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Abstract
Background: The aim of this study was to investigate the flow resistance and flow rate in patients with acute respiratory distress syndrome
(ARDS) in the surgical intensive care unit and their relation with autonomic nervous modulation.
Methods: Postoperative patients of lung or esophageal cancer surgery without ARDS were included as the control group (n ¼ 11). Patients who
developed ARDS after lung or esophageal cancer surgery were included as the ARDS group (n ¼ 21). The ARDS patients were further divided
into survivor and nonsurvivor subgroups according to their outcomes. All patients required intubation and mechanical ventilation.
Results: The flow rate was significantly decreased, while the flow resistance was significantly increased, in ARDS patients. The flow rate correlated
significantly and negatively with positive end-expiratory pressure (PEEP), while the flow resistance correlated significantly and positively with
PEEP in ARDS patients. Furthermore, the flow rate correlated significantly and negatively with the tidal volume-corrected normalized high-
frequency power but correlated significantly and positively with the tidal volume-corrected low-/high-frequency power ratio. In contrast, the
flow resistance correlated significantly and negatively with normalized very low-frequency power and tidal volume-corrected low-/high-frequency
power ratio, but correlated significantly and positively with tidal volume-corrected normalized high-frequency power.
Conclusion: The flow rate is decreased and the flow resistance increased in patients with ARDS. PEEP is one of the causes of increased flow
resistance and decreased flow rate in patients with ARDS. Another cause of decreased flow rate and increased flow resistance in ARDS patients
is the increased vagal activity and decreased sympathetic activity. The monitoring of flow rate and flow resistance during mechanical ventilation
might be useful for the proper management of ARDS patients.
Copyright © 2015 Elsevier Taiwan LLC and the Chinese Medical Association. All rights reserved.
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1. Introduction

Acute respiratory distress syndrome (ARDS)1,2 is a life-
threatening lung condition that affects patients with and
without previous cardiopulmonary disorders. The signs and
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symptoms of ARDS usually begin within 72 hours of the initial
insult or injury to the lung, and may include shortness of breath,
fast breathing, and a low arterial oxygen tension. After lung
resection or esophagectomy for esophageal cancer, ARDS may
occur as a complication in some patients with an incidence of
1e3%.3e6 ARDS is associated with a high mortality in patients
who require mechanical ventilation and intensive care.6 The
overall mortality rate of ARDS is over 40%; it varies widely
depending on disease severity and patient age.5,7,8

In patients with ARDS, mechanical ventilation with a lower
tidal volume (VT) than is traditionally used may result in
ociation. All rights reserved.
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decreased mortality,9 and decelerating flow pattern associated
with pressure modes is thought to provide better gas distri-
bution than volume ventilation does.10 Although mechanical
ventilation provides essential life support, it can worsen lung
injury. Mechanisms of ventilator-associated injuries include
regional alveolar overdistention, repetitive alveolar collapse
with shearing (atelectrauma), and oxygen toxicity.11 To ach-
ieve a better outcome, pressure support or pressure control
modes of ventilation is often adopted to minimize the inci-
dence of barotrauma, including alveolar overdistention,
pneumothorax, etc. Unfortunately, some important fluid me-
chanical parameters such as the flow rate and flow resistance
of mechanical ventilation are not available in the ventilator
settings when pressure control mode is used to ventilate ARDS
patients.

Heart rate variability (HRV) analysis is a useful noninvasive
method that can be used to evaluate the autonomic nervous
modulation of patients with many kinds of illnesses. Several
studies have documented the worse prognoses associated with
autonomic dysfunction, including acute myocardial infarc-
tion,12 septic shock,13 and multiple organ failure.14 Many
factors have been found to interfere with the autonomic ner-
vous modulation in critical care patients, such as ischemic
heart disease,15 sedative,16 and vasoactive17 drugs. In order to
assess the autonomic nervous function of patients, baroreflex
(BR) sensitivity may even be used in addition to HRV.

It is already known that respiratory activity and breathing
pattern can affect the cardiac autonomic nervous modulation
of a patient.18 Thus, spectral analysis of heart rate, respiration,
and blood pressure signals is a noninvasive approach that is
widely used to investigate cardiovascular and cardiorespira-
tory control mechanisms.19

The first aim of this study was to obtain the flow rate and
flow resistance of mechanically ventilated ARDS patients
under pressure control mode, and to investigate the de-
terminants of flow resistance and flow rate in patients with
ARDS who required mechanical ventilation and critical care
in the surgical intensive care unit (SICU) at a tertiary-care
center. The second aim of this study was to investigate
whether autonomic nervous modulation of mechanically
ventilated ARDS patients played a role in the regulation of the
flow rate and flow resistance.

2. Methods
2.1. Study design
This was a prospective cohort study with retrospective data
analysis. The study protocol was approved by the Institute
Review Board of the hospital, and written informed consent
was obtained from the next-of-kin of the patients before their
enrollment in the study.
2.2. Study setting and population
This study was conducted in the SICU of a tertiary medical
center. All patients were older than 18 years and had received
thoracic surgery due to lung or esophageal cancer. The patients
were transferred to the SICU for postoperative care. Patients
without postoperative complication of ARDS were enrolled as
the control group. Patients complicated by ARDS were
enrolled as the ARDS group. ARDS was diagnosed according
to the Berlin Definition.2 Three mutually exclusive categories
of ARDS based on the degree of hypoxemia were proposed as
the draft definition: mild [200 mmHg < PaO2/fraction of
inspired oxygen (FIO2) � 300 mmHg], moderate
(100 mmHg < PaO2/FIO2 � 200 mmHg), and severe (PaO2/
FIO2 � 100 mmHg) hypoxemia with four ancillary variables
for severe ARDS: radiographic severity, respiratory system
compliance (� 40 mL/cmH2O), positive end-expiratory pres-
sure (� 10 cmH2O), and corrected expired volume per minute
(� 10 L/min). Patients who had severe coronary artery dis-
ease, persistent arrhythmia, cardiac pacing, diabetes mellitus,
cerebral vascular accident, or major diseases of kidney or
autoimmune system were excluded from the study.
2.3. Study protocol and data collection
All patients needed intubation and mechanical ventilation.
Fentanyl was administered to all patients as an analgesic. The
alveolarearterial oxygen difference and Acute Physiology and
Chronic Health Evaluation II score were determined for all
ARDS patients when they were admitted to the SICU. The
demographic data, vital signs, medications, ventilator read-
ings, and relevant clinical data were recorded within 4 hours of
admission to the SICU. Blood pressures were collected
through the arterial line placed in the radial arteries of the
patients and the bedside monitor of the SICU. Twelve minute
electrocardiographic (ECG) signals were recorded in the su-
pine position using the MP35 ECG device (BIOPAC Systems,
Inc., Goleta, CA, USA). The output ECG signals were digi-
tized by an A/D converter (BIOPAC Systems, Inc.), and stored
in a notebook computer for later HRV analysis. During ECG
recording, bedside care such as suction and invasive pro-
cedures that could interfere with HRV was avoided.
2.4. Flow rate and flow resistance
Flow rate is the amount of fluid flowing in a given length of
time. It can be expressed as the volume of fluid stored during a
given period of time. In fluid mechanics, the flow rate equals
the volume of fluid divided by the time used to deliver the
volume. Thus, the flow rate in mechanical ventilation is given
by

F¼ VT

Tinsp

;

where F is the flow rate, VT is the tidal volume, and Tinsp is the
inspiration time. The flow resistance is determined by the
pressure applied onto the volume of fluid and the flow rate
according to the well-known relationship among flow, pressure
and resistance: Q ¼ DP/R. Thus, the flow resistance of air
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during mechanical ventilation is given by the following
equation:

R¼ Pinsp

F
;

where R is the flow resistance and Pinsp is the inspiratory
pressure.
2.5. HRV analysis
The method used for HRV analysis has been described
elsewhere and adheres to the standards laid down by the Task
Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology.19 In brief,
the digitized ECG signals were retrieved to measure the
consecutive RR intervals (RRI), which are the time intervals
between successive pairs of QRS complexes, using the soft-
ware developed for detection of the R-wave (Matlab 6.5,
MathWorks Inc., Natick, MA, USA). All artifacts or ectopic
beats were removed, and the resultant missing data were
replaced by interpolated beats derived from the nearest valid
data. If the percentage of deletion of artifacts or ectopic beats
was more than 5% per record, then the patient was excluded
from the study. The last 512 stationary RR intervals were
obtained for power spectral HRV analysis.

The time domain HRV measures including mean RRI,
standard deviation of RRI, coefficient of variation of RRI, and
root mean squared successive difference of 512 RR intervals
were calculated using standard formulae.

Power spectral analysis of the RR intervals was performed
by means of fast Fourier transformation (Mathcad 11, Math-
soft Inc., Cambridge, MA, USA). The areas under the spectral
peaks within the ranges of 0.01e0.04 Hz, 0.04e0.15 Hz,
0.15e0.4 Hz, and 0.01e0.4 Hz were defined as very low-
frequency power (VLFP), low-frequency power (LFP), high
frequency power (HFP), and total power (TP), respectively.
The normalized VLFP (nVLFP ¼ VLFP/TP � 100) was used
as the index of renineangiotensinealdosterone modulation,
thermal regulation, and vagal withdrawal; the normalized LFP
(nLFP ¼ LFP/TP � 100) was used as the index of combined
sympathetic and vagal activities; the normalized HFP
(nHFP ¼ HFP/TP � 100) and HFP were used as the indices of
cardiac vagal activity; and the low-/high-frequency power
ratio (LHR ¼ LFP/HFP) was used as the index of sym-
pathovagal balance.19 Since the pulmonary stretch receptors
play a dynamic role in parasympathetic output, it was possible
that the HFP and nHFP could be influenced by the VT of the
patients. Therefore, two parameters, HFP/VT and nHFP/VT,
were used as the VT-corrected indices of vagal activity in this
study.15
2.6. Statistical analysis
The data are presented as mean ± standard deviation.
Continuous variables were compared between the two groups
of patients using ManneWhitney U test (for non-normal
distributed data) or independent samples t-test (for normally
distributed data). The Chi-square test or Fisher's exact test,
when appropriate, was used for comparisons of categorical
data. Correlations among mechanical ventilation variables and
arterial blood gas data were performed by using Pearson
product moment correlation analysis and linear regression
analysis. All statistical analyses were performed using a
common statistical package (SigmaPlot13 for Windows,
Systat Software, Inc., San Jose, CA, USA). A p < 0.05 was
considered statistically significant.

3. Results

Eleven patients without ARDS and 21 patients with ARDS
were included in this study. Midazolam (1e2 mg/h) was used
to produce a state of calm or sleep in some patients in both
groups of patients, and vasopressors (0.05e0.11 mg/kg/min)
were used in eight patients in the ARDS group to maintain
adequate blood pressure. Fentanyl (5e10 mg/h) was adminis-
tered to all patients for pain control and the reduction of O2

consumption in the ARDS group. The ECG recordings were
taken within 4 hours of transfer to the SICU in all patients.

Table 1 compares the clinical characteristics, arterial blood
gas data, and ventilator variables between the control patients
and ARDS patients. There were no significant differences in
the demographic data between the two groups. The ARDS
patients had significantly higher systolic blood pressure and
respiratory rates than the control patients, and more patients
used midazolam and norepinephrine. Arterial blood gas
analysis showed that the ARDS patients had significantly
lower PaO2 and PaO2/FIO2 but significantly higher PaCO2

than control patients. Regarding ventilator settings, though the
inspiratory pressure (Pinsp) and inspiratory time were not
significantly different between groups, the ARDS patients had
significantly lower VT and used significantly higher positive
end-expiratory pressure (PEEP) and higher FIO2 than the non-
ARDS patients. The flow rate was significantly decreased,
while the flow resistance was significantly increased, in the
ARDS patients.

Table 2 compares the clinical characteristics, arterial blood
gas data, and ventilator variables between the survivors and
nonsurvivors among ARDS patients. The nonsurvivors had
significantly higher PaCO2 and Pinsp than the survivors of ARDS.

Fig. 1 shows that the PaCO2 correlated significantly and
positively with the Pinsp in the ARDS patients only. This result
indicated that a higher inspiratory pressure was associated
with an increased PaCO2 in ARDS patients, but not in non-
ARDS patients. The flow rate correlated significantly and
negatively with the flow resistance in both groups of patients,
demonstrating that increased flow resistance was associated
with reduced flow rate in the mechanically ventilated patients
regardless of their clinical illness. Fig. 1 also shows that the
flow rate correlated significantly and negatively with PEEP
while the flow resistance correlates significantly and positively
with PEEP in the ARDS group only. This result indicated that



Table 1

Demographic and clinical data of the patients.

Controla ARDSa p

(n ¼ 11) (n ¼ 21)

Demographic

Age (y) 61.4 ± 8.4 59.6 ± 16.5 NS

Sex, n (M/F) 5/6 17/4 NS

Body height (cm) 158.4 ± 10.3 164.7 ± 6.9 NS

Body weight (kg) 65.6 ± 9.4 65.1 ± 8.5 NS

Body temperature (�C) 36.4 ± 0.8 36.6 ± 0.7 NS

Vital signs

SBP (mmHg) 115 ± 17 131 ± 23 0.041

DBP (mmHg) 63 ± 10 66 ± 13 NS

CVP (cm/H2O) 10 ± 3 12 ± 3 NS

Respiratory rate (bpm) 13 ± 2 20 ± 6 0.001

Medications

Midazolam (yes/no) 4/7 20/1 0.001

Norepinephrine (yes/no) 0/11 8/13 0.021

Arterial gas analysis

PaO2 (mmHg) 178.2 5 ± 4.4 82.8 ± 23.0 0.001

PaCO2 (mmHg) 32.4 ± 5.8 37.9 ± 7.4 0.043

PaO2/FIO2 (mmHg) 444.5 ± 125.1 122.7 ± 49.7 0.001

Ventilator setting

Pinsp (cmH2O) 20 ± 2 19 ± 3 NS

Tinsp (sec) 0.9 ± 0.1 0.9 ± 0.1 NS

VT (mL) 539 ± 94 427 ± 117 0.004

PEEP (cmH2O) 5.8 ± 1.8 10.4 ± 3.0 0.001

MV (L/min) 7.1 ± 2.0 8.6 ± 3.2 NS

FIO2 0.4 ± 0.1 0.7 ± 0.2 0.001

Derived data

F (mL/sec) 574.8 ± 92.5 464.7 ± 116.2 0.012

R (cmH2O$sec/mL) 0.03 ± 0.01 0.04 ± 0.01 0.009

ARDS ¼ acute respiratory distress syndrome; bpm ¼ beats per minute;

CVP ¼ central venous pressure; DBP ¼ diastolic blood pressure;

FIO2 ¼ fraction of inspired oxygen; F ¼ flow rate; MV ¼ minute ventilation;

NS ¼ not significant; PaCO2 ¼ partial pressure of arterial carbon dioxide;

PaO2 ¼ partial pressure of arterial oxygen; PEEP ¼ positive end-expiratory

pressure; Pinsp ¼ inspiratory pressure; R ¼ flow resistance; SBP ¼ systolic

blood pressure; Tinsp ¼ inspiration time; VT ¼ tidal volume.
a Data are presented as mean ± standard deviation.

Table 2

Demographic and clinical data of survivors and nonsurvivors of acute respi-

ratory distress syndrome.

Survivora Nonsurvivora p

(n ¼ 16) (n ¼ 5)

Demographic

Age (y) 56.6 ± 17.0 69.0 ± 11.6 NS

Sex, n (M/F) 14/2 3/2 NS

Body height (cm) 165.3 ± 6.6 164.7 ± 6.9 NS

Body weight (kg) 164.7 ± 6.9 67.2 ± 11.6 NS

Body temperature (�C) 36.6 ± 0.7 36.4 ± 0.6 NS

Vital signs

SBP (mmHg) 132.4 ± 23.1 125.4 ± 26.5 NS

DBP (mmHg) 67.6 ± 11.4 60.4 ± 16.9 NS

CVP (cmH2O) 11.1 ± 2.7 13.0 ± 5.0 NS

RR (bpm) 19.1 ± 6.1 24.2 ± 4.8 NS

Medications

Midazolam (yes/no) 15/1 5/0 NS

Norepinephrine (yes/no) 6/10 2/3 NS

Arterial gas analysis

PaO2 (mmHg) 82.0 ± 24.6 85.3 ± 18.9 NS

PaCO2 (mmHg) 36.0 ± 6.0 44.2 ± 8.6 0.043

PaO2/FIO2 122.8 ± 52.1 122.7 ± 46.5 NS

Score

ALI score 13 ± 2 13 ± 2 NS

AaDO2 (mmHg) 474.2 ± 134.8 472.4 ± 121.7 NS

APACHE II 15 ± 6 15 ± 6 NS

Ventilator setting

Pinsp (cmH2O) 18.4 ± 3.4 21.4 ± 1.3 0.039

Tinsp (sec) 0.9 ± 0.1 0.9 ± 0.1 NS

VT (mL) 436.3 ± 119.5 397.2 ± 117.9 NS

PEEP (cmH2O) 10.1 ± 3.2 11.3 ± 2.3 NS

MV (L/min) 8.2 ± 2.8 10.0 ± 3.7 NS

FIO2 0.7 ± 0.2 0.9 ± 0.1 NS

Flow data

F (mL/sec) 470.3 ± 118.2 446.9 ± 120.3 NS

R (cmH2O$sec/mL) 0.04 ± 0.01 0.05 ± 0.02 NS

AaDO2 ¼ alveoloearterial oxygen difference; ALI score ¼ acute lung injury

score; APACHE II ¼ Acute Physiology and Chronic Health Evaluation II;

ARDS ¼ acute respiratory distress syndrome; BP ¼ systolic blood pressure;

bpm ¼ beats per minute; CVP ¼ central venous pressure; DBP ¼ diastolic

blood pressure; F ¼ flow rate; FIO2 ¼ fraction of inspired oxygen;

MV ¼ minute ventilation; NS ¼ not significant; PaCO2 ¼ partial pressure of

arterial carbon dioxide tension; PaO2 ¼ partial pressure of arterial oxygen

tension; PEEP¼ positive end-expiratory pressure; Pinsp ¼ inspiratory pressure;

R ¼ flow resistance; RR ¼ respiratory rate; SBP ¼ systolic blood pressure;

Tinsp ¼ inspiration time; VT ¼ tidal volume.
a Data are presented as mean ± standard deviation.
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the use of higher PEEP in ARDS patients was the cause of
decreased flow rate and increased flow resistance.

Fig. 2 further shows that in the ARDS patients, the flow rate
correlated significantly and negatively with the tidal volume-
corrected normalized high-frequency power (nHFP/VT) but
correlated significantly and positively with the LHR*VT. In
contrast, the flow resistance correlated significantly and
negatively with nVLFP and LHR*VT, but correlated signifi-
cantly and positively with nHFP/VT. These results suggest that
enhanced vagal activity and suppressed sympathetic activity
were associated with an increased flow resistance and
decreased flow rate in the ARDS patients.

4. Discussion

This study investigated the flow resistance and flow rate in
mechanically ventilated ARDS patients in the SICU, and their
relation with autonomic nervous modulation. Our results
showed that the resistance to airflow was increased and the
flow rate was decreased in ARDS patients in comparison with
non-ARDS patients. The use of higher PEEP might be the
cause of increased flow resistance and decreased flow rate in
ARDS patients. The nonsurvivor ARDS patients were found to
have higher PaCO2 than the survivor ARDS patients, despites
the use of higher inspiratory pressure. Further analysis showed
that increased vagal activity and decreased sympathetic ac-
tivity might be the cause of increased flow resistance and
decreased flow rate in ARDS patients.

Pressure control mode of ventilation is often used in me-
chanically ventilated ARDS patients to minimize the inci-
dence of barotrauma and obtain a better outcome. The
decelerating flow pattern associated with pressure modes is
thought to provide better gas distribution than volume venti-
lation.10 Unfortunately, fluid mechanical parameters such as
flow rate and flow resistance cannot be obtained and used for



Fig. 1. The correlations among various variables of mechanical ventilation in the control and acute respiratory distress syndrome groups. ARDS ¼ acute respiratory

distress syndrome; F ¼ flow rate; PaCO2 ¼ arterial carbon dioxide tension; PEEP ¼ positive end-expiratory pressure; Pinsp ¼ inspiratory pressure; R ¼ resistance.
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bedside monitoring of the patients when the pressure control
mode of ventilation is used. To overcome this limitation, we
used two simple equations to obtain the flow rate and flow
resistance of mechanical ventilation, and compared them be-
tween ARDS and non-ARDS patients. We found that these
two parameters were indeed different between ARDS and non-
ARDS patients. The ARDS patients had decreased flow rate
and increased flow resistance, as compared with the non-
ARDS patients. The high level of PEEP was found to be
one of the causes of decreased flow rate and increased flow
resistance in ARDS patients during mechanical ventilation
with linear regression analysis. Another factor leading to
decreased flow rate and increased flow resistance was found to
be increased vagal activity and decreased sympathetic activity
in the ARDS patients. There might be other causes in addition
to high PEEP and autonomic dysfunction. For instance, stiff
lung due to consolidation of lung parenchyma might be one of
the factors resulting in decreased flow rate and increased flow
resistance in ARDS. These factors should be corrected before
the lung condition can be improved in ARDS patients.

In our study, the use of high PEEP might be one the causes
of the increase in PaCO2 and flow resistance and the decrease
in flow rate in ARDS patients. However, the use of PEEP is
inevitable because of severe hypoxemia in ARDS patients.



Fig. 2. The correlations between flow rate and resistance and heart rate variability measures in the acute respiratory distress syndrome patients. ARDS ¼ acute

respiratory distress syndrome; F ¼ flow rate; LHR ¼ low-/high-power ratio; nHFP ¼ normalized high-frequency power; nVLFP ¼ normalized very low-frequency

power; R ¼ resistance; VT ¼ tidal volume.
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The goal of applying PEEP to an ARDS lung is to recruit those
lung units that are both nonaerated and reopenable and to keep
them open. Furthermore, lung overdistension should be avoi-
ded or prevented as much as possible.20 The basic physio-
logical effect of PEEP is to induce an increase in functional
residual capacity and lung volumes, alveolar recruitment,
redistribution of extravascular lung water, and improved
ventilation-perfusion matching.20,21 Increasing PEEP is rec-
ommended in the treatment of hypoxemia and is routinely
prescribed in the SICU for ARDS patients. Furthermore, PEEP
in patients with ARDS was associated with a reduction in
cardiac output, and changes in cardiac output were signifi-
cantly and positively correlated with the changes in the
intrapulmonary shunt.22 Higher PEEP can increase right
ventricle afterload and impair right ventricle function. It may
also contribute to acute cor pulmonale in ARDS, in whom the
reported incidence is almost 25%.23 Systemic vascular resis-
tance was unchanged, but pulmonary vascular resistance
doubled upon addition of PEEP.21 Pulmonary blood flow is
compromised to lung regions that remain well ventilated. The
expected consequence of increased PEEP level would be an
increase in the physiological dead space, and the increase in
dead space represents an impaired ability to excrete carbon
dioxide.24

It is already known that respiratory rate and VT can modify
the HRV during a period of constant CO2 concentration.

25 The
respiratory modulation of HRV is known to be frequency-
dependent, and the impact of respiration on HRV is exacer-
bated when the respiration rate falls within the low-frequency
(LF) band.26 During mechanical ventilation, stable high-
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frequency (HF)-RR amplitude and cardiorespiratory phase
difference over time reflect a blunted autonomic nervous
function which might worsen as PEEP increases.27 Breathing
to a metronome has been reported to increase heart rate
spectral power in the HF or respiratory frequency region.
Some studies have shown that in healthy awake normal in-
dividuals, exposure to a modest level of PEEP results in sig-
nificant changes in hemodynamics and in neural circulatory
control (increase in blood pressure, decrease in HR and in-
crease in the HF components of the BR), compared with
controlled breathing.28,29 Guilleminault et al30 indicated that
the HF component was only significantly decreased in patients
with upper airway resistance syndrome, which indicates a
predominant involvement of the vagal tone in patients with
upper airway resistance syndrome in comparison to those with
obstructive sleep apnea syndrome. Poyhonen et al31 showed
that adding CO2 to the inspiratory gas increased HF and LF
components of HRV in awake volunteers during both sponta-
neous and mechanical ventilation, and that PaCO2, VT and
respiratory rate should be controlled when HRV power spec-
trum was measured in conscious patients or volunteers.
Change of HRV between different ventilator settings has also
been described in a canine model. These data indicated that
there was a relative shift in autonomic balance to increased
sympathetic and decreased parasympathetic tone with expo-
sure to mechanical ventilation. The increase in intrathoracic
pressure might reduce the right ventricular end-diastolic vol-
ume (preload). These hemodynamic alterations might generate
a change in autonomic tone, so that the cardiac output could be
maintained.32 These findings may contribute to understanding
the mechanisms, indications, and effectiveness of positive
pressure breathing strategies in treating cardiorespiratory and
other disease conditions.28 The selective increase in the HF
and not in the LF a-index of BR sensitivity supports a potential
important role of enhanced vagal activity, which is also sug-
gested by the increase in the HF component of HRV. In
agreement with the abovementioned studies, our results indi-
cated that increased vagal activity (nHFP/VT) and decreased
sympathetic activity (nVLFP) might be associated with an
increase in flow resistance and decrease in flow rate in ARDS
patients.

The flow rate and flow resistance defined and obtained in
this study are expected to be useful in the clinical monitoring
and management of not only ARDS patients but also other
kinds of patients so long as they are mechanically ventilated
using pressure control or pressure support mode. These two
fluid mechanical parameters can also be used to monitor pa-
tients in a real-time fashion to achieve a better mechanical
support of patients without additional device or equipment. It
is therefore suggested that the values of these two parameters
be displayed in the display panel of the ventilator so that the
respiratory therapists and intensivists can have a better un-
derstanding about the progression of the lung diseases of the
patients at any time.

In conclusion, the flow rate and flow resistance during
mechanical ventilation were defined and compared between
ARDS and non-ARDS patients. The flow resistance was
increased while the flow rate was decreased in ARDS patients
compared with non-ARDS patients. The use of high PEEP was
one of the causes of increased flow resistance and decreased
flow rate in ARDS patients. Another cause of decreased flow
rate and increased flow resistance in ARDS patients was the
increase in vagal activity and the decrease in sympathetic
activity. The monitoring of flow rate and flow resistance dur-
ing mechanical ventilation might be useful for the proper
management of ARDS patients in the SICU.
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