The Injurious Effects of Elevated or Nonelevated Respiratory Rate

during Mechanical Ventilation

Evangelia Akoumianaki, Katerina Vaporidi, and Dimitris Georgopoulos

Intensive Care Medicine Department, University Hospital of Heraklion, Medical School, University of Crete, Heraklion, Crete, Greece

ORCID IDs: 0000-0001-6108-8200 (E.A.); 0000-0002-7766-8688 (K.V.); 0000-0003-3689-9014 (D.G.).

Abstract

Respiratory rate is one of the key variables that is set and monitored
during mechanical ventilation. As part of increasing efforts

to optimize mechanical ventilation, it is prudent to expand
understanding of the potential harmful effects of not only volume
and pressures but also respiratory rate. The mechanisms by which
respiratory rate may become injurious during mechanical ventilation
can be distinguished in [two broad categories. In the first, well-
recognized category, concerning both lcontrolled and jassisted
ventilation, the respiratory rate per se may promote ventilator-
induced lung injury, [dynamic hyperinflation, ineffective efforts,
and respiratory alkalosis. It may also be misinterpreted as distress
delaying the weaning process. In the/second category, which concerns
only assisted ventilation, the respiratory rate may induce injury

in a less apparent way by remaining relatively quiescent while
being challenged by chemical feedback. By responding minimally

to chemical feedback, respiratory rate leaves the control

of VE almost lexclusively to inspiratory effort. In such cases,
when [assist is high, weak inspiratory efforts promote ineffective
triggering, periodic breathing, and diaphragmatic atrophy.
Conversely, when [a88ist is [6W, [didphragmatic efforts are inifense
and increase the risk for respiratory distress, @synchronies,
ventilator-induced lung injury, [diaphragmatic injury, and
cardiovascular complications. This review thoroughly presents
the multiple mechanisms by which respiratory rate may induce
injury during mechanical ventilation, drawing the attention

of critical care physicians to the potential injurious effects

of respiratory rate insensitivity to chemical feedback during
assisted ventilation.

Keywords: control of breathing; diaphragmatic dysfunction;
ventilator-induced lung injury; patient-ventilator interaction;
respiratory rate

Mechanical ventilation is the cornerstone
of supportive care for respiratory failure,
tightly linked to the very existence of
intensive care. As our understanding of the
complex interactions between the patient
and the ventilator has increased, it

has become apparent that mechanical
ventilation not only is lifesaving but,
similarly to any other intervention, may
also harm the patient. A series of studies
paved the way to the first ARDSNet trial
(ARMA), which catalyzed understanding of
ventilator-induced lung injury (VILI) and
has raised interest in the deleterious effects
of mechanical ventilation (1). Extensive
research has since been performed,

aimed at thoroughly characterizing
the mechanisms by which mechanical
ventilation may harm the patient. It is now
well established that lung overstretch and
cyclic alveolar collapse promote lung injury.
In the everyday clinical practice, physicians
can rely on the results of several clinical and
physiological studies for the titration of
VT, positive end-expiratory pressure, and
end-inspiratory pressure during mechanical
ventilation. Yet, the role and potential
harmful effects of respiratory rate during
mechanical ventilation have received less
attention.

In this review, we describe the multiple
mechanisms through which the respiratory

rate during mechanical ventilation may
adversely affect the patient. When the
potential harmful effects of respiratory
rate during mechanical ventilation are
considered, one intuitively associates injury
with a high respiratory rate. Indeed, such
injurious effects of the respiratory rate per se
can be observed during both controlled
and assisted mechanical ventilation and
are discussed in the first part of this
review. Nevertheless, it is relatively
underrecognized that the respiratory

rate changes minimally or not at all

in response to changes in assist level

and Paco . The mechanisms of this
insensitivity of [respiratory rate and the
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Figure 1. The main injurious effects of respiratory rate. Both the respiratory rate per se and the respiratory rate insensitivity may result, through multiple
pathways, in ventilator-induced lung injury (VILI) and may be falsely interpreted with several adverse consequences for the patient. Respiratory rate
insensitivity is related to inability of respiratory rate to control Ve and, depending on the level of assist, results in high or low effort per breath. DH = dynamic

hyperinflation; IE =

clinical implications for assisted ventilation are
presented in the second part of this review.

Real or Perceived Injurious
Effects Associated with High
Respiratory Rate

Respiratory rate is determined by the
physician during controlled mechanical
ventilation, by the patient during assisted
ventilation, or by both during assist control
ventilation. It is noteworthy that the
respiratory rate [displayed on the ventilator
screen may be lower or higher than

the respiratory rate of the patient in

the presence of [ineffective efforts or
autotriggering, respectively. Regardless of
its origin, the respiratory rate may become
injurious for the patient in multiple ways
(Figure 1).

VILI

It is well established that VILI is caused by
the cyclic overstretch and/or collapse of
alveoli. Thus, [reducing VT, limiting plateau
airway pressure, and applying adequate
positive end-expiratory pressure to improve
lung compliance and increase the size

of the ‘baby lung” constitute the three

150

ineffective efforts; VIDD = ventilator-induced diaphragmatic dysfunction.

components of lung-protective ventilation.
Lung-protective ventilation has been shown
to decrease the risk of VILI and improve
the survival of patients with acute
respiratory distress syndrome (ARDS) (2).
However, less attention has been paid to the
respiratory rate. The protocol of the ARDS
Network trial permitted respiratory rates
of up to 35 breaths/min to maintain a

pH greater than 7.30, underestimating
respiratory rate as a cause of VILI (1, 2).
Nevertheless, subsequent experimental
studies have indicated that the higher

the respiratory rate, the more jsusceptible
the lung is to injury (3-6). Mechanical
ventilation with lower respiratory [fates in
isolated and small-animal lungs lessened
edema and perivascular hemorrhage
formation, significantly ameliorating lung
inflammation and injury (4, 7). High
respiratory rates |[dramatically increased
lung [injury, especially in diseased lungs (8).
In a recent study, pigs were ventilated with
the same high VT at different respiratory
rates. All piglets developed whole-lung
edema at 12 and 15 breaths/min, whereas
no lung injury was observed at 3 and 6
breaths/min (8). Beyond animal studies,
evidence that respiratory rate is injurious
has emerged from the largest prospective

epidemiological study of patients with
ARDS so far conducted: the LUNG SAFE
(Large Observational Study to Understand
the Global Impact of Severe Acute
Respiratory Failure) study (9). In the
multivariate analysis, respiratory rate was
among the potentially modifiable factors
independently associated with hospital
mortality. Although the association
between respiratory rate and VILI has

not been systematically studied during
assisted ventilation, it is reasonable to
assume that high respiratory rate can also
be injurious during spontaneous breathing.
In line with this assumption, the LUNG
SAFE study identified high respiratory rate
and a high nonpulmonary Sequential
Organ Failure Assessment score as two
factors independently associated with
noninvasive ventilation failure, which in
turn has been associated with higher
mortality (10). Therefore, should tachypnea
develop during assisted ventilation, regardless
of the triggering factor, it may promote

or aggravate lung injury, especially in
injured lungs (11).

Entrainment
Respiratory entrainment, recently
documented in deeply sedated critically ill
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patients, refers to the establishment of a
fixed temporal relationship between the
patient’s breath and the ventilator-delivered
breath (12, 13). In simple terms, a
ventilator-controlled breath triggers
inspiratory muscle efforts through
activation of stretch receptors, cortical
influences, thoracic or diaphragmatic
mechanoreceptors, spinal reflexes, or a
more complex spinal pattern generator
(12). Patients’ inspiratory efforts, triggered
by the ventilator during entrainment,
have also been defined as “reverse triggered
breaths” and may raise the risk of VILI

as a result of breath stacking, which leads
to considerable increases in V1 (12).
Furthermore, reverse triggering may be
associated with injurious stretch of
dependent lungs even when VT remains
constant (14). Similarly to entrainment,
autotriggered breaths may increase VT

or minute volume delivered by the
ventilator (15).

Dynamic Hyperinflation

Respiratory rate may contribute to the
development of dynamic hyperinflation and
intrinsic positive end-expiratory pressure
(PEEPi) with multiple respiratory and
hemodynamic consequences. There is no
absolute value of respiratory rate causing
dynamic hyperinflation. Respiratory rate
and inspiratory-to-expiratory time ratio
determine expiratory time. Dynamic
hyperinflation development depends

on the time constant of the respiratory
system (the product of respiratory system
compliance and resistance), the VT,

and the expiratory time (15, 16). When
airway resistance is high (severe airflow
obstruction), the effect of respiratory rate
on dynamic hyperinflation depends on
whether it is associated with short
expiratory time (17). In the presence

of high PEEPi, the respiratory system
may operate near its TLC, resulting in
respiratory system compliance decrease and
transpulmonary pressure increase. High
transpulmonary pressures increase the risk
of VILI. Furthermore, PEEPi may cause
diaphragm flattening and dysfunction,
cardiovascular impairment due to venous
return reduction, elevated pulmonary
vascular resistance, and right ventricular
afterload increase (18). Dynamic
hyperinflation is a major challenge during
both controlled and assisted mechanical
ventilation, especially in patients with
obstructive lung disease and long time
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constants. Notwithstanding this, dynamic
hyperinflation is an issue also in patients
with ARDS when a high respiratory rate
is applied. Diffuse or localized airflow
limitation is well described in ARDS,
further increasing the risk of dynamic
hyperinflation at high respiratory rates
(15, 18-20).

Ineffective Efforts

Ineffective efforts refer to a patient’s
inspiratory efforts that fail to trigger the
ventilator, and they represent the most
common form of patient-ventilator
asynchrony during assisted ventilation (21).
In the presence of ineffective efforts, the
patient’s respiratory rate is higher than the
ventilator’s respiratory rate. The majority of
ineffective efforts occur during expiration,
leading to lengthening contraction of
inspiratory muscles (inspiratory muscles
are activated while lung volume decreases)
(21). Lengthening contractions of skeletal
muscles have been shown to cause muscle
damage during exercise, although the same
has not been proven for the diaphragm

in mechanically ventilated patients (22,
23). In several studies, a high number

of ineffective efforts has been related

to prolonged mechanical ventilation,
prolonged ICU stay, and higher mortality
(21, 24, 25). Contrary to these studies,
Rolland-Debord and colleagues did not find
an association between patient outcomes
and an asynchrony index higher than 10%
during weaning (26). The asynchrony
index was computed as the number of
asynchronous breaths divided by the total
number of breaths (both requested and
delivered) multiplied by 100. Although

the asynchrony index is traditionally used
to quantify the severity of asynchrony,
continuous prolonged recordings of
patient-ventilator interaction revealed that
this index may fail to capture ineffective
efforts occurring in “clusters” (defined as
>30 ineffective efforts in a 3-min period)
(25). Clusters of ineffective efforts often
follow periods with no asynchrony and
have been shown to significantly correlate
with prolonged mechanical ventilation and
higher mortality (25).

Respiratory Rate during Weaning
Relying on the changes in respiratory

rate to evaluate the weaning process can
be particularly challenging. A respiratory
rate higher than 35 breaths/min is traditionally
used as a sign of weaning failure (27, 28).

Furthermore, respiratory rate is incorporated
into the more commonly used index to
predict weaning failure, the rapid shallow
breathing index, which is the ratio between
respiratory rate and VT. A rapid shallow
breathing index higher than 105 during the
spontaneous breathing trial is considered
highly predictive of weaning failure (29).
During the weaning process, respiratory
rate increase may indeed signify respiratory
distress as a result of ventilator underassistance.
In this case, ventilator assist must increase
to meet patient respiratory demands.
Nevertheless, respiratory rate increase can
be unrelated to ventilator support. For
example, it is known that a high level of
ventilator assist may induce dynamic
hyperinflation and promote ineffective
efforts, which may decrease or disappear
upon reduction of assist level. In this
scenario, the reduction of ventilator assist
will increase the respiratory rate, sometimes
considerably, not because of respiratory
distress but because all inspiratory efforts
now trigger the ventilator. A respiratory
rate higher than 35 breaths/min does

not necessarily indicate a high respiratory
drive; it may simply represent the rate
preferred by the patient’s respiratory
control system, defined as the undistressed
respiratory rate (30-32). The undistressed
respiratory rate varies greatly among healthy
individuals and is, on average, 10 breaths/min
higher in critically ill patients (30-32). In
addition, high respiratory rates in awake or
partly sedated patients may arise from pain,
anxiety, or other behavioral responses
unrelated to distress. Failure to identify and
appropriately address the reasons for

high respiratory rate may lead to improper
actions and a delay in the weaning process.

Other Effects

In the mechanically ventilated patient, the
right ventricle may suffer from significant
increases in afterload during volume
delivery as a result of transpulmonary
pressure increase. This is more evident in
patients with lung injury because their
transpulmonary pressures are usually
higher (33). The respiratory rate determines
how many times per minute the afterload
of the right ventricle will increase, as well
as the duration of such an increase
(duration of inspiration) (33). Moreover,
a high respiratory rate may result in
hypocapnia and respiratory alkalosis.
Respiratory alkalosis and alkalemia
induce significant neurological (cerebral
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