CrossMark

SERIES
ACUTE RESPIRATORY FAILURE

How should we monitor patients with
acute respiratory failure treated with
noninvasive ventilation?

Begum Ergan ®"% Jacek Nasitowski** and Jodo Carlos Winck®

Number 2 in the Series “Highlights in acute respiratory failure”
Edited by Leo Heunks and Raffaele Scala

Affiliations: 'Division of Intensive Care, Dept of Pulmonary and Critical Care, Faculty of Medicine, Dokuz Eylul
University, lzmir, Turkey. 2Department of Internal Medicine, Pulmonary Diseases and Allergy, Medical
University of Warsaw, Warsaw, Poland. 3Northern Rehabilitation Centre Cardio-Pulmonary Group, Vila Nova de
Gaia, Respiratory Medicine Units of Trofa-Saude Alfena Hospital and Braga-Centro Hospital and Faculty of
Medicine University of Porto, Porto, Portugal. “Both authors contributed equally.

Correspondence: Begum Ergan, Division of Intensive Care, Dept of Pulmonary and Critical Care, Faculty of
Medicine, Dokuz Eylul University, Izmir, Turkey. E-mail: begumergan(@hotmail.com

@ERSpublications
Adequate monitoring during NIV is one of the key elements for NIV success
http://ow.ly/bNID30hBmDk

Cite this article as: Ergan B, Nasilowski J, Winck JC. How should we monitor patients with acute
respiratory failure treated with noninvasive ventilation? Eur Respir Rev 2018; 27: 170101 [https://doi.org/
10.1183/16000617.0101-2017].

ABSTRACT Noninvasive ventilation (NIV) is currently one of the most commonly used support
methods in hypoxaemic and hypercapnic acute respiratory failure (ARF). With advancing technology and
increasing experience, not only are indications for NIV getting broader, but more severe patients are
treated with NIV. Depending on disease type and clinical status, NIV can be applied both in the general
ward and in high-dependency/intensive care unit settings with different environmental opportunities.
However, it is important to remember that patients with ARF are always very fragile with possible high
mortality risk. The delay in recognition of unresponsiveness to NIV, progression of respiratory failure or
new-onset complications may result in devastating and fatal outcomes. Therefore, it is crucial to
understand that timely action taken according to monitoring variables is one of the key elements for NIV
success. The purpose of this review is to outline basic and advanced monitoring techniques for NIV
during an ARF episode.

Introduction

Noninvasive ventilation (NIV) is a method of treatment that can be applied in a broad spectrum of
indications [1]. NIV for acute respiratory failure (ARF) should be performed in a clinical environment
with adequate nurse-to-patient ratios and monitoring. The choice of facility level should be selected
according to disease severity and the co-existence of other organ failure. Irrespective of the clinical context,
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monitoring of patients treated with NIV should be adjusted to the patient’s general status and the severity
of respiratory insufficiency. These two factors should determine the location of the performance of NIV,
since only the proper setting can provide suitable features for adequate monitoring. Monitoring of NIV
during ARF is of the utmost importance and can be defined as the real-time evaluation of physiological
functions to guide treatment strategies (table 1). Lives are not saved by monitoring itself; it is the actions
taken based upon the monitoring data.

An inadequate level of care will have consequences in the likelihood of NIV failure. In fact, close
monitoring to detect a favourable response or signs of deterioration is essential in ascertaining NIV
success or preventing unnecessary delays in intubation [2].

To better understand the goals of care, a Society of Critical Care Medicine task force developed a
categorical approach for NIV support in critical and palliative care [3]. The use of NIV for patients with
acute respiratory failure was classified into three groups, as follows. 1) NIV as life support with no preset
limitations on life-sustaining treatments; 2) NIV as life support in patients who have chosen to forego
endotracheal intubation; and 3) NIV as a palliative measure in patients who have chosen to forego all life
support. Attentive monitoring of NIV should be performed to provide optimal quality of NIV and other
therapeutic procedures in a patient with no preset limitations. In contrast, it should be kept in mind that
excessive implementation of monitoring tools may worsen the effect of NIV used for palliative purposes.

In spite of convincing and unquestionable proof about the efficacy of NIV in acute exacerbations of
chronic obstructive pulmonary disease (AECOPD), an observational survey of clinical practice performed
in the UK by RoBerTs et al. [4] demonstrated surprising results. The audit comprised a large group of 9716
patients from 232 units. The results raised significant concerns about the standard of medical management
of AECOPD patients. One-third of all eligible patients did not receive NIV, while 11% of those with
metabolic acidosis did. Only 5% of all acidotic patients received invasive mechanical ventilation [4].
However, the most striking data showed that mortality was significantly higher in patients treated with
NIV than in patients who did not receive NIV with the same level of respiratory acidosis. Unfortunately,
data on how many of NIV patients were managed in high-dependency units (HDUs) or intensive care
unit (ICUs) were lacking. Even taking into account that the study was not a randomised controlled trial
(RCT) and there could be other factors apart from pH which could determine patients’ prognosis, it

TABLE 1 Monitoring of noninvasive ventilation during acute respiratory failure

Clinical parameters Comfort
Tolerance to interface
Respiratory rate
Dyspnoea and use of accessory muscles
Consciousness-sensorium (GCS, Kelly-Matthay score)
Ability to protect the upper airways and presence of an effective cough reflex
Gastric distention
Disease severity scores (APACHE 1)
Sedation-delirium scores
Monitoring of side-effects

Physiological parameters Oxygen saturation
Arterial blood gas analysis (pH, Paco,, Pao0,)
Transcutaneous CO,
End-tidal CO,

Ventilatory parameters Respiratory frequency
VTE, V'E
Leaks
Waveforms (flow-time, pressure-time, capnography)
PEEPi
Patient-ventilator interaction

Cardiac parameters Blood pressure
ECG
Echocardiography®

Other Radiological evaluation (chest radiography, computed tomography*)
Lung and diaphragm ultrasonography

GCS: Glasgow coma scale; APACHE II: Acute Physiology and Chronic Health Evaluation Il score; Paco,:
arterial carbon dioxide tension; Pa0,: arterial oxygen tension; CO,: carbon dioxide; VTE: expiratory tidal
volume; V'E minute ventilation; PEEPi: intrinsic positive end-expiratory pressure. : only in selected patients
when needed.
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demonstrated clearly that NIV achieves its benefits only in cases of appropriate administration, adequate
monitoring and predicted escalation pathway in cases of deterioration [4]. Otherwise, NIV may be harmful,
because it can postpone or waive the decision about effective treatment, e.g. invasive ventilation [5].

It is important to stress that there is a “learning curve” impact on the success of NIV [6], so adequate staff
training should be implemented and regularly checked [7].

The aim of this article is to review how to monitor NIV in patients hospitalised for ARF and who have no
preset limitations on life-sustaining treatments.

Levels of care and monitoring in patients receiving NIV

In most countries, there are three levels of facilities: the ICU, a respiratory intermediate care unit with
particular expertise in NIV (respiratory HDU (RHDU)) and the respiratory general ward (table 2) [8]. The
efficacy of NIV has been proven in each of these three locations [9].

The use of NIV in the ICU is supported by the strongest scientific evidence. Most of the controlled studies
that demonstrated that treatment with NIV decreases mortality were performed in ICUs [10-13].
Nonetheless, the ICU should be recommended as a location for NIV treatment only for severely ill
patients, with a high risk of NIV failure: severe respiratory acidosis (pH <7.20-7.25) [14], significantly
impaired level of consciousness and multi-organ failure [15]. We would like to stress that the decision

TABLE 2 Levels of monitoring of patients receiving noninvasive ventilation (NIV)

General ward HDU ICU
Degree of severity of respiratory failure Mild Moderate Severe
pH [10, 14, 28] 7.35-7.30 7.30-7.20 <7.20
Respiratory rate breaths-min™
Restrictive disorders <30 30-35 >35
Obstructive disorders <25 25-35 >35
Level of consciousness
GCS 15 10-14 <10
Kelly's scale [121] 1 2-4 5-6
Failure of other organs No Debatable Yes

Oxygenation

Pa0,/Fio, ratio [122-124]
Monitoring

Medical staff surveillance
Continuous nurse monitoring
Pulmonologist on duty
Intensivist on duty

Clinical assessment
Blood pressure
Heart rate”
Respiratory rate
Level of consciousness

Gas exchange
Spo,
Arterial blood gas analysis

Ptcco,

Ventilator parameters
Leak, VTg, I:E, VE
Patient-ventilator asynchrony
Flow traces
Compliance and resistance

Not corrected with
high-flow oxygen

Corrected with
low-flow oxygen

Corrected with high-flow oxygen
(Venturi mask or nonrebreathing

(nasal prongs) mask)
>150 <150 <100

Not necessary Indicated Obligatory
Preferable Obligatory Preferable
Not necessary Preferable Obligatory
Occasional Occasional Continuous
Occasional Continuous Continuous
Occasional Continuous Continuous

Not necessary Frequent Frequent
Every 2-4 h Continuous Continuous
Every 8 h Every 2-4 h Frequent by
arterial line

Not necessary Indicated Indicated
Every 2-4 h Every 1h Continuous

Occasional Frequent Frequent
Not necessary Indicated Obligatory
Not necessary Indicated Obligatory

Note that most of the values are

not scientifically confirmed and cannot be understood as strict cut-off points, but rather as helpful tips to

manage a patient receiving NIV. HDU: high-dependency unit; ICU: intensive care unit; GCS: Glasgow coma scale; Pa0,: arterial oxygen tension;
Fio,: inspiratory oxygen fraction; Spo,: arterial oxygen saturation measured by pulse oximetry; PtcCo,: transcutaneous carbon dioxide tension;

VTE: expiratory tidal volume; I:E:

inspiration to expiration ratio; V'e: minute ventilation. #: by ECG monitoring; ": first assessment should be

made within first hour of NIV, then depending on patient’s clinical state and always in cases of deterioration; frequency should be maintained
until improvement and stabilisation of respiratory insufficiency.
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about admission to ICU should not be based on a single factor such as pH or ratio of P20, to inspiratory
oxygen fraction (FI0,), but multiple parameters should be taken into account: general condition (e.g. Acute
Physiology and Chronic Health Evaluation (APACHE) II score), physiological parameters (respiratory rate
and level of consciousness) and the patient’s progress over time and presence of comorbidities [15, 16].

The limited number of available beds in the ICU is the main factor precluding the admission of patients
with less severe conditions. As shown by IapicHNO et al. [17], intensivists are careful not to admit less-
severe patients or patients with low performance status to the ICU, and they tend to admit surgical
patients more readily than medical ones. Moreover, the treatment of patients with moderate illness in the
ICU could even be harmful, both psychologically (patients find ICU stays very distressing) [18, 19], and
due to other ICU-related factors, for example invasive procedures are more likely to be undertaken [20] by
ICU staff, and the likelihood of complications, mostly ICU-acquired infections [21]. Apart from these
concerns, the ICU setting provides the following advantages over the HDU: 1) high levels of nurse staffing;
2) access to invasive or highly specialised monitoring, such as pulmonary artery catheterisation and
determination of central venous oxygen saturation, invasive arterial blood pressure and transdiaphragmatic
pressure; 3) facilities for prompt escalation of therapy (e.g. invasive ventilation) and treatment of other
organ failures.

The RHDU is a relatively modern unit, designed to care for acute patients who do not meet the indications
for admission to the ICU. The levels of care, including monitoring and management of patients are hugely
variable between different RHDUs. According to need, type and structure of RHDU inside the hospital,
different opportunities are provided, both for monitoring and interventions [22]. Monitoring and
managing more severely ill acute patients at higher risk of NIV failure (i.e. severe hypoxaemia) is feasible
only in the higher levels of RHDU (respiratory ICU), where NIV could be converted promptly to invasive
ventilation, and other capabilities of complex interventions are available, such as invasive monitoring,
extracorporeal carbon dioxide (CO,) removal, renal support, efc. At the other end of the spectrum, some
RHDUs are “less invasive” monitoring units (respiratory monitoring units) for less sick patients who only
have respiratory failure. The foremost advantage of RHDUs consists of staff highly experienced in NIV
techniques. Organisation of the RHDU allows for continuous monitoring of vital parameters and
assessment of the efficacy of NIV support. The data also suggest that treatment in RHDUs is cost effective
[23]. Monitoring on the RHDU should include noninvasive methods permitting continuous assessment of
respiratory and cardiac functions and frequent assessment of vital signs, with the main aim of early
detection of failure of NIV. Despite a shortage of strong evidence, the most promising method of
monitoring the efficiency of gas exchange seems to be continuous monitoring of CO, tension and arterial
oxygen saturation (Sa0,), enhanced by periodical assessment of arterial blood gas (ABG) analysis [24].

The general ward is not considered as a location for NIV in every country, which is a rational approach.
There are a few studies describing use of NIV in the general ward, giving promising results [25-27]. The
most substantial of them, a multicentre RCT performed by Prant et al. [28] proved that patients with
AECOPD and mild acidosis (pH 7.30-7.35) can be treated on the general ward safely and with success in
terms of decreasing the rate of intubation and mortality. The main reason for the need to apply NIV on
general wards is a shortage of beds within the RHDU or simply a lack of such a facility within a hospital.
Thus, on one hand NIV in a general ward setting is justified by the positive results of a RCT in terms of
improved survival [28], but on the other hand its use must be adequately monitored and escalation of
treatment and transfer to a facility with higher level of monitoring should be always kept in mind, because
the outcome for patients with a pH <7.30 was less satisfactory [28]. Moreover, most of the studies
included patients with AECOPD. Convincing evidence of the use of NIV in general ward with other
diagnoses is lacking. Moreover, in one observational study, a non-COPD diagnosis was found to be a risk
factor of NIV failure [27]. In particular, patients with de novo acute hypoxaemic respiratory failure should
not be treated in general wards, where the lack of monitoring could lead to a delayed detection of NIV
failure, prolonged time to intubation and, eventually, increased mortality. There is limited evidence that
high-flow nasal oxygen can be a safe alternative in patients with hypoxaemic ARF [29].

There are no direct evidence-based data showing the best way of monitoring NIV. Similarly, there are no
trials comparing different levels of monitoring, which could give us evidence-based arguments to use in
clinical practice. Apparently, the monitoring of NIV is not an issue that could be clearly standardised
under the rigid evaluation of RCTs. The rational approach to optimally adjust the level of monitoring may
be to look for risk factors of NIV failure in the published RCTs. The more risk factors present, the higher
the level of monitoring needed [9]. However, in most studies, monitoring was described very briefly,
usually concentrating on periodic clinical assessment and ABG analysis. BRocHARD et al. [10] conducted
their study in the ICU setting (mean pH of the cohort 7.27-7.28) and as a follow-up reported only
checking for respiratory rate, encephalopathy and ABGs 1, 3 and 12 h after starting NIV. In the same way,
PLANT et al. [28], who treated patients in general wards (mean pH 7.31-7.32) made their assessment after
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the 1st and 4th hour of NIV. In both studies, the significant benefit of using NIV was proven and those
two studies became a cornerstone for the positive results of meta-analysis [30]. A study by CONFALONIERI
et al. [15] gives important and universal indications for monitoring in different care settings. The authors
created specific flow charts of the risk of NIV failure on the basis of the outcome of >1000 consecutive
patients with acidotic AECOPD admitted to three ICU, six RHDU and five general wards. The probability
of NIV failure was influenced by clinical assessment of severity of illness using APACHE II score,
neurological impairment using Glasgow coma score (GCS) and respiratory rate. The main factor
influencing the outcome was the pH value. The two flow charts proposed by authors stratified the risk of
NIV failure based on data obtained upon admission and after 2h of treatment, which stressed the
importance of the close follow-up of patients in the very first hours of treatment. In case of a lack of
improvement in clinical status and pH, in spite of correct NIV administration, the risk of failure increases
significantly.

Clinical parameters to monitor during NIV

The benefits of NIV depend directly on choosing the right patient and the correct application of the
technique. Several clinical parameters such as patient comfort, tolerance of the interface, dyspnoea,
respiratory rate and oxygen saturation should be monitored every 30 min for the first 6-12h and then
hourly after the initiation of support [31]. Additionally, the consciousness and sensorium of patient, the
ability to protect upper airways with an effective cough and the expectoration of secretions are important
parameters that should be monitored in a routine basis by the medical staff applying NIV. Other than
GCS, the level of consciousness can be evaluated directly using the Kelly-Matthay score and a score of >3
may raise the alarm for depressed consciousness and high risk of NIV failure [32]. Some patients with
severe dyspnoea may experience agitation. Explaining the technique, asking the patient’s preference for the
interface and initiation at low pressures followed by stepwise increases may be helpful to overcome
agitation; however, mild sedo-analgesia may be beneficial in some patients for symptom relief, improved
patient tolerance and compliance [33, 34]. It is important to remember that the level of sedation should be
monitored closely at regular intervals with sedation protocols and scales (Richmond agitation—-sedation
scale or Ramsay sedation scale) in order to achieve an optimum sedation level in patients receiving NIV.
Besides the change in the level of consciousness, delirium may be a problem in some patients. Although
delirium is relatively a common problem, particularly in ICU patients, it is underdiagnosed in patients
receiving NIV [35]. Delirium is reported to be directly associated with NIV failure and mortality [36-38].
Therefore, daily routine screening of delirium during NIV, using diagnostic aids such as the confusion
assessment method or nursing delirium screening scale, should be encouraged [39].

Monitoring of gas exchange

According to recent British Thoracic Society (BTS)/Intensive Care Society (ICS) guidelines, oxygen
saturation should be monitored continuously and arterial CO, tension (PaCO,) and pH should be
monitored intermittently [33].

Pulse oximetry
Pulse oximetry has become standard practice in monitoring oxygenation during ARF, although its
accuracy may depend on the type of oximeter or the patient’s haemodynamic status [40].

The plethysmographic waveform is a valuable tool in tracking poor peripheral perfusion, and new models
and algorithms have improved performance [41]. The target of arterial oxygen saturation measured by
pulse oximetry (Sp0,) under NIV should be different in hypercapnic and hypoxaemic patients [33]. In
cases of hypercapnic ARF treated with NIV, Spo, targets should be 88-92%. Sp0,/Fl0, ratio has been
shown to be a good marker of oxygenation and a surrogate of the Pa0,/FIO, ratio [42].

Transcutaneous CO,
PacO, can be estimated using ABG analysis, capnography and transcutaneous CO, measurement.
Noninvasive CO, measurements have become popular in the context of home mechanical ventilation [43].

In addition, transcutaneous CO, monitoring in the context of ARF has been carefully evaluated [44-47].
Compared to arterial PaCO, measurements, transcutaneous CO, monitoring showed high agreement in
different timings and disease categories [45, 46, 48], suggesting that it could be very convenient for
estimating the ventilatory response to NIV, facilitating proactive (rather than reactive) ventilator titration.
In fact, in a study by van Oppen et al. [46], hypothetical clinical decisions based on transcutaneous data
alone matched true management on 85% of 34 occasions. Moreover, subjects requiring NIV for
hypercapnic ARF preferred transcutaneous monitoring to ABG measurement [46]. One of the major
limitations is that transcutaneous CO, measurement underestimates PaCO, levels, especially for those who
are severely hypercapnic [47, 49]. It is important to know that there are differences in accuracy between
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devices [43], and methodological issues may have an influence, for example placing the electrode in the
earlobe [45, 46, 48-50], in the upper chest [47, 51, 52] or abdomen [44].

German guidelines recommend transcutaneous CO, monitoring during the initiation of NIV, in
combination with frequent ABG assessment [53]. According to the recent BTS/ICS guideline,
transcutaneous CO, measurement may better facilitate the discontinuation of NIV than continuing with
arterial or capillary sampling [33]. Thus, transcutaneous CO, monitoring could replace frequent ABG
measurements for monitoring patients with ARF undergoing NIV, since it is patient-friendly, feasible,
reliable and safe. A synchronous ABG analysis at baseline is recommended to validate levels and may be
advisable in cases of higher transcutaneous CO, values (>60 mmHg) [47].

Although the evidence is growing about transcutaneous CO, monitoring on this setting, the gold standard
remains the PaC0, value. Additionally, acidosis level can only be assessed accurately with ABG analysis.

End-tidal CO,
The measurement of end-tidal CO, (ETC0,), or capnography, is used more frequently for intubated
patients, and it is not as accurate due to the physiological dead space.

In one study, LERmuzeAUX et al. [49] showed that ETCO, measurement in spontaneously breathing subjects
significantly underestimated PaCO,, and to attain a correct value it required active cooperation of the
patients in order to obtain a good alveolar plateau. Moreover, ScHwWARz et al. [54], using an integrated
ETco, sensor with a ventilator, showed underestimation of PaCO, values, especially in chronic obstructive
pulmonary disease (COPD). For COPD patients, flow limitation, with the consequent incomplete
emptying of the lung and poor ventilation/perfusion ratios are the main reasons for the underestimation of
PaCo, in invasively and noninvasively ventilated patients.

ABG analysis

ABG analysis is the gold standard for monitoring respiratory failure. After the first trial of ventilation, pH
and Pa0,/FIO, changes have important prognostic value in hypercapnic and hypoxaemic ARF patients,
respectively. Furthermore, advantages of ABG measurements include the assessment of additional
parameters such as haemoglobin and electrolytes.

Typically, blood samples are taken either via single arterial puncture or an arterial catheter. Some authors
suggest subcutaneous anaesthetic infiltration before arterial puncture, because it significantly reduces pain
by >50% [55].

Arterialised earlobe blood gas analysis is simpler and less painful that ABG; except for patients with severe
shock, it compares very well with arterial sampling [56].

ABG measurements should be undertaken at baseline, and 1-2 h after NIV [15]. A positive response to
NIV could be considered a decrease of 0.40 kPa (or 3 mmHg) of CO, [57] and an increase of 0.03 of pH [57].
Typically, ABG monitoring should be maintained until normalisation of pH and PaC0, is achieved. After
discontinuation of NIV, ABG should be repeated in cases of suspected relapse [58].

Monitoring of ventilator parameters

Although several successful non-ICU RCTs used “simple ventilators” [28], which were not provided with
sophisticated monitoring systems, we recommend using ventilators which provide “online” monitoring of
respiratory parameters for the treatment of ARF in the hospital environment. Control of the data obtained
by the device and describing patient’s ventilation status is very useful in the assessment of the efficacy of
the ventilation. However, most of the parameters are calculated by the built-in algorithms, therefore not
measured directly, and are not free from bias [59]. Accordingly, monitoring of ventilator parameters can
have only additional meaning, e.g. to help understand a lack of clinical improvement, but cannot exempt
the practitioner from the careful monitoring of patients’ clinical status and gas exchange (P20, and PaCO,).

The ventilatory system features directly affect monitoring, and depending on the type of the device and
ventilatory circuit used, different parameters can be followed. We would suggest using devices providing
flow and pressure waveforms in real time and other ventilation parameters (leak and inspiratory and
expiratory tidal volume (VTI and VTE, respectively), minute ventilation, inspiratory time, respiratory rate
and inspiration (I)/expiration (E) ratio) as a numerical data. Ventilators that use a double-limb circuit with
an integrated expiratory valve provide sophisticated tools of monitoring of ventilation, including all kinds
of respiratory loops and curves and calculation of compliance and resistance. In double-limb circuits, VTE
represents alveolar ventilation and the amounts of leaks can be calculated by the difference between VTI
and VTE. In single-limb circuits, the mode of exhalation and the position of the flow sensor in relation to
the exhalation device have a major influence on respiratory traces [60].
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Despite the higher level of monitoring therein, ventilators in the ICU are more prone to patient-ventilator
asynchrony, mainly auto-triggering, than home devices [61]. This is because NIV is a semi-open system
and air leaks are the major cause of asynchrony during the application of NIV with ICU ventilators. This
problem can be minimised by the activation of the NIV mode in the ICU ventilator, which activates
special algorithm programmes for leakage compensation. A study performed by DoorbuiN et al. [62]
showed that asynchronies are still relatively common both in ICU and NIV-dedicated ventilators and the
use of diaphragmatic electrical activity with neurally adjusted ventilatory assist is beneficial for ventilator—
patient interaction. Choosing the right type of interface is critical for the effectiveness of NIV, because
many ventilators, whether of the ICU type or NIV-dedicated cannot maintain the set positive
end-expiratory pressure (PEEP) and pressure support in the presence of large air leaks [63].

Basic parameters of ventilation

VTE is the main parameter to monitor as it reflects the patient’s alveolar ventilation under NIV. It is either
measured directly by a proximal flow sensor in a double-limb circuit system or calculated from the integral
of the flow signal with adjustments for unintentional leaks in a single-limb circuit system [64]. Pressure
support ventilation, usually called bilevel positive pressure ventilation or spontaneous/timed mode is the
most-often used mode of ventilation during NIV [57]. Providing a certain level of inspiratory pressure, a
clinician cannot be sure about the obtained tidal volume, which is the result of several physiological
variables: resistance of airways, compliance of the lung and chest, the patient’s respiratory effort and time
of inspiration. Before starting NIV, the desirable VTE should be determined. Usually it is calculated on the
basis of ideal body weight and ranges from 6 mLkg ' for neuromuscular and restrictive chest wall
disorders to 8-10 mL~kg_1 in obstructive diseases and obesity [33]. There is evidence that monitoring of
the rapid shallow breathing index (RSBI) (respiratory rate divided by VTE in litres) may be a good
predictor of NIV success. In a heterogeneous group of patients, BErG et al. [65] demonstrated that RSBI
>105 is associated with a significant increase in NIV failure and mortality. However, clinicians must be
aware of the limitations of the parameters displayed by the ventilator. For example, when a significant
number of unrewarded efforts exist, the ventilator respiratory rate will be lower than patient respiratory
rate. CONTAL et al. [59] demonstrated that VTE reported by ventilator software may differ significantly from
the real values. Depending on the device, VTE was underestimated by 66-263 mL and the difference was
correlated with higher inspiratory pressure [66].

Air leakage is an inevitable consequence of NIV, and efficacy of the noninvasive respiratory support
largely depends on the minimisation of the leaks. Devices used for NIV must inform continuously about
the level of leakage in order to optimise the mask adherence. The staff must be aware of the ideal leakage
that could be obtained in the device, interface and circuit used, whether or not the intentional leak is
calculated together with unintentional leaks. Moreover, type of circuit and expiratory valve may influence
on leak assessment [67]. Bilevel ventilators use a single circuit either with a calibrated intentional leak
(vented circuit) or an expiratory valve (nonvented circuit). The problem with the latter is they only provide
VTl and cannot measure VTE, and therefore patient’s real VTI, during leaks. In vented circuits, VTE is
estimated during a constant leak; however, these devices may perform less well when the amount of leak
varies. Estimation of leaks performed by ventilator software is less precise when the leak increases [59].

I/E ratio is an important variable which informs about the efficacy of emptying the lungs of air and about
the risk of hyperinflation. In obstructive disorders, I/E should be maintained at the lowest possible range,
while in restrictive disorders the ratio can be higher, which means that inspiratory and expiratory times
can be close [33].

Intrinsic positive end-expiratory pressure

The presence of intrinsic PEEP (PEEPi) is a typical phenomenon in obstructive airways diseases. PEEPi is
present in variable degrees in moderate to severe COPD patients and the degree of hyperinflation increases
during exacerbations. Usually, it ranges between 4.6 and 13.6 cmH,O [68]. PEEPi causes dynamic
hyperinflation (end-expiratory lung volumes exceeding functional residual capacity), decreased respiratory
system compliance and increased respiratory workload. As the inspiratory muscles start to contract, they
must first overcome the threshold which is PEEPi before inspiratory flow can start. Ventilatory triggering
and inspiratory flow only starts after PEEPi is counterbalanced. Therefore, an external PEEP applied with
the ventilator, which is equivalant to PEEPi, decreases the work of breathing and reduces ineffective trigger
in these patients.

Assessment of PEEPi should be undertaken during mechanical ventilation and the effort to optimally
adjust expiratory pressure should be performed in order to reduce work of breathing, improve patient-
ventilator synchrony and increase VTE. The degree of PEEPi can be measured invasively using an
oesophageal pressure transducer. Dynamic PEEPi is measured as the negative deflection of oesophageal
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FIGURE 1 a) Pressure-time and b) flow-time waveforms in the panel of ventilator Astral 150 (ResMed, Bella Vista, Australia). a] The expiratory
flow curve does not reach the zero-flow line when the inspiration starts (arrows), meaning that the expiratory time was not sufficient for lung
emptying, providing proof of the presence of intrinsic positive end-expiratory pressure (PEEPi). b] The expiratory flow curve reaches the zero-flow
before the inspiration starts, meaning that the expiratory time was sufficient for lung emptying. There is no PEEPi.

pressure from the onset of inspiratory effort to the point of zero flow at end-expiration. The disadvantages
are the requirement for special equipment and experienced staff. Most modern ICU ventilators can
measure PEEPi occluding the expiratory port of the ventilator at the end of expiration [69]; however, it
refers only to invasive ventilation and requires sedation and neuromuscular blockage. In the course of
NIV, the presence and the degree of PEEPi can be identified by inspection of the expiratory flow-time
curve (figure 1).

Patient-ventilator interaction

Patient-ventilator synchronisation is an important issue which can influence the efficacy and success of
NIV [70, 71]. The most common phenomenon is ineffective triggering (patient effort is not recognised by
the ventilator; may be secondary to high PEEPi or inappropriate inspiratory trigger sensitivity), followed
by auto-triggering (delivery of preset pressure in the absence of patient effort) and double-triggering
(consecutive delivery of two preset pressure support events within an interval of less than half of the mean
inspiratory time due to patient’s continued effort) [72, 73]. Other types of asynchrony consist of late
cycling (mechanical inspiratory time > neural inspiratory time), premature cycling (mechanical inspiratory
time<neural inspiratory time) and flow asynchrony (inappropriate rate of pressurisation to inspiratory
positive airway pressure (IPAP)) [71, 74]. Patient-ventilator asynchrony is a frequent phenomenon during
NIV. Substantial levels of asynchrony, defined as >10% of all patient’s respiratory efforts, occur >40% of
patients [74]. The number of asynchronies is correlated with the magnitude of leak and higher pressure
support [74]. It was shown that high number of asynchronies is associated with decreased patient comfort,
and possibly tolerance to NIV. Asynchronies are not shown to have any influence on gas exchange or any
other clinical parameters.

The gold standard for measuring patient-ventilator asynchrony is recording of the electrical activity of the
diaphragm and pressure changes in the oesophagus, which requires sophisticated equipment and is
invasive. Otherwise, asynchrony can be detected by observation of patient and ventilator rhythm of
respiration. The most practical method should be analysis of the pressure and flow waveforms [75],
demonstrated in figure 2. Modern portable ventilators allow for online monitoring of pressure and flow
waveforms, which make them an appropriate tool of ventilation in a hospital environment. However,
clinicians must be aware that observation of respiratory waveforms is not the ideal method of detecting of
asynchrony: the patient’s effort may not change the flow-time or pressure-time curves, and other factors
may influence them, e.g. airway secretions or cardiac oscillations [71]. In a study by Younss et al. [76],
20% of ineffective efforts were not detected by waveform analysis.

Respiratory waveforms

Observation of pressure-time and flow-time waveforms during NIV can be useful not only for detection
of patient-ventilator asynchrony, but also other additional information about the quality of the ventilation:
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FIGURE 2 Examples of patient-ventilator asynchrony (arrows) revealed in pressure and flow waveforms (data
from the software ResScan version 5.6.0.9419). al Ineffective effort; b) double triggering.

magnitude of leaks, obstruction of airways and I/E ratio. The visualisation of these phenomena makes
them easier to spot and to react adequately in terms of titration of the settings of the ventilator. In a
multicentre RCT on a cohort of patients with AECOPD, D1 Marco et al. [77] showed that titration of
ventilator settings on the basis of analysis of respiratory waveforms in real time resulted in more rapid
improvement in pH and PaCO, and better tolerance of ventilation by patients.

Sleep studies

A patient with ARF is usually agitated and vigilant when starting NIV. However, in case of hypercapic
coma or in the later phase of treatment, when the patient’s condition has improved, ventilation is
performed mainly during sleep, when the physiological parameters change and may interfere with the
efficacy of ventilation. These disturbances, if not very significant, may be overlooked by nursing staff.
Thus, the analysis of the memory of a ventilator with the use of the adequate software can be very useful.
It allows for the analysis of overnight ventilation, practically breath by breath, and can reveal events such
as excessive leaks, reduction in flow and even desaturations, if pulse oximetry is integrated with the
ventilator. As far as we know, there are no data demonstrating clinical benefits of such an approach.
However, we recommend the analysis of the ventilator software data after a night of NIV.

Although the acute setting is not an optimal timing for assessment of sleep, RocHe Campo et al. [37]
performed an interesting study assessing sleep disturbances with the use of 17-h polysomnography
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performed 2-4 days after starting NIV for hypercapnic ARF. The authors found that sleep disturbances
(abnormal electroencephalographic pattern, greater circadian sleep-cycle disruption and less rapid eye
movement sleep) were associated with late NIV failure. The practical significance of this finding is unclear;
however, this observation undoubtedly broadens the spectrum of the possibility of monitoring patients
under NIV. In spite of this interesting study, it seems that sleep studies could be of help mostly in the
recovery phase of ARF, especially for detection of breathing-related sleep disorders and making decisions
about chronic treatment.

Monitoring of cardiac function under NIV

Clinician applying NIV in order to reinforce the ventilatory pump and improve gas exchange must be
aware of its effects on the functioning of the cardiovascular system. These effects must be assessed
continuously or periodically, to reveal potential side-effects and manage them adequately, as the
improvement of respiratory function can be associated with the impairment of cardiac function. Positive
pressures are very effective in decreasing PaC0O,, but simultaneously may considerably decrease cardiac
output and oxygen delivery to tissues [78].

Positive pressures applied during NIV, in contrast to spontaneous breathing, produce positive intrathoracic
pressure (ITP) throughout the respiratory cycle. The cardiovascular consequences of the increased ITP are as
follows. 1) Decrease in venous return of right ventricle, which decreases right ventricle preload; 2) increase
in pulmonary vascular resistance, which increases right ventricle afterload; 3) increase in central venous
pressure; 4) decrease in left ventricle afterload due to decrease in systemic blood pressure; and 5) decrease in
left ventricle preload, which decreases left ventricle ejection.

Clearly, some effects may be deleterious, while others are beneficial. Because the level of cardiac output
depends mainly on preload, the general effect of NIV will be a decrease in cardiac output. In a cohort of
stable COPD patients, ventilation with a mean pressure support of 18 cmH,O reduced cardiac output by
16%, while pressure of 24 cmH,O reduced it by 24% [79]. Application of continuous positive airway
pressure >15cmH,0 in healthy subjects reduced cardiac output by 20-30% [80]. In patients with
AECOPD treated with average pressures, expiratory positive airway pressure 3 cmH,O and IPAP
12 cmH,0, cardiac output and oxygen delivery were decreased by 13% and 8%, respectively [81].

The overall consequence of NIV mostly depends on the underlying cardiovascular conditions. In patients
with hypovolaemia or restrictive cardiomyopathy, a compensatory sympathetic response may develop:
tachycardia, vasoconstriction, oliguria and retention of water and sodium chloride [82], while in patients
with congestive heart failure with fluid overload and hypertension, ITP may improve cardiac function.

Electrocardiography
12-lead ECG should be performed in all patients with ARF, irrespective of the history of cardiac disorders.
Then, an ECG trace should be monitored continuously in all patients treated in the HDU or ICU. The
monitoring should be continued until constant improvement is obtained. BTS/ICS guidelines recommend
monitoring ECGs in all patients with tachycardia >120 beatsmin™', dysrhythmias or possible
cardiomyopathy [33].

Blood pressure

Blood pressure is one of the vital signs and should be systematically assessed throughout the treatment
with NIV. Hypotension (systolic blood pressure <90 mmHg) is considered to be a relative contraindication
to NIV by some authors [83], particularly as a result of arrhythmia [33]. However, the impact of NIV on
the systemic blood pressure is less significant than that of invasive ventilation. The aim of the
measurement of blood pressure is not only the assessment of the underlying function of cardiovascular
system, but also the effect of the application of NIV. Thus, monitoring in the first hour of treatment is
strongly advisable. Since there are no evidence-based data, the frequency of measurement is left to the
discretion and experience of the clinician. Nava and HirL [31] propose monitoring vital signs every 30 min
within first 6-12 h of treatment. CaIroNI ef al. [84] suggest taking measurements every 15 min during the
first hour, then every 30 min in the second and third hours and then hourly for the next 8 h. Apparently,
there cannot be a routine scheme for every patient and the frequency of assessment has to be adjusted to
the patient’s condition and ventilation settings (pressure levels).

Echocardiography

Echocardiography is a useful, noninvasive and easy to perform bedside diagnostic tool. Optimally, it
should be performed at the beginning of ventilation, particularly in patients with known or suspected
underlying heart disease. Otherwise, echocardiography should be performed when disturbances of
cardiovascular system occur in the course of treatment. However, the technical quality of the
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echocardiographic visualisation can be significantly limited due to pathologies frequently present in
patients with hypercapnic respiratory failure: emphysema, obesity and kyphoscoliosis.

Other diagnostic and monitoring tests for the respiratory system

Radiologic evaluation

Chest radiography is a routine test for the diagnostic work-up of patients requiring NIV. Aetiological
findings include hyperinflation and flatting of diaphragm in AECOPD, interstitial infiltrates in pulmonary
oedema, pneumonic consolidation, atelectasis, diffuse alveolar/interstitial infiltrates in acute respiratory
distress syndrome and other interstitial lung diseases and pleural effusion.

Computed tomography (CT) of the chest gives more information for the differential diagnosis of the
reason for ARF. CT may have good diagnostic accuracy in patients with pneumonia, pulmonary embolism
and acute exacerbation of idiopathic pulmonary fibrosis [85].

Lung ultrasonography

Although ultrasound has been in the field for many years, lung ultrasound has only become very popular
within the last decade and now is accepted as an important tool for diagnosis and therapeutic
management of critically ill patients [86]. The advantages of ultrasound over other imaging modalities
include portability, which is particularly advantageous in the HDU/ICU setting, relatively low cost and
absence of contraindications. It is a noninvasive and radiation-free procedure, which can be performed
quickly at the bedside in all patients and enables a dynamic assessment of lungs, diaphragm and pleura.
The only issue that may limit these advantages is the requirement of expertise in performing the
technique. Lung ultrasound yields diagnoses for diaphragmatic dysfunction, parenchymal lung diseases
and pleural space pathologies, which may give important clues for the management of patients requiring
mechanical ventilation [87-89].

Evaluation of diaphragmatic function

The diaphragm is the primary muscle of ventilation. Diaphragm function is an important determinant of
successful liberation from ventilation and recovery from critical illness. Diaphragm ultrasound is a useful
tool to detect diaphragmatic dysfunction, to assess atrophy and to monitor respiratory workload in
mechanically ventilated patients [90-92]. During ultrasonographic evaluation of the diaphragm, there are
two important parameters: measurement of diaphragmatic movement, defined as diaphragmatic excursion,
and measurement of diaphragm thickness (Tdi) during end-expiration. In addition, measuring the change
in the thickness during respiratory cycle (thickening fraction (TFdi)) has been used to assess work of
breathing and respiratory effort. TFdi is defined as the percentage change in diaphragm thickness between
end-expiration and end-inspiration and is calculated by the following formula:

(end-inspiratory Tdi — end-expiratory Tdi)/end-expiratory Tdi x 100

It has been shown that the thickness of the right hemidiaphragm can be feasibly and reproducibly
measured in the zone of apposition in mechanically ventilated patients [93]. Tidal diaphragm thickening
during inspiration indirectly shows inspiratory effort and can be used as a valid tool to identify diaphragm
dysfunction. In a recent study, performed by ANTENORA et al. [94], it was shown that severe dysfunction of
the diaphragm occurs in almost a quarter of patients with AECOPD admitted to the ICU and
diaphragmatic dysfunction was correlated with NIV failure, prolonged mechanical ventilation and need for
tracheostomy. The same group showed that diaphragm thickness significantly correlates with global
respiratory alterations in amyotrophic lateral sclerosis patients [95]. TFdi has been shown not only to
estimate respiratory muscle workload during NIV, but also to predict extubation failure or success during
a spontaneous breathing trial in invasively ventilated patients [90]. Moreover, TFdi is well correlated with
increasing levels of pressure support during NIV [96]. It has been suggested that titrating ventilatory
support with ultrasound to maintain adequate levels of inspiratory effort is helpful for the prevention of
changes in diaphragm configuration during mechanical ventilation [97].

Diaphragmatic motion and the magnitude of excursion measured by M-mode ultrasound may be used to
assess the function of diaphragm. It should be noted that excursion as an index of diaphragmatic function
should be limited to patients breathing spontaneously. Limited excursion of the diaphragm in patients
with COPD correlates with the degree of airway obstruction and Paco, levels [98, 99]. However, these
findings are not supported in patients receiving mechanical ventilatory assistance. UMBRELLO et al. [91]
showed that diaphragm excursion is not correlated to any index of muscle effort under varying levels of
muscle loading during assisted ventilation. Ultrasound seems to be a promising technique for evaluating
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diaphragmatic function and titrating the ventilatory support; however, more studies are needed to
understand its role during NIV application.

Evaluation of lung parenchyma and pleural space

Lung parenchyma ultrasonography has been identified as a helpful tool in the assessment of aeration,
congestion and consolidation. It is considered as a method of tracking dynamic changes in pulmonary
congestion with a higher sensitivity and specificity than clinical examination and chest radiography and is
well correlated with invasive monitoring [100, 101]. Ultrasound is proven to be the best method for both
diagnostic and therapeutic options for pleural space disorders, e.g. pneumothorax and pleural effusions. It
is superior to chest radiography in the detection of pneumothorax with a sensitivity of 77% and specificity
of 98% [102]. In addition, ultrasound may be a better and more accurate tool for occult pneumothorax
and monitoring progression of pneumothorax during positive pressure ventilation [103, 104].

Fibreoptic bronchoscopy

Patients treated for ARF in the ICU often require fibreoptic bronchoscopy (FOB) for diagnostic or
therapeutic purposes. The most common indications for FOB during NIV are removal of the mucus plugs
from the tracheobronchial tree and microbiological evaluation of pulmonary infections, especially in the
immunocompromised host. FOB for clearing airways helps to improve ventilation and oxygen exchange,
thereby avoiding intubation [105]. In special circumstances FOB with or without transbronchial biopsy
may be needed for differential diagnosis such as cytopathologic analysis in diffuse interstitial infiltrates
[106, 107]. Other indications are atelectasis, possibility of lung cancer and assessment of the
tracheobronchial tree for tracheobronchial rupture/fistula after surgery or chest trauma.

While FOB is generally considered a safe intervention, the risk-to-benefit ratio must be considered in
detail in patients with ARF, because of the possibility of worsening of gas exchange. For that reason, close
ABG analysis should be performed and adjustments in NIV settings including F10, should be considered
for the maintenance of adequate gas exchange. Other FOB-related complications such as gastric distention,
aspiration, fever, pneumothorax and new worsening of pre-existing or new-onset cardiac arrhythmia can
be seen, which are seldom clinically important [105, 107]. However, it is crucial to perform FOB with
expert staff in the ICU under close monitoring, as there may be need for emergency intubation or invasive
mechanical ventilation. The availability of other interventions for severe cardiopulmonary emergencies
should be guaranteed.

Monitoring side-effects

Side-effects related to NIV are usually mild, but they may have a negative influence on NIV success.
Minor complications are generally associated with either the interface or ventilatory circuit problems and
can be managed easily with appropriate interventions. In contrast, serious side-effects are relatively rare,
but if they occur, discontinuation of NIV support should be considered.

Minor side-effects

Interface-related side-effects

Patient compliance, and therefore NIV success, is greatly dependent on the interface. The oronasal mask is the
most frequently used interface type, because of the possibility of mouth breathing due to respiratory distress in
ARF. An ideal mask must be comfortable, must fit the face well without any excessive tightness and pressure
on the skin. One of the most common problems with the use of oronasal masks is pressure-related skin
erythema and damage, which occur in 20-34% of patients [108]. However, loose positioning of mask may
cause excessive unintentional air leaks, which are a well-known cause of NIV failure. Unintentional leaks may
reduce the efficiency of NIV support, reduce patient tolerance, cause awakenings and sleep fragmentation and
increase patient-ventilator asynchrony [109, 110]. NIV delivered by helmet could be a safe alternative in
patients intolerant to the oronasal mask [111, 112]; however, ineffective triggering, patient asynchrony and
high flow for CO, clearance may cause problems in some patients [113, 114]. Recent studies have shown that
compared to the standard helmet, the use of a new design of helmet (with less internal volume) may reduce
asynchronies and improve CO, clearance [111, 115]. A total face mask may be considered, and is usually well
tolerated in ARF [116]. Offering a range of masks and mask sizes is the best approach to minimise
interface-related side-effects. Meanwhile, as each interface has its own characteristics, evaluation is needed to
adjust pressure and trigger settings and check possibility of rebreathing. Staff involved in delivering NIV need
training and experience of using each one of them.

Other interface-related minor side-effects are skin rash, nasal congestion and dryness and eye and ear
irritation, which can be managed easily by changing the interface or other basic interventions such as use
of topical ointments, nasal steroids, saline or decongestant drops.
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Gastric distention

Aerophagia is a relatively common problem and may increase the risk of vomiting and aspiration while
undergoing NIV [108, 117]. Patients should be monitored for the risk of gastric distention, and
decompression of gastric air using a nasogastric tube should be considered as a preventive measure in
severe cases who have increasing abdominal distention, persistent nausea and vomiting. If vomiting occurs,
the mask should be removed immediately and cough should be encouraged for airway clearance.

Secretion clearance

The presence of copious secretions increases the risk of NIV failure. Ideally, conscious patients should
have the ability to clear their airways by effective cough; however, patients with altered mental status may
need to be encouraged to cough. Physiotherapy techniques and tracheal aspirations may be helpful in
some patients. In addition, mechanical insufflation-exsufflation should be used in patients who have
ineffective cough and sputum retention due to neuromuscular disease [33].

Serious side-effects

Pneumonia

The incidence of nosocomial pneumonia is ~3-10% in patients undergoing NIV support [38, 118]. The
development of nosocomial pneumonia increases the risk of NIV failure, longer stays in hospital and
increased mortality. Whether humidification increases the risk of nosocomial pneumonia is unknown, but
basic infection control measures should be applied to all patients. These include hand hygiene of staff
before and after contact with patient, respiratory hygiene and cough etiquette, barrier precautions and use
of personal protective equipment when needed, macroscopic evaluation for any secretion/dirt of interface
and the circuit and appropriate disinfection of equipment. Aspiration pneumonia may be another
complication in patients who are comatose and/or incapable of protecting the upper airway. The risk
increases with excessive gastric distention after NIV initiation. Although under-reported, ~5% of patients
receiving NIV develop aspiration pneumonia [108]. In order to avoid this complication, it is important to
remember to ensure that patients are positioned in a semirecumbent position during the application of NIV.

Pneumothorax

The incidence of pneumothorax is relatively low (<5%) with NIV application [119, 120]. The risk is
especially increased in patients with a history of previous pneumothorax. Patients who describe acute chest
pain and unexplained dyspnoea should be screened using chest radiography or ultrasound. Decrease of
inspiratory and expiratory pressures, intercostal tube drainage and transfer to HDU/ICU because of high
risk of NIV failure should be considered in the presence of pneumothorax [117].

Conclusion

NIV is a lifesaving therapeutic option, which should be proposed to the vast majority of patients with
ARF. However, the benefits of NIV can be obtained only if adequate monitoring of patients is undertaken.
The level of monitoring should depend on the severity of respiratory failure and the patient’s general
condition and should be enabled by appropriate location of the patient in the most suitable facility, such
as the HDU or ICU. Because of the lack of strong scientific evidence concerning the optimal monitoring
methods, it is usually left to the discretion of the clinician. Hence, staff experience in NIV is a key factor
for success. The basis of monitoring patients treated with NIV is a regular assessment of patient’s clinical
status (vital signs; mainly respiratory rate, respiratory muscle effort and level of consciousness) and
continuous monitoring of Sa0, and periodic ABG analysis. Taking into account the rapid technical
development and accessibility of transcutaneous methods of measurement of Pa0, and PaCO, we can
expect that these techniques will soon become the gold standard. The important step in the course of
treatment is the analysis in real time of the ventilatory parameters of the patient (VTE, leak and L:E ratio)
provided by the ventilator as respiratory waveforms and numerical data.
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