies (i.e., steroids, surfactant, liquid ventilation, nitric oxide, 
an tibiotics), the mortality from this disease has not changed appreciably 
in the past several decades.!!,9 To date, the largest prospective, randomized 
published study to show a significant decrease in mortality in ALIIARDS 
is the multicenter ARDSnet tIial, which demonstrated a mortality of 31 % 
in patients treated with low tidal volumes (6 mL/kg) versus 39.8% in those 
randomized to "traditional" tidal volume (12 mL/kg) ventilation (P == 
.007).10 Enrollment was stopped after 861 patients due to the significant 
difference in mortality. There is some evidence to suggest that an inte­
grated aPftroach, incorporating several modalities, may actually improve 
outcome, 1,12 but larger prospective, randomized trials are needed. It also 
appears that there may be a lower mortality from ARDS in trauma patients 
than in nontrauma patients with the disease. 8 

•
9

,13 

While most authors do not separate traumatic from nontraumatic 
etiologies when analyzing their data-which makes defining the incidence 
of ARDS secondary to trauma complex-a few recently published studies 
have done so. In addition, it may be important to differentiate between 
early and late ARDS, as they seem to be two distinct clinical entities.9 Early 
ARDS «48 hours after admission) has been characterized by hemorrhagic 
shock and capillary leak, while late ARDS (>48 hours after admission) 
follows pneumonia and is associated with multiple organ system failure. 
Of the risk factors identified as independent variables associated with 
subsequent development of ARDS, most are present early follo'tving 
trauma, a few develop later in the hospital course, and others may occur 
at any time during hospitalization (Table 1). Analysis is made problematic 
by the fact that many trauma patients have multiple risk factors and it is 
therefore more difficult to accurately predict the chance of developing 
severe respiratory failure in any given patient. 

In a prospective trial that followed 3,289 trauma patients from admis­
sion, those who developed ARDS were compal'ed to those who did l1ot. 14 

The variables shown to be significant dsk factors by logistic regression 
analysis were Injury Severity Score more than 16, Trauma Score less than 
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Table I. Risk Factors for ARDS 

Early Late 

Pulmonary contusion Pneumonia 
Fractures Sepsis 
Near-drowning Disseminated intravascular coagulation 
Smoke inhalation 
Injul)' severity score >16 
Trauma score <13 
Metabolic acidosis 011 admission 
Blunt mechanism of iqjul)' 
Shock 
Multiple transfusions 
Gastric aspiration 
SurgelY to the head 

13, surgery to the head, and blunt mechanism of injury. In addition to 
these variables, a more recent publication demonstrated that the degree 
of metabolic acidosis on presentation (base deficit -8.85 vs. -5.65, P < .01) 
predicts development of ALI. 15 Previous studies have shown inconsistent 
findings with respect to base deficit, lactate, pH, and serum bicarbonate 
concentration on admission in multiply injured patients. 16--18 A later trial 
demonstrated that the Pao2/Fio2 ratio on the third, fifth, and seventh days 
post-ARDS, high-volume resuscitation, APACHE III score, and the devel­
opment of multisystem organ failure were independent variables that 
were associated with an increase in mortality in victims of trauma. 19 

• Pathophysiology 

DUling the initial stages of ARDS, increased capillary penneability 
results in lung edema. Positive pressure must exceed the sum of the 
superimposed hydrostatic pressure and the threshold opening pressure to 
reopen lung units. Following the initial phase of injury, alveolar edema 
becomes organized and is replaced by fibrinous material. Recruitment 
maneuvers to open collapsed alveoli become less effective as the response 
to pressure increases on the ventilator begin to favor overdistention. 
Therefore, complete lung recruitment needs to be instituted early in the 
course of respiratory failure. 

Overdistention creates dead space. Progressive overdistention initiates 
capillary compression and blood flow is redistributed to less ventilated 
regions, aggravating hypoxemia (Fig. 1). Recruitment of lung tissue re­
quires sufficient ailway pressures to exceed the threshold (critical) open­
ing pressure of the airspaces. Lung recruitment also requires time in 
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Figure 1. (a) Nondef.iendent alveolus overdislended (VIQ> 11. (b) 
c WQ = 1. (c) dependent, collapsed alveolus (VIQ < 1). 

addition to threshold opening pressure. As this pressure is reached and 
maintained, time allows redistribution of delivered gas volume (Fig. 2). 

Ideally, mechanical ventilation should achieve complete alveolar re­
cruitment, optimizing intrapulmonary gas distribution and nan'owing 
time constant discrepancies. Ideal ventilator management should distrib­
ute pressure and volume to dependent and nondependent regions pro­
portionally. Continuous rather than intemlittent short bursts of high air­
way pressure minimize out-of-phase inflation of lung regions with 
different time constants. Inflation pressure should be internlpted mini­
mally in frequency and duration. APRVallows continuous ailway pressure, 
providing sustained recmitment, once threshold opening pressures are 
exceeded and maintained. The use of APRV also provides greater surface 
area for gas exchange. At least one study using multiple inert gas tech­
niqueshas documented reduced shunt and dead space ventilation during 
APRV.20 
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Figure 2. Distribution o.!volume (Pressure)
 
over time between pores oj Kohn, channell oj
 
Lambert, and channels oj Martin.
 

• Basic Concepts of APRV 

The distinguishing characteristic of APRV is that augmented ventila­
tion is accomplished by passive lung deflation fi'om the higher volume 
established by CPAP. An intennittent decrease rather than an increase in 
airway pressure and lung volumes means that peak airway pressure in 
APRV never exceeds the set CPAP level (P HIGH or PI)' APRV is a pressure­
limited, time-cycled, time-initiated, volume-variable mode of ventilation 
that limits peak airway pressure but unlike traditional pressure-control 
modes allows spontaneous breathing to occur throughout the entire ven­
tilator cycle. One of the basic concepts to understand with APRV is that 
rather than the ventilator delivering gas flow to initiate inspiration, and 
then allowing passive expiration to occur by the opening of an expiratory 
valve, gas flow at 90 to 100 L/min is available continuously due to the 
"floating" valve. PHiGH and the CPAP level are maintained through the use 
of this threshold resistor valve, which pennits spontaneous breathing. 
Oxygenation is achieved by maintaining mean airway pressure (PAW) with 
CPAP, and ventilation by the release of the continuous pressure level to 
PLOW (or P2); this solenoid release valve attains the fully open or closed 
position within 10 msec. So rather than thinking in tenns of inspiration 
and expiration, APRV fundamentally is CPAP ,"lith release. The patient 
continues his or her own inspiratory/expiratory ratio at both levels of 
support (Fig. 3a). It is as if the traditional positive-pressure ventilation 
pressure wavefonn has been inverted (Fig. 3b) wit.h the addition of spon­
taneous breathing throughout. Because t.he release period typically com­
prises only abou t 30% of the ventilatOIy cycle and is much shorter than the 
expiratory time achieved wit.h conventional ventilatory techniques, air­
space closure is minimized, preserving end expiratory lung volumes and 
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alveolar recruitment established during the CPAP (PI) level. An estimate 
of mean airway pressure is determined by the set pressures and their 
duration: 

(PI x T 1) + (P2 x T 2) 

PAW = (T1 + T2) 

In diseased lungs, traditional mechanical ventilation utilizes positive end­
expiratory pressure (PEEP) to maintain functional residual capacity 
(FRC). Subsequent tidal ventilation increases lung volume above FRC. 
During APRV, lung volume and FRC have been restored by the CPAP level 
(PI) and lung volume falls to provide exhalation and CO2 removal. Con­
ceptually, the CPAP level is limited to the upper inflection point, achiev­
ing complete recruitment and releasing airway pressure briefly for venti­
lation, thus limiting the risk of overdistention and high-volume lung 
injury (baro/volutraurna). Alveolar col1apse or "derecruitment" 
and low-volume lung i~jury are limited as the duration of the release 
is brief to maintain end-expiratory lung volume. Worsening of 
ventilation/perfusion (V/Q) mismatch has not been borne out in clinical 
trials. I.3.21 

• Management Techniques 

APRV is a recruiting mode because it maintains a constant pressure to 
overcome the closing forces superimposed on the lungs. Application of 
CPAP decreases the work of breathing in patient.<; \vith decreased FRC and 
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may unload inspiratory muscles.22 By limiting T2 to a short release time 
(<1 sec), end-expiratory lung volume is maintained, preventing collapse 
of dependent lung units. Because of an improved FRC (greater surface 
area for gas exchange), CO2 clearance is enhanced. 

Initial descriptions of settings for APRV suggested an expiratory time 
(T2 ) of 1.5 seconds.21 

-
24 This was due to the finding that after 1 sec, 

complete emptying of the lung occurs and that after 2 secs, airway pres­
sure remained stable but no further pressure left the lungs. Many of the 
early trials were done in patients with relatively normal pulmonary com­
pliance or ALI only. In the patien t with ARDS, a decreased compliance, by 
definition, shifts the pressure-volume (PV) curve to the right, and adjust­
ments are needed to maintain ventilation on the optimal area ofthe curve 
(without causing overdistention "high-volume" lung injury, or alveolar 
collapse and "low-volume" lung injury secondary to shear force stress) 
(Fig. 4). As compliance decreases with worsening ARDS (or any restrictive 
disease), elastic recoil increases, resulting in an increase in expiratory flow 
rate; T 2 will need to be shortened to prevent complete emptying of the 
lungs. In this way, a short T2 will ensure that the critical closing pressure 
of the alveoli is exceeded, maintaining end-expiratory lung volume.25 By 
viewing the flow/time waveform on the ventilator screen, T 2 can be set 
before cessation of expiratory flow; by shortening T2 below this point, the 
solenoid valve closes before the end of complete lung emptying and main­
tains a higher mean airway pressure (Fig. 5). Adequate expiratory time is 
determined by the expiratory time constant of the patient's lung/thorax 
(defined as the product of compliance times resistance). When lung com­
pliance is low, a shorter release time is needed. 26 

Many studies have shown higher Pao2 and lower Paco2 at similar 
minute ventilation (VE ) with APRV. Because of the maintenance of a 
CPAP level above the critical opening pressure, the mean airway pressure 
pattern of APRV may effect more uniform disuibution of gas in injured 
lungs (see Fig. 2). Pores of Kohn, channels of Lambert, and channels of 
Martin allow gas distribution to occur between alveoli with differing time 

ARDS 

-_! 
~ 

---T~-

.1L:'~p~ 

Figure 4. Pressure--l10{UlIle cume (leJ!) lind pressure--7 lolulIle cume (right) demonstrating llreas at 
Tisll %verdistenlion injury (above 1~pper in)leclion point) and shem' injury (below (ower illJlectian 
point). 
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Figure 5. Inspirator), and expiratmy flow patterns without ai,- trapping (left) with exjJimtory
 
flow to zero; and with air trapping (011 light) as dl'.sil1'd on ainvay pressure release ventilation.
 

constants. Sustaining P I for a significant time ""rill allow this phenomenon 
to take place. In addition, spontaneous breathing may improve the distri­
bution of ventilation, enhancing dependent lung recruitment. 

"Lower mean Paco2 during APRV may be secondary to decreased 
deadspace. The longer TJNSP (TJ ) during APRV may have enhanced dis­
tribution of inspired gas and thus promoted a lower Paco2 at the same 
VE.,,27 In a study comparing V/Q distribution between intermittent man­
datory ventilation; pressure support ventilation, and APRV, Paco2 was 
similar in patients on APRV despite lower VE compared with intermittent 
mandatory and pressure support ventilation, likely due to a decrease in 
deadspace ventilation. 

• Spontaneous Breathing 

Spontaneous breathing is a much-ignored and yet crucial aspect to 
improve V/Q matching, as there is a significant difference in the disui­
bution of gas flow (V) between controlled mechanical ventilation and 
spontaneous breathing. Mechanical ventilation results in a tidal volume 
delivered to nondependent, poorly perfused lung units (West's zone I), 
whereas spontaneous breathing is preferentially directed to dependent 
lung regions where blood flow (Q) is higher.28-3o In addition, allowing the 
diaphragm to move helps to maintain its muscular tone, enabling it to 
perform one of its functions: keeping the abdominal contents out of the 
thorax. Relaxation of the diaphragm into the posterior (dependent) chest 
in a supine patient exacerbates alveolar collapse. Underventilation of 
these lung units can then lead to shunt. Also, spontaneous breathing does 
not increase oxygen consumption (V02).31 

When setting T 1 and T 2 , it is important not to override the patient's 
respiratory drive and not to sedate the patient too heavily, in order to 
sustain the patient's respiratory effort. This is because spontaneous 
breathing superimposed on mechanical ventilation has been shown to 
improve the distribution of ventilation and significantly increase Pao2, 
cardiac output, and o~gen delivery, without an increase in oxygen con­
sumption (Vo2 ) or VE: 2 In this study, spontaneous breathing accounted 
for only 10% of total VE but resulted in decreased blood flow to shunt 
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units and increased blood flow to normal V/Q units (as shown by multiple 
inert gas elimination technique). 

• APRV Following Traumatic Injury 

Following traumatic injury, the patient is immobilized in the supine 
position on a long backboard and may remain in this position for several 
hours during prehospital transport and the initial diagnostic workup. De­
pendent atelectasis is seen early (on admission chest computed tomogra­
phy) in trauma patient~ or within minutes after induction of anesthesia,33 
even in those without pulmonary ir~jury or massive volume resuscitation 
(Fig. 6). Obesity or decreases in thoracic or abdominal compliance com­
pound the reduction ofFRC. In patients with rib fractures, "splinting" due 
to pain will lead to atelectasis and subsequent hypoxemia. Pulmonary 
contusions, if severe, can be life-threatening early in the hospital course, 
and the disruption of pulmonary integrity may be exacerbated by the 
need for massive blood and crystalloid replacement, adding further insult 
to the already "leaky" capillaries and parenchyma. APRV "vill recruit the 
collapsed alveoli without overdistention of the nondependent alveoli. As 
seen in Figure 4, a shift of the PV curve to the right requires acljustments 
to ventilator management to prevent both low-end shear and high-end 
overdistention lung injury. As ARDS progresses, less of the lung paren­
chyma is recruitable, compliance worsens, and often the physician is left 
with progressively increasing peak airway pressures in an attempt to oxy­
genate the patient, or, if the patient is placed on pressure controlled-

Figure 6. Dependent atelectasis. 
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inverse ratio ventilation (PC-IRV), paralysis and heavy sedation are re­
quired. With APRV, no paralytics are needed, and peak inspiratory 
pressure is limited by the set PI' thereby avoiding ven tilator-associated 
lung injury. 

•	 Cardiovascular, Pulmonary, and Intracranial
 
Pressure Issues
 

Previous studies suggest initial APRV settings that titrate CPAP to its 
"optimal level", defined as the pressure that is associated with the highest 
Pao~;/Fio2 ratio without cardiovascular compromise,21 or titration to 
ETco2.:H Although studies have shown no adverse cardiovascular conse­

h ·	h' . h CPAP 34-36 . .quences secondary to Ig er mean aIrway pressure WIt .. Il1stI­
tution of APRV during the resuscitation phase may result in hypotension 
until intravascular volume is restored. Trauma patients undergoing con­
tinued resuscitation, or those with blunt myocardial injury (and resultant 
decreased cardiac output). may initially have a decrease in blood pressure 
following institution of APRV; this can be though t of as a "thoracic com­
partment syndrome" secondary to high intrathoracic pressure. If the pa­
tient's oxygenation requires a higher mean airway pressure, then further 
volume replacement and the addition of inotropes may be necessary to 
maintain blood pressure. Patients who demonstrate a decrease in arterial 
oxygen saturation when first placed on APRV may also require further 
volume loading-until collapsed alveoli are recruited, the initial effect of 
a higher PAW may be an increase in zone I and a subsequent collapse of 
adjacent vasculature, leading to worsening V/Q mismatch (see Fig. 1). 

One of the largest, prospective, multicenter clinical trials to date to 
use APRV in comparison to conventional ventilation studied 50 patients 
with acute respiratory failure. When converted to APRV, there was a sig­
nificant decrease in peak inspiratory pressures (P <.0001), an increase in 
PAW (P <.05), and smaller tidal volumes (P <.001), with equivalent oxy­
genation and ventilation. 21 Unfortunately, patients were treated for only 
30 minutes. An investigation into longer-term effects conducted the fol­
lowing year37 studied 18 patients with ALI for 24 hours on volume control 
inverse ratio ventilation, and then for 24 hours on APRV. Eleven of the 
subjects were multiple trauma patients with lung contusions or ARDS. In 
addition to confirming prior study findings of a significant decrease in 
peak inspiratory pressure (P<.OI), a further decrease in peak inspiratory 
pressure was seen after 24 hours (P <.05), likely due to effective recruit­
ment over time. Alveolar-arterial gradient and venous admixture also 
improved with APRV (P<.Ol). Of importance, this was the first study to 
report a decrease in the lise of sedat.ive agents during APRV. Patients on 
inverse ratio ventilation required a Ramsey score of 6, but those on APRV 
were comfortable with a Ramsey of 2 to 5 and were not given paralytics. 

APRV has also been studied in trauma patient,> with ARDS, again with 
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findings of decreased peak inspirato.~ pressure and higher PAW' without 
the derangements in gas exchange:~ Of interest in this report, release 
time (T2 ) was adjusted to "prevent auto-PEEP." The authors hypothesized 
that the previously recommended and studied expiratory time of 1.5 sec 
was insufficient and resulted in auto-PEEP (which is known to improve 
oxygenation), although they believed it to be undesirable. This highlights 
two important points. First, as the ARDS process evolves in any given 
patient, lung mechanics change. Therefore, frequent assessment of the 
patient and frequent ventilator changes need to be made to adjust for the 
changing pattern. It is unlikely that any two patients will require the exact 
same pressure and time settings initially. Secondly, by decreasing the time 
(T2 ) at P2 , airspace closure is prevented. Even when P2 is set to 0 cm H20, 
assuming a short T 2 (<l sec), this does not correspond to a PEEP of 0 cm 
H 20-intrinsic PEEP can be measured directly on some of the ventilators 
that perform APRV and will always be above 0 (and dependent on trapped 
volume). 

Several recent trials of noninvasive positive-pressure ventilation have 
shown multiple benefits over conventional ventilation (decreased inci­
dence of pneumonia, decreased length of stay in the intensive care unit) 
and illustrate that not all patients require endotracheal intubation.3!J In 
patients with intact airway reflexes, NIPPV may be an alternative to inva­
sive ventilation, or may provide adequate support for a patient recently 
extubated who requires a short period of positive pressure. CPAP levels up 
to 15 cm H 20 can be maintained using a tight-fitting mask. APRV may also 
be used for NJPPV.4o Facial fractures or an altered mental status may 
preclude its use (Fig. 7). A retrospective review of trauma patients with 

Figure 7. NoninvasilJc 
!JositivepressuTe ventilation with 
airway pressure release ventilation. 
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acute respiratory failure showed an improved PIF ratio, an increase in 
tidal volume, and a decrease in respiratory rate when treated with NIPPV; 
the time range was 6 to 144 hours.41 

Classic teaching in the management of patients with elevated intra­
cranial pressure (lCP) is that PEEP should be avoided due to the concern 
that an increase in intrathoracic pressure will result in a further increase 
in ICP. APRV may be effective at lowering ICP compared to conventional 
mechanical ventilation at similar VI':' ETco2 , and Paco2 • In a preliminary 
report in patients with elevated ICP secondary to head trauma, ICP either 
remained constant or decreased, and peak airway pressure decreased in 
the first four patients studied. 42 

Some trauma patients with severe pulmonary injury progress rapidly 
to life-threatening hypoxemia requiring extracorporeal life support. 43

,44 

APRV can be used for patients dming extracorporeal life support, and 
CPAP with extracorporeal CO2 removal has been shown experimentally to 
provide a better environment for recovery of lung injury than conven­
tional ventilation. 45 

• Conclusion 

Despite advances in the multimodal approach to managing ARDS in 
the trauma patient, morbidity and mortality remain high. With progres­
sion of this disease process, worsening lung compliance may result in 
parenchyma that is at increased risk of ventilator-associated lung injury. 
APRV minimizes high airway pressures associated with ventilator­
associated lung injury and maintains improved oxygenation and sustained 
CO2 clearance, despite a lower minute ventilation. Spontaneous breath­
ing during APRV results in lower sedative and neuromuscular blockade 
use, exercises the diaphragm, and improves V/Q matching. 
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