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Abstract

Introduction: We hypothesized the expiratory time constant (Tg) may be used to provide real time determinations
of inspiratory plateau pressure (Pplt), respiratory system compliance (Crs), and total resistance (respiratory system
resistance plus series resistance of endotracheal tube) (Rtot) of patients with respiratory failure using various modes
of ventilatory support.

Methods: Adults (n = 92) with acute respiratory failure were categorized into four groups depending on the mode
of ventilatory support ordered by attending physicians, i.e., volume controlled-continuous mandatory ventilation
(VC-CMV), volume controlled-synchronized intermittent mandatory ventilation (VC-SIMV), volume control plus (VC+),
and pressure support ventilation (PSV). Positive end expiratory pressure as ordered was combined with all
aforementioned modes. Pplt, determined by the traditional end inspiratory pause (EIP) method, was combined in
equations to determine Crs and Rtot. Following that, the T¢ method was employed, Te was estimated from point-
by-point measurements of exhaled tidal volume and flow rate, it was then combined in equations to determine
Pplt, Crs, and Rtot. Both methods were compared using regression analysis.

Results: T, ranging from mean values of 0.54 sec to 0.66 sec, was not significantly different among ventilatory
modes. The Tz method was an excellent predictor of Pplt, Crs, and Rtot for various ventilatory modes; r? values for
the relationships of Tg and EIP methods ranged from 0.94 to 0.99 for Pplt, 0.90 to 0.99 for Crs, and 0.88 to 0.94 for
Rtot (P <0.001). Bias and precision values were negligible.

Conclusions: We found the Tg method was just as good as the EIP method for determining Pplt, Crs, and Rtot for
various modes of ventilatory support for patients with acute respiratory failure. It is unclear if the Tg method can
be generalized to patients with chronic obstructive lung disease. Tg is determined during passive deflation of the
lungs without the need for changing the ventilatory mode and disrupting a patient’s breathing. The T¢ method
obviates the need to apply an EIP, allows for continuous and automatic surveillance of inspiratory Pplt so it can be
maintained < 30 cm H,O for lung protection and patient safety, and permits real time assessments of pulmonary
mechanics.

Introduction

Inspiratory plateau pressure (Pplt) or static elastic recoil
pressure of the respiratory system is useful for assessing
elastic and resistive properties of the respiratory system
of patients with respiratory failure [1]. Pplt provides
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relevant diagnostic information and should be moni-
tored routinely when applying ventilatory support
because of the importance of maintaining it at <30 cm
H,O for lung protection [2-4]. Increased Pplt is asso-
ciated with increased respiratory system elastance or
decreased respiratory system compliance (Crs) (lungs
and chest wall), and vice versa. Increased differences
between Pplt and peak airway pressure during inhalation
(Paw) are associated with increased total inspiratory
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resistance (Rtot), which includes the series resistance of
the endotracheal tube (ETT) plus physiologic airways
resistance. Pplt is essential for determining Crs and Rtot
as follows:

Tidal volume
(1)

B Pplt - Positive and expiratory pressure

Paw - Pplt
Inhaled flow rate

Rtot = (2)

Traditionally, Pplt is measured intermittently due to the
need to temporarily modify ventilator settings, and to
apply an end inspiratory pause (EIP) using volume-con-
trolled ventilation. During an EIP, tidal volume (V) is
held within the lungs, and pressure at the airway opening
decreases from Paw to Pplt. This assumes the patient is
relaxed and complies with the EIP maneuver, as are those
who are appropriately sedated and/or paralyzed, not
breathing spontaneously, and receiving volume-controlled
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continuous mandatory ventilation (VC-CMV) (Figure 1).
However, many patients receiving ventilatory support are
not paralyzed, but are breathing spontaneously. For exam-
ple, spontaneously breathing patients may receive pressure
support ventilation (PSV) and/or volume-controlled syn-
chronized intermittent mandatory ventilation (VC-SIMV).
Temporarily applying an EIP maneuver during PSV may
be problematic; it interferes with the patient’s breathing,
predisposing to patient and ventilator breathing asyn-
chrony, that is, the patient attempts to spontaneously
inhale and exhale during the pause, causing erroneous
measurements of Pplt (Figure 1). In our experience this
occurs approximately 75% of the time when an EIP is
applied. Thus, accurate measurements of Pplt, and there-
fore determinations of Crs and Rtot, may at times be diffi-
cult to obtain.

An automatic and continuous method of determining
Pplt, Crs and Rtot, that is not dependent on an EIP is
desirable. We propose using the expiratory time constant
(Tg) for determinations of Pplt, Crs, and Rtot. Tg contains

PSV breath
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Figure 1 Pressure, flow, and volume waveforms for determination of expiratory time constant. In the first breath a patient is ventilated with
pressure support ventilation (PSV) 20 cm H,O and positive end expiratory pressure (PEEP) 5 cm H,O. The expiratory time constant (Tg) was estimated
during passive exhalation between 0.10 and 0.50 seconds using exhaled flow rate and tidal volume waveform data (see Methods). In the second
breath the same patient is temporarily changed to volume controlled synchronized intermittent mandatory ventilation (VC-SIMV) with an end
inspiratory pause (EIP) for 0.5 second at PEEP 5 cm H,O, while applying similar peak inspiratory flow rate and tidal volume. This is done to determine
peak airway pressure during inhalation (Paw) and inspiratory plateau pressure (Pplt) or static elastic recoil pressure of the respiratory system, needed
for calculations of respiratory system compliance and total resistance (see equations 1 and 2). The third breath is an example of an EIP that is not
tolerated, that is, the patient attempts to spontaneously inhale during the pause, precluding accurate measurement of Pplt.
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information about the mechanical properties of the
respiratory system, namely, elastance and resistance [5]. It
is hypothesized that real-time determinations of inspira-
tory Pplt, Crs, and Rtot may be estimated from the passive
deflation of the lungs by using Tg, and combined with
appropriate equations. Another purpose of the study was
to demonstrate that the Tz method can be used with var-
ious modes of ventilatory support.

Materials and methods

In this Institutional Review Board (University of Florida,
Gainesville Health Science Center Institutional Review
Board, IRB-01)-approved study, 92 intubated adults with
acute respiratory failure and compromised pulmonary
mechanics from various causes were evaluated in a surgical
ICU (Table 1). ETT sizes used were 7.0, 7.5, 8.0, and 8.5
mm internal diameter. Diagnoses included trauma (gunshot
or stab wound, vehicle accident, traumatic brain injury),
complex abdominal surgery (liver transplant, abdominal
cancer, nephrectomy, abdominal aortic aneurysm), complex
neurological surgery (cerebral aneurysm, subarachnoid
hemorrhage, subdural hematoma, brain tumor resection),
and medical complications and comorbidities (chronic
obstructive pulmonary disease (COPD), sepsis, pancreatitis,
congestive heart failure, pneumonia, renal failure, diabetes,
colitis). Patients were categorized into four groups depend-
ing on the mode of ventilatory support ordered by the
attending physician, that is, VC-CMV (n = 24), VC-SIMV
(n = 13), volume control plus (VC+) (n = 32), and PSV (n =
23) (Table 1). VC+ breaths were applied as a mandatory
pressure-controlled breath type for assist-control. VC+
modulates the applied airway pressure based on tidal
volume feedback. Positive end expiratory pressure (PEEP)
and fractional inhaled concentration of oxygen (FIO,), as
ordered by attending physicians, was combined with all
aforementioned modes. All groups had relatively equal

Table 1 Patient group data (total number of patients = 92)
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percentages of patients with traumatic injuries, complex
abdominal and neurological surgeries, and medical comor-
bidities. All were ventilated with the same type of ventilator
(Puritan-Bennett, Pleasanton, CA, USA, Model 840).
Because the study involved only respiratory monitoring of
patients treated with routinely used modes of ventilatory
support, a waiver of informed consent was granted. The
majority of patients breathed spontaneously, and they were
provided with analgesia as needed to maintain a Riker seda-
tion-agitation scale (SAS) score of 4 [6]. Others were heav-
ily sedated and/or paralyzed, provided with analgesia, and
not breathing spontaneously (SAS score 1 to 2); these
patients received VC-CMV. All patients were hemodynami-
cally stable with mean arterial blood pressures between 70
and 88 mm Hg.

Tg is expressed in units of time (seconds). One time con-
stant represents the time required for the respiratory
system to reach 63% of its equilibrium value and is an
indication of the time required for the lungs to empty
during exhalation [7,8]. T¢ was estimated from 0.10 to
0.50 seconds after the beginning of exhalation. Specifically,
this was done using point-by-point measurements of
exhaled volume (L) divided by corresponding point-by-
point measurements of exhaled flow rate (L/sec) to gener-
ate a representation of exhalation; the linear slope of this
representation (Figures 1 and 2) was Tg. A straight-line
(first-order model) relationship between exhaled volume
and flow rate is important, because it indicates the subject
has relaxed his/her respiratory muscles sufficiently to pro-
vide a reliable estimation of Tg (Figure 2). If the relation-
ship is not linear, the Tg estimation is not valid and the
procedure should be repeated [9]. The first part of exhala-
tion (between 0.0 and 0.1 sec) was excluded for three rea-
sons: (1) the time constant can only be determined for
that part of exhalation that is exponential during lung
emptying; the initial part of exhalation at peak exhaled

VC-CMV VC-SIMV VC+ PSV
Number 24 13* 32t 23
Age, years, 49 + 19 52 + 18 50 + 20 53+ 20
Weight, kg, 69 + 30 68 + 40 81 + 30 78 = 27
Gender, number 21 male 9 male* 19 male 14 male

3 female 4 female 13 femalet 9 female
Breathing frequency, breaths/minute, 13+8 32 + 9t 16+5 20+ 6
Vr, mi/kg IBW 8+4 9+4 6+4 7+4
Paw, cm H,O 32+6 34 +7 29+8 28+ 8
PEEP (cm H,0) 77 44 99+ 36 79 +4 79 +3
FIO, 043 £0.14 045 £+ 0.10 045 +0.12 044 + 0.09
Te, sec 0.58 + 0.20 0.54 + 027 066 + 0.27 058 +0.18

Data presented as mean + SD unless stated otherwise. For all patient groups pulse oximeter oxygen saturation ranged from 90% to 95% and partial pressure
end-tidal carbon dioxide ranged from 30 to 41 mm Hg. P <0.05 for *lowest and "greatest compared to other groups. VC-CMV, volume controlled-continuous
mandatory ventilation; VC-SIMV, volume controlled-synchronized intermittent mandatory ventilation, VC+: volume control plus, PSV: pressure support ventilation,
V1 tidal volume, IBW: Ideal body weight, Paw: peak airway pressure during inhalation, PEEP: positive end expiratory pressure, FIO,: fractional inhaled oxygen

concentration, Tg: expiratory time constant.
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Figure 2 Determination of expiratory time constant. Example of determining the expiratory time constant (Tg) for one patient in the study is
shown. Te was determined by point-by-point analyses of exhaled tidal volume (Vy) and flow rate values between 0.10 and 0.50 seconds, that is,
the exhaled Vr and flow rate curves are substituted by a fitted straight line (least squares fit) and the slope of the line is Te.
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flow rate cannot be analyzed using a first-order model as
we and others used [9,10]; (2) to reduce possible interfer-
ence from the ventilator’s exhalation valve during initial
opening, and (3) to reduce the interference of any residual
patient breathing efforts. The end of exhalation was also
excluded because of the resistance of the ventilator’s
PEEP/exhalation valve, which may become more signifi-
cant at the end of exhalation and the possibility of late
emptying lung compartment kinetic behavior, which may
result in inaccurate determinations of T because of alveo-
lar emptying inequalities and time constant inhomogeneity
within the lungs (Pendelluft effect) [11,12]. The value of Tg
obtained from this method reflects factors affecting lung
emptying, namely, Crs, physiologic airways resistance, ser-
ies resistance of ETT and PEEP/exhalation valve [10].
Resistance of the ETT was included in determinations of
Tg for all patients.

Although Tg applies to the exhalation phase of breath-
ing, it is a required mathematical term in equations for
determining inspiratory Pplt, Crs, and Rtot. After Tg was
estimated, Pplt, Crs, and Rtot were determined using the
following equations (derivations of equations are stated in
Additional File 1):

(V1 x Paw) - (V1 x PEEP)

Pplt = PEEP + (3)

V1 + Te x Inhaled flow rate

V1 + Te x Inhaled flow rate

Crs = @)
Paw - PEEP
Paw - PEEP
Rtot =
(5)
VT + Inhaled flow rate

Te

Routine monitoring of our ventilator-dependent patients
includes applying an EIP at recommended four-hour inter-
vals to monitor and maintain Pplt at <30 cm H,O[4],
allowing for calculations of Crs and Rtot (Figure 1, equa-
tions 1 and 2). More specifically, the ventilator mode is
switched to VC-SIMV using a Vt of 6 ml/kg ideal body
weight with an EIP time of 0.5 second. We recorded Pplt,
Crs, and Rtot values using the EIP method. Immediately
following this, Tg was determined and then Pplt, Crs, and
Rtot were determined as previously described (equations
3, 4, and 5). Pplt, Crs, and Rtot values obtained from the
EIP method were considered reference values; Pplt, Crs,
and Rtot values obtained from the Ty method were com-
pared to the reference values. Data from a combined
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pressure, flow, and carbon dioxide sensor, positioned
between the ETT and Y-piece of the ventilator breathing
circuit, were directed to a respiratory monitor (NM3,
Respironics, Hartford, CN, USA) and laptop computer
with software (Convergent Engineering, Gainesville, FL,
USA) to record airway pressure, flow rate, and V wave-
forms and for determinations of T, Pplt, Crs, and Rtot
using the EIP and Tg methods (Figure 3).

It was necessary to apply multiple EIP breaths to obtain
an appropriate Pplt for some patients breathing sponta-
neously, for example, those receiving PSV. Many of these
patients attempted to inhale and exhale during the pause
(Figure 1, third breath), these breaths were not used.
Those EIP breaths where patients did not inhale and
exhale during the pause and in whom airway pressure
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decreased passively, generating a smooth plateau, (Figure
1, second breath) were used for determinations of Pplt.
On average, EIP breaths were applied 5 to 10 times over
a 15-minute period. A computer software code (Matlab)
was developed to automatically verify valid pressure pla-
teau segments. The software was programmed to find
segments of the EIP with the following criteria: maxi-
mum tidal volume value, zero flow, and a horizontal or
flat pressure plateau for a length equal to approximately
0.5 seconds. Manual visual inspection of every patient’s
pressure, flow, and volume waveforms were performed to
verify the values garnered by the software.

Data were analyzed using regression analyses to evaluate
relationships of the Tg method for determining Pplt, Crs,
and Rtot with the EIP method for determining Pplt, Crs,

Laptop computer

* Display of inspiratory and expiratory pressure,
flow, and volume waveforms

* Determination of T

® (Calculation of Pplt, Rtot, and Crs

t t

RESPIRATORY VIsEENTTTImIng
MCILIGIR (Settings to
NM3
( ) laptop PC)

<)
x Pressure, flow, and

CO, sensors

—y:«——— _____ Endotracheal tube
in trachea

—_—
o

Figure 3 Computerized bedside system for determining expiratory time constant and related parameters. Data from pressure, flow, and
carbon dioxide sensors, positioned between the endotracheal tube and ventilator breathing circuit, are directed to a monitor (NM3, Respironics)
for measurements of pressure, flow, and volume. Data from the monitor are in turn directed to a laptop computer containing software
(Convergent Engineering) for the determinations of expiratory time constant (Tg), inspiratory plateau pressure (Pplt), total respiratory resistance
(Rtot), and respiratory system compliance (Crs).
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and Rtot, using analysis of variance (ANOVA), Fisher’s
exact test, and Bland and Altman analyses [13]. Data are
mean * SD; alpha was set at 0.05 for statistical significance.

Results

There were no significant differences in Tg among groups.
Te was 0.58 £ 0.20 sec for the VC-CMV group, 0.54 +
0.27 sec for the VC-SIMV group, 0.66 + 0.27 sec for the
VC+ group, and 0.58 + 0.18 sec for the PSV group.

Pplt values ranged from 11 to 38 cm H,O, 13 to 38 cm
H,O, 11 to 38 cm H,O, and 12 to 33 cm H,O for the
VC-CMV, VC-SIMV, VC+, and PSV groups, respectively.
The r* values for the relationships of Ty and EIP methods
were 0.99, 0.99, 0.98, and 0.94 (P <0.001) for the VC-
CMV, VC-SIMYV, VC+, and PSV groups, respectively.

Crs values ranged from 0.02 to 0.095 L/cm H,O, 0.015
to 0.09 L/cm H,0, 0.022 to 0.092 L/cm H,O, and 0.022 to
0.068 L/cm H,O for the VC-CMYV, VC-SIMV, VC+, and
PSV groups, respectively. The r* values for the relation-
ships of Tr and EIP methods were 0.99, 0.98, 0.97, and
0.90 (P <0.001) for VC-CMV, VC-SIMV, VC+, and PSV
groups, respectively.

Rtot values ranged from 8 to 21 cm H,O/L/sec, 8 to
15.5 cm H,O/L/sec, 5 to 23 cm H,O/L/sec, and 5 to 17 cm
H,O/L/sec for the VC-CMV, VC-SIMV, VC+, and PSV
groups respectively. The r” values for the relationships of
the Tg and EIP methods were 0.92, 0.94, 0.88, and 0.91
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(P <0.001) for the VC-CMV, VC-SIMV, VC+, and PSV
groups, respectively.

Bias and precision values for all correlations and for
all ventilatory groups were minimal (Figures 4, 5, 6, and
7). More patients were in the VC+ group than other
groups. This may be due to chance occurrence; VC+
was a more commonly used mode of ventilatory support
at the time of the study. Also, there were gender differ-
ences among groups. Breathing frequency was highest in
the VC-SIMV group (Table 1). These issues did not
influence the pressure, flow, and volume waveform data
used for the EIP and Ty methods. There were no signifi-
cant differences in age, weight, V, Peak inflation pres-
sure (PIP), PEEP, and FIO, among groups.

Discussion
The Tg method provided appropriate determinations and
was an excellent predictor of Pplt, Crs, and Rtot for
patients with acute respiratory failure receiving various
modes of ventilatory support. It predicted or explained 94
to 99% of the variance in determining Pplt, 90 to 99% of
the variance in determining Crs, and 88 to 94% of the var-
iance in determining Rtot for patients receiving VC-CMYV,
VC-SIMV, VC+, and PSV. Bias and precision values were
negligible for all measurements.

Crs ranged from near normal values at 0.095 L/cm H,0
to much lower values at 0.022 L/cm H,O, indicative of
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Figure 4 Plateau pressure, compliance, and resistance data for the volume controlled-continuous mandatory ventilation (VC-CMV)
patient group. VC-CMV patient group - regression and corresponding Bland-Altman plots for inspiratory plateau pressure (Pplt) (A), respiratory
system compliance (Crs) (B), and total respiratory resistance (Rtot) (C) are shown comparing the end inspiratory pause (EIP) and expiratory time
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Figure 5 Plateau pressure, compliance, and resistance data for the volume controlled-synchronized intermittent mandatory ventilation
(VC-SIMV) patient group. VC-SIMV patient group - regression and corresponding Bland-Altman plots for inspiratory plateau pressure (Pplt) (A),
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Figure 6 Plateau pressure, compliance and resistance data for the volume control plus (VC+) patient group. VC+ patient group - regression
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Figure 7 Plateau pressure, compliance, and resistance data for the pressure support ventilation (PSV) patient group. PSV patient group
- regression and corresponding Bland-Altman plots for inspiratory plateau pressure (Pplt) (A), respiratory system compliance (Crs) (B), and total
respiratory resistance (Rtot) (C) are shown comparing the end inspiratory pause (EIP) and expiratory time constant (Tg) methods. Pplt bias = 0.94;
Pplt precision = -0.38 to 2.26; Pplt limits of agreement = -1.70 to 3.58. Crs bias = -0.002; Crs precision = -0.006 to 0.002; Crs limits of agreement
=-0.011 to 0.006. Rtot bias = 0.57; Rtot precision = -0.39 to 1.53; Rtot limits of agreement = -1.35 to 2.49.

patients with stiff non-compliant lungs. Rtot for some  be employed for COPD patients; we speculate it may be
patients was higher than normal and in the range of 15to  effective for these patients. It is unclear if our method can
23 cm H,O/L/sec, although most did not have COPD. We  be generalized to patients with COPD with abnormally
speculate that the increased Rtot values may have been  long expiratory time constants. A follow up study of
due to increased physiologic airways resistance and/or ~ COPD patients would offer additional insight.
increased imposed resistance of the ETT as a result of In normal, non-intubated adults, Mcllroy et al. initially
internal narrowing of the tube due to secretions. The  described using exhaled V1 and flow rate to construct a
values for Crs and Rtot obtained in this study span ranges  line, and the slope of the line reflected Tg [9]. This was
from moderate to more compromised forms of impaired  done using an X-Y plotter and a complicated process of
pulmonary mechanics of patients with respiratory failure. determining angular tangents of the slope. Using a test
For healthy, non-intubated adults, Tg was reported in  lung and dogs, Brunner et al. modified this method by
the range of 0.38 to 0.51 seconds [9]. The mean values of  applying multiple correction factors, equations, and math-
Tg determined in this study for patients with acute respira-  ematical modeling to determine Tg [16]. In adults with
tory failure were larger and comparable to other studies of  acute respiratory failure, Guttmann et al. discarded the
non-COPD patients with acute respiratory failure at simi-  initial portion of the exhaled flow rate tracing just after
lar levels of PEEP. Guttmann et al. [10] reported an aver-  the inflection point (point of greatest flow rate at the onset
age Tg of 0.60 seconds and Kondili et al. [14] reported Tz of exhalation) and then divided the exhaled Vt curve into
to be in the range of 0.70 seconds. In another study of five slices to determine representative expiratory time con-
COPD patients, Tg varied inversely with PEEP; at end  stant components for each slice [10]. The slope of straight
exhalation Tg ranged up to 3.75 seconds on zero PEEP  lines fitted to the exhaled V1 and flow rate curve within
and up to 1.58 seconds on 10 cm H,0 PEEP [15]. each slice was then used to determine an average value for
A potential limitation of our study is that only two  Tg. The aforementioned methods were done by hand, and
patients had COPD. For COPD patients with increased  were unwieldy, complicated, and time-consuming pro-
airways resistance and Crs, Tg may be longer than in our  cesses. They are impractical for clinical use, in contrast to
patients with acute respiratory failure. This does not imply ~ our method. Our approach simplifies these methods by
the Tg method for determining Pplt, Crs, and Rtot cannot  using only the 0.10 to 0.50 seconds portion of the exhaled



Al-Rawas et al. Critical Care 2013, 17:R23
http://ccforum.com/content/17/1/R23

Vr and flow rate curves to derive a slope for determina-
tion of Tg, and then use T in equations for determinations
of Pplt, Crs, and Rtot. Additionally, the approach is auto-
mated by using the rapid processing speed of a laptop
computer with appropriate software at the bedside to gen-
erate real time determinations of Pplt, Crs, and Rtot; a
practical easy-to-use clinical method (Figure 3).

Tg as determined in this study may be considered as the
total expiratory time constant, it includes physiologic and
breathing apparatus components. Crs and bronchial air-
ways resistance reflect the physiologic expiratory time con-
stant component, and the series flow resistance of the ETT
and PEEP/exhalation breathing valve constitute the breath-
ing apparatus expiratory time constant component. The
expiratory time constants for these various components
were quantified in intubated adults with acute respiratory
failure (non-COPD patients) [10]. The physiologic expira-
tory time constant was lowest at 0.30 seconds (average),
the physiologic expiratory time constant plus flow resistive
time constant of the ETT was higher at 0.50 seconds (aver-
age), and the physiologic expiratory time constant, plus the
combined flow resistive time constants of the ETT, ventila-
tor circuit, and PEEP/exhalation valve, that is, the total Tg,
was highest at 0.65 seconds, similar to values we deter-
mined (Table 1). It was not a purpose of our study to dif-
ferentiate and quantify physiologic and expiratory time
constant components for intubated patients with respira-
tory failure connected to a ventilator. A purpose was to
demonstrate an automatic method for determining the
total expiratory time constant, which is of practical con-
cern because it reflects the rate of lung emptying for intu-
bated patients receiving ventilatory support, and because
T can be used for determinations of Pplt, Crs, and Rtot.

Another purpose of the study was to demonstrate that
the Tg method for determining Pplt, Crs, and Rtot was
valid for representative forms of ventilatory support.
Figures 4, 5, 6 and 7 illustrate comparable values for Pplt,
Crs, and Rtot using the T and traditional EIP methods for
various ventilatory modes. To add additional patient
groups receiving other forms of positive pressure ventila-
tion, we believe is unnecessary because the Tg method is
predicated on passive deflation of the lungs using exhaled
tidal volume and flow waveforms.

The Tg method obviates the need to temporarily change
modes and apply a VC-SIMV breath with an EIP. At
times, the EIP method may be impractical. Consider a
spontaneously breathing patient treated with PSV and
PEEP, for example, in whom applying an EIP is uncomfor-
table and disrupts the breathing pattern. During the pause,
the patient may not remain passive and attempt to
breathe, precluding accurate estimates of Pplt, and thus,
Crs and Rtot. As a result, the clinician may become fru-
strated and forego continued attempts to apply an EIP.
Consequently, vital information about the patient’s
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pulmonary elastance and resistance is denied. It is impor-
tant to assess and follow changes in pulmonary mechanics
due to effects of disease and/or therapeutic maneuvers
applied to the lungs. For example, the before and after
effects of PEEP on Crs, as well as the before and after
effects of bronchodilator therapy on Rtot can be assessed.

A patient safety/lung protection implication involves
continuous surveillance of Pplt by using the Tr method.
Lung protective strategies for patients with acute lung
injury call for limiting Pplt to <30 cm H,O and preventing
lung stretch to protect the lungs from physical trauma to
lung tissue [2,3]. Increased Pplt associated with Vi should
be avoided; it is associated with ventilator-induced lung
injury [17,18]. Because real-time Pplt values are generated
using the T method, if Pplt acutely increased to 45 cm
H,O, for example, the clinician would be alerted to this
potentially injurious pressure and intervene to lower Pplt
(open-loop approach). Contrast the Tr method to the cur-
rent traditional practice of applying an EIP once every
four or eight hours, for example, where acute increases in
Pplt may go undetected for long periods. Pplt values >30
cm H,0 occurred at times for some patients in our study.
When made aware of these pressures using the traditional
EIP method, V was decreased in 1-ml/kg steps (minimal
Vr 4 ml/kg) [2,4] to maintain Pplt at <30 cm H,O. Had
Pplt been monitored continuously using the T method,
Pplt >30 ¢cm H,O for long periods could have been
avoided. If a ventilator’s operating software employed the
Tg method for determining Pplt, then as Pplt increased to
inappropriately high levels, the ventilator would immedi-
ately alert the clinician and automatically intervene to
limit Pplt to <30 cm H,O by decreasing Vr as stated
above (closed-loop approach).

Conclusions

In conclusion, Pplt, Crs, and Rtot may be derived automati-
cally and continuously by using Tg from passive deflation of
the lungs for various modes of ventilatory support. The Tg
method was just as good as the traditional EIP method for
determining Pplt, Crs, and Rtot for patients with acute
respiratory failure. The Tg method obviates the need to
apply a volume-controlled breath with an EIP, which may
be impractical for many intubated, spontaneously breathing
patients. Real-time monitoring of pulmonary mechanics
during ventilatory support are facilitated using the Tg
method.

Key messages
» The expiratory time constant (Tg) may be determined
in real-time for patients receiving ventilatory support
using point-by-point analyses of exhaled tidal volume
and flow waveform data.

+ Tg is combined in equations allowing for real-time
determinations of Pplt, Crs, and Rtot (respiratory system
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resistance, plus series resistance of endotracheal tube
and ventilator breathing apparatus) for ventilator-depen-
dent patients.

» The Tg method for determining Pplt, Crs, and Rtot
was compared with the traditional EIP method for
determining Pplt, Crs, and Rtot for four forms of venti-
latory support, namely, volume controlled-continuous
mandatory ventilation, volume controlled-synchronized
intermittent mandatory ventilation, pressure control
plus, and pressure support ventilation. The r? values for
the relationships of Tr and EIP methods ranged from
0.94 to 0.99 for Pplt, 0.90 to 0.99 for Crs, and 0.88 to
0.94 for Rtot (P <0.001). Bias and precision values were
negligible.

o The T method obviates the need to disrupt the
breathing pattern with an EIP, a requirement for determi-
nation of Pplt, Crs, and Rtot.

« For patient safety/lung protection, continuous sur-
veillance of Pplt is achieved using the Tg method. Lung
protective strategies for patients with acute lung injury
call for limiting Pplt to <30 cm H,O and preventing
lung stretch to protect the lungs from physical trauma
to lung tissue.

Additional material

Additional file 1: Derivations of equations. Derivations of equations
using the expiratory time constant (Tg) method.
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agitation scale score; SpO-: pulse oximeter oxygen saturation; Tg: expiratory
time constant; VC+: volume control plus; VC-CMV: volume controlled-
continuous mandatory ventilation; VC-SIMV: volume controlled-synchronized
intermittent mandatory ventilation; Vy: tidal volume.

Authors’ contributions

MJB co-developed ideas for the study, directed clinical data collection,
analyzed all data, and wrote all manuscript drafts, conceived all figures, and
reviewed literature for reference material. NA-R conceived the initial concept
for the study, derived equations for the concept, did all initial calculations of
data to prove correctness of concept, assisted in identifying patients to be
studied, collected clinical data, and contributed to preparation of the
manuscript. NRE co-developed ideas for study, developed software used in
the study, performed statistical analyses, co-derived equations used in the
study, and contributed to preparation of the manuscript. CGT performed
statistical analyses and contributed to preparation of the manuscript. JB co-
developed ideas for the study, assisted in identifying patients to be studied,
and collected clinical data. ADM co-developed ideas for the study and
contributed to preparation of the manuscript. AG co-developed ideas for the
study, identified patients to be studied, directed clinical care aspects of the
study, and contributed to preparation of the manuscript. All authors have
read and approved the manuscript for publication.

Page 10 of 11

Authors’ information

Sources of funding: Dr. Banner: State of Florida and Convergent Engineering;
Dr. Al-Rawas: University of Florida, College of Medicine; Dr. Euliano:
Convergent Engineering; Dr. Tams: Convergent Engineering; Mr. Brown:
Shands Hospital at the University of Florida; Dr. Gabrielli: University of
Florida, College of Medicine and Convergent Engineering.

Competing interests

Dr. Banner is a consultant for Convergent Engineering. Dr. Euliano is
President of Convergent Engineering and Dr. Tams is an associate of
Convergent Engineering (developer of software used in study). All other
authors declare that they have no competing interests. The authors received
clinical research funds from Respironics Inc, the study sponsor. Dr. Euliano
holds stocks in Convergent Engineering. The authors have applied for a
patent.

Author details

'Department of Anesthesiology, College of Medicine, University of Florida,
PO Box 100254, Gainesville, FL 32610-0254, USA. “Convergent Engineering,
107 SW 140™ Terrace, #1, Newberry, FL 32669, USA. 3Departmem of Physical
Therapy, College of Public Health and Health Professions, University of
Florida, PO Box 100154, Gainesville, FL 32610-0154, USA. 4Departmem of
Surgery, College of Medicine, University of Florida, PO Box 100254,
Gainesville, FL, USA.

Received: 10 October 2012 Revised: 10 December 2012
Accepted: 29 January 2013 Published: 5 February 2013

References

1. Kirby RR, Banner MJ, Downs JB, eds: Clinical Applications of Ventilatory
Support. New York, Churchill Livingstone Inc; 1990, 415.

2. The Acute Respiratory Distress Syndrome Network: Ventilation with lower
tidal volumes and compared to traditional tidal volumes for acute lung
injury and acute respiratory distress syndrome. NEJM 2000,
342:1301-1308.

3. The National Heart, Lung, and Blood Institute ARDS Clinical Trials Network:
Higher versus lower positive end expiratory pressures in patients with
the acute respiratory distress syndrome. NEJM 2004, 351:327-336.

4. Ventilation protocol card.pdf - ARDS Net. National Institutes of Health,
National Heart, Lung and Blood Institute Clinical Network mechanical
ventilation protocol summary. 2012 [http//www.ardsnet.org/node/77791],
Available online.

5. Milic-Emili J, Zin WA: Relationship between neuromuscular drive and
ventilatory output. In Handbook of Physiology Section 3. The Respiratory
System. Vol lll. Mechanics of Breathing. Part 2. Edited by: Macklem PT, Mead
J. Washington DC: American Physiological Society; 1986:640.

6. Riker RR, Fraser GL, Simmons LE, Wilkins ML: Validating the sedation-
agitation scale with the bispectral index and visual analog scale in adult
ICU patients after cardiac surgery. Intensive Care Med 2001, 27:853-858.

7. Engel LA: Dynamic distribution of gas flow. In Handbook of Physiology.
The respiratory system. Section 3, volume 3. Edited by: Macklem PT, Mead J.
Washington DC: American Physiologic Society; 1986:575.

8. Banner MJ, Lampotang S: Clinical use of inspiratory and expiratory
waveforms. In Current Respiratory Care. Edited by: Kacmarek R M, Stoller J K.
Toronto: BC Decker; 1988:137.

9. Mcllroy MB, Tierney DF, Nadel JA: A new method of measurement of
compliance and resistance of the lungs and thorax. J Appl Physiol 1963,
18:424-427.

10.  Guttmann J, Eberhard L, Fabry B, Bertschmann W, Zeravik J, Adolph M,
Eckart J, Wolff G: Time constant/volume relationship of passive expiration
in mechanically ventilated ARDS patients. Eur Respir J 1995, 8:114-120.

11. Otis AB, McKerrow RA, Bartlett RA: Mechanical factors in distribution of
pulmonary ventilation. J App Physiol 1956, 8:427-443.

12. Hogg JC: Pathophysiology of airflow limitation in chronic obstructive
pulmonary disease. Lancet 2004, 364:709-721.

13. Bland JM, Altman DG: Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1986, 1:307-310.

14. Kondilli E, Prinianakis H, Athanasakis D, Georgopoulos D: Lung emptying in
patients with acute respiratory distress syndrome: Effect of positive end
expiratory pressure. Eur Respir J 2002, 19:811-819.


http://www.biomedcentral.com/content/supplementary/cc12500-S1.DOCX
http://www.ncbi.nlm.nih.gov/pubmed/10793162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15269312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15269312?dopt=Abstract
http://www.ardsnet.org/node/77791
http://www.ncbi.nlm.nih.gov/pubmed/11430541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11430541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11430541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7744177?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7744177?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15325838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15325838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2868172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2868172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12030718?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12030718?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12030718?dopt=Abstract

Al-Rawas et al. Critical Care 2013, 17:R23
http://ccforum.com/content/17/1/R23

Kondilli E, Alexopoulou C, Prinianakis G, Xirouchaki N, Georgopoulos D:
Pattern of lung emptying and expiratory resistance in mechanically
ventilated patients with chronic obstructive pulmonary disease. Intensive
Care Med 2004, 30:1311-1318.

Brunner JX, Laubscher TP, Banner MJ, lotti G, Braschi A: Simple method to
measure total expiratory time constant based on the passive expiratory
flow-volume curve. Crit Care Med 1995, 23:1117-1122.

Maclntyre NR: Current issues in mechanical ventilation for respiratory
failure. Chest 2005, 128:5615-567S.

Villar J, Kacmarek RM, Perez-Mendez L, Aguirre-Jamie A: ARIES Network.

A high PEEP-low tidal volume ventilatory strategy improves outcome in
persistent ARDS. A randomized controlled trial. Crit Care Med 2006,
34:1311-1318.

doi:10.1186/cc12500

Cite this article as: Al-Rawas et al.. Expiratory time constant for
determinations of plateau pressure, respiratory system compliance, and
total resistance. Critical Care 2013 17:R23.

Page 11 of 11

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/15054570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15054570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7774225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7774225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7774225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16306054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16306054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16557151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16557151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16557151?dopt=Abstract

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Key messages
	Abbreviations
	Authors' contributions
	Authors' information
	Competing interests
	Author details
	References

