Integration of Pulmonary Mechanics in a Personalized Approach to
Mechanical Ventilation

The concept of safe ventilation continues to evolve.
Initially, a low tidal volume (V) strategy,! then an open
lung strategy,>? and now as mortality improvements have
stagnated and promising targets such as PEEP and plateau
pressure yield unsatisfactory and conflicting results,*> a
search for better, more integrative therapeutic targets has
ensued. Whether in a patient without lung injury who is
undergoing surgery or in the patient with severe ARDS
and refractory hypoxemia, a successful mechanical venti-
lation strategy likely must use a personalized approach to
impart the least amount of energy on the respiratory sys-
tem to meet an individual’s oxygenation and ventilation
requirements-measuring respiratory mechanics at the bed-
side is required to accomplish this goal and to limit the
likelihood of lung injury. A single time assessment of
respiratory mechanics at the bedside provides a snapshot
of the patient’s condition while serial measurements trend
clinical progress. Moreover, such temporal resolution
serves to provide feedback to the practitioner as he or she
makes each turn of the ventilator knob, assisting in the
selection of better PEEP, V-, or another parameter.®

Although an individual’s respiratory system mechanics
can be estimated through direct measurements at the bed-
side, assessing the elastic properties of the lung is more
invasive in nature and requires specialized equipment and
expertise to provide reliable data, and must be used fre-
quently to maintain proficiency.”# Because it is not usu-
ally feasible to place an esophageal balloon in every pa-
tient, interest has turned to surrogate markers to estimate
lung distending pressure, stress, and strain, and to guide
safe ventilation without the need for more-invasive and
complicated testing. One such integrative parameter is air-
way driving pressure estimated as plateau pressure minus
PEEP.%10 Another parameter, the stress index, uses the
ventilator airway pressure (P, )-time waveform readout
under specific conditions to estimate respiratory system
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compliance.!!-!? Both parameters may help guide the set-
ting of safe ventilation at the bedside, yet may also suc-
cumb to the same pitfalls related to their dependence on
surrogates (plateau pressure for alveolar pressure, respira-
tory system vs lung mechanical properties measured by
the stress index) and an understanding of appropriate pa-
tient selection or exclusion.!0:13

SEE THE ORIGINAL STUDY ON PAGE 1094

In this issue of RESPIRATORY CARE, Sun et al'4 describe a
method to assess the stress index at the bedside by visually
inspecting the P, -time curve of patients without ARDS
and who are on mechanical ventilation while in a neuro-
surgical ICU. They concluded that this rapid visualization
of the stress index at the bedside “will facilitate its imple-
mentation in clinical practice to personalize mechanical
ventilation,”'* but did not comment on several key limi-
tations of the stress index also applicable to airway driving
pressure and related to the inability to separate the com-
pliance of the respiratory system and the lung. We dis-
cussed the challenging clinical implications of the stress
index, which go beyond the simplification of its measure
and incorporates several factors that are essential when
rendering an interpretation of this parameter in the clinical
setting, especially in patients with ARDS who are criti-
cally ill.

The stress index and its technique evolved in the 1990s
after first being described by Ranieri et al'' and gained
widespread acceptance in the literature in the early 2000s.'2
Initial efforts were directed at predicting the effects of
PEEP on static (airway occlusion) and dynamic (constant
flow) pressure—volume curves,!'! which showed a good
correlation between these coefficients at several clinically
relevant levels of PEEP. In addition, these investigators
demonstrated that the shape of the P, -time curve during
constant flow inflation corresponds to radiologic evidence
of tidal recruitment or tidal hyperinflation in an experi-
mental model of acute lung injury.!? As such, a downward
concavity shape with a stress index of <0.9, a linear shape
with a stress index of 0.9-1.1, and an upward concavity
shape with a stress index of >1.1 correlated with a posi-
tion near or below the lower inflection point, between the
upper and lower inflection points (ie, the sweet spot), or
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near or above the upper inflection point of the pressure-
volume curves, respectively. From these inferences, ven-
tilator changes, such as increasing PEEP for a negative
stress index (underrecruited) or reducing V. for a positive
stress index (overdistended), might be indicated.!!-?

The importance of proper technique (volume control
with a slow and constant flow, in the absence of respira-
tory efforts) to reliably obtain and interpret the stress index
cannot be overemphasized.!’-'? Sun et al'* showed that
each subject’s stress index maneuver seemed to have been
performed at a different PEEP level and V (5-10 mL/kg
of predicted body weight), and a relatively high flow. This
is concerning in that the increased flow will contribute to the
total P, through the flow resistance portion of the equation
of motion. Because the stress index is a measure of total P,
(which represents the total pressure applied across the respi-
ratory system) over time, this elevated and varying flow from
patient to patient likely will alter the P, -time curve and
impair the interpretation and clinical applicability of the stress
index. Moreover, regardless of the method used to estimate
the stress index, a personalized approach to mechanical ven-
tilation implies integrating all the potential factors that con-
tribute to ventilator-induced lung injury (VILI), which is dif-
ferent than simply interpreting the upper inflection region of
the P, -time curve (the stress index) or its surrogate
(30 cm H,O airway plateau pressure) as suggested by the
authors.'#

As the debate continues regarding the relative impor-
tance among the mechanical determinants of VILI, the
concept of a personalized approach to mechanical venti-
lation continues to evolve. Recent interest has arisen in
airway driving pressure (DP,.y, the quotient of V., and
respiratory system compliance) which could serve as a
direct and easily measured marker for VILI risk®'%; how-
ever, the correspondence between DP,y, and transpulmo-
nary driving pressure (DPp) also known as “true driving
pressure”, which is the quotient of V; and lung compli-
ance, may be influenced by changes in chest wall compli-
ance and by the lung inhomogeneities in patients with
ARDS.'® When compared with the stress index, both DP , ,
and DP., provide a more comprehensive approach by in-
tegrating PEEP, V., respiratory system compliance and
lung compliance.®!© Many other factors may also influ-
ence clinical decisions at the bedside, for example, body
positioning affects the configuration and dynamic proper-
ties of the chest wall, and, therefore, may influence deci-
sions made to increase or decrease ventilating pressures
and V; based on parameter such as the stress index, airway
driving pressure, or transpulmonary driving pressure.!s:10
Moreover, the vascular side has been de-emphasized as a
potential contributor to VILI, despite revealing experimental
data that demonstrate that raising precapillary vascular pres-
sure intensifies VILL!7 and that large vascular pressure gra-
dients promote West zone 2 conditions in which microvas-
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cular waterfalls (vascular pressure gradients) predispose the
vascular endothelium to be injured by poorly tolerated shear
stress and applied energy,'”-'8 all factors well beyond the
evaluative scope of the stress index.

Most recently, Gattinoni et al'® postulated the mechan-
ical power as the unifying variable that integrates all the
machine-derived factors that contribute to VILI, in which
Vi, pressures, flow, and breathing frequency are consid-
ered components of the energy load applied to the respi-
ratory system per units of time, the proximate mechanical
stimulus for VILL.'® The power theory of VILI is that the
energy component of primary relevance is the driving pres-
sure (airway and transpulmonary), while also including the
energy components related to dissipation in overcoming
resistance and the static element represented by PEEP.!9-20

In our institution, we have incorporated real-time stress
index visualization at the bedside in challenging ARDS
cases in which patients are already heavily sedated and/or
paralyzed, with no spontaneous effort. We usually use a
flow of <10 L/min and alter the zoom or axes on the
ventilator pressure-time waveform to visualize one breath
per screen. The slower flow (and longer waveform) pro-
vides an easier analysis, accentuates the shape, and also
minimizes or eliminates the flow resistance component of
the equation of motion. Several mechanical ventilator ven-
dors incorporate a tool to automate measurement of the
stress index on the screen, which provides not only a vi-
sual waveform but also a numeric readout to simplify what
the investigators of the current study propose.!'*

Mechanical ventilation is one of the cornerstones, and a
defining intervention, in critical care medicine. A person-
alized approach to mechanical ventilation demands a deep
understanding of cardiac and respiratory physiology as
well as mastery of the pathophysiologic principles that
inform and guide bedside decisions. The results of the
present study by Sun et al'* do not address the fundamen-
tal principle of the internal distributions of gas volume,
collapse, ventilation, and tidal recruitment, even when com-
monly measured global indicators of transpulmonary pres-
sure and functional residual capacity provide little indica-
tion of these important changes.?!

Gustavo A Cortes-Puentes MD
Steven R Holets RRT
Richard A Oeckler MD PhD

Department of Pulmonary and Critical Care Medicine
Mayo Clinic
Rochester, Minnesota

REFERENCES

1. Malhotra A. Low-tidal-volume ventilation in the acute respiratory
distress syndrome. N Engl J Med 2007;357(11):1113-1120.

2. Meade MO, Cook DJ, Guyatt GH, Slutsky AS, Arabi YM, Cooper
DJ, et al; Lung Open Ventilation Study Investigators. Ventilation

1195



11.

EDITORIALS

strategy using low tidal volumes, recruitment maneuvers, and high
positive end-expiratory pressure for acute lung injury and acute re-
spiratory distress syndrome: a randomized controlled trial. JAMA
2008;299(6):637-645.

. Mercat A, Richard JC, Vielle B, Jaber S, Osman D, Diehl JL, et al;

Expiratory Pressure (Express) Study Group. Positive end-expiratory pres-
sure setting in adults with acute lung injury and acute respiratory distress
syndrome: a randomized controlled trial. JAMA 2008;299(6):646-655.

. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al.

Epidemiology, patterns of care, and mortality for patients With acute
respiratory distress Syndrome in intensive care units in 50 Countries.
JAMA 2016;315(8):788-800.

. Writing Group for the Alveolar Recruitment for Acute Respiratory

Distress Syndrome Trial (ART) Investigators, Cavalcanti AB, Suzu-
mura EA, Laranjeira LN, Paisani DM, Damiani LP, et al. Effect of
Lung Recruitment and Titrated Positive End-Expiratory Pressure
(PEEP) vs Low PEEP on Mortality in Patients With Acute Respi-
ratory Distress Syndrome: A Randomized Clinical Trial. JAMA 2017;
318(14):1335-1345.

. Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl

J Med 2013;369(22):2126-2136.

. Talmor D, Sarge T, Malhotra A, O’Donnell CR, Ritz R, Lisbon A,

et al. Mechanical ventilation guided by esophageal pressure in acute
lung injury. N Engl J Med 2008;359(20):2095-2104.

. Cortes-Puentes GA, Gard KE, Adams AB, Faltesek KA, Anderson

CP, Dries DJ, Marini JJ. Value and limitations of transpulmonary
pressure calculations during intra-abdominal hypertension. Crit Care
Med 2013:41(8):1870-1877.

. Amato MB, Meade MO, Slutsky AS, Brochard L, Costa EL, Schoe-

nfeld DA, et al. Driving pressure and survival in the acute respiratory
distress syndrome. N Engl J Med 2015;372(8):747-755.

. Cortes-Puentes GA, Keenan JC, Adams AB, Parker ED, Dries DJ,

Marini JJ. Impact of Chest Wall Modifications and Lung Injury on
the Correspondence Between Airway and Transpulmonary Driving
Pressures. Crit Care Med 2015;43(8):¢287-e295.

Ranieri VM, Giuliani R, Fiore T, Dambrosio M, Milic-Emili J. Vol-
ume-pressure curve of the respiratory system predicts effects of PEEP

1196

12.

13.

16.

17.

18.

19.

20.

21.

in ARDS: “occlusion” versus “constant flow” technique. Am J Re-
spir Crit Care Med 1994;149(1):19-27.

Grasso S, Terragni P, Mascia L, Fanelli V, Quintel M, Herrmann P,
et al. Airway pressure-time curve profile (stress index) detects tidal
recruitment/hyperinflation in experimental acute lung injury. Crit
Care Med 2004;32(4):1018-1027.

Cortes-Puentes GA, Cortes-Puentes LA, Adams AB, Anderson CP,
Marini JJ, Dries DJ. Experimental intra-abdominal hypertension in-
fluences airway pressure limits for lung protective mechanical ven-
tilation. J Trauma Acute Care Surg 2013;74(6):1468-1473.

. Sun XM, Chen GQ, Chen K, Wang YM, Huang HW, et al. Stress

index can be accurately and reliably assessed by visually inspecting
ventilator waveforms. Respir Care 2018;63(9):1094-1101.

. Cortes-Puentes GA, Gard K, Keenan JC, Adams A, Dries D, Marini

JJ. Unilateral mechanical asymmetry: positional effects on lung vol-
umes and transpulmonary pressure. Intensive Care Med Exp 2014;
2(1):4.

Keenan JC, Cortes-Puentes GA, Adams AB, Dries DJ, Marini JJ.
The Effect of Compartmental Asymmetry on the Monitoring of Pul-
monary Mechanics and Lung Volumes. Respir Care 2016;61(11):
1536-1542.

Broccard AF, Vannay C, Feihl F, Schaller MD. Impact of low pul-
monary vascular pressure on ventilator-induced lung injury. Crit
Care Med 2002;30(10):2183-2190.

Marini JJ, Hotchkiss JR, Broccard AF. Bench-to-bedside review:
Microvascular and airspace linkage in ventilator induced lung injury.
Critical Care 2003;7(6):435-444.

Gattinoni L, Tonetti T, Cressoni M, Cadringher P, Herrmann P,
Moerer O, et al. Ventilator-related causes of lung injury: the me-
chanical power. Intensive Care Med 2016;42(10):1567-1575.
Tonetti T, Cressoni M, Collino F, Maiolo G, Rapetti F, Quintel M,
Gattinoni L. Volutrauma, Atelectrauma, and Mechanical Power. Crit
Care Med 2017;45(3):€327-¢328.

Cortes-Puentes GA, Gard KE, Adams AB, Dries DJ, Quintel M,
Oeckler RA, et al. Positional effects on the distributions of ventila-
tion and end-expiratory gas volume in the asymmetric chest-a quan-
titative lung computed tomographic analysis. Intensive Care Med
Exp 2018;6(1):9.

RESPIRATORY CARE ® SEPTEMBER 2018 VoL 63 No 9



