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The overall aim of the present thesis was to study aspects of patient safety in critically ill patients
with special focus on airway management, respiratory complications and nursing procedures.
Study I describes a method called pharyngeal oxygen administration during intubation in an
experimental acute lung injury model. The study showed that pharyngeal oxygenation prevented
or considerably increased the time to life-threatening hypoxemia at shunt fractions by at least
up to 25% and that this technique could be implemented in airway algorithms for the intubation
of hypoxemic patients. In study II, we investigated short-term disconnection of the expiratory
circuit from the ventilator during filter exchange in critically ill patients. We demonstrated
that when using pressure modes in the ventilator, there was no indication of any significant
deterioration in the patient's lung function. A bench test suggests that this result is explained
by auto-triggering with high inspiratory flows during the filter exchange, maintaining the
airway pressure. Study III was a clinical observational study of critically ill patients in which
adverse events were studied in connection with routine nursing procedures. We found that
adverse events were common, not well documented, and potentially harmful, indicating that it is
important to weigh the risks and benefits of routine nursing when caring for unstable, critically
ill patients. In study IV, we conducted a retrospective database study in patients with pelvis
fractures treated in the intensive care unit. We found that the incidence of respiratory failure
was high, that the procedure involved in surgical stabilization affected the respiratory status in
patients with lung contusion, and that the mortality was low and probably not influenced by the
respiratory condition. In conclusion, the results obtained in the present thesis have increase our
knowledge in important areas in the most severely ill patients and have underlined the need for
improvements in the field of patient safety.
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Abbreviations

AACN - American Association of Critical-Care Nurses
AE — Adverse event

AHF — Acute hypoxic failure

AIS — Abbreviated Injury Scale

ALI — Acute lung injury

APS — Acute Physiological Score

ARDS — Acute respiratory distress syndrome

ASA — American Society of Anesthesiologist

BE — Base excess

bpm — Beats per minute

Cu0, — Concentration of oxygen in arterial blood

C.0, — Concentration of oxygen in pulmonary end-capillary blood
CCRN — Registered Critical Care Nurse

CICV - Cannot intubate, cannot ventilate

CPOT — Critical-care Pain Observation Tool

Crs — Compliance of the respiratory system

CT — Computed tomography

Cy0, — Concentration of oxygen in mixed venous blood
Duration of MV — Duration of mechanical ventilation
ECG - Electrocardiography

EIP — End-inspiratory plateau pressure

ETT - Endotracheal tube

FiO; — Fraction of inspired oxygen

FRC - Functional residual capacity

GCS - Glasgow Coma Scale

HME — Heat-moisture-exchanger

I:E ratio — Inspiratory to expiratory time ratio

ICU - Intensive care unit

ID — Inner diameter

ISS — Injury Severity Score

1V-lines — Intravenous lines

MAP — Mean arterial pressure

NAVA — Neurally adjusted ventilatory assist

NISS — New Injury Severity Score

NIV — Non-invasive ventilation

PaCO; — Partial pressure of carbon dioxide in arterial blood
PaO, — Partial pressure of oxygen in arterial blood



Pro, — Alveolar partial pressure of oxygen

Pa0,/FiO, — Partial pressure of oxygen in arterial blood/fraction of inspired
oxygen

P,,, — Pressure of the airway

Pary — Atmospheric pressure

PC-CMYV — Pressure-controlled continuous mandatory ventilation

PEEP — Positive end expiratory pressure

P, 0 — Vapor pressure

Ppeak — End-inspiratory peak pressure

PRVC — Pressure regulated volume control

PSV — Pressure support ventilation

Py, — Partial pressure of oxygen in mixed venous blood

Q's — Blood flow through the shunt

Qt — Cardiac output

RASS — Richmond Agitation-sedation Scale

Rbc — Red blood cell concentrate

RQ — Respiratory coefficient

SD — Standard deviation

SAE — Serious adverse event

SAO; — Pulmonary end-capillary blood saturation

Sa0, — Arterial blood oxygen saturation

SAPS 3 — Simplified Acute Physiology Score

SOFA - Sequential Organ Failure Assessment Score

SpO, — Peripheral capillary oxygen saturation

VAS — Visual Analog Scale

VC-CMYV — Volume-controlled continuous mandatory ventilation

Vr — Tidal volume

Vr/PBW — Tidal volume divided by predicted body weight
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Introduction

Patient safety

According to the Institute of Medicine (IOM), a private, nonprofit institution
that provides independent and objective analysis, patient safety is freedom
from injuries or harm to patients from care that is intended to help them.

The first patient safety study in anesthesiology was published in 1929 by
Hornabrook, in which the safety aspect of ethyl chloride was studied.! It was
not until the mid-1970s that the yearly publication rate of patient safety studies
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Figure 1. Publications per year in Pubmed with the search term “patient safety”

Medication errors

There are numerous patient safety issues, and the most extensively studied one
is probably errors in medication and drug administration.>”'% One of the most
important studies is the ground-breaking report “To Err Is Human: Building a
Safer Health System” issued in 1999 by IOM in the U.S.!! This report gained
much attention, not only among researchers and health care workers but also
from the public and the U.S. Government. Although controversy surrounds
the mortality estimates,'% 13 TOM reported that medical errors causes 44,000
to 98,000 deaths and over 1 million injuries in the United States each year.
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Almost half of patient safety issues in health care have been reported to be
related to medication errors, and among errors leading to serious consequences
for the patient, medication errors accounted for 75% of the cases.’

However, this means that at least half of the patient safety issues are not
related to medication errors. In a study by Nuckols et al. in two U.S hospitals,
medication errors accounted for 29% of patient safety incidents, and the rest
were related to operations, procedures, falls, or diagnostics. In total, 9% of all
patients had at least one safety incident during their hospitalization.'*

However, in a study among 10 U.S hospitals between 2002 through 2007
with 2,341 reviewed patient records, the most common cause of incidents was
medical procedures. In addition, of the 588 analyzed incidents, 43% required
prolonged hospitalization, 3% caused permanent harm, 9% were life threat-
ening, and 2% caused or contributed to the patient’s death.* These findings
are similar to those of another large multi center study among 26 hospitals
in the U.S. reporting that among 92,547 reported incidents, 0.8% were life
threatening and 0.4% contributed to the patients’ death. '

Patient safety in the intensive care unit

Although incidents and errors are problems of great concern in the whole
health care system, some patients are more fragile than the average hospital-
ized patient. Critically ill patients constitute a small group of patients in need
of the most advanced available health care. It is highly probable that in these
patients, even small changes in, e.g., oxygenation or hemodynamics might in-
duce a vicious cycle, deteriorating the patient’s condition. Therefore, critical
care presents significant patient safety challenges. Modern intensive care of
severely critically ill patients is a fast paced, complex, and high risk environ-
ment. Many factors could potentially result in an increased rate of errors and
adverse events that in the critically ill, may lead to fatal consequences.

Among 1,017 patients included in a Spanish study in 2012, 58% were af-
fected by one or more incidents that in 4% caused permanent damage or dam-
age that compromised patients’ lives or contributed to their deaths.

There are many different ways to categorize adverse events and the lack
of consensus regarding the definition of an adverse event can sometimes be
confusing. According to Wikipedia:

“An adverse effect is an undesired harmful effect resulting from a medication
or other intervention such as surgery”

Some adverse event studies mainly focus on the incidence of medical com-
plications, e.g., nosocomial infections, accidents during central venous punc-
ture, peripheral thrombosis, pulmonary embolism, gastrointestinal bleeding,
etc.!¢ Other studies apply a wider approach when attempting to classify the
adverse events as human/staff errors, medication/drug errors, and equipment
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errors.!” However, depending on the philosophical approach, almost all errors
may be classified as human. For example, when a ventilator has an electrical
malfunction, it is probably due to poor engineering or industrial design. The
classification by Valetin and colleges!® is easier to understand and more appli-
cable in daily intensive care. They classify adverse events depending on the
type of event and in order of frequency in their study (lines, catheters, drains;
medication; equipment; airways; and alarms). Equipment failures are a com-
mon denominator in many adverse event studies.'® 718 Welters and colleges
found that almost 30% of critical incidents were related to wrongful use of
equipment and faulty equipment. My own clinical experience is in accordance
with this finding, and this may show the complexity of caring for the critically
ill patient. The care that we provide with the intention to treat patients, some-
times causes harm, and in rare cases, causes permanent harm or even death.

Even though the studies in this thesis are only small bits of the puzzle of
knowledge of patient safety, our aim has been to shed light on patient safety
issues that may seem trivial at first, but are probably of importance to the most
severely ill patients.

Endotracheal intubation: a patient safety issue

Endotracheal intubation, the placement of a flexible plastic tube into the tra-
chea, in critically ill patients differs significantly from intubation prior to rou-
tine surgical procedures. In the operating room, airway management is typ-
ically undertaken in patients without any acute pulmonary disturbances and
under controlled conditions, and the complication rate is therefore low. In con-
trast, endotracheal intubation in critically ill patients often requires emergency
handling due to a state of compromised circulatory and pulmonary physiol-
ogy.!” This is often caused by low functional residual capacity (FRC)* in
combination with pulmonary shunt and increased oxygen consumption, which
contributes to a rapid development of hypoxemia during apnea.!®-2!-22

The endotracheal intubation procedure in critically ill patients has a high
complication rate, and more than 20% of the intubations in the intensive care
unit (ICU) are associated with severe complications such as hypoxemia, car-
diovascular collapse, cardiac arrest, and even death.> The complication rate
due to the difficulty of establishing a patent airway is correlated with both
the numbers of laryngoscopic attempts and the time required for successful
placement of the endotracheal tube. In more than 10% of the patients, more
than two intubations attempts are made, and in 10% of the cases the intubation
procedure takes more than 10 min.>>2*

There are several methods used in clinical practice to extend the apneic
time, with adequate oxygenation of the patient during the intubation proce-
dure. Pre-oxygenation using a closed sealed mask is considered routine prac-
tice to prolong time to desaturation.>> However, in more than 30% of the
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patients intubated outside the operating room, this technique has very little
effect.?® Therefore, a number of different techniques have been proposed in
the pre-oxygenation management of critically ill, e.g., non-invasive ventila-
tion (NIV) with positive end-expiratory pressure (PEEP). Even though PEEP
has been shown to be effective in improving oxygenation in both the pre-
oxygenation period?’-?® and after intubation® there is a risk of rapid lung
collapse within seconds after the removal of the positive end-expiratory pres-
sure ventilation.3°

An endotracheal tube (ETT) or tracheal cannula is a requirement to initiate
invasive mechanical ventilation, which is often necessary to sustain acceptable
respiratory function in patients with acute lung injury (ALI) or acute respira-
tory distress syndrome (ARDS).3! ARDS is defined as an acute inflammatory
pulmonary condition with hypoxemia combined with bilateral lung infiltrates
seen on computed tomography or x-ray. The cause is an inciting insult such
as sepsis, major surgery, or trauma.>> In contrast, mechanical ventilation can
also cause harm to the lungs, e.g. ventilator-induced lung injury (VILI), and
can thereby be a source of the development of ALI/ARDS.3%33

Disconnection from the endotracheal tube during mechanical
ventilation

Disconnection of the ETT from the ventilatory circuit during mechanical ven-
tilation with PEEP expose ALI/ARDS patients to the risk of rapid develop-
ment of atelectasis,>* 3 a risk that is even more substantial when endotra-
cheal suctioning is performed.’® It seems logical to assume that the number
of disconnections should be kept to a minimum to minimize this risk, but this
assumption has not yet been proven in clinical or experimental studies.

Numerous protective-ventilation strategies (ventilation with lower tidal vol-
umes, lung recruitment maneuvers and PEEP) has been developed in an at-
tempt to make mechanical ventilation less deleterious.’*37-40 PEEP is often
used to minimize cyclic alveolar collapse, shunt and improve arterial oxy-
genation.*! One important factor regarding the improvement of oxygenation
with PEEP is the reduction of formation of atelectasis.*? Atelectasis can be
caused by anaesthesia,?®>*>*3 high concentration of inspired oxygen,*® pa-
tient position*’ and obesity.*330 Atelectasis can result in several pathophys-
iological effects like decreased compliance,’*>? impaired oxygenation,>>3
increased pulmonary vascular resistance>>>* and worsening of an already de-
veloped lung injury due to alveolar stress and strain.®

Pulmonary complications after major trauma

Respiratory complications are common after major trauma> and one of the
most serious forms is ARDS with an incidence of 12 - 25%.%%37 Risk factors
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for developing ARDS in trauma are Injury Severity Score (ISS), pulmonary
contusions,’®>? blunt injury mechanism, flail chest®® and massive transfu-
sion.”” %0 Tt is well recognized that pelvis fractures are associated with respi-
ratory failure including ARDS.>®61-62 Theoretically, respiratory failure could
be aggravated by a “second hit” such as an inflammatory response induced
by a surgical procedure. Therefore, surgical fixations in patients with pelvis
fractures have sometimes been postponed in patients due to this reason. There
are clear indications that early fixation reduces respiratory complications in
patients with both femur- and pelvis fractures.®>%* However, whether the
surgical procedure per se affects the lungs negatively has to our knowledge,
not been studied in patients with pelvis fractures. Moreover, although it is
well known that intensive care treated patients with pelvis fractures often have
respiratory complications, it has not been studied whether these specifically
influence outcome.®* Indeed, morbidity and mortality in ARDS caused by
trauma is much lower than for other underlying conditions. Thus, mortality
in a mixed ICU population with ARDS is 30 - 45%,3%56-:65-66 byt in trauma
patients with ARDS the mortality is 9 - 25%.°7-¢7 In addition, the incidence of
severe respiratory complications in a European cohort of patients with pelvis
fractures needing intensive care have not, what we are aware of, been studied.
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Study aims

The overall aim of this thesis was to assess patient safety among critically ill
intensive care patients.

The specific aims of Papers I-IV were as follows:

I

IL.

III.

IV.
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To evaluate whether pharyngeal oxygen administration would prevent or
increase the time to life-threatening hypoxemia at intubation procedures
during apnea in conditions with collapse-prone lungs with high shunt
fractions.

To assess whether the daily, routine exchange of the ventilator filters
would lead to deterioration of oxygenation or compliance of the respira-
tory system in mechanically ventilated ICU patients. To further explore
the mechanisms involved, we assessed in a bench test the airway pres-
sure change proximal to the tip of the endotracheal tube after a simulated
filter exchange.

To examine whether adverse events caused by routine nursing proce-
dures in patients with moderate to severe critical illness are common
and whether these adverse events were registered in the medical chart or
reported to supervisors.

To 1) assess the incidence of severe respiratory complications, i.e., ARDS
or severe hypoxemic failure (AHF), in patients with pelvis fractures in
our ICU, 2) whether the surgical intervention in these patients affects
the pulmonary status of these patients, and 3) whether the lung compli-
cations influence mortality.



Materials and methods

Paper I

The study was approved by the Animal Research Ethics Committee at Uppsala
University, Sweden, and the National Institute of Health guidelines for animal
research were followed.

Anesthesia, ventilation, instrumentation, and monitoring

Eight pigs (weighing 23 to 28 kg) were pre-meditated. After 5 to 10 min,
the pig was placed supine on a table, the trachea was intubated, and the lungs
were ventilated in a volume-control mode by a Servo-i ventilator (Maquet,
Solna, Sweden) with tidal volume (V7) of 8 mL/kg, fraction of inspired oxy-
gen (FiO,) of 0.5, and PEEP of 5 cm H,O. The rate was adjusted to keep end-
tidal carbon dioxide tension at 5 to 6 kPa. Anesthesia was then maintained
with ketamine 30 mg/kg/h and midazolam 0.1 mg/kg/h and with intermittent
boluses of fentanyl. The depth of the anesthesia was tested intermittently with
pain stimulation of the front toes. Ringer’s acetate was infused intravenously
to keep the pigs normovolemic. An arterial catheter was inserted into the right
carotid artery for blood gas sampling and blood pressure monitoring, and a
central venous catheter was inserted via the right external jugular vein. In ad-
dition, a pulmonary arterial catheter for measurement of cardiac output and
pulmonary artery pressure was introduced via the right external jugular vein.
A bladder catheter was inserted suprapubically to monitor urine production.
Electrocardiographic monitoring was started, and peripheral capillary oxygen
saturation (SpO;) was measured at the base of the tail.

Calculation of venous admixture and compliance of the
respiratory system

Venous admixture was calculated using the standard formula.®® A FiO, of 1.0
was used during sampling of blood gases; thus we regard our reported values
for the venous admixture to be a very close estimate of the intrapulmonary
shunt.8
The standard formula of venous admixture equation (shunt):
Q/S o (Cc’Oz - CaOz)

Qt (CC/ 0, — CV02 )

17



Where Q's is the blood flow through the shunt, Q¢ is the cardiac output
(total blood flow), Cyp, is the concentration of oxygen in the pulmonary end-
capillary blood in mL O3/L, C,0, is the concentration of oxygen in the arterial
blood mL O2/L, and C,¢, is the concentration of oxygen in mixed venous
blood mL O,/L.

To calculate C¢,, the P4o, needs to be calculated through the Alveor air
equation:
(PaCO)

RQ

Where P40, is the alveolar partial pressure of oxygen in kPa, P47y is the
atmospheric pressure in kPa, Py, ¢ is the vapor pressure in kPa, the PaCO, is
the partial pressure of carbon dioxide in arterial blood in kPa, and RQ is the
respiratory coefficient (0.8) .

Pro, = (Parm — Puy0) —

Then the Cv, was calculated with:
Pro, * Pr,0
Hb(g/L)*1.34

Where 1.34 is the oxygen carrying capacity of one gram of hemoglobin
(1.34 mL) in humans. Therefore, this is an approximation in other mammals

(e.g., pigs).

CC/ 0, —

Cu0, was calculated with:

Pa02 * PH20

Hb(g/L)x1.34
Sa0,

Ca02 =

Where the PaO, is the partial pressure of oxygen in arterial blood in kPa,
and SaO; is the arterial oxygen saturation in %.

Cyo, was calculated with:

Pyo, * Pu,0
Hb(g/L)*1.34
SAO,

Cv02 =

Where the Py, is the partial pressure of oxygen in mixed venous blood in
kPa, SAO; is the saturation in the pulmonary end-capillary blood in %.

Compliance of the respiratory system (Cgs) (mL/cm H,O) was calculated

as:
Vr

(EIP— PEEP)

Where Ty is the tidal volume in mL, EIP is the end-inspiratory plateau pres-
sure in cm H>O and PEEP is the positive end-expiratory pressure in cm H,O.
Both EIP and PEEP were measured after a 15-sec pause.

Crs =
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Experimental protocol

An outline of the study is given in Figure 2. After the instrumentation, ar-
terial blood was sampled for measurement of oxygen tension, carbon diox-
ide tension, pH, base excess (ABL 3, Radiometer, Copenhagen, Denmark),
and oxygen hemoglobin saturation (OSM 3, Radiometer, Copenhagen, Den-
mark). Thereafter, FiO, was changed to 1.0 and after a further 5 min, arterial
and mixed venous blood gases were obtained for calculation of the pulmonary
shunt. In addition, Cgg, cardiac output, heart rate, and systemic and pulmonary
pressures were registered.

Blood gas, Cgg Blood gas, Crg  Blood gas Blood gas

Hemodynamics Hemodynamics Hemodynamics Hemodynamics
l l Shunt l lShunt
! gt LI I ;
FiO, [ FiO,
1.0 . 1.0 E . ;
0.5 0.5
Anesthesi L | Extubation Extubation
nesthesia ung lavage with or without with or without
Intubation haryngeal O haryngeal O
Ventilation phatyng 2 phatyng 2
Instrumentation Reintubation
Ventilation

Figure 2. Outline of the experiment. The arrows above the horizontal line indicate
measurements, whereas the arrows below the line indicate interventions. The two pe-
riods were randomized during which pharyngeal oxygen was or was not administered.
Crs compliance of the respiratory system, FiQO, fraction of inspired oxygen.

Thereafter, a collapse-prone lung was created by lung lavage. To achieve
different levels of lung collapse and shunt fraction, the lungs were lavaged 3
to 10 times with 20 mL/kg isotonic saline at 38°C. FiO, was reduced to 0.5,
and the animals were left undisturbed for 30 min. If SpO, decreased below
85%, Fi0O, was increased to achieve a SpO, above 85%. After 30 min, a new
arterial blood gas sample was taken. A 12 French catheter was placed via one
nostril (or if not possible, via the mouth) with its distal opening in the pharynx.
FiO, was changed to 1.0. After 5 min, arterial and mixed venous blood sam-
ples were taken for shunt calculation, and hemodynamic data and Cgrg were
registered. Fentanyl 0.2 mg and pancuronium 6 mg were given intravenously
to assure that no attempts at spontaneous breathing occurred. In randomized
order, either oxygen 10 L per min or no oxygen (no flow) was delivered via
the pharyngeal catheter. The endotracheal tube was removed after the larynx
had been localized by a laryngoscope, and the time was registered at which
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the SpO; had fallen to 60%. After tracheal extubation, the laryngoscope was
maintained in place.

Arterial blood gases were sampled before the tracheal extubation and then
every min until and when SpO, was below 60% or until 10 min had elapsed.
At similar time points, heart rate, and systemic and pulmonary pressures were
registered. The trachea was again intubated; the lungs were ventilated with
unchanged ventilator settings, except that the respiratory rate was increased in
order to normalize end-tidal carbon dioxide. When end-tidal carbon dioxide
was normalized, the lungs were ventilated for 5 min at the same rate as before
the extubation. The trachea was again extubated, and the not-studied pre-
oxygenation technique (without or with pharyngeal oxygen) was examined in
the same way as described previously.

Disconnection
Baseline 15 min 60 min
Arterial blood gas, Crs Arterial blood gas, Crs Arterial blood gas, Crs
Hemodynamics Hemodynamics Hemodynamics

Figure 3. Outline of the study. The arrows above the horizontal line indicate interven-
tions, whereas the arrows below the line indicate measurements. Cgrs compliance of
the respiratory system.

Clinical study

The study was performed in Anesthesiology and Intensive Care, Department
of Surgical Sciences, Uppsala University, Uppsala, Sweden. The study was
approved by the university ethics committee (ISRCTN.org registration IS-
RCTN76631800). Informed consent was obtained from the subject’s next of
kin before inclusion.
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Mechanically ventilated subjects were included consecutively if PaO,/FiO,
ratio was < 40 kPa, PEEP was > 5 cm H,O, patient had an arterial cannula,
patient was > 18 years old, and the patient was not pregnant.

Study protocol

The subjects were mechanically ventilated with pressure-regulated volume
control (PRVC), pressure controlled ventilation, or pressure support ventila-
tion using a Servo-i ventilator. Flow triggering was used and set at 1 L/min
in all subjects. The inspiratory rise time was set at 5%. The ventilator tub-
ing circuit set (A4VXXXXX, Vital Signs, Totowa, NJ, USA) had an inner
diameter of 22 mm and was 275 cm in length (137.5 cm inspiratory and 137.5
cm expiratory limb). The size of the ETT (Portex Blue Line Sacett, Smiths
Medical, Hythe, Kent, UK) or tracheostomy tube (Shiley Evac tracheostomy
tube cuffed system, Covidien, Mansfield, OH, USA) was recorded, as well as
whether a heat-moisture exchanger (HME, Pharma Systems, Knivsta, Swe-
den) or an active humidifier (RT430, Fisher & Paykel Healthcare, Auckland,
New Zealand) was used.

Before the exchange of the high-efficiency particulate air filter (Servo Duo
Gard, Maquet), placed between the expiratory limb of the ventilatory circuit
and the ventilator, Ty, breathing frequency, EIP, and PEEP were recorded
(baseline). In the subjects with controlled ventilation without any subject-
triggered breaths (n = 32), Compliance of the respiratory system (Cgs) was
calculated as:

Cooe VT
RS~ (EIP— PEEP)

Both EIP and PEEP were measured after a prolonged pause of 10 sec. FiO,
arterial blood pressure, and pulse rate were recorded, and arterial blood was
sampled for determination of PaO,, PaCO,, pH, and base excess (ABL 800
Flex).

The subject remained connected to the ventilator during the whole filter
exchange procedure. The expiratory tubing was disconnected from the old fil-
ter, which was then removed from the ventilator inlet and exchanged, and the
expiratory tubing was reconnected to the new filter. Measurements were re-
peated 15 and 60 min after the filter exchange. In addition, the duration of the
exchange procedure was recorded. Finally, in four subjects, airway pressure
(Paw) was measured in the Y-piece connected to the ETT and 1 cm below the
ETT tip via a 15-cm, 16 gauge catheter (Arrow, Limerick, PA, USA). Endo-
tracheal disconnection and suctioning were not performed in any subject for
at least 4 hr before study inclusion. No changes were made in subject position
or ventilator settings during the study protocol.
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Bench study

The “tracheal” airway pressure decrease was measured in a lung model (Accu
Lung precision test lung, Fluke Biomedical, Everett, WA, USA).

The test lung was set at compliance values 10 or 20 mL/cm H,O, resis-
tance 5 cm HyO/L/sec (the resistance setting was chosen to avoid inadvertent
auto-PEEP), and was connected through an inner diameter 6 or 8 mm ETT
(Portex Blue Line Sacett) and a 275-cm, inner diameter 22-mm tubing circuit
(A4AVXXXXX, the same as used in the clinic) to a Servo-i ventilator set at
either pressure controlled ventilation (EIP 25 cm H,O, 10 cm H,O PEEP, or
volume-controlled ventilation with the same EIP and PEEP as during pressure
controlled ventilation. The ratio of inspiratory time to expiratory time (I:E ra-
tio) was 1:2 and the respiratory rate 15 or 25/min. The inspiratory rise time
was set at 5% (similar to subject values), P,,, was measured 1 cm below the
ETT tip in the test lung via a 15-cm, 16 gauge catheter (Arrow). At each of
the above combinations, the expiratory circuit was disconnected from the ven-
tilator during 2, 3, 4, 5, 6, and 10 sec to simulate filter exchange. The filter
was disconnected from the tubing. Flow trigger set at 1 L/min and pressure
trigger set at -20 cm H,O were used at every step. In addition, the suctioning
support function was activated at the end of each sequence. During all the pro-
cedures, inspiratory flow (obtained from the ventilator) and tracheal pressure
were registered.

Paper 111

The study was approved by the local ethics committee at Uppsala University,
Uppsala, Sweden and the study was registered at ISRCTN.org number, IS-
RCTN73736539. Informed consent was obtained from the patient’s next of
kin before inclusion. The study was conducted in a nine-bed mixed ICU in
a tertiary referral university hospital in Sweden with 940 beds. The unit is
staffed daily by three intensivists, two trainees, and six registered critical care
nurses (CCRNs). The nurse/patient ratio is 1:2. The unit treats 980 patients
per year, with a mean length of stay of 3 days and an ICU mortality of 7%.
There were no written routines regarding patient position change procedures in
the studied ICU. However, patients are routinely submitted to position change
every 2 hr. When performing endotracheal suctioning, there was a written
routine specifying the use of a maximum negative suctioning pressure of 20
kPa and the recommendation to use suction support'~, Servo-i ventilator be-
fore suctioning (30% increase in inspired oxygen concentration within 120 sec
before and for 60 sec after suctioning®®). The size of the suctioning catheter
should be less than 50% of the diameter of the endotracheal tube and that suc-
tioning should be performed with 5-sec cycles and no longer than 20 to 30 sec
in total duration. There was no validated tool used to assess pain in non-verbal
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Figure 4. Experimental setup of the bench test. The high-efficiency particulate air
filter was placed in the expiratory limb of ventilator. P, airway pressure, ETT endo-
tracheal tube.

patients in addition to the visual analog scale (VAS). However, the Richmond
Agitation-sedation Scale (RASS) was used to evaluate the sedation level.

In this study, we consecutively included mechanically ventilated patients
with PaO,/FiO, ratio < 40 kPa with PEEP > 6 cm H»,O combined with need
of vasopressor support (noradrenaline > 0.05 mcg/kg/min). Exclusion criteria
were 1. Decision to withdraw life-support within 24 hr, 2. Glasgow Coma
Scale (GCS) = 3, 3. Less than 18 years of age, 4. Pregnancy.

Study protocol

The observational period started at 06.00 AM and continued for 12 hr. The ob-
server was always a CCRN with at least 5 years of ICU experience and did not
participate in the regular care during the observation. Before the start of the
observation, baseline parameters were recorded: respiratory: Vr, respiratory
rate, PEEP, end-inspiratory peak pressure (Ppeak), FiO, and SpO;; circula-
tory: pulse and mean arterial pressure (MAP). Awareness was assessed with
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RASS.”? All ongoing drug infusions and doses were registered. The observer
was fully familiar with the sedation scale.

During the 12-hr period, the observer recorded all physiological variables/
parameters just before the start and continuously during all procedures on a
sheet dedicated to the study. All parameters were also continuously sam-
pled from an ICU monitoring system during the whole observational period
(Dréger Infinity Delta, Driger, Liibeck, Germany) and printed on paper after
the observational period ended (data sampling rate 1/min). If additional pro-
cedures were started before a previously started procedure had ended, we only
registered the first procedure most likely to have generated the adverse event.
However, a single procedure could generate multiple adverse events. Spon-
taneous changes in physiological parameters were also recorded to reevaluate
baseline threshold values but were not registered as adverse events. Duration
of the adverse events and any measure to reduce the effect of the adverse events
were also recorded. The observer also recorded all pharmacological therapies
and changes in those therapies given during the study period. The observer
did not record any information about the staff caring for the patient. All data
recorded by the observer were compared with the paper copies from the ICU
monitoring system.

The observer did not interact or interfere with the caregivers, and thus,
whether any adverse event should be documented in the medical chart or re-
ported to supervisors was up to the discretion of the nursing staff.

An adverse event (AE) was defined as one of the following:
-Heart rate change £ 15 beats/min (bpm).
-Change in MAP £ 5 mmHg.
-Desaturation -5% in SpO;.
-Respiratory rate change + 5/min.
-Awareness: RASS +1.
-Ventilatory distress: ventilator asynchrony (coughing, frequently breath-
ing against the ventilator).

A serious adverse (SAE) event was defined as one of the following:”!
-Tachycardia: heart rate > 110 bpm if < 100 bpm before the procedure.
-Bradycardia: heart rate < 60 bpm if > 70 bpm before.

-Hypertension: MAP > 110 mmHg if < 100 mmHg before.
-Hypotension: MAP < 60 mmHg if > 70 mmHg before.

-Desaturation: SpO, < 90% if > 92% before.

-Bradypnea: respiratory rate < 10 /min if > 10 /min before.
-Ventilatory distress: severe ventilator asynchrony (nonstop coughing,
not possible to mechanically ventilate and/or tachypnea (respiratory rate
> 35 /min if it was < 35 /min).

-Serious arrhythmia

-Cardiac arrest
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Demographical/medical data were prospectively recorded. Age, gender,
admission type, Simplified Acute Physiology Score (SAPS 3), Sequential Or-
gan Failure Assessment Score (SOFA), duration of mechanical ventilation,
ICU/hospital stay, ICU/hospital mortality, 60-day mortality, degree of ARDS
and arterial blood gas values (PaO,, PaCO,, pH, and base excess (ABL 800
Flex, Radiometer, Copenhagen, Denmark)).

Survey of risk awareness of nursing procedures

To assess the nursing personnel’s awareness of potential risks during routine
nursing procedures, we conducted an electronic survey among the CCRNs
working in the ICU where the observations had taken place. The survey con-
tained 16 questions and was sent to all nurses of the ICU after all patients were
included into the study. Non-responders were sent a reminder.

Paper IV

The study was approved by the local ethics committee at Uppsala Univer-
sity, Uppsala, Sweden, and the study was registered at ISRCTN.org number,
ISRCTN10335587. Data were obtained from a cohort of 669 patients admit-
ted to the Uppsala University Hospital scheduled for surgical stabilization of
pelvis ring and/or acetabulum fractures. In addition to the patients in the lo-
cal region of the Uppsala University Hospital, 30 additional hospitals referred
patients after providing primary care.

Patient selection

All patients in the database cohort, admitted to the general ICU at Uppsala
University Hospital, between 2007 and 2014 for intensive care treatment/
monitoring were prospectively included.

Exclusion criteria were: 1. Not admitted to the ICU. 2. No arterial line
present during the ICU stay, 3. Younger than 18 years of age, 4. Pregnancy.
One hundred and twelve patients were eligible for inclusion in the study (Fig-
ure 5).

Demographical/medical data, ICU/hospital stay, [CU/hospital mortality, and
60-day mortality were retrospectively recorded from the database. From the
medical charts, data were collected, and the following scores were calcu-
lated: SAPS 3, SOFA, Injury Severity Score (ISS), New Injury Severity Score
(NISS), Abbreviated Injury Scale (AIS), and GCS. In addition, from simi-
lar sources, we registered the incidence of thoracic injury, time between in-
jury and surgical intervention, duration of surgery and perioperative blood
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4
669 Availble trauma patients
Pelvis fracture database cohort
between 2003 - 2014

557 Patients excluded

* 208 Included in the register before 2007
* 348 Not hospitalized in ICU

* 1 Patient missing arterial line

—_—

112 Trauma patients

Figure 5. Patients included from the Pelvis fracture database cohort. /CU intensive
care unit.

loss. The number of transfusions of red blood cells, fresh frozen plasma,
and platelets was recorded from the ICU and anesthesia charts as well as the
amount of synthetic colloids and crystalloids administered between date of
injury until discharge from ICU. Moreover, ventilator data (i.e., Ty, airway
pressures, and FiO, and arterial blood gas values (PaO;, PaCO,, pH, and base
excess (ABL 800 Flex)) were collected from the medical charts. In all pa-
tients, low-molecular weight heparin was administered subcutaneously as pro-
phylaxis against venous thrombosis for a minimum of 10 days after surgery,
and prolonged for patients not mobilized by that time. Systemic prophylactic
antibiotics were given perioperative for a minimum of 24 hr.

AHF/ARDS

The Berlin definition of ARDS was used in this study.””> AHF was defined
according to the ARDS definition without the radiologic criterion. All pa-
tients’ radiological chest images (both standard radiograms and computed to-
mography (CT)) were downloaded from the hospital radiological system, Vue
Motion> 12.0 (Carestream Health Inc., Rochester, NY, US). Two chest ra-
diological examinations were selected for analysis, one pre- and one post-
operative. The chest images used for the analysis were obtained within 2 days
before and within 2 days after surgery, respectively. Two PaO,/FiO, ratios
were used; the lowest values within £+ 12 hr from the time point when the
chest images were obtained. If no chest radiological examination has been
performed, the two PaO,/FiO; ratios used in the calculation of AHF were the
lowest values at 48 4= 12 hr before and 48 & 12 hr after surgery, respectively.
Single outlying PaO,/FiO; ratios values were excluded. Two experienced con-
sultant intensivists analyzed independently all radiological chest images to
determine whether the radiological criteria of ARDS were fulfilled. For the
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images where there was a disagreement, the image was were reexamined in
order to achieve a consensus.
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Statistical analysis

Paper 1

To obtain a P value of 0.05 and a power of 0.8 for the primary outcome
variable, time to life-threatening hypoxemia (SpO, < 60%), eight animals
were considered sufficient. For analyses of the differences between the pre-
oxygenation techniques, Wilcoxon signed-rank test was used. Linear regres-
sion was used to analyze the relation between time to life-threatening hypox-
emia and shunt fraction. The data are reported as medians with interquartile
ranges unless otherwise indicated.

For the statistical analyses, the Sigmastat statistical program (Systat, Soft-
ware Inc, Point Richmond, CA, USA) was used. P < 0.05 was considered as
statistically significant.

Paper 11

The primary outcome variables were changes in PaO,. A power analysis in-
dicated that for a clinically important decrease in PaO, (1 4 2 kPa [mean +
standard deviation (SD)]) with a P < 0.05 and a power of 0.95, 32 subjects
would be needed. We therefore enrolled 40 subjects in this study. The data
were analyzed by one-way analysis of variance. The data from the bench test
were analyzed with a t-test.

For the statistical analyses, the Prism 6.0 statistical program (GraphPad
Software, La Jolla, CA, USA) was used. P < 0.05 was considered a priori
as statistically significant.

Paper 111

The primary outcome variable was the incidence of AE and SAE. We also
analyzed the number of AEs and SAEs per procedure as well as the number
of such events documented in the medical chart or reported to supervisors.
For the statistical analyses, the SPSS 23.0 for Windows/Mac OS X statistical
program (IBM Corp., Armonk, NY, USA) was used. All values are mean =+
SD if not otherwise stated.
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Paper IV

For the statistical analyses, the SPSS 23.0 for Windows/Mac OS X statisti-
cal program was used. One-way ANOVA with a post hoc test (Tukey) was
used for the analysis of the differences among patients with and without AHF
and ARDS. An independent t-test was used for the analysis of the differ-
ence among patients with pre-operative normal lung status who developed
AHF/ARDS in relation to the surgical procedure and patients with AHF/ARDS
who normalized their lung condition. P < 0.05 was considered a priori as sta-
tistically significant. All values are mean + SD.
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Results

Paper I

Effects of lung lavage

The PaO, on FiO, 0.5 and 1.0 decreased from 33 (31 to 35) to 13 (8 to 16)
kPa (P = 0.008) and from 71 (68 to 75) to 47 (21 to 52) kPa (P = 0.008),
respectively. Cgs decreased from 25 (23 to 27) to 9 (8 to 10) mL/cm H,O (P =
0.008) (Figure 6). Venous admixture with FiO, 1.0 (shunt fraction) increased
from 7% (5 to 8%) to 19% (13 to 35%; P = 0.008) with, as planned, a wide
range (9 to S19-
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Figure 6. Effect of lung lavage on compliance (Cgs) and shunt.
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Time to life-threatening hypoxemia

Without pharyngeal oxygen, the time to SpO; below 60% was 103 (88 to 111)
sec, and with pharyngeal oxygen, three animals desaturated (after 55 sec, 85
sec, and 7 min), whereas the other five animals had adequate oxygenation dur-
ing the whole 10-min study period (P = 0.016). The individual PaO; values
at the different time points are shown in Figure 7.
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0 100 200 300 400 500 600 700
Time of apnea (s)

Figure 7. Partial pressure of oxygen in arterial blood (PaO,) versus time of apnea
without (upper panel) and with (lower panel) pharyngeal oxygen administration. The
symbols and lines depict the individual values.

Relationship between shunt and time to life-threatening
hypoxemia

There is a close correlation between shunt and time to desaturation (Figure
8). If 600 sec are used in the equation for the animals that did not desaturate

during the study period, the equation is: time (sec) = 937 - 8.5 x shunt (%)
(RZ = 0.81, P = 0.002). When the shunt was less than 20%, no desaturation
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occurred during the 10-min time frame, but when the shunt was above 44%,
desaturation occurred within 90 sec.
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Figure 8. Time to desaturation below 60% as estimated by pulse oximetry versus
shunt fraction on pharyngeal oxygen administration. The dots depict the individual
values.

Carbon dioxide and pH during apnea

During the 10-min apnea period with pharyngeal oxygen, PaCO, increased
from 6.4 (6.2 to 7.0) to 17.1 (16.3 to 17.3) kPa (P < 0.05) and pH decreased
from 7.36 (7.34 to 7.38) to 7.03 (7.02 to 7.05; P < 0.05).

Hemodynamics

Lung lavage did not affect hemodynamics significantly, whereas prolonged
apnea was associated with an increase in heart rate from 78 (65 to 92) to 102
(87 to 109) bpm (P = 0.023), MAP from 80 (70 to 91) to 94 (84 to 93) mmHg
(P = 0.03), and mean pulmonary arterial pressure from 22 (18 to 25) to 33 (28
to 39) mmHg (P = 0.004).

Paper 11
Clinical study

Twelve women and 28 men (two with severe, 25 with moderate, and 13 with
mild ARDS)”? were enrolled (Table 1); eight were ventilated with pressure
support ventilation, 12 with pressure-controlled ventilation, and 20 with PRVC;
39 of the subjects were orally intubated, and one had a tracheal cannula. PEEP
was 12.0 &= 4.0 cm H,O, FiO, was 0.5 & 0.1, and the PaO,/FiO, ratio was 24
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=+ 6 kPa. The mean time on the ventilator was 8.6 £+ 9.9 days. The tube sizes
used in the studied subjects had an inner diameter of 7 mm in women (n = 12)
and an inner diameter of 8 mm in men (n = 28). The gas was humidified with
a heat-moisture exchanger in 20 subjects and with an active humidifier in the
remaining subjects (n = 20).
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Figure 9. Mean partial pressure of oxygen in arterial blood (PaO;) and mean compli-
ance of the respiratory system (Cgs) with SD before the high-efficiency particulate air
filter change and, 15 min and, 60 min after.

The mean duration of the filter exchange was 3.5 £ 1.2 sec. There were
no significant changes in PaO; (12 £ 2 kPa at baseline vs 12 £ 2 kPa at 15
min and 12 £ 2 kPa at 60 min, P < 0.24; Table 2, Figure 9) or in Cgs (41 &
11 mL/cm H»O at baseline vs 40 + 12 mL/cm H,O at 15 min and 40 4+ 12
mL/cm H,O at 60 min, P < 0.32; Table 2, Figure 9). Arterial pH (7.39 £ 0.07
at baseline vs 7.39 £ 0.08 at 15 min and 7.39 + 0.08 at 60 min) and PaCO, (6
+ 1 kPa at baseline vs 6 + 1 kPa at 15 min and 6 & 2 kPa at 60 min) as well
as hemodynamics (heart rate 88 + 23 bpm at baseline vs 88 + 21 bpm at 15
min and 87 4 20 bpm at 60 min [MAP 77 4 14 mmHg at baseline vs 75 + 15
mmHg at 15 min and 75 + 10 mmHg at 60 min]) did not change during the
study period.

In the four subjects (No. 17, 35, 38, and 39, all ventilated with PRVC)
in whom the pressure below the ETT was measured, the airway pressure was
maintained above PEEP in all subjects during the 3 to 3.5 sec disconnection
period (Table 3).
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Age, yr 64 =15
Female sex, no. (%) 12 (30)
SAPS 3 67+ 14
Duration of mechanical ventilation, d 8.6+99
ICU stay, d 10+ 11
Hospital stay, d 31+£38
ICU mortality, no. (%) 5(13)
30 days mortality, no. (%) 9(23)
ARDS
Mild, no. (%) 13 (32.5)
Moderate, no. (%) 25 (62.5)
Severe, no. (%) 2(5)
Mechanical ventilation settings
Tidal volume, mL/kg 72+1.6
Respiratory rate, breaths/min 12+5
FiO, 0.5+0.1
EIP, cm H2O 24+ 5
PEEP, cm H>O 12+4
Gas exchange
Arterial pH 7.39 £0.07
PaCO,, kPa 6+2
PaO,, kPa 12+2
Crs, mL/cm H,O 41 £ 11
BE, mmol/L 1.0+4.9
Circulatory parameters
Mean arterial pressure, mmHg 77 + 14
Puls rate, beats/min 88 + 23

Values are mean £ SD unless otherwise specified.

ARDS acute respiratory distress syndrome, BE base excess, Cgs compliance of the respiraotry system,
EIP end-inspiratory plateau pressure, FiO; fraction of inspired oxygen, PaCO, partial pressure of carbon
dioxide in arterial blood, PaO; partial pressure of oxygen in arterial blood, PEEP positive end expiratory
pressure, SAPS 3 Simplified Acute Physiology Score.
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Table 2. Subject Characteristics (n = 40)

ARDS PaO,/FiO, PEEP PaO, (kPa) Crs (mL/cm H20)
Subject# (kPa) (cm H,O) Baseline 15 min 60 min Baseline 15min 60 min
1 2 21 17 13 13 11 53 53 60
2 3 31 15 15 16 13 40 37 37
3 3 27 12 16 11 11 * * *
4 3 30 11 16 14 13 37 34 37
5 1 11 13 9 8 8 48 44 44
6 2 26 16 14 16 19 40 30 35
7 2 17 17 10 8 8 38 30 28
8 2 16 17 10 9 9 22 27 26
9 2 14 13 10 10 10 43 42 43
10 2 22 17 12 11 11 43 45 45
11 2 19 17 9 9 9 25 25 22
12 1 12 12 9 9 10 53 50 55
13 2 15 16 11 11 11 33 29 30
14 2 19 12 11 11 11 35 35 42
15 2 21 16 12 12 12 40 30 35
16 3 31 19 15 15 15 47 43 43
17 2 17 14 13 13 13 59 58 59
18 2 22 11 12 13 15 60 60 60
19 2 21 10 10 12 13 26 27 26
20 2 21 5 11 9 9 15 16 17
21 3 28 5 12 11 12 50 50 49
22 2 26 8 13 12 12 * * *
23 3 28 10 10 9 9 * * *
24 3 29 10 13 14 14 * * *
25 2 25 5 12 11 12 * * *
26 2 25 12 10 10 10 * * *
27 2 19 13 12 11 12 37 34 35
28 2 20 12 9 9 9 * * *
29 2 18 8 11 11 10 41 41 41
30 3 34 18 15 16 14 26 26 28
31 2 25 15 14 14 16 30 20 30
32 3 31 12 9 10 11 * * *
33 3 32 8 14 14 14 52 52 *
34 2 25 11 10 10 11 44 64 54
35 2 22 15 12 13 14 40 38 40
36 2 18 9 12 12 10 46 45 38
37 3 31 6 12 11 11 * * *
38 3 29 9 10 10 9 52 53 54
39 3 39 5 14 11 13 50 49 49
40 2 26 7 12 13 13 45 46 47
Mean 24 12 12 12 12 41 40 40
+SD 6 4 2 2 2 11 12 12

ARDS severity is divided in three classes: (1) severe, (2) moderate, and (3) mild. *NA missing value due
to spontaneous breathing. ARDS acute respiratory distress syndrome, Cgrg compliance of the respiraotry
system, PaO; partial pressure of oxygen in arterial blood, PaO,/FiO, partial pressure of oxygen in arterial
blood/fraction of inspired oxygen, PEEP positive end expiratory pressure.
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Subject# Disconnection time  ETT size PEEP Paw

(s) # (cm H,O) (cm H,0)
17 3.0 7 14 14
35 3.0 8 15 14
38 3.0 8 9 8
39 3.5 8 5 5

ETT endotracheal tube, Py, airway pressure, PEEP positive end expiratory pressure.

Bench study

After disconnection of the ventilator circuit, the ventilator delivered four auto-
triggered inspirations with a total duration of 3 to 10 sec, depending on the I:E
ratio and the set breathing frequency. The inspiratory flow pattern differed be-
tween the two ventilation modes. In the pressure-controlled ventilation mode,
the inspiratory flow reached a maximum rate of 3,300 mL/sec in 0.3 sec in all
auto-triggered inspirations. In the volume-controlled ventilation mode, flow
of the first triggered inspiration was the same as with the pressure-controlled
ventilation (3,300 mL/sec) mode, but flow took 1.2 sec to reach its maximum
rate. Flow in the volume-controlled ventilation mode decreased in inspiration
numbers 2, 3, and 4 to 2,500 mL/sec. With pressure controlled-ventilation, Py,
was maintained above the set PEEP of 10 cm H,O in all cases. The lowest P,,,
(12 £ 1.2 cm H;0) was independent of other settings and tube sizes.

However, with volume-controlled ventilation, P, decreased to a minimum
of 43 £ 1.2 cm H,O (P < 0.001 compared with pressure-controlled ventila-
tion) (Figure 10). In both pressure-controlled ventilation and volume-controlled
ventilation, P, decreased to 0 cm H,O 0.7 4= 0.2 sec after the auto-triggered
inspirations discontinued. With the suction support function activated, P,,, de-
creased to 0 cm H,O within 1.7 &= 0.4 sec after disconnection (Figure 11), and
the same pattern occurred with the -20 cm H, O trigger setting.
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Figure 10. Airway pressure (P,,) 1 cm below an inner diameter 8 mm endotracheal
tube tip during experimental high-efficiency particulate air filter change in the bench
model. A and C: the ventilator was set at pressure controlled ventilation (PC-CMV)
(end-inspiratory plateau pressure 25 cm H,O), breathing frequency of 15 breaths/min,
ratio of inspiratory time to expiratory time 1:2, flow triggering 1 L/min. B and D:
for volume controlled ventilation (VC-CMV), the settings were the same as during
pressure controlled ventilation. The test lung was set to compliance 10 mL/cm H,O.
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Figure 11. Airway pressure (P,,) 1 cm below inner diameter 8 mm endotracheal tube
tip during experimental high-efficiency particulate air filter change in the bench model
with suction support activated. The ventilator was set for pressure controlled venti-
lation (PC-CMV) (end-inspiratory plateau pressure 25 cm H;0), breathing frequency
of 15 breaths/min, ratio of inspiratory time to expiratory time 1:2, flow triggering 1
L/min. The test lung was set to compliance 10 mL/cm H,O.
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Paper 111
Clinical study

Sixteen patients, three women and 13 men, admitted to the ICU were enrolled
in this clinical observational study (Table 4).

All patient were orally intubated and mechanically ventilated using a Servo-
i ventilator with an active humidifier (RT430). Five patients was ventilated
with pressure control, seven with pressure-regulated volume control, three
with pressure support, and one with neurally adjusted ventilatory assist (NAVA).
PEEP was 10 &+ 3 cm H,O, FiO, was 0.5 &+ 0.1, and the PaO,/FiO, ratio
was 23 4+ 5 kPa. Five patients had moderate and 11 had mild ARDS. MAP
was 77 £ 16 mmHg, and the heart rate was 88 + 18 bpm. All 16 patients
received hemodynamic support with noradrenaline (Abcur AB, Helsingborg,
Sweden), and the mean dose was 0.16 4 0.12 mcg/kg/min. Two patients were
treated with dobutamine (Dobutamin Hamel, Algo Pharma AB, Kista, Swe-
den), one with amiodarone (CordaroneY, Sanofi, Paris, France), two with
levosimendan (Simdax*>, Orion Pharma, Espoo, Finland) and one with vaso-
pressin (Argipressin, Mercury Pharmaceuticals Ltd., London, UK) during the
observational period. Six patients had continuous veno-venous renal replace-
ment therapy, multiFiltrate® (Fresenius Kabi AB, Uppsala, Sweden) during
the observational period.

The observational study was performed at 3 &+ 4 days (range 1 - 16) after
admission to the ICU. The total mean duration of invasive ventilator support
was 10 £ 11 days, ICU stay 12 £+ 13 days, and hospital stay 43 £ 62 days
(Table 5). Three patients (19%) died during the ICU stay, four (25%) during
hospital stay, and six patients (38%) died within the first 60 days after admis-
sion.
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Table 4. Patient characteristics at the start of the study and outcome data (n = 16)

Variables
Age, yr 68 =12
Female sex, no. (%) 3(19)
SAPS 3 69+ 15
SOFA 74
Duration of mechanical ventilation, d 10+ 11
ICU stay, d 12+13
Hospital stay, d 43 +£62
ICU mortality, no. (%) 3(19)
Hospital mortality, no. (%) 4(25)
60 days mortality, no. (%) 6(38)
ARDS
Mild, no. (%) 5(31)
Moderate, no. (%) 11 (69)
Severe, no. (%) 0
Mechanical ventilation settings
Tidal volume, mL/kg 73+15
Respiratory rate, breaths/min 20+£5
FiO, 0.5+0.1
Ppeak, cm H,O 21+6
PEEP, cm H,O 10+3
Gas exchange
Arterial pH 7.40 +0.06
PaCO, kPa 6+1
PaO, kPa 101
BE, mmol/L 2.0+4.5
Circulatory parameters
Mean arterial pressure, mmHg 77+ 16
Puls rate, beats/min 88+ 18
Noradrenalin, mcg/kg/min 0.16+0.12

Data are presented as mean £ SD.

ARDS acute respiratory distress syndrome, BE base excess, FiO, fraction of inspired oxygen, PaCO; partial
pressure of carbon dioxide in arterial blood, PaO, partial pressure of oxygen in arterial blood, Ppeak end-
inspiratory peak pressure, SAPS 3 Simplified Acute Physiology Score, SOFA Sequential Organ Failure
Assessment Score.

Six hundred ninety-six procedures generated 699 AEs (mean 1.0 AE/procedure)
and 158 SAEs (0.2 SAE/procedure) during 187 observational hr. One obser-
vation was aborted after 7 hr due to intrahospital transportation to another
ICU. None of these adverse events were documented in the medical chart or
reported to supervisors by the nursing staff.

The most common procedure was patient position change (24%), which
also generated the majority of AEs (54%) and SAEs (61%). The second most
common procedure (16%) was drug-administration-related, and the third most
common procedure (13%) was blood sampling from arterial and central ve-
nous catheters (Table 6).

The procedure that generated the second most AEs (12%), was the category
“Other”, which included oral care, subglottic suctioning, position change/
manipulation of the endotracheal tube, shaving, eye care, and all procedures
related to the feeding tube and measurement of cuff pressure of the endotra-
cheal tube. The procedure generating the third most AEs (9%) was endotra-
cheal suctioning.
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Table 5. Individual characteristics for all patients (n = 16)

Patientt  Age  Gender  FiO, PEEP  TV/PBW SAPS3 SOFA Duration ICU-stay PpaOyFi0,  ARDS MAP Pulse  Noradrenalin
o) (M/W) (emH,0) (mL/kg) of MV (d) (mmHg) (meg/kg/min)
(d)
16l M 0.40 16 7.1 66 11 3 17 173 Moderate 64 72 0.20
2 85 M 0.50 10 6.6 73 9 2 7 158 Moderate 93 73 0.06
30083 M 0.60 10 7.9 85 9 2 11 135 Moderate 89 79 0.20
4 64 M 045 10 83 55 9 2 5 210 Mild 100 75 0.10
5 64 M 0.60 14 4.6 62 9 4 18 128 Moderate 76 116 0.10
6 74 M 0.35 8 75 86 6 11 7 233 Mild 98 75 0.11
7 42 M 0.40 10 6.1 77 7 1 5 240 Mild 73 118 0.05
8 53 M 0.40 10 6.8 63 6 6 46 165 Moderate 70 82 0.08
9 79 w 0.60 10 73 91 11 4 4 105 Moderate 52 104 0.56
10 64 M 0.40 8 8.0 69 7 5 7 203 Mild 65 83 0.11
169 M 0.30 8 72 51 5 2 7 210 Mild 93 110 0.08
1270 M 0.40 8 7.1 64 14 4 6 188 Moderate 78 70 0.16
1350 M 0.40 8 104 37 15 33 38 195 Moderate 54 107 026
1476 w 0.60 12 5.1 89 10 6 7 120 Moderate 94 80 021
15 75 w 045 14 9.6 72 9 2 2 165 Moderate 65 69 0.10
16 82 M 045 8 6.6 58 10 3 3 143 Moderate 65 101 0.12
Mean 68 05 10 73 69 9 6 12 173 77 88 0.16
SD 12 0.1 2 14 14 3 7 12 39 15 17 0.12

ARDS acute respiratory distress syndrome, Duration of MV duration of mechanical ventilation,
FiO, fraction of inspired oxygen, MAP mean arterial pressure, PaO,/FiO; partial pressure of oxygen in
arterial blood/fraction of inspired oxygen, PEEP positive end expiratory pressure, SAPS 3 Simplified Acute
Physiology Score, SOFA Sequential Organ Failure Assessment Score, Ty/PBW tidal volume divided by
predicted body weight.

Table 6. Procedures divided by patient

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Totalt (%)
Patient position change 137 19 15 12 14 12 17 5 13 6 5 5 8 7 6 164 124%
Drug related 9 3 5 10 10 9 9 9 11 9 9 1 5 3 5 4 111 BE16%
Blod sampling 4 7 5 6 6 5 5 7 10 5 3 6 5 4 7 4 89 I13%
Other 2 5 2 2 6 7 3 5 5 9 3 5 4 8 3 7 76 1%
Ventilator disconnection 1 1 8 16 4 9 4 1 1 6 2 5 11 0 5 1 75 E011%
Endotracheal suctioning 3 3 4 15 3 2 o 0 o0 3 2 6 13 0 5 0 59 1 8%
Clinical examination 2 5 3 4 3 4 4 2 4 3 4 3 3 3 3 4 54 1 8%
Wound care 5 0 0 3 0 0 1 2 1 0 1 1 0 1 1 1 17l 2%
Chest x-ray, ultrasound 0o 0 2 0o 3 2 0 1 3 1 0 0 1 1 1 1 16l 2%
Physical therapy 2 0 1 1 1 2 2 1 2 1 0 0 1 0 1 0 151 2%
Medical procedures 0 2 3 0 4 1 1 0 0 2 0 0 0 0 0 0 Bl 2%
Insertion of IV catheters 0 0 0 0 0 3 0 0 1 0 0 0 0 0 0 0 4| 0,6%
Intra-hospital transportation 0 1 0 0 0 1 0O 0 0 o0 1 0O 0 o0 o0 o0 3| 04%
Total 41 34 52 72 52 59 41 45 43 52 31 32 48 28 38 28 696
B B I W 0 . I I I I B o B e v

The most common AEs (35%) were changes in MAP (both increase and
decrease), coughing (15%), and elevation in respiratory rate (11%) (Table 7).

The most common SAEs were oxygen desaturation (29%), ventilatory dis-
tress (28%), and hypotension (22%). The procedure generating the second
most common SAE (12%) was drug administration related. The procedure
generating the third most common SAE (8%), was clinical examination and
the category “Other” (Table 8).
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Table 7. Adverse events divided by the eight most AE generating procedures

Patient

position Endotracheal Clinical Medical Physical  Insertions of

change Other suctioning examination Drugrelated procedures therapy IV-lines  Total (%)
Blodpressure 21 (MAP), no. 69 22 21 12 7 11 9 0 151 22%
Cough, no. 63 11 14 6 0 6 3 0 103 15%
Blodpressure N (MAP), no. 48 4 2 3 21 9 2 1 9 13%
Respiratory rate 7 (/min), no. 47 8 6 7 1 1 6 0 76 11%
Oxygen Desaturation, no. 40 7 4 5 7 2 0 0 65 9%
Wakening (RASS 7), no. 23 14 12 4 1 1 1 0 56 8%
Ventilatory distress, no. 26 4 2 2 0 1 1 0 36 5%
Loss of SpO,-monitoring, no. 31 2 1 1 0 0 0 0 35 5%
Uneasiness, no. 7 7 3 1 1 1 0 0 20 3%
Pulse 71 (/min), no. 9 2 1 2 1 1 0 0 16 2%
Ventilator disconnection*, no. 9 0 0 1 0 0 0 0 10 1%
Respiratory rate N (/min), no. 1 1 0 1 4 0 0 0 7 1%
Loss of ECG-monitoring, no. 2 0 0 0 0 0 0 0 2 0,3%
Pulse N (/min), no. 1 0 0 0 0 0 0 0 1 0,1%
Total 376 82 66 45 43 33 22 1 699 *

[ % [ o9% 8 oe% B 6% B os% 1o3% | 0a% |

Total amount of AE in all procedures. Procedures not included in the table: Blood sampling, Ventilation
disconnection, Wound care, Chest x-ray and ultrasound. ECG electrocardiography, IV-lines intravenous
lines, MAP mean arterial pressure, SpO, peripheral capillary oxygen saturation by oximetry, RASS Rich-
mond Agitation-sedation Scale.

Table 8. Serious adverse events (SAE) divided by procedure

Patient

position Clinical Endotracheal Physical Medical  Insertions of

change  Drugrelated examination  Other suctioning therapy  procedures  IV-lines Total (%)
Oxygen Desaturation, n. 28 4 3 4 3 1 2 0 45 29% |
Ventilatory distress, n. 34 0 2 4 2 2 0 0 44 8%
Hypotension, n. 20 9 2 1 1 0 1 1 35 229
Hypertension, n. 8 2 1 2 3 2 0 0 18 i
Tachycardia, n. 1 0 2 1 0 0 0 0 4 039
Bradycardia, n. 2 2 0 0 0 0 0 0 4 0 3%
Bradypnea, n. 1 2 1 0 0 0 0 0 4 0 39
Arrhythmias, n. 3 0 1 0 0 0 0 0 4 0 3%
Total 97 19 12 12 9 5 3 1 158

g 2% B os% B os% B 6% 1 3w 2% | 1% |

Definition of SAE:

Tachycardia: heart rate > 110 bpm if < 100 bpm before the procedure; bradycardia: heart rate < 60 bpm
if > 70 bpm before; hypertension: MAP > 110 mmHg if < 100 mmHg before; hypotension: MAP < 60
mmHg if > 70 mmHg before; desaturation: SpO, < 90% if > 92% before; bradypnea: respiratory rate < 10
/min if > 10 /min before; ventilatory distress: severe ventilator asynchrony (nonstop coughing, not possible
to mechanically ventilate and/or tachypnea (respiratory rate > 35 /min if it was < 35 /min); cardiac arrest
and serious arrhythmia. /V-lines intravenous lines.

Survey of risk awareness of nursing procedures

The survey were sent to 62 CCRNSs, and 45 (73%) responded within the stip-
ulated time frame of 2 weeks. All CCRNs reported that they performed pa-
tient position change to avoid pressure ulcers and to recruit atelectatic lung
regions. A majority (75%) reported that they changed the patient’s position
in order to improve hemodynamics and blood oxygen saturation. However,
58% also reported that they considered that the highest risk related to posi-
tion change was ventilatory compromise (desaturation, ventilator-patient asyn-
chrony and/or tachypnea), and 97% reported that they sometimes abstained
from turning a patient for of this reason. All CCRNSs reported that they con-
sidered that a body position change could sometimes or commonly be painful
for the patient. Eighty-six percent of the CCRNSs often gave a bolus of anal-
gesics 5 + 4 min before changing a patient’s body position. Eighty-nine per-
cent of the CCRNs regarded endotracheal suctioning as a painful procedure.
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Despite this, only 5% reported that they gave analgesics before endotracheal
suctioning. Ninety-seven percent reported that they seldom pre-oxygenated
the patient before position change. On the other hand, all CCRNs stated that
they pre-oxygenated the patients routinely before endotracheal suctioning.

Paper IV

One hundred and twelve patients, 29 women and 83 men, were enrolled in this
study. General characteristics are presented in Table 9.

The mechanism of injury is presented in Figure 12. Motor-vehicle accidents
were the most common cause followed by falls. In 16 patients (15 falls and
one motor vehicle accident), the trauma was related to a suicide attempt.

Struck by moving train; 2\ Skiing accident; 2
\

Struck by falling object; 9

\
Fall, > 4 meters; 17 ‘

-

Fall, < 4 meters; 24 J
Motor vehicle collision; 58

Figure 12. Mechanism of injury. The numbers depict number of patients per category
(n=112).

AHF/ARDS

The total incidence of AHF/ARDS was 67% (75/112 patients), i.e., the per-
centage of patients that at any period during the ICU stay fulfilled the AHF/
ARDS criteria, and the allocation to the two groups was done according to the
analyses of the chest images.

Analysis of the chest images

One hundred and forty-eight chest images were analyzed (87 images pre-
(78% of the patients) and 61 post-operative (54% of the patients). There was
a lack of consensus in 17 images, eight pre- (9% of the analyzed images) and
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Table 9. Characteristics for all patients and all patients with and without acute
hypoxic failure or acute respiratory distress syndrome

Patients with  Patients with  Patients with
Variable All patients AHF ARDS  no AHF/ARDS
(n=112) (n =49 (44%)) (n=26(23%)) (n=37(33%)) P value

Age (yrs) 48+ 18 48 £19 51+19 46 £ 18 0.56
Female sex, no. (%) 29 (26) 13 (27) 5(19) 11 (30) 0.65
Injury severity score (ISS) 29+12 30+ 13 29+11 26+ 11 0.27
New Injury severity score (NISS) 32+12 3313 30+ 11 3012 0.31
Simplified Acute Physiology Score 45+ 10 45+ 10 45+ 10 45+ 10 0.80
(SAPS 3)

S:grlzezlstglls(;;gan Failure Assessment 714 944 P 543 <0.0001
Glasgow Coma Scale (GCS) 13+3 11 £ 4> 14+2 14+3 <0.001
Diabetes, no. (%) 14 (13) 7(14) 5(19) 2(5) 0.24
Blunt injury mechanism, no. (%) 112 (100%) 49 (100) 26 (100) 37 (100) n.a.
Pelvis fracture type

Acetabular, no. (%) 39 (35) 15 (31) 11 (42) 13 (35) 0.61
Ring injury, no. (%) 63 (57) 29 (59) 13 (50) 22 (60) 0.71
Combined, no. (%) 9(8) 5(10) 2(8) 2(5) 0.72
Flail chest, no. (%) 2(2) 2(4) 0(0) 0 (0) 0.28
Pulmonary contusion, no. (%) 27 (24) 12 (25) 11 42)* 4(11) 0.02
f;;umothorax before admission, no. 43(39) 20 (41) 12 (46) 11 30) 038
Pulmonary embolism, no. (%) 7(6) 4(8) 2(8) 13) 0.56
Pneumonia, no. (%) 16 (14) 8(16) 727" 1(3) 0.02
Time to surgery after injury, d 6+4 7+4 6+3 5+4 0.25
Perioperative blood loss, mL 1085 + 1419 834 + 831 1573 £ 2330 1034 +£ 1025 0.44
Need of invasie respiratory support, 55 (49) 29 (59)a 15 (58)a 11 (30) <0.0001
no. (%)

Need of non-invasie respiratory 4(4) 1) 1 4) 265 061
support, no. (%)

Duration of mechanical ventilation, d 4+4 5+4" 4+2° 2+£2 <0.001
Need of vasoactive drugs, no. (%) 40 (36) 23 47)" 11(42) 6 (16) 0.009
Duration with vasoactive drugs, d 3+3 3+4" 3+2° 1+£1 0.02
Renal failure during ICU stay, no. (%) 19 (17) 10 (20) 6(23) 3(8) 0.21
ICU stay, d 6+9 7+7 6+5 s5+13 0.76
Hospital stay, d 39+23 42 +26 36+ 19 37+22 0.66
ICU mortality, no. (%) 44 3(6) 1(4) 0(0) 0.32
Hospital mortality, no. (%) 5(5) 4(8) 1(4) 0 (0) 0.19
60 days mortality, no. (%) 5(5)% 48" 1(4) 0(0) 0.19
Crystalloids, L/24 hrs 3596 + 1261 3434 + 964 3318+1348 3888+ 1460 0.08
Colloids*, L/24 hrs 541 + 608 442 + 495 613 +569 623 + 754 0.12
Hemoglobin pre-operative, g/L 102+ 14 102 + 14 99+ 14 105+ 15 0.28
Hemoglobin post-operative, g/L 100+ 12 101 +12 97+ 10 99+ 13 0.32
Rbc transfusion rate, units/24 hrs 2+4 2+1° 2+£2 4£7 0.03
Fresh frozen plasma transfusion rate,

units/24 hrs 1+3 1+1 1+£2 245 0.11

Data are mean £ SD unless otherwise specified. The overall significance level is shown (ANOVA) “P <
0.05 compared with patients with no AHF/ARDS. ?P < 0.05 compared with patients with ARDS (Tukey
test). *Synthetic colloids and albumin, #One patient treated in the Neuro-intensive care unit for 81 days,
# One patient was in palliative care before the trauma. AHF acute hypoxic failure, ARDS acute respiratory
distress syndrome, /CU intensive care unit, rbc red blood cell concentrate.

44



nine (15% of the analyzed images) post-operative. After a second analysis
consensus was found in the remaining 17 images. Chest images were divided
by 102 chest radiograms and 46 CT scans. The radiological examinations
were performed 2 £ 3 days before surgery and 2 + 3 days after surgery. In 12
patients with AHF before surgery and 20 patients with AHF after surgery, no
chest were images available.

Incidence of AHF

The total incidence of AHF was 44% (49/112 patients). Thirty-five patients
(31%) had AHF before surgery (14 patients with mild AHF, 18 patients with
moderate AHF and three patients with severe AHF); 39 patients (35%) had
AHF after surgery (13 patients with mild AHF, 21 patients with moderate
AHF and five patients with severe AHF); and 25 patients (22%) had AHF
both before and after the surgical intervention.

Incidence of ARDS
The total incidence of ARDS was 23% (26/112 patients). Twelve patients
(11%) had ARDS before surgery (four patients with mild ARDS, seven pa-
tients with moderate ARDS and one patient with severe ARDS); 20 patients
(18%) had ARDS after surgery (four patients with mild ARDS, 15 patients
with moderate ARDS and one patient with severe ARDS) and six patients
(5%) had ARDS both before and after surgery.

There was no major change in the yearly incidence of AHF/ARDS in pa-
tients with ICU requiring pelvis fractures from 2007 to 2014 (Figure 13).

90%
80%
70%

60%

50%

40%

30%

20%

10% I
0%

2007 2008 2009 2010 201 1 2012 2013 201
n. pat. AHF/ARDS 12
n. all pat. 20 9 12 15 18 15 12 11

EAHF © ARDS

Figure 13. Incidence of acute hypoxic failure (AHF) and acute respiratory distress
syndrome (ARDS) per year 2007 to 2014. n. pat. AHF/ARDS number of patients
with AHF/ARDS, n. all pat. total number of patients.
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Characteristics of patients with and without AHF/ARDS

In Table 9, the patients are presented in three groups: two groups in which
the patients had AHF or ARDS during the ICU stay and one group which
never developed AHF or ARDS. There were no differences in severity scores
(ISS, NISS) between patients with or without AHF/ARDS. As expected, the
Sequential Organ Assessment Scores (SOFA) were higher in patients with
AHF/ARDS than in the other patients, since the PaO,/FiO; ratio is included
in the calculation of SOFA. The patients with AHF/ARDS had more lung con-
tusions and had been diagnosed more frequently with pneumonia than the
other patients had. This resulted in more need of invasive mechanical ven-
tilation as well as longer duration of mechanical ventilation. The patients with
AHF/ARDS were more often treated with vasoactive agents, but there were no
differences in the amount of fluid administered or blood product transfusions
among the groups.

Effect of the surgical stabilization procedure (See Table 10)

Twenty-three patients with pre-operative normal lung status developed AHF/
ARDS in relation to the surgical procedure, whereas 12 patients with AHF/
ARDS normalized their lung condition (Figure 14). The injury scores and
the amount of fluid administrated and blood product transfused were similar
in the two categories. However, the patients who developed AHF/ARDS had
a higher incidence of lung contusion (P = 0.04). In addition, surgical stabi-
lization was performed earlier (5 versus 10 days) in these patients (P = 0.03).
The individual changes of the patients AHF/ARDS status pre- versus post-
operatively are displayed in Figure 14.

Mortality

The ICU and hospital mortality was low. In the AHF group 8% died (4/49
patients), in the ARDS group 4% (1/26 patient), while in the group without
AHF/ARDS none (0/37) died during the hospital stay. The deaths were not
related to respiratory failure; one of the patients that died in the ICU was
admitted post-operatively after a cardiac arrest in the orthopedics ward (year
2010), one patient died due to sepsis (year 2007), one patient due to cerebral
herniation (year 2007), and one patient died due to multiorgan failure (year
2011). One patient that died within the first 60 days of admission was treated
with palliative care before the trauma. No patient has died since 2011.
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Figure 14. Patient with acute hypoxic failure (AHF) and acute respiratory distress syn-
drome (ARDS) and the individual status change pre- and post-operative. The color
describes how the individual patient’s AHF/ARDS status changed post-operatively.
Red = Worsen AHF/ARDS status (e.g. 15 patients had no AHF/ARDS pre-operative
but had moderate AHF/ARDS post-operative (the red number 15)). Blue = No
AHF/ARDS status change (e.g. 11 patients had moderate AHF/ARDS pre-operative
and post-operative (the blue number 11)). Green = Better AHF/ARDS status (e.g. two
patients had severe AHF/ARDS pre-operative but had moderate AHF/ARDS post-
operative (the green number 2)).
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Table 10. Effects of the surgical stabilization

Negative Positive
Variable AHF/ARDS  AHF/ARDS
status change status change

(n=23) (n=12) P value
Injury severity score (ISS) 26+ 11 32+9 0.08
Pulmonary contusion, no. (%) 9 (39) 18 0.04
Pneumothorax before admission,

10 (44) 3(25) 0.38
no. (%)
Pneumonia, no. (%) 209 3 (25) 0.70
Time to surgery after injury, d 5+3 10+6 0.03
PEEP pre-operative, cm H,O 9+6 740 0.30
PEEP post-operative, cm H,O 8+t4 8+1 0.99
Perioperative blood loss, mL 1058 £1277 1261 + 1095 0.68
Perioperative fluid balance, mL 2573 + 1859 2205 + 1669 0.70
Perioperative crystalloids, mL 3140 + 978 3755 + 1311 0.16
Perioperative colloids*, mL 818+ 737 508 + 643 031
Perioperative rbc transfusion rate,
units 3+3 2+1 0.51
Fresh frozen plasma transfusion

2+£2 2+2 0.72

rate, units

Data are mean £ SD unless otherwise specified. *Synthetic colloids and albumin.
PEEP positive end expiratory pressure. rbc red blood cell concentrate.
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Discussion

The studies presented in this thesis have focused on patient safety issues of
many different origins. Some will probably call this thesis divergent. How-
ever, our main goal have all the time been to increase the safety among crit-
ically ill patients from different angles but especially in the respiratory field.
Therefore we believe that this thesis have an important theme and even though
it seems divergent the common thread should be possible to see when reading
the discussion.

Increased safety with pharyngeal oxygen administration -at least
for some

In the first study,’”> we used an experimental approach with a simple tech-
nique of pharyngeal oxygen administration. This technique is performed us-
ing a pharyngeal catheter inserted through one of the nostrils during pre-
oxygenation, the main objective being to increase time to life-threatening hy-
poxemia (SpO, < 60%). Apneic oxygenation with pharyngeal oxygen admin-
istration as used in this study is far from new. It was first described by Draper
and Whitehead in 1944, who performed experiments in anesthetized dogs.”*
In 1951, Enghoff & Holmdahl and colleges evaluated the technique of ap-
neic oxygenation in healthy volunteers and were able to show that adequate
oxygenation could be achieved for a prolonged time.”> Apneic oxygenation
was then used in several different studies during the 1950s and was effective
in preventing hypoxemia for up to 30 min in both animals and human sub-
jects.”®77 Apneic oxygenation was then unfortunately almost forgotten and is
seldom used nowadays, except in the diagnosis of brain death. It was not un-
til 1988 that Teller and colleges’® used the technique in anesthetized patients
with healthy lungs and showed that the method could maintain adequate oxy-
genation for at least 10 min. They again showed that apneic oxygenation could
be beneficial in situations where a prolonged time is needed to gain control of
the airway.”® Even so, the method is not included as a recommendation in the
American Society of Anesthesiologist’s (ASA) difficult airway algorithm.”®
To our knowledge, there were no studies preceding ours on the use of this
technique in critically ill patients or in respiratory failure. We therefore evalu-
ated this technique that is almost non-invasive, is associated with few adverse
events, and has a considerable clinical potential in critically ill patients. Due to
ethical considerations, the technique was not ready to be evaluated in critically
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ill humans. We therefore used a porcine model to perform our experiments.
We were able to show that pharyngeal oxygen administration increases time
to life-threatening hypoxemia when the pulmonary shunt is below 25%.

In healthy, resting adults, oxygen is absorbed at a rate of approximately
250 mL per min. This creates a force that redistributes oxygen, if adminis-
trated in the pharynx, into the lungs. Alveolar oxygen concentration therefore
remains high for a prolonged time frame.”® As observed in our study, carbon
dioxide increased almost 2.7 times (6.4 -> 17.1 kPa), which led to a decreased
pH of 0.33 (7.36 -> 7.03) during the 10-min apneic study time. However, in
our opinion the fall in pH seems to be a less serious issue compared to other
complications that could occur in a “cannot intubate, cannot ventilate” (CICV)
scenario. According to the ASA difficult airway algorithm,”® the only alterna-
tive left in the CICV situation is to perform an emergency cricothyrotomy to
provide emergency oxygenation. The highest incidence of major airway com-
plications is in the intensive care units, emergency departments,®’ and in pre-
hospital settings.’! Hypoxemia is the most common cause of airway-related
deaths.®?

Even though our study gave some answers to this huge scientific puzzle,
many are left unanswered regarding apneic oxygenation and improvements of
safety in tracheal intubation. As noted previously, our technique of pharyn-
geal oxygen administration at 10L/min had less effect if piglets had a high
pulmonary shunt. Would it be possible to use another method to increase the
oxygenation effect even in animals with high pulmonary shunt? We hypothe-
sized that nasal high flow oxygen (NHFO) could be such a method. One of the
suggested effects, besides providing a high inspired oxygen concentration, is
that NHFO produces a continuous positive airway pressure (CPAP) that may
prevent lung collapse and thus improve oxygenation.3%84 The effect of CPAP
is more pronounced when the mouth is closed, but even with the mouth open,
Groves and colleges® found a positive pressure in the pharynx of about 3 cm
H;0O when a flow of 65 L/min was used. We therefore decided to test this
method in a similar fashion as in our previous study, but instead of a flow of
10 L/min, we used 65 L/min of oxygen.3® However, this study in animals with
tendency toward pronounced lung collapse (pulmonary shunt range 24 - 45%
with zero end-expiratory pressure) showed that NHFO gave inconsistent CPAP
levels, did not conclusively extend the time of safe oxygenation during apnea
(Figure 15) and induced significant gastric dilation during laryngoscopy. This
suggests that NHFO should be used cautiously in conjunction with tracheal
intubation in acute hypoxic failure (AHF). Unfortunately, no journal has yet
considered our NHFO study, mentioned above, to be suitable and therefore it
is still unpublished.

However, many published studies have investigated apneic ventilation with
low or high oxygenation flow.8”-"! Four of these studies®®°! found that ap-
neic oxygenation was associated with a reduction in the incidence of hypox-
emia during intubation, which is consistent with our first study. These patients

50



10L O,

PaO, (kPa)

Baseline 120 240 360 480 600
Time (sec)

65L O,

30

PaO, (kPa)

20

10

0
Baseline 120 240 360 480 600

Time (sec)

Figure 15. Partial pressure of oxygen in arterial blood (PaO,) versus time of apnea
with nasal low flow oxygenation (10 L/min O;) and nasal high flow oxygenation (65
L/min O;). The symbols and lines depict the individual values.

were primarily intubated for traumatic, hemodynamic, or neurological condi-
tions. Even though none of these studies have measured pulmonary shunt, it
seems unlikely that the shunt fraction was high because the initial SpO, in
many patients was above 95% before the intubation procedure. However, in
the study by Semler and colleges,?’ the indication for intubation was respira-
tory failure in 57% of the pajients. They found that apneic oxygenation did
not increase the lowest arterial oxygenation saturation during endotracheal in-
tubation. This finding is consistent with our unpublished work and suggests
that apneic oxygenation has a limited effect in patients with severe respiratory
distress with high shunt fractions.
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Ventilator disconnection is always bad, is it not?!

In our second study,””> we used a clinical approach in which we evaluated a
daily routine ventilator-filter exchange. This procedure interrupts the integrity
of the ventilator circuit that we thought led to a risk of a rapid development of
atelectasis. The ventilator-filter exchange procedure was performed in all me-
chanically ventilated ICU patients at 5 AM every morning. We hypothesized
that this procedure could seriously impair pulmonary function as assessed by
arterial oxygenation and respiratory compliance, especially in critically ill pa-
tients. Contrary to our hypothesis, the results showed no deterioration in pul-
monary function after the ventilator-filter exchange. In order to find an expla-
nation for our results, we performed a bench study with a set-up that mimicked
the clinical scenario. This study demonstrated that disconnection of the expi-
ratory limb of the ventilatory circuit induces an auto-triggering behavior of the
ventilator during the filter exchange procedure. This high-flow auto-triggering
is the most likely mechanism behind the maintained airway pressure above
the set PEEP in pressure-controlled ventilation modes, thus providing an ex-
planation for the absence of deterioration in lung function that we found in
patients during the study. With VC-CMYV, which delivers a specific volume
with a limited square wave flow pattern, the flow should not be high enough
to maintain an adequate airway pressure level. However, unexpectedly, in the
bench test the flow rate with VC-CMYV increased to about 3,300 mL/sec after
a short delay, corresponding to the set rise time and a flow trigger delay of 100
ms, inducing only a short drop in airway pressure (Figure 10). This is because
the Servo-i has a “temporary pressure support” in the VC-CMV mode that is
switched on when the inspiratory pressure drops 3 cm H;O in relation to the
expected pressure value during inspiration, indicating that the flow demand of
the patient is higher than the ventilator delivers, in combination with the lack
of the feedback from expiratory flow meter. However, this temporary pressure
support feature is model-dependent and can be deactivated in newer models of
the Servo-i for the US market (Ake Larsson, Magquet Critical Care, personal
communication).

In the power analysis, we a priori estimated the number of subjects using
a high power (0.95). In fact, a power analysis a posteriori showed 0.99, indi-
cating that it is not likely that filter exchange in the patient category studied
leads to a deterioration in lung function. However, the clinical part was per-
formed in patients without extremely high PEEP levels or FiO,. With very
high PEEP, even during pressure control, the flow and resistance in the venti-
lator tubing might not be adequate to maintain a sufficient airway pressure. In
patients needing very high PEEP and/or FiO,,we still believe that ventilator
filters should be exchanged with caution to avoid inadvertent lung collapse.
Moreover, other brands of ventilators than the one used in this study may have
other features, e.g., the auto triggering could be discontinued earlier, and this
needs to be considered. Furthermore, other tubing sets with other lengths and
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diameters could give other resistance patterns, which could influence the ob-
tained airway pressure.

Patient position change -time for a new perspective

Many medical procedures involve great safety risks for patients, and these
procedures should ideally be preceded by a risk/benefit analysis based on sci-
entific knowledge. Is the change of the endotracheal tube really necessary? If
we perform the exchange, what risks are we exposing the patient to? What do
we gain with the exchange? And when performing the procedure, probably
the whole ward is standing by with help. These procedures are considered to
be a risk, because when failing, the outcome can be fatal.

And then there are procedures that are performed worldwide, every day of
the week, in most ICU patients that are not considered as patient safety risks
due to their basic and simple nature. For example, during sleep, we change
body position 20 - 40 times a night, remaining in the same position for an av-
erage of 15 min.”>°* How can a change of the patient’s body position possibly
be harmful? And the risk of pressure sores is a significant risk in all patients,
that is a fact, is it not? Often we make the mistake of applying a certain way of
thinking with regard to the critically ill, namely reasoning as in a normal phys-
iological situation, and then applying this line of thinking to the critically ill.
For example, when an otherwise healthy person has a viral infection, cough-
ing up airway secretions feels pleasant. Therefore, we sometimes believe that
performing endotracheal suctioning will induce the same pleasant feeling in
patients. The inherent problem with this way of thinking is that it is applied
to two very different situations. On one hand, the normal viral infection with
a normal phenomenon that clears the airway and on the other hand a severely
pathological situation with tubes, catheters, and drains that is potentially fa-
tal. I believe that the underlying cause is our wish to do good. We want to
do as much good as possible, the whole time, and with all patients. This way
of thinking in combination with a presumed risk-free procedure that no one
remembers when it is implemented and performed on a daily basis, probably
explains why some procedures are never questioned.

Frequent change of the patient’s position is considered as one of the most
important nursing procedures in the ICU. However, although the benefits of
this procedure may seem obvious, the scientific support is still limited. The
studies usually referred to are often old and performed in a different era when
the beds, mattresses, and the overall treatment of the patient were different
from current standards. The main indication for changing the patient’s body
position is to prevent pressure ulcerations.”°7 1In our ICU, the patient is
turned every other hour. This 2-hr routine is an accepted international stan-
dard,”®%? but has been questioned due to lack of scientific evidence regarding
the frequency of the procedure.”> With an appropriate pressure redistribu-
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tion surface, limited evidence suggests that changing the patient’s position
every fourth hr is as effective as following the current international standard.”>
The original study of the need for patient position change was performed in a
post-operative setting by Chulay and colleagues in 1982.'%° They compared a
2-hr routine with no patient position change during the first 24 hr in 35 post-
operative coronary artery bypass patients. The 2-hr routine-group had a signif-
icantly shorter period of elevated body temperature as well as a shorter length
of stay in the ICU. There were no significant differences between the groups
regarding chest radiographic abnormalities or respiratory and circulatory pa-
rameters. Notably, the incidence of pressure ulcerations was not measured or
reported in this study.

The incidence of pressure ulcerations ranges from 7 to 53% in ICU pa-
tients'1- 192 and aggressive approaches for prevention, including frequent change
of patient position, have been proposed.”’” Nanjo and colleges!?® have demon-
strated that frequent patient position change could instead induce pressure ul-
cerations by causing sacral skin deformations. On the other hand, a recent
study by the Proseva trial group found that a prolonged stay (> 16 hr) in one
position, the prone position, is associated with higher incidence of pressure
ulcerations.!® Pressure ulceration probably cause a lot of suffering among
our patients. But are there other perspectives to consider when deciding about
patient position change? In the third study in this thesis, we found that oxygen
desaturation below 90% was the most common serious adverse event and that
patient position change caused 28% of the severe desaturations. In studies in-
vestigating adverse events during endotracheal intubation, severe hypoxemia
is defined as a SpO, < 80% and hypoxemia as a SpO, < 90%.%>23 In our
study, 9% of the desaturations would have been regarded as severe hypoxemia
with this definition. According to Nunn’s oxyhemoglobin dissociation curve®®
(Figure 16), when the SpO; is around 80% and the body temperature and pH
are normal, the PaO; is approximately 6 kPa. An even bigger concern is that a
patient with a SpO, <80% is on the steep part of the dissociation curve. In this
area, even small changes in either oxygen consumption (VO,) (e.g. pain) or
oxygen delivery (DO;) (e.g. atelectasis) can have deleterious consequences.

In the light of this, there are many questions needing attention that our study
does not answer. How does a short time of hypoxemia affect morbidity and
mortality in this patient group? It is probable that in these patients even small
changes in, e.g., oxygenation or hemodynamics due to routine care, might
induce a vicious cycle deteriorating the patient’s condition. In addition, ad-
verse physiologic responses to an intervention may delay detection of signs of
important changes in the underlying condition that may require prompt treat-
ment. In fact, knowledge about short episodes of desaturation, hyper- or hy-
potension, and brady- or tachycardia is limited. In the early stages of hospital
care for trauma, just one single drop in blood pressure could indicate a serious
worsening of the patient’s condition'% and even increased mortality.'% This
emphasizes the need for adequate monitoring but also that the care related
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Figure 16. The oxyhaemoglobin dissociation curve.®® Pa0, partial pressure of oxygen
in arterial blood

to inadvertent physiological responses should be minimized. I think de Jong
and colleges’! have proven an excellent example of a scientific design with
regard to finding a serious problem, evaluated what was causing the problem,
identifying a preventive method, and then implementing it in clinical practice.

We hypothesized that many patients would become hypoxemic during the
endotracheal suctioning maneuver in accordance with previous studies.30-36-107.108
However, when analyzing the data, we found that endotracheal suctioning was
the fifth adverse event generating procedure and that it was not hypoxemia but
elevated blood pressure, intensive coughing, and awakening that troubled the
patients. In our department, there are written routines regarding endotracheal
suctioning that specify the use of a maximum negative suctioning pressure,
recommend use of suction support™=’ before suctioning, specify the size of the
suctioning catheter, and advising that suctioning should be performed with 5
sec cycles and be no longer than 20 to 30 sec in total duration. The adop-
tion of this method is probably at least one explanation why there were few
hypoxemic periods correlated with endotracheal suctioning during our study.
Moreover, in two of the three occasions where severe blood oxygen desatura-
tion occurred, pre-oxygenation was not performed.
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I believe that the de Jong study, the study from Puntillo and colleges,'? the
study from Vézquez and colleges!'” and the results of our third study show
that patient position change is far more problematic than generally consid-
ered. Therefore, recognition of the need of written routines regarding patient
position change in the severely critically ill patients is of outmost importance.
Questions that need to be addressed are inter alia the frequency of the proce-
dure, how the procedure should be performed to minimize the adverse events,
and perhaps whether a dynamic recommendation should be implemented that
varies depending on the level of the patients’ illness. One suggestion could be
to use a color coding scoring system, similar to that used in a study by Hodg-
son and colleges.!!! The aim of their study was to develop recommendations
on safety parameters for mobilizing mechanically ventilated adults during in-
tensive care. In their study, a green light signifies low risk of an adverse event
and that the procedure can usually be performed according to normal proto-
cols and recommendations. A yellow light signifies a potential risk of adverse
events, but may be outweighed by the potential benefit of the procedure. A
red light signifies a significant risk of adverse events and that the procedure
should not be performed if not specifically authorized by the attending in-
tensivist. The implementation of a color coding system in combination with
written routines and introduction of a proper pain assessment tool applicable
for non-verbal intensive patients may at least be a start of managing a common
problem in modern intensive care that potentially can harm our patients.

If you survive to an ICU, there is a great chance you survive, if
you are a trauma patient

The idea for the fourth study in this thesis came directly from our clinical ex-
perience in working with traumatically injured patients with pelvis fractures.
In our clinical experience, the number of lung complications, especially pul-
monary embolism, is high, and many patients suffered from severe hypoxemia
in this group of patients during their ICU stay. Therefore we conducted a ret-
rospective registry study and analyzed data from the Uppsala Pelvis database,
with 669 patients included between 2003 and 2014. One hundred and twelve
patients were included. We found that 1) 67% of the ICU-treated patients
had severe respiratory failure, 2) 23 of the ICU treated patients developed se-
vere respiratory failure during the surgical stabilization, and 3) the respiratory
failure did not contribute to mortality. Contrary to our gut feeling, we only
found pulmonary embolism in 6% of the patients. One explanation for this
is that the incidence of pulmonary embolism was not properly explored in all
patients, e.g. with CT. Another possible explanation is that we tend to bet-
ter remember the patients that suffered from pulmonary embolism since they
were severely ill and in need of massive efforts from the ICU staff to survive.
I especially remember a particular patient that was not included in the study.
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He was a young male who suffered major trauma after a car accident. He pre-
sented with bilateral femur and a pelvis fractures and subsequently suffered
from massive pulmonary embolism. He became so ill that he needed treat-
ment with both NO (nitric oxide) and prone position. During this treatment,
a member of the nursing staff wanted to check the patient’s pupils an extra
time. However, due to the prone position there were obvious difficulties in
performing the examination. After some difficulties, we were able to examine
the pupils and found that one was dilated. An enormous effort was made to
save the patient, but sadly the brain injury was too severe, and his life could
not be saved. An autopsy later showed that the cerebral infarction was caused
by massive fat embolism. Over the years, I have treated multiple patients with
pelvic trauma, but I only remember a few, namely the most critically ill.

Compared to other studies, the incidence of respiratory failure including
ARDS in patients with pelvis fractures may seem high. However, we only
analyzed the patients treated in the ICU. When using the whole cohort of pa-
tients referred to or treated at our hospital as the denominator, the incidence of
severe respiratory failure will be 11% and of ARDS 4%. These numbers agree
with other studies in unselected patient groups that have reported an incidence
of ARDS between 1.5 and 23%.6% 112113

We found that lung contusion was associated with the development of res-
piratory failure after surgical stabilization. This is in line with the findings of
Pape and colleges,!'* who reported that nailing of femur fractures in patients
with severe chest trauma was associated with a 33% incidence of ARDS. Like-
wise, Hoyt and colleges> found a higher incidence of ARDS in patients with
chest trauma (20% compared with 3.3% without). We think that it is impor-
tant to consider not only the surgical procedure that can be “a second hit” and
cause deterioration of lung function. In addition, anesthesia and the ventilatory
management are important factors in this context. In fact, it has been found
that inappropriate ventilation during surgery increases post-operative respira-
tory complications.'!'®> Tusman and colleges!'® have shown that lung com-
plications in patients with lung contusion can be reduced with use of protec-
tive ventilation, including low tidal volumes, lung recruitment, and adequate
PEEP. Also, in our study, neither adequately high PEEP nor lung recruitment
maneuvers were used routinely. Therefore, we believe that a protective ven-
tilatory management during the surgical stabilization could have reduced the
high incidence of new respiratory failure in our study.

In contrast to most other studies, early surgical stabilization was associated
with the development of new respiratory failure. This finding must be inter-
preted with caution, because, with the exception of what we discussed above
regarding the higher incidence of lung contusion in these patients, this finding
can be explained by chance. Furthermore, the respiratory effect of lung contu-
sion may be explained by a time effect independent of the surgical procedure.
In the patients who underwent surgery later, lung function did not deteriorate
in most cases and even improved in some cases. In addition, this finding was
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consider as spurious; it was probably caused by a decision of the orthopedic
surgeon to delay the surgical stabilization due to the lung condition, and we
cannot know whether the same results would have been obtained if the surgery
had been performed earlier. In fact, early surgical stabilization has been found
to reduce complications, including ARDS 6364 112,113

Luckily, we found that the mortality rate was low in patients with pelvis
fractures, in agreement with other studies.'!>!!3  Although there were five
patients who died in the AHF/ARDS group compared with none in the group
without respiratory failure, in no case was it clear that the respiratory condition
was a contributing factor. This finding agrees with Treggiari and colleges,>’
who found that after adjustment for age, ISS, and acute physiological score
(APS), there was no association of mortality with ARDS in critically ill trauma
patients. Thus, we consider that the respiratory failure is manageable and is
not an important cause of death in this patient category.

As stated in the result section, 14% of the patients suffered from trauma that
was related to a suicide attempt. When performing this kind of study, many
questions regarding the patients’ health after the surgery, ICU, and hospital pe-
riod are raised. From my perspective, if a patient suffers a major trauma (e.g.
a fall from a 30-meters radio tower), even if the patient survives, he/she will
probably suffer from a low physical functional outcome and thereby a lower
quality of life. Borg and colleges have made several follow-up studies'!’~120
in the same patient group that is included in our study. It seems that there is
a difference in quality of life between patients depending on the fracture site.
Patients with acetabular fractures improve their quality of life over a 2-year pe-
riod, even though they score lower than a reference population.'’® However,
in patients with pelvis ring fractures, patients report a substantially lower qual-
ity of life compared with a reference population in both physical and mental
domains even at a 2-year follow-up.'!® In a study by Michaels and colleges'?!
in 165 trauma patients, they found that patients with orthopedic injuries had a
lower quality of life score compared with patients without orthopedic injuries.

It would be interesting to know how ICU patients with traumatic pelvis
fractures compared to non-ICU patients with traumatic pelvis fractures would
score in a quality of life study. In surviving ICU patients, the quality of life
is significantly lower prior to admission compared to the general population.
However, the quality of life improves during a 12-month follow-up but is still
lower compared to the general population.'?>123 Remarkably, 43% of the
patients did not remember anything from their ICU stay.!??
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Conclusion

Paper I showed that pharyngeal oxygen administration during apnea at an
intubation procedure prevented or considerably increased the time to life-
threatening hypoxemia at shunt fractions at least up to 25%. We believe that
this technique could be useful in some patients when there is a substantial risk
for impaired patient safety, i.e. increased risk for life-threatening hypoxemia.
And maybe this technique should be implemented in airway algorithms for the
intubation of hypoxemic patients, for example, in the ICU, in the emergency
room, in pre-hospital care, and in patients with difficult airways.

Paper II demonstrated that a short disconnection of the expiratory ventilator
circuit from the ventilator during filter exchange was not associated with any
significant deterioration in lung function. A bench test suggests that this result
is explained by auto-triggering with high inspiratory flows during the filter ex-
change, maintaining the airway pressure.

Paper III showed that adverse events were common, not well documented,
and potentially harmful, indicating that it is important to weigh the risk and
benefit of routine nursing procedures when caring for circulatory or respira-
tory unstable critically ill patients.

Paper IV demonstrated that the incidence of respiratory failure in ICU-treated
patients with pelvis fractures was high, that the procedure involved in surgical
stabilization affected the respiratory status in patients with lung contusion, and
that mortality was low and probably not influenced by the respiratory condi-
tion.
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Future perspectives

In a future perspective, additional knowledge of the impact on morbidity and
mortality of routine nursing procedures, which seems a neglected area, is
needed. This knowledge is important both from the patient’s perspective and
from a scientific point of view. We still do not know how the side effects
of routine nursing procedures (e.g. severe coughing, patient/ventilator asyn-
chrony) that are inhibited in only one study arm by, e.g., neuromuscular block-
ers, could contaminate the results of such studies. Therefore, a larger multi-
center study with the aim of investigating this impact would be of great value.
This thesis has merely scratched the surface in the field of patient safety.
Countless questions are left unanswered.
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-What are the indications for certain procedures?

-How often should these procedures be performed?

-What is the scientific knowledge that motivates the particular proce-
dure?

-What do we gain and what do we risk?

-Should all patients be treated the same way? Or have different patients
a different need of care? Does this need of care vary during the intensive
care period?

-Should care be more individualized (e.g. regarding the changing of
the position of the patient) depending on the level of illness? Perhaps
some patients should change position more often that today’s routine
recommends? And with regard to the most severely ill patients that
often tend to get even more ill when their position is changed, maybe
these patients should have minimal position changes during a limited
time frame?
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