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Abstract 

While mechanical ventilation (MV) is life-saving in patients with acute respiratory failure, 
prolonged mechanical ventilation is associated with numerous potential complications. 
Recent studies have suggested that the ventilator is a likely cause of the decreased 
diaphragm force generating capacity (dFGC) seen in mechanically ventilated patients. 
Further, mode of ventilation has been associated with diaphragm atrophy, which has 
been identified as a key factor influencing dFGC. Animal studies suggest that even as 
little as 18 hours of mandatory modes of ventilation lead to diaphragm-muscle atrophy 
and weakness. If the same is true for human patients, then ventilator-associated 
diaphragm atrophy and weakness seen in animals may be associated with difficulty to 
wean in humans. This study utilizes ultrasound to investigate the rate at which 
diaphragm thickness changes in response to mode of MV in critically ill patients, and 
validates the reliability of our sonography techniques. 

We acquired daily ultrasonographic images of the right diaphragm in the zone of 
apposition in critically ill patients (n=8) in the ICU of the Royal Columbian hospital. As a 
control for generalized muscle wasting in the critically ill, we acquired daily 
ultrasonographic images of the quadriceps from each subject over the period of the 
study. Patients on all modes of ventilation were included and trends in changes in 
diaphragm thickness within groups (mandatory modes and assist modes) was 
determined. Inter-operator and inter-observer reliability tests were conducted with all 
operators and observers blinded from each other’s results. 

A mean increase in diaphragm thickness of 8.4±3.9% was detected over a mean of 
5.5±4.3 days in all patients on PS ventilation (n=8), with a mean increase of 1.5±1.4% 
per day. Patients ventilated on AC mode (n=4) showed a mean decline in diaphragm 
thickness of 21.2±10.8% over 4.5±4.4 days, with an average decrease 4.7±5.7% per 
day. Mean decline in quadriceps thickness for all participants in this study (n=8) was 
14.4±13.6% over a mean period of 7.1±4.7 days, an average decline of 2.0±2.7% per 
day.  

Ultrasound provides a reliable non-invasive method of measuring diaphragm thickness 
and tracking rates of change in thickness in mechanically ventilated critically ill patients. 
This may be a useful tool in critical care units to identify patients who may be at risk of 
weaning difficulties secondary to diaphragms that are weakened as a result of atrophy. 
Larger studies are needed to correlate diaphragm thickness to diaphragm contractile 
strength and weaning outcomes.  

Keywords:  Diaphragm atrophy; Ultrasound; Mechanical Ventilation; Weaning 
outcome; Assist-control ventilation; Pressure-support ventilation. 
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Executive Summary 
While mechanical ventilation (MV) is life-saving in patients with acute respiratory 

failure, prolonged mechanical ventilation is associated with numerous potential 

complications.  Complications such as ventilator associated pneumonia (VAP), 

cardiovascular compromise, barotrauma and Ventilator-induced lung injury (VILI) have 

been recognized for decades as issues to which mechanically ventilated patients in 

intensive care units (ICU) are susceptible. Recent studies have suggested that the 

ventilator is a likely cause of the decreased diaphragm force generating capacity (dFGC) 

seen in mechanically ventilated patients – a condition referred to as ventilator-induced 

diaphragmatic dysfunction (VIDD). Further, mode of ventilation has been identified as a 

key factor influencing VIDD. There is an increasing awareness that diaphragm weakness 

is common in patients undergoing MV and is likely a contributing cause of weaning 

failure. Difficulties in weaning from MV account for a large proportion of total time spent 

by ventilated patients in the ICU and prolong length of stay. It is well-established that 

prolonged ICU stays and MV predispose patients to a greater risk of nosocomial 

infections and death. Patients with just one episode of nosocomial infection remain in the 

ICU an average of 11 days longer than patients without nosocomial infection and the 

cost per patient is significantly increased (by as much as $38,656). Animal studies 

suggest that as little as 18 hours of mandatory modes of ventilation can lead to 

diaphragm-muscle atrophy and weakness. If the same is true for human patients, this 

ventilator-associated diaphragm atrophy and weakness seen in animals may be 

associated with difficulty to wean in humans. It is, however, still not clear whether such 

effects of MV occur in humans and whether the effects, if present, will be amplified due 

to critical illness. We conducted a single-centre observational study in which we used B-

mode ultrasonography to evaluate diaphragm thickness in critically ill patients on MV in 

the ICU of the Royal Columbian Hospital in New Westminster, BC Canada. This study 

was a pilot to a larger multicentre study proposed to be conducted in the near future. 

The proposed multicentre study will focus on using diaphragm thickness, as determined 

by ultrasonography, as a predictor of weaning failure. This data will allow us to 

potentially identify at risk patients and allow caregivers to develop interventions that may 

effectively decrease the risk of poor weaning outcomes by mitigating this treatable 
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mechanism of weaning failure. The present study serves to validate procedures and 

provided us with the opportunity to gain invaluable insight into the operations of the 

critical care unit that will guide us in the design of the aforementioned multicentre study.    

Methodology 

We acquired ultrasonographic images of the right diaphragm in the zone of 

apposition in critically ill patients (n=8) in the ICU of the Royal Columbian hospital. As a 

control for generalized muscle wasting in the critically ill we acquired ultrasonographic 

images of the quadriceps from each subject over the period of the study. Patients on all 

modes of ventilation were included and trends in changes in diaphragm thickness within 

mandatory-mode MV and assist- modes MV groups were determined. Inter-operator and 

inter-observer reliability tests were conducted with all operators and observers blinded 

from each other’s results. 

Results 

A mean increase in diaphragm thickness of 0.23±0.03mm (from 2.5±0.7mm to 

2.7±0.8mm, 95% CI between 0.2mm to 0.3mm; 8.4±3.9%) was detected over a mean of 

5.5±4.3 days in all patients on PS ventilation (n=8), with a mean increase of 

0.04±0.03mm per day (1.5±1.4% per day). Patients ventilated on AC mode (n=4) 

showed a mean decline in diaphragm thickness of 0.4±0.4mm (from 2.8±0.7 to 

2.4±0.8mm, 95% CI of between 0.1mm to 0.8mm; 21.2±10.8%) over 4.5±4.4 days, with 

an average decrease of 0.1±0.1mm per day (4.7±5.7% per day). Mean decline in 

quadriceps thickness for all participants in this study (n=8) was 2.4±2.6mm (from 

15.5±5.5mm to 13.2±5.1mm, 95% CI of between 0.6 to 4.2mm; 14.4±13.6%) over a 

mean period of 7.1±4.7 days, an average decline of 2.0±2.7% per day.  

Conclusion 

Ultrasound provides a reliable non-invasive method of measuring diaphragm 

thickness and tracking rates of change in thickness in mechanically ventilated critically ill 

patients. This may be a useful tool in critical care units to identify patients who may be at 

risk of weaning difficulties secondary to diaphragms that were weakened as a result of 

disuse atrophy. Larger studies may be needed to confirm these findings. 
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Chapter 1.  
 
Introduction 

While mechanical ventilation (MV) is life-saving in patients with acute respiratory 

failure, prolonged mechanical ventilation is associated with numerous potential 

complications.  Complications such as ventilator associated pneumonia (VAP), 

cardiovascular compromise, barotrauma and ventilator-induced lung injury (VILI) have 

been recognized for decades as issues to which mechanically ventilated patients in 

intensive care units (ICU) are susceptible [Tobin et al, 2001;  Dreyfuss et al, 1998 ].  

 
Figure 1.  Total duration of mechanical ventilation and the time occupied by 

weaning in days. Data are mean ± SEM for each category and the total 
group of patients [Esteban et al, 1994]. 
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There is increasing awareness that diaphragm weakness is common in patients 

undergoing MV and is likely a contributing cause of weaning failure [Laghi et al, 2003; 

Watson et al, 2001; Chang et al, 2005; Petrof et al, 2010; Vassilakopoulos et al, 1998; 

Harikumar et al, 2009]. Weaning constitutes a large portion – on average approximately 

41% [Esteban et al, 1994] – of the time spent in receiving mechanical ventilation (Figure 

1). Furthermore, difficulties in weaning patients from MV account for a large proportion of 

total time spent in the ICU [Esteban et al, 1994]. Inability to wean in a timely manner 

results in marked increase in ICU Costs [Dasta et al 2005]. The United States devotes 

$1.8 trillion annually to health care, which comprises >15% of the U.S. gross domestic 

product1. At nearly 5% of the U.S. total healthcare costs, intensive care represents a 

disproportionate part of this bill [Halpern et al, 2004]. With an attributable cost of $1,500 

per patient-day [Center of Disease Control and Prevention National Nosocomial 

Infections Surveillance System, January 1992-April 2000], it represents a significant 

contribution to overall expenses. 

In addition to the economic consequences, it is well-established that prolonged 

ICU stays and MV predispose patients to a greater risk of nosocomial infections and 

death [Dasta, 2005].  Surveys suggest that more than 20% of all nosocomial infections 

occur in ICUs [Center of Disease Control and Prevention National Nosocomial Infections 

Surveillance System, January 1992-April 2000; Stone et al, 2002; Vincent et al, 1995; 

Pittet et al, 1998]. Nosocomial infections increase morbidity, mortality, costs, and length 

of stay (LOS) far beyond what is expected based on underlying disease states alone 

[Jarvis, 1996; Mundy et al, 1999; Wenzel et al, 1995; Digiovine et al, 1999; Dominguez 

et al, 2001; Slonim et al’ 2001; Diaz et al, 1993; Miller’ 2003; Haley, 1987; Nelson et al, 

1986; Khan et al, 2001]. Patients with just one episode of nosocomial infection remain in 

the ICU an average of 11 days longer than patients without nosocomial infection [Sieck 

et al, 1989]. Nosocomial infections increase the cost per patient by ~$1,909 to $38,656 

and increase LOS in the ICU by an average of 4.3 to 15.6 days [Slonim, 2001; Diaz et al, 
 
1  Information accessed from the Organization for Economic Co-operation and Development’s 

website at: 
http://www.oecd.org/document/16/0,2340,en_2825_495642_2085200_1_1_1_1,00.html 

http://www.oecd.org/document/16/0,2340,en_2825_495642_2085200_1_1_1_1,00.html
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1993; Miller, 2003]. Other studies report that increased hospital stay attributable to 

nosocomial infections range from 4 to 19 days [Jarvis, 1996; Haley, 1987; Digiovine et 

al, 1999; Dominiguez et al, 2001; Nelson et al, 1986; Khan et al, 2001, Oris et al, 2002; 

Whitehouse et al, 2002; Slonim et al, 2001; Wey et al, 1988].  

 Several studies have suggested that the ventilator is a likely cause of the 

decreased diaphragm force generating capacity (dFGC) seen in mechanically ventilated 

patients [Lagi et al, 2003; Watson et al, 2001; Chang et al, 2005] – a condition referred 

to as ventilator-induced diaphragmatic dysfunction (VIDD) [Vassilakopoulos et al, 2004] 

because it encompasses both paradoxical movement of the diaphragm as well as 

diaphragmatic thickness. Further, mode of ventilation has been identified as a key factor 

influencing VIDD [Jung et al, 2010; Levine, 2008]. In rats, 2 days of controlled 

mechanical ventilation (CMV) reduced the pressure-generating capacity of the 

diaphragm by 42%, compared with control animals that breathed spontaneously [Le 

Bourdelles, 1994]. In contrast, assist modes of ventilation (AMV), which provides support 

to patients who are able to make spontaneous respiratory efforts (support may be 

modified based on the patients strength and clinical parameters), may prevent or reduce 

the deleterious effects seen as a result of CMV [Jung et al, 2010]. However, in assist 

modes of ventilation such as pressure support mode, high pressure levels may provide 

almost total ventilator support [Brochard et al, 1989] and may have the same effects on 

the diaphragm as seen in control modes. It is therefore important to fully understand the 

parameters of each ventilator mode as this knowledge will be a key factor in choosing 

the most appropriate mode to meet the patient’s needs. 

CMV largely replaces spontaneous diaphragmatic activity, resulting in disuse 

atrophy [Anzueto et al, 1997; Sassoon et al, 2002; Radell et al, 2002]. Animal studies 

suggest that reduction in dFGC secondary to CMV is strongly correlated with atrophy 

resulting from diaphragm inactivity [Jung et al, 2010]. A recent human study suggested 

that 18 to 69 hours of CMV in brain-dead patients resulted in an average of 52-57% 

reduction in the cross-sectional areas of diaphragm muscle fibers of every type, with an 

estimated 55% decrease in diaphragm strength [Levine et al, 2008]. Through the 

assessment of airway occlusion pressure in mechanically ventilated patients (short term: 

0.5h; long term >5 days) and the histobiochemical evaluation of biopsy specimens from 

thoracic surgery patients (MV for 2-3h) and brain dead organ donors (MV for 24-249h), 
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Jaber and collogues showed that diaphragm strength progressively decreased with time 

spent on the ventilator (Jaber et al, 2011). Further, they found that longer periods of MV 

were associated with significantly greater levels of atrophy and found that this was 

strongly correlated with diaphragmatic weakness (Jaber et al, 2011).  This is of 

significant importance as weakness may adversely affect weaning outcome [Laghi et al, 

2003; Watson et al, 2001; Chang et al, 2005; Petrof et al, 2010; Vassilakopoulos et al, 

1998; Harikumar et al, 2009].  

B-mode ultrasonography is a reliable, economical, risk free and non-invasive 

method of measuring muscle thickness [Fukunaga et al, 1989]. In this study we tested 

the feasibility of utilizing B-mode ultrasound in the tracking of changes in diaphragm 

thickness in mechanically ventilated critically ill patients. Diaphragm thickness influences 

diaphragm strength and has been identified as an important variable having direct effect 

on weaning outcome. The purpose of this study was to determine reliability of our 

methods and develop ultrasound as a tool that may eventually be valuable in predicting 

weaning outcomes in critically ill patients. 

Rationale 
Due to the economic and medical consequences, developing new interventions 

that shorten length of time spent in the ICU and on MV is of paramount importance.  In 

addition to well-understood factors that contribute to respiratory failure on MV, such as 

ventilator-induced lung Injury (VILI), barotrauma, atelectasis and biotrauma, an emerging 

literature suggests that VIDD also plays a major role in determining length of ICU stay 

and weaning outcome [Harikumar et al, 2009; Vassilakopoulos et al, 1998; Esteban et 

al, 1994]. The study of brain-dead organ donors by Levine et al. [Levine et al, 2008] may 

not be representative of critically ill patients on CMV as brain death completely removes 

neural activation of the diaphragm [Sieck, 2008] and is associated with alteration in the 

mitochondrial function in skeletal muscle [Kerbaul et al, 2004]. This alteration may 

induce oxidative stress and subsequent protease activation, resulting in myosin loss 

[Petrof et al, 2010], which presents as rapid and marked atrophy. Therefore, the extent 

to which the findings in brain-dead patients can be extended to other patients on CMV is 

still unclear. Hence, it is important to explore VIDD with other modalities such as 
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ultrasound in an attempt to understand the changes that occur in the diaphragms of the 

critically ill. 

Levine et al (2008) investigated how CMV influenced changes in diaphragm fiber 

cross-sectional area (CSA), but neglected to discuss how these changes influenced 

diaphragm thickness. As type I and type II fibers are present in equal proportions in the 

human diaphragm (Polla et al, 2004), it is reasonable to take overall change in CSA as 

the mean of changes in CSA of type I and type II fibers. Levine et al found that a 

combination of CMV and diaphragm inactivity over 3 days resulted in a mean overall 

diaphragm fiber atrophy of 55% (type I: 57%; type II: 53%). It is important to note that a 

55% decrease in fiber cross sectional area does not translate to an equivalent decrease 

in diaphragm thickness.   

 
Figure 2. Relationship between fiber cross-sectional area and muscle 

thickness. (a) baseline diaphragm thickness. (b) atrophied diaphragm.  

Assuming all fibers are cylindrical with a circular CSA (Figure 2) and that muscle 

fiber length remained constant post-atrophy, a 55% decrease in fiber CSA will result in a 
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33% decrease in muscle thickness. This suggests a rate of atrophy of 11% per day and 

is 1.8 times the rate (6% per day) suggested by other researchers (Grosu et al, 2012). 

Furthermore, this supports the hypothesis that brain death accelerates the rate of 

diaphragm atrophy and highlights the importance of investigating this phenomenon in a 

population with an intact neural drive. 

Kim et al. [Kim et al, 2011] employed M-mode ultrasonography (a diagnostic 

presentation of the temporal changes in echoes in which the depth of the reflector is 

displayed on one axis and time is displayed along the second axis, recording motion of 

the reflector toward and away from the transducer) to assess prevalence of diaphragm 

dysfunction (DD) during spontaneous breathing trials (SBT) in medical ICU patients and 

to determine its influence on weaning outcome. They defined diaphragmatic dysfunction 

as vertical excursion < 10mm or paradoxical movement (movement of the diaphragm 

opposite to physiological movement, indicative of extreme weakness or paralysis) during 

the SBT. They found that the group diagnosed with DD had significantly longer weaning 

times (median 401 vs. 90 hrs, p < .01) and total ventilation times (576 vs. 203 hrs, p < 

.01) than the non-DD group. Further, the DD group showed higher rates of primary 

(defined as requirement for mechanical ventilation within 48 hrs of self-breathing; 83% 

vs. 59%, p < .01) and secondary (defined as a requirement for mechanical ventilation 

after a successful weaning, i.e., respiratory failure occurring past the 48 hrs of self-

breathing; 50% vs. 22%, p < .01) weaning failures than the non-DD group, and ICU and 

hospital lengths of stay were longer in patients with DD than patients without DD. They 

concluded that the employment of ultrasonography in the diagnosis of DD may prove to 

be a useful tool in identifying patients at high risk of weaning difficulty. However, they 

neglected to investigate factors influencing diaphragmatic dysfunction and the natural 

history of diaphragmatic changes in ICU patients. Diaphragm atrophy secondary to 

inactivity as a result of CMV may be one possible factor which significantly influences 

DD [Vassilakopoulos et al, 1998; Harikumar et al, 2009]. More studies are needed to 

elucidate this topic. Animal studies suggest that even relatively short periods of CMV (as 

little as 18 hours) lead to diaphragm-muscle atrophy and weakness [Sassoon et al, 

2002; Powers et al, 2002]. It is, however, still not clear whether such effects of MV occur 

in humans and whether the effects, if present, will be amplified due to critical illness. All 

current studies identifying mode of ventilation as a factor influencing VIDD were 
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conducted using healthy animal subjects [Radell et al, 2002; Jung et al, 2010]. Critical-

illness polyneuropathy and myopathy are common in ICU patients, with a prevalence 

ranging from 30 to 90%, and may develop quickly after the onset of critical illness 

[Hough et al, 2007; Khan et al, 2006]. Interactions between muscle inactivity secondary 

to mechanical ventilation and early development of subclinical polyneuropathy and 

myopathy may contribute to a more rapid rate of muscle atrophy in critically ill patients 

[McCool et al, 2008]. The extent to which results of animal studies are applicable to 

critically ill ICU patients remains to be shown. 

Although it is life-saving in patients with respiratory failure (Table 1), mechanical 

ventilation is also associated with numerous potential complications and can 

paradoxically create and sustain damage to the lungs [Dreyfuss et al, 1998].. 

Furthermore, diaphragmatic weakness appears to be very common in patients 

undergoing MV, having a negative influence on their ability to wean.  Although there 

have been intriguing animal and early ultrasound studies, more human studies are 

required to better understand how the diaphragm of critically ill patients responds to MV 

and how this response influences weaning outcomes. Grosu et al (2012) utilized B-mode 

ultrasonography to determine changes in diaphragm thickness in 7 critically ill patients 

supported on pressure regulated volume control (PRVC) mode of ventilation. They found 

that all their patients showed a decline in diaphragm thickness of an average of 6% per 

day. They neglected to investigate how the diaphragm responds to other modes of 

ventilation. It is known that level of diaphragm activity in patients on MV is influenced by 

mode of ventilation, and that morphological changes in the diaphragm are influenced by 

level of activity. Therefore, it is important to investigate the diaphragm’s physiological 

response to various MV modes. Our study utilized ultrasound to investigate the rate at 

which diaphragm thickness changed in response to mode of MV in critically ill patients, 

and made attempts at validating the reliability of our methods. Muscle atrophy influences 

weakness, hence, in order to develop effective treatment and prevention strategies it is 

important that we develop tools that will aid in our understanding of this phenomenon as 

it relates to the diaphragm.   

Table 1. Possible Outcomes of Mechanical Ventilation (Howman, 1999) 

Reversal of severe hypoxemia 
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Reversal of acute, severe respiratory acidosis 
Relief of respiratory distress 
Prevention or reversal of atelectasis 
Reversal of respiratory muscle fatigue 
Allowance for sedation or neuromuscular blockade 
Decrease in systemic or myocardial oxygen consumption 
Reduction of intracranial pressure through hyperventilation 
Stabilization of chest wall 
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Chapter 2.  
 
Mechanical Ventilation 

The need for mechanical ventilation support is the most common reason for 

admission to a critical care unit [Saydain et al, 2002]. Explicit indications exist for 

institution of MV (Table 2); however, they are not well-validated. The decision to institute 

mechanical ventilation is usually made by the physician at the bedside on clinical 

grounds and takes into consideration the underlying condition, the likely course of the 

disease, and the potential response to medical treatment [Kornecki et al, 2009].  

Table 2. Indications for Mechanical Ventilation (Kornecki et al, 2009) 

Respiratory failure 
      Pump failure 
           Chest wall dysfunction (e.g., flail chest) 
           Neuromuscular disease 
           Central nervous dysfunction (decrease in respiratory drive) 
               Congenital (e.g., Ondine’s curse) 
          Acquired (e.g., trauma, drugs, infectors) 
      Pulmonary disease 
      Ventilation–perfusion mismatch (e.g., pneumonia) 
      Pulmonary shunt (e.g., acute respiratory distress syndrome) 
      Reduction in functional residual capacity 

 

Depending on the manufacturer, variations may exist in ventilator parameters. 

However, there are basic parameters which may be present on all machines: tidal 

volume and/or minute ventilation, respiratory rate, flow rate or inspiratory time, percent 

oxygen, and alarm limit settings. The method of inspiratory support provided by the 

mechanical ventilator is referred to as mode of ventilation. It is the specific combination 

of breathing pattern and control variables to deliver inspiration (Chatburn et al, 2007). 

The culture of the ICU in each institution and the clinician’s experience play vital roles in 
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the selection of the appropriate mode [Bozyk et al, 2010]. Some modes guarantee a 

constant volume (volume-targeted or volume-controlled) with each machine breath, 

whereas other modes guarantee a constant pressure (pressure-targeted or pressure-

controlled). Although many variations in modes of ventilation exist, we will discuss the 

basic modes on which all other modes of ventilation are based.  

Overview of Common Modes of Ventilator Support 

Volume-Targeted Modes 

In a volume-targeted mode, tidal volume (Vt) is the targeted parameter, hence a 

fixed Vt is delivered with each breath. Volume-targeted modes may be labeled by 

different names, including controlled mandatory ventilation, continuous mandatory 

ventilation, and assist/control (AC) mode ventilation, and are the most commonly used 

modes in the ICU [Santanilla et al, 2008]. If the patient is not making respiratory efforts 

due to sedation, paralysis, or other factors affecting the respiratory drive, the ventilator 

delivers breaths at a set respiratory rate and Vt. In volume-triggered modes, the 

ventilator may be triggered by the patient’s attempts to breathe. With the ventilator 

sensitivity dial set to high levels (-1 to -2 cm H2O), even minimal efforts by the patient will 

be detected and the machine will deliver additional breaths at the set Vt.  The inspiratory 

flow rate is fixed and therefore does not change to match the patient’s respiratory rate 

and breathing pattern. 

Pressure-Targeted Modes 

In pressure support ventilation, pressure is the ventilator’s targeted parameter. 

Dependent on the mode of pressure support, breaths are triggered by the patient and 

augment the patient’s spontaneous inspiratory effort with a pre-set positive pressure 

level. In all pressure targeted modes, inspiration ends after delivery of the set inspiratory 

pressure. Two pressure-targeted modes are common: pressure support ventilation (in 

which the patient triggers the ventilator) and pressure control mode (in which the 

ventilator controls the patient’s breathing). 
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Pressure Support Ventilation  

In pressure support (PS) ventilation, volume is variable, rather than a fixed Vt as 

in volume- targeted modes, and is determined by the patient’s effort or drive, pre-set 

pressure level, and various airway resistance and lung compliance factors. Respiratory 

rate is also determined by the patient and the flow rate is variable, depending on the 

patient’s needs. Pressure support ventilation is commonly thought of as a weaning 

mode, utilizing low pressure support levels set to overcome resistance in the 

endotracheal tube and ventilator circuit.  

High-level Pressure Support 

In contrast to low levels of pressure support typically employed during weaning, 

high pressure support levels may provide the patient with almost total ventilator support 

[Brochard et al, 1989].  Similar to AC mode of ventilation, high levels of prolonged 

pressure support ventilation promote diaphragmatic atrophy and contractile dysfunction 

(Hudson et al, 2012). Progressively increasing the level of pressure support results in a 

significant decrease in respiratory rate, effectively decreasing the work of the diaphragm 

(Brunch et al, 2005). Additionally, at high PS levels, there is significant decrease in 

diaphragm electrical activity and trans-diaphragmatic pressure, further evidence of 

decrease in diaphragm activity (Beck et al, 2001). Furthermore, similar to AC ventilation, 

pressure support ventilation-induced diaphragmatic atrophy and weakness are 

associated with both diaphragmatic oxidative stress and protease activation (Hudson et 

al, 2012). Importantly, although prolonged periods of high level PS and mandatory 

modes of ventilation both promote diaphragmatic atrophy, the speed of PS-induced 

diaphragm atrophy occurs at a slower rate (Hudson et al, 2012). 

Pressure Control Mode 

Pressure control ventilation operates in a manner similar to pressure support 

ventilation in that it relies on a pre-set pressure to determine the volume delivered and 

volume is variable depending on various factors that affect airway resistance and/or lung 

compliance. However, in pressure control mode, a respiratory rate is set by the clinician 

in order to support patients with apnea or an unreliable respiratory drive [Grossbach et 

al, 2011]. Pressure control mode may be used in patients with acute respiratory distress 

syndrome to control plateau pressures and Vt [Grossbach et al, 2011]. Patients with 
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acute respiratory distress syndrome have low lung compliance; therefore, inappropriately 

high Vt and pressure settings can overstretch and injure the lung. Current strategies in 

such patients should be focused on limiting Vt and maximal lung stretch. An initial Vt of 6 

mL/kg ideal body weight is a reasonable starting point and may be decreased to 

maintain maximal lung distending pressures less than 30 to 35 cm H2O [MacIntyre, 

2008;  MacIntyre, 2013]. 
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Chapter 3.  
 
Important Factors Influencing 
Rapid Diaphragm Atrophy and Failure to Wean 

Oxidative Stress (Mitochondrial Dysfunction) 
Numerous studies have shown that mechanical ventilation is associated with an 

increase in markers of oxidative stress in the diaphragm [Levine et al, 2008; Shanely et 

al, 2002; Zergeroglu et al, 2003; Falk et al, 2006]. Oxidative modifications become 

evident within as little as 6 hours following the institution of MV in rats [Zergeroglu et al, 

2003]. Other animal studies suggest that diaphragmatic inactivity, secondary to MV, 

induces diaphragmatic mitochondrial dysfunction resulting in significantly increased 

mitochondrial reactive oxygen species (ROS) emission, mitochondrial oxidative damage 

and mitochondrial respiratory dysfunction [Kavazis et al, 2009].  

There is evidence that calpain, caspase and ubiquitin-proteasome proteolysis 

pathways all play significant roles in the development of MV-induced diaphragm atrophy 

[Petrof et al, 2010]. The initial step of proteolysis, which involves the proteolytic release 

of myofilaments from their native state, can be accomplished by either calpains or 

caspases. Since calpains and caspases are activated by ROS [Petrof et al, 2010], an 

increase in ROS emission during MV may trigger increased proteolytic activity. The 

partially cleaved and disassembled myofilament proteins are then processed and 

degraded by the ubiquitin-proteasome system [Petrof et al, 2010].  

Systemic antioxidant supplementation has been suggested as a possible 

mitigation for oxidative stress. However, this method has not been particularly successful 

in critically ill patients [Mishra et al, 2007; Rinaldi et al, 2009; Victor et al 2009]. It has 

been suggested by several experts that antioxidants targeted to mitochondria may be of 

more benefit [Gallay et al, 2010; Subramanian et al, 2010]. Studies investigating effects 
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of mitochondria-targeting antioxidants have to date only been conducted using animal 

models. Further studies are needed to refine this proposed method prior to its use in 

human patients [Fink et al, 2008; Dyson et al, 2009]. For the time being, current 

preventative measures in humans are primarily based upon allowing persistent 

diaphragmatic activation during mechanical ventilation [Petrof et al, 2010].  

Positive End Expiratory Pressure (PEEP) 
Positive end expiratory pressure (PEEP) is a method of positive pressure 

ventilation used in conjunction with mechanical ventilation; pressure is maintained above 

the level of atmospheric pressure at the end of exhalation. This is achieved by 

preventing the complete release of gas during exhalation, usually by means of a valve 

within the circuit [Dorland’s Medical Dictionary]. The main purpose is to increase the 

volume of gas remaining in the lungs at the end of exhalation, thus reducing atelectasis 

and the resulting shunting of blood through the lungs and improving gas exchange 

[Dorland’s Medical Dictionary]..  

It is established that skeletal muscles atrophy faster when inactive in the 

shortened position [Jarvinen et al, 1992; Jokl et al, 1983]. Since the increased lung 

volume at the end of expiration with the use of PEEP would put the passive diaphragm 

in a relatively shortened position, it is possible that the diaphragm will atrophy at a 

relatively faster rate. In an animal study, 2 days of CMV with PEEP resulted in 

significantly more atrophy when compared to a control group on CMV for 3 days 

(Capdevila et al, 2003). However, it is yet to be confirmed whether critical illness 

compounds the effects of PEEP. It would be interesting to investigate, in critically ill 

patients, how PEEP influences rate of diaphragm atrophy.   

Critical Illness Polyneuropathy and Myopathy (CIPM)  
There is growing recognition that both critical illness and its associated 

treatments are toxic to muscles and nerves, leading to pathologic changes termed 

critical illness polyneuropathy (CIP) and critical illness myopathy (CIM) [Hough et al, 

2007; Schweickert et al, 2007; Hermans et al, 2008]. Polyneuropathy and myopathy may 

http://127.0.0.1:8080/rami?command=applyStylesheet(quick.xsl,dor@v/q12852906.pub)
http://127.0.0.1:8080/rami?command=applyStylesheet(quick.xsl,dor@v/q12852906.pub)
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have always accompanied sepsis which may be an important predictor of these 

syndromes. 

Systemic Inflammatory response and CIPM 

Critical illness, in recent years, has been defined as a syndrome of sepsis and 

multiple organ failure. Sepsis, a severe systemic response to infection, usually results in 

early death [Bolton, 2005]. In the United States, > 500,000 patients per year develop 

sepsis [Riedemann et al, 2003]. However, with improvements in medical and surgical 

care, survival of many critically ill patients is now prolonged. Despite advances in 

medicine, the mortality rate is still 30%–50% [Dellinger et al, 2004; Riedemann et al, 

2003; Tran et al, 1990], suggesting that there may still be room for improvement in 

management of sepsis.  

In previous years there seemed to have been a confusion of terminology. Terms 

were being variously applied with no standardized definitions to ensure correct usage of 

certain key words. In 1992, a consensus conference was convened to do just that. With 

the recognition that mechanical, chemical or thermal trauma may, in the absence of 

infection, evoke a severe systemic response, the term “systemic inflammatory response 

syndrome” or SIRS was proposed [American College of Chest Physicians/Society of 

Critical Care Medicine Consensus Conference: definitions for sepsis and organ failure 

and guidelines for the use of innovative therapies in sepsis, 1992]. When SIRS is 

associated with a documented infection, the term “sepsis” should be applied [American 

College of Chest Physicians/Society of Critical Care Medicine Consensus Conference: 

definitions for sepsis and organ failure and guidelines for the use of innovative therapies 

in sepsis, 1992]. Thus, bacteria, fungi, viruses, and major trauma of a mechanical, 

thermal, or chemical nature will induce SIRS [Figure 3 ], increasing the probability of 

CIPM. 

How SIRS Influences CIPM 

Patients with SIRS experience systemic changes in microcirculation secondary to 

activated cellular and humoral responses [Glauser et al, 1991; Riedemann et al, 2003].  

The cellular response involves epithelial and endothelial cells, macrophages, and 

neutrophils. These facilitate the activation of the humoral response which involves pro-
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inflammatory mediators that are activated locally. These cellular and humoral factors 

interact with themselves and with adhesion molecules, which are increased in the blood 

of septic patients [Cowley et al, 1994].  This interaction ultimately results in obstruction of 

capillary flow as adhesion molecules adhere to leukocytes, platelets, and endothelial 

cells; they also induce rolling neutrophils and fibrin platelet aggregates [Bolton, 2005].  In 

addition, Nitric Oxide, an endovascular relaxing factor [Palmer et al, 1987], is also 

activated. This, coupled with the effects of cellular and humoral factors, serves to further 

slow capillary flow.  

 
Figure 3: The various factors associated with the development of the systemic 

inflammatory response syndrome (SIRS) and its nervous system 
complications [Bolton, 2005]. 

Taken together, all the above stated facts may result in essential nutrients failing 

to reach the organs. If this persists, despite adequate oxygenation via mechanical 

ventilation, there will be a severe oxygen deficit at the parenchymal level contributing to 

multiple organ dysfunction [Glauser et al, 1991].  

Acute limb and respiratory weakness, which constitutes CIP, commonly 

accompany patients with multiple organ dysfunction. CIP, by virtue of decreased neural 

drive to the diaphragm therefore rendering the muscle inactive, is a major cause of 

difficulty in weaning patients off MV after respiratory and cardiac causes have been 

excluded [Vijayan et al, 2005].  
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As with all living tissues in the body, a disruption in blood flow and impaired 

delivery of substrates will adversely affect normal functions. In SIRS, disturbances of the 

microcirculation affect delivery of oxygen and glucose upon which the nervous system 

depends. Considering this, it is therefore not surprising that patients with SIRS present 

with symptoms of polyneuropathy. The syndrome is characterized by limb muscle 

weakness, usually more pronounced distally than proximally, and is often accompanied 

by atrophy.  

CIM is usually associated with the use of intravenous corticosteroids and 

neuromuscular joint blocking agents – used to facilitate mechanical ventilation in critically 

ill patients – in addition to SIRS [Bolton, 2002; Lacomis et al, 2000]. The major symptom 

is flaccid weakness which tends to be diffuse, involving all limb muscles and neck 

flexors, and often the facial muscles and diaphragm. Thus, these patients may also be 

difficult to wean from MV [Lacomis et al, 2000].  

Along with diaphragm inactivity secondary to MV, CIP and CIM results in rapid 

atrophy of the diaphragm in critically ill patients requiring a mandatory mode of 

ventilation. Proper management of sepsis and multiple organ dysfunction syndrome in 

the ICU are integral to the prevention of CIPM [Bolton, 2005]. In conjunction, 

interventions that may keep the diaphragm active during MV may be an important step 

on the road to prevention of ventilator induced diaphragm atrophy and weaning 

difficulties. Studies investigating the time course of diaphragm atrophy in critically ill 

patients on MV may give us a better understanding as to the magnitude of the problem, 

allow ICU medical teams to develop more effective strategies to mitigate weaning 

difficulties and provide caregivers with information as to the most appropriate time to 

intervene with treatment plans designed for the prevention of diaphragm weakness.   
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Chapter 4.  
 
Ultrasonography 

Ultrasonography is the visualization of deep structures of the body by recording 

the reflections (echoes) of pulses of ultrasonic waves directed into the tissues. 

Diagnostic ultrasonography, as in echocardiography, uses a frequency range of 1 million 

to 10 million Hertz (cycles per second), or 1 to 10 MHz. Such ultrasound waves are 

transmissible only in liquids and solids [Dorland’s Medical Dictionary]. 

For assessing body composition, new technologies such as computed 

tomography (CT) scan, X-ray absorptiometry and ultrasound have advantages over older 

methods, such as skinfolds and bioelectrical impedance analysis. The major advantage 

is that they can quantify both fat and muscle thickness and distribution. In order to 

produce an accurate measurement of subcutaneous fat and overcome the problem of fat 

compression that is inherent in the skinfold technique, the use of X-ray technology may 

be employed (Himes et al., 1979; Hawes et al., 1972; Haymes et al., 1976; Stouffer, 

1963). However, the applicability of this method for serial evaluations is limited because 

of radiation exposure. Studies requiring serial evaluations demanded a modality that 

would eliminate the risk of repetitive radiation exposure. For studies of this nature, 

ultrasound would be the most appropriate choice. 

Acquiring body tissue images via ultrasonography has the same advantages as 

X-ray or CT scan technology in that fat and muscle thicknesses can be accurately 

visualized without compression of the tissue. However, ultrasonography is unique in that 

radiation exposure is eliminated. Another important advantage specific to this study is 

the ease with which real-time images of soft tissue can be obtained, making ultrasound 

the ideal modality to evaluate highly functional muscles such as the diaphragm. Original 

ultrasonographic technology provided a one dimensional image using A-mode 

ultrasound (only represents elapsed time and thus position of the echo producing 
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interface) which does not allow for actual images of the tissues to be visualized. B-mode 

ultrasound is a more technologically advanced method which provides a two-

dimensional image of both fat and muscle thicknesses. In this mode, the position of the 

visualized structure on the display corresponds to the time elapsed (and thus to the 

position of the echogenic surface) and the brightness of the structure corresponds to the 

strength of the echo. This allows for better identification and differentiation of the various 

reflections produced by the sound waves (Ishida et al, 1992). 

Fukunaga et al. (1989) compared B-mode ultrasound measurements with direct 

measurements from cadavers and found that ultrasound was a valid method of 

measuring both muscle and fat thickness. Ishida et al (1992) assessed, using multiple 

investigators, the reliability of B-mode ultrasound for the measurement of fat and muscle 

thickness in human subjects. They found that B-mode ultrasound was a reliable method 

for measuring both fat and muscle thickness in young adult men and women. Although 

B-mode ultrasound is a more expensive method of assessing body composition than 

either skinfolds or bioelectrical impedance analysis, its advantages over these methods 

include the ability to quantify both fat and muscle thickness/distribution (Ishida et al, 

1992). This may be especially important when changes in muscle and fat thickness are 

of interest.  

In this study, we employed B-mode ultrasonography to investigate changes in 

diaphragm thickness over time in critically ill patients who required mechanical 

ventilation. This reliable imaging technique provided us with clear images allowing us to 

accurately track changes in diaphragm thickness.  

Along with diaphragm thickness, quadriceps muscle thickness was also 

evaluated in this study. Muscle ultrasound is an easily available, reliable and quick 

method for measuring quadriceps muscle thickness. Other methods, such as thigh 

circumference, are unreliable and often grossly underestimate muscle wasting because 

they include a measure of the subcutaneous tissue and fat. A more accurate method of 

measurement is a CT scan; however, this method exposes the patient to radiation and is 

a more time-consuming study [Appell, 1990]. Although magnetic resonance imaging is 

accurate for the assessment of cross-sectional areas of muscle, it has not been widely 

used for research purposes due to the time involved, the cost and competing use in 
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clinical cases [Reardon et al, 2001]. As with diaphragm thickness, ultrasonography is the 

modality most suited for performing serial evaluation of the quadriceps muscles. The 

ease with which the image acquiring protocol is executed, the ability to acquire high 

resolution images in the ICU and the short time required to perform each quadriceps US 

exam, made this modality the most appropriate choice for quadriceps muscle imaging in 

this study.   



 

21 

Chapter 5.  
 
Study Design and Hypothesis 

We conducted a single-centre pilot observational study in which we used B-mode 

ultrasonography to evaluate diaphragm thickness in critically ill patients on MV in the ICU 

of the Royal Columbian Hospital in New Westminster, BC Canada. We hypothesized 

that in patients on mandatory mode ventilation, diaphragmatic thickness would 

progressively decrease over several days following the start of MV. We also evaluated 

the longitudinal changes of diaphragm thickness in patients who were weaning from the 

ventilator, where we anticipated that diaphragm thickening would be associated with 

progression of a patient’s ability to generate spontaneous breaths. Further, the predictive 

value of diaphragmatic thickness for successful liberation from mechanical ventilation 

was evaluated. 

Objectives 
Our objective was to evaluate diaphragm thickness in critically ill ICU patients on 

MV and its changes over time as a function of mode of mechanical ventilation. We 

proposed to study each subject for up to 14 days from time of enrolment or until 

extubation, whichever happened first. We aimed to study at least 20 subjects who 

required MV for at least 72 hours. This study was intended to serve as a pilot for a 

subsequent, larger multicentre prospective evaluation of diaphragmatic thickness in 

patients on MV.   

Methods and Procedures 

Design 

This was a single centre observational longitudinal study to evaluate changes in 

diaphragm thickness in critically ill ICU patients on MV. 
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Primary Outcome 

Diaphragm thickness (via B-mode ultrasonography) measured daily at functional 

residual capacity (FRC) for 14 days or until extubation or death. 

Secondary Outcomes 

• Time from intubation to 1st US 

• Inter observer variability (kappa score) for evaluating the diaphragmatic 

thickness of the same US image. 

• Inter-rater reliability (agreement):  Variability between measured 

diaphragmatic thickness from US obtained images from the same patient by 

different operators and observers on the same day. 

Patient Characteristics Captured 

• Admitting diagnosis  

• Age 

• Gender 

• BMI 

• Co-morbidities 

• FiO2 average, median, max and min per day 

• Sequential Organ Failure Assessment (SOFA) score  

• Richmond Aggitation/Sedation Scale (RASS)  

• Average, median, max and min PEEP per day 

• Mode of MV on a daily basis (expressed as a percentage), if not on CMV for 
14 days 

• Weaning trials, duration and type 

• Presence of tracheostomy  

• Days in ICU prior to enrolment 

• Patient on steroids, start date 

• Duration of ICU stay for non-survivors 

• Any changes in Mode of ventilation during 1st 14 days 

• Any spontaneous breathing trials during 1st 14 days 
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Inclusion Criteria 

Persons who met the following requirements and consented were included in the 

study: 

• Anticipated to require MV > 72 hours 

• ≥19 years 

Exclusion Criteria 

• History of diaphragmatic or neuromuscular disease 

• Morbidly obese patients (BMI > 40) 

• Declined consent 

Methodology 

Surrogate decision makers of patients admitted to the ICU who had not been 

previously enrolled in the study were offered a chance to participate. Informed consent 

was obtained prior to the subject’s inclusion in the study. Diaphragm thickness was 

measured once per day starting as soon as possible after consent was granted and 

continuing until the 14th day post-inclusion into the study, extubation, discharged or 

death, whichever came first.  

No participant was sedated or placed on mechanical ventilation by our research 

team for the purposes of this study. Participants may already have been sedated and 

mechanically ventilated (for management of their medical condition) prior to 

commencement of our measurement intervention and/or were awake during their 

weaning phase. 

The US images obtained were saved and stored on an external drive for analysis 

by research investigators. The data files were randomized by observer C (MW) who 

randomly re-named each file with a letter-number designation (eg. A12). All operators 

were blinded from the randomization process. The re-named files were placed in a single 

folder for analysis. A key was developed by observer C - from which all members of the 

research team were blinded - that would be used to re-organize the files according to 

patient and sequence of data acquisition. Thickness measurements were made from the 

randomized files and results recorded by observer A (CF). Results of measurements 
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from the randomized files were then re-arranged by observer C according to patient and 

sequence of acquisition. Graphs for each patient were plotted by observer C from these 

results. For an inter-observer reliability study, three blinded investigators independently 

evaluated diaphragmatic thickness in a randomly selected subset of patients (n=5). Inter-

observer comparisons were made at a later time. In an inter-operator reliability study, 3 

independent operators, who were blinded to each other’s results, acquired diaphragm 

and quadriceps readings from a subset of patients (n=2). Subsequently, the operators 

made measurements on the acquired images and submitted their results to an 

independent investigator. The variability in the images and measurements were 

compared among those obtaining the images. 

US evaluation of quadriceps muscle thickness was done immediately following 

each evaluation of diaphragmatic thickness to provide information regarding overall 

changes in muscle mass in the patient [Gruther et al, 2008]. This allowed for an 

evaluation of the effects of MV on the diaphragm beyond the catabolic state induced in 

the ICU. 

Ultrasonographic images were acquired by Colin Francis who is a trained 

physical therapist with 3 years of prior ICU experience after patient consent was 

obtained (by Suzette Williams – research coordinator). All acquired data was analyzed 

and reported by Colin Francis and co-investigators. 
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Technical Aspects of Measuring Diaphragmatic Thickness 

Diaphragm Thickness 

Real-time movement of the diaphragm was recorded by B-mode 

ultrasonography using an Echo Blaster 128 Kit (UAB "TELEMED", Dariaus ir Gireno str. 

42 Vilnius LT-02189, Lithuania – resolution of 0.1mm) fitted with a 5-10 MHz ultrasound 

linear transducer (HL9.0/60/128Z) provided by Lungpacer Medical Inc.: 

 
Figure 4. Orientation of transducer. 

Locate the Diaphragm in the Zone of Apposition to the Ribcage 
• Subjects were in the supine position. 

o Precautions were taken to ensure that the patient was lying flat on 
their back. 

o The head of the bed was lowered to 0° of incline. 

o In cases where the head of the bed could not be laid completely flat 
due to patient condition, the degree of incline (usually between 10°-
20°) during baseline reading was noted and the same degree of 
incline was set for all subsequent readings.  
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The probe was oriented with the screen image by applying pressure to one end and 
noting the position of the image on screen (Figure 4). 

• The probe was placed in the 8th or 9th right intercostal space in the 
midaxillary or anterior axillary line (Figure 5). 

• The ultrasound beam was directed perpendicular to the diaphragm; i.e. 
the probe was positioned perpendicular to the chest wall in a long axis 
configuration with the left end cephalad. 

• The probe position was adjusted until the diaphragm could be clearly 
visualized (small changes in orientation of probe from its ideal position 
resulted in distortion or loss of image). 

 
Figure 5. Transducer placement with respect to zone of apposition of the 

diaphragm to the ribcage.  

• Once a clear image of the diaphragm was obtained, an indelible ink marker was 
used to mark the skin at the caudal end of the transducer (Figure 6). 
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Figure 6.  Placement of Transducer Positioning Mark. 

• All US images were acquired with the transducer in the same position. 

• The files were stored in video format and named according to patient number 
and day of exam. 

Identify the Diaphragm 

 
Figure 7. Echogenic lines representing membranes overlying the diaphragm.  



 

28 

• The diaphragm is identified as the last set of parallel lines on the image, 
corresponding to the pleural and peritoneal membranes overlying the less 
echogenic muscle (figure 7). 

• Once identified, real-time movement of the diaphragm was recorded on B-
mode (two dimensional) ultrasonography. 

• If the patient was triggering the ventilator (as was usually the case in assist 
modes of ventilation) and there were visible diaphragmatic contractions, at 
least six consecutive respiratory cycles were recorded. 

 
Figure 8.  Measuring end expiratory diaphragm thickness using ‘distance’ 

measuring tool. 

• End expiratory diaphragm thickness was measured in three consecutive 
respiratory cycles d u r i n g  t h e  e n d  e x p i r a t o r y  p a u s e  ( Figure 8) .   

o The diaphragm thickens as it contracts (Cohn et al, 1997), 
hence, great efforts were made to ensure that all thickness 
measurements were performed during the end expiratory 
pause (when the diaphragm is relaxed). 

• Thickness of the pleural and peritoneal membranes are exaggerated by 
ultrasound (Ueki et al, 1995). Hence, to obtain the most accurate 
measurement of diaphragm thickness, measurements were made from the 
middle of the pleural line to the middle of the peritoneal line [Ueki et al, 
1995]. 

• Measurements were averaged and the means reported to the nearest 0.1mm 
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Failure to Acquire Image 

Failure to acquire image was defined as the inability to acquire a discernible 

image on two consecutive days by two different operators.  

• All subjects in which image acquisition failed were excluded from the study. 

Measuring Quadriceps Thickness 

The technique of quadriceps muscle ultrasound used in this study has been 

described and validated by Freilich et al (Freilich et al,1995) with modifications to reduce 

inter-operator variability. Briefly, the thickness of the quadriceps muscle was measured 

using an Echo Blaster 128 Kit (UAB "TELEMED", Dariaus ir Gireno str. 42 Vilnius LT-

02189, Lithuania – resolution of 0.1mm) fitted with a 5-10 MHz linear array transducer. 

Subjects were positioned in supine with the knees extended and the legs in the neutral 

position and completely relaxed. Scans were performed at the mid-thigh level, defined as 

the mid-point between the superior aspect of the patella and the anterior superior iliac 

spine (ASIS) [Figure 9]. The distance between the ASIS and superior aspect of the 

patella was measured and the midpoint determined. 

 
Figure 9. Midpoint between the ASIS and the superior aspect of the patella. 
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Using an indelible ink marker, a mark was placed on the subject’s skin at the midpoint 

(Figure 10a). The transducer was positioned over the midpoint mark perpendicular to the 

longitudinal axis of the femur (Figure 10b). Once the transducer was positioned over the 

midpoint mark, a second mark was placed at the distal edge (Figure 10b) to ensure that 

all consequent readings were acquired from the same position. To ensure consistency, 

the subject’s legs were placed in the neutral position prior to each US exam. 

 
Figure 10. (a) Mark placed at midpoint of the thigh over which the transducer 

would be positioned. (b) Transducer positioned over midpoint mark 
with distal edge at the positioning mark. 

The quadriceps was visualized using a generous amount of gel and, using the 

transducer, maximal compression was applied prior to imaging in order to mitigate inter-

operator variability (Figure 11). 
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Figure 11.  Maximal compression was applied during image acquisition 

(Freilich et al,1995). 

Thickness was measured using the machine’s electronic callipers, as the 

distance between the femur and the posterior border of the fascia lata (Figure 12). The 

scans were completed in approximately 5 min.  

 
Figure 12. Measuring quadriceps thickness. 
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Confidentiality 

The information that we collected from this research project was kept 

confidential. Information about each subject that was collected during the research was 

in a locked cabinet and was accessible only by the participating researchers. All files 

containing information about each participant was labeled with a number rather than the 

subject’s name, with the master file being kept separately in a locked cabinet. 

Statistical Analysis 
Demographic characteristics were summarized at baseline using descriptive 

statistics including means (±SD) and median for continuous variables and counts and 

frequencies for categorical variables. All statistical analysis was performed using SPSS 

v19.0 for Windows. 

Diaphragm thickness  

Descriptive statistics was used to describe trends within groups. Results were 

reported as means and standard deviations. Small sample size prevented statistical 

analysis necessary to determine differences in diaphragm thickness between COPD and 

non-COPD patients. Both populations were therefore analyzed together. The statistical 

significance of P value was set at 0.05. 

Inter-rater reliability  

Agreement between raters (i.e., inter-rater reliability) of measurements was 

evaluated for all operators (agreement of measurement between operators) and readers 

(agreement of measurement between readers) using Intra-class correlation coefficients 

(ICCs). Interclass correlation coefficients and indices of reliability between observers and 

between operators were calculated.  

Sample Size  
Each subject served as his/her own control based on baseline Day 1 diaphragm 

thickness measurements.  Sample size for this study was calculated based on studies 

in which diaphragm thickness was measured using ultrasound imaging in healthy 
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humans conducted by Wait et al. [Wait et al, 1989] and in SCI patients with paralyzed 

diaphragms conducted by Gottesman et al. [Gottesman et al, 1997]. Using the sample 

means and standard deviations of the end-expiratory diaphragm thickness of healthy 

control subjects (mean: 2.2mm, SD: 0.41mm) in Wait et al.’s study [Wait et al, 1989] 

and mean thickness of the paralyzed diaphragm (1.7mm) in Gottesman et al.’s study 

[Gottesman et al, 1997], a significance level of 0.05 and power of 0.80, the 

calculated sample size required to detect statistically significant changes in diaphragm 

thickness from baseline is 6 subjects (http://www.stat.ubc.ca/~rollin/stats/ssize/n1.html). 

Due to anticipated technical issues surrounding moderate obesity and image capture and 

subjects required to conduct sub-study looking at US reliability, the target sample size 

was 20 subjects.  

Anticipated Challenges 

Tracking changes in patients’ mode of ventilation. 

A respiratory therapist (RT) may switch ventilation modes to match a patient’s 

ability to breathe spontaneously in the ICU. If the mode is changed from ‘mandatory’ to 

‘assist’ mode and the patient starts making voluntary breathing efforts, the rate and/or 

extent of atrophy of the diaphragm may change. 

Mitigation: Records were kept as the modes were changed. Time spent in each 

mode was recorded as a percentage of total time spent on MV. 

Risks, Patient State and Patient Information 

Risks 

Properly performed, ultrasound imaging is virtually without risk or side effects. 

Some patients report feeling a slight tingling and/or warmth while being scanned, but 

most feel nothing at all. In this study, most subjects were unconscious and so did not feel 

the ultrasound being done. Ultrasound waves of appropriate frequency and intensity are 

not known to cause or aggravate any medical condition. 

http://www.stat.ubc.ca/~rollin/stats/ssize/n1.html
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Participant’s time spent in the study 

In most instances, the study ultrasound took 5-10 minutes each for the 

diaphragm and quadriceps muscle from start to finish. Diaphragm and quadriceps 

muscle thickness were measured daily for up to 14 days or until discharged or died 

(whichever came first), thus each subject dedicated approximately 10-150 minutes of 

their time during the study. This was time required beyond standard care. 

Catabolic State of Participants 

Some participants were in a catabolic state induced by the ICU. The catabolic 

state the patients were in was due to illness & immobilization. Our procedures did not in 

any way influence the patient’s health. We performed ultrasound imaging, a procedure 

that is routinely done in the ICU. In this case, there were no risks to the patient, hence, 

explaining the procedure to the participant (which was done for all participants and/or 

their surrogate decision maker) more than likely, did not negatively influence their 

willingness to participate. 

Fear or Anxiety in Participants or Their Families 

While being supported by mechanical ventilator is an inclusion criterion for this 

study, our study did not entail placing patients on the ventilator. A patient being placed 

on mechanical ventilation is a decision made by the resident intensivist on admission of 

said patient to the ICU. Ultrasonography is the only tool we utilized to collect data for this 

study. Ultrasound is a well-established technology and is familiar to most. As there are 

no risks associated with ultrasound imaging, we did not anticipate any mental discomfort 

(fear or anxiety) in the participants.  

Patient’s State of Consciousness 

Patients in the ICU who are on mechanical ventilation are often unconscious due 

to the nature of their illness, over the course of their illness they will often become 

increasingly more aware due to changes in clinical condition and medications. In some 

cases, such as severe head injury, it may be necessary for the intensivist to induce a 

coma. The patient may also be deeply anesthetized to prevent resistance to mechanical 
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ventilation or as treatment for pain. The patient’s unconscious state was in no way 

influenced by our team. 

Accessing Patient’s Health Records 

Patient’s medical records were accessed by Dr. Steven Reynolds (Head of 

Department of Critical Care, Royal Columbian Hospital) or his designate. The 

information acquired from these records: 

I. Assisted us in determining the patient’s eligibility to participate in the 

study. 

II. Allowed us to match participants for severity of illness. 

III. Allowed us to maintain a record of participant’s mode of MV throughout 

the study. 

IV. Gave us information on co-morbidities which may have affected 
outcomes. 

Confidentiality, Storage and Disposal of Study Data 

All files containing information about each participant were labeled with a number 

rather than the subject’s name, with the master file being kept separately in a locked 

cabinet located in Dr. Steve Reynolds’ office. This was clarified in the study details. 

Information collected in this study will be held for 2 years, after which all materials 

identifying participants will be destroyed.  

Availability of Physician in the ICU 

It was not absolutely necessary for a physician to be on site during the 

conducting of this study. However, a physician was present in, or on call for the ICU at 

all times. 

Who Was Involved in This Study 

Colin Francis was principally involved in all aspects of this Ultrasound 

Measurement study, with the exception of acquiring consent from participants or their 

caregiver, which was done by Dr. Reynolds or his clinical research coordinator (Suzette 
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Williams). All data were acquired and analyzed by Colin Francis with assistance from co-

investigators. 
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Chapter 6.  
 
Results 

During the study period, 18 critically ill patients consented to participate. Seven 

patients were excluded from the study as a result of poor US imaging quality, and 2 were 

extubated on day 1 post-inclusion, allowing only for the acquisition of baseline readings. 

One was extubated on day 2 post- inclusion, allowing only for the acquisition of baseline 

and day 1 data. Of the eligible 8 patients, 4 were female and the mean age was 62±11 

yrs. Of the eligible patients, 5 were being treated for sepsis among other complications 

of critical illness. Intravenous fluid therapy, a treatment used to resolve hemodynamic 

instability in septic patients, results in tissue edema, making US imaging difficult in most 

patients and impossible in others. We obtained records of daily fluid changes for each 

patient from their health records. We calculated fluid balance as the sum of excess fluid 

from day of intubation to day of baseline image acquisition. Mean positive fluid balance 

in patients in whom imaging failed was 21,870ml versus 8,257ml in those from whom we 

successfully acquired images. Patients in whom imaging was not possible or in whom 

image quality was poor were excluded from the study. Failure to acquire image was 

defined as the inability to acquire a discernible image on two consecutive days by two 

different operators. 

Reproducibility of Ultrasound Measurements 
In a subset of participants, baseline scans were repeated by two additional 

operators (SW and JW) in order to assess inter-operator reproducibility of the method. 

The operators were blinded to each other’s scans. As none of the operators had 

previous ultrasound experience, a short training session was conducted, following which 

competency was gained in performing the exams independently. Each operator made 

measurements of their images using the Telemed Echo Wave II software. Results were 

recorded on the form provided and submitted for analysis. 
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Inter-operator reliability was assessed between two pairs of operators [Operator 

A (CF) vs. Operator B (JW), and Operator A (CF) vs. Operator C (SW)] (Table 3). 

Interclass correlation coefficients (to determine level of agreement between results from 

each pair of operators) and indices of reliability between operators for diaphragm and 

quadriceps thickness were >0.95, indicating excellent inter-operator reliability. Tables 4 

and 5 show differences between measurements made by each operator in individual 

patients. 

Table 3. Reproducibility of Ultrasound Measurements: Inter-Operator 
Reliability. 

                                                     Mean Difference*              P-value                          ICC          
                                                     Dt (mm)   Qt (mm)       Dt              Qt              Dt             Qt  

Inter-operator (A vs. B; n=6)    0.08         0.18        0.86           0.90      0.976       0.995 
 
Inter-operator (A vs. C; n=6)    0.05       0.41          0.91         0.92        0.982       0.998 

*: Difference between mean diaphragm thickness measured by each operator. 
Significance was tested using independent t-test. 
ICC: Interclass correlation coefficient. 
Dt: Diaphragm thickness 
Qt: Quadriceps thickness  
 
Table 4. Inter-operator variability: differences between diaphragm thickness 

measurements by different operators for each patient. 

Operator A 
Dt (mm) 

Operator B 
Dt (mm) 

% Difference  Operator A 
Dt (mm) 

Operator C 
Dt (mm) 

% Difference 

3.3 3.2 3.0 3.3 3.5 5.7 

3.0 3.2 6.1 3.0 2.8 6.7 

1.8 1.8 4.4 1.8 1.9 3.7 
1.8 1.8 1.1 1.8 1.7 6.8 

3.5 3.5 1.1 3.5 3.4 0.9 

2.5 2.0 21.0 2.5 2.9 12.8 
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Table 5. Inter-operator variability: differences between quadriceps thickness 
measurements by different operators for each patient. 

Operator A 
Qt (mm) 

Operator B 
Qt (mm) 

% Difference  Operator A 
Qt (mm) 

Operator C 
Qt (mm) 

% Difference 

5.5 5.3 3.6 5.5 5.4 1.8 

23.9 24.9 4.0 23.9 23.9 0.0 
18.3 17.1 6.6 18.3 17.5 4.4 

19.7 18.0 8.6 19.7 18.7 5.1 

9.1 8.9 2.4 9.1 9.0 1.1 

14.2 13.5 4.9 14.2 13.7 3.5 
 

Inter-observer reliability, shown in Table 4, was assessed between two pairs of 

observers [Observer A (CF) vs. Observer B (JW), and Observer A (CF) vs. Observer C 

(MW)]. Previously acquired patient readings for the diaphragm and quadriceps were 

randomly selected and the files re-named to blind the observers to the patient number 

and date of acquisition of information. The observers were also blinded to each other’s 

results. Each observer was presented with all the selected patient data files and made 

measurements on all US images using the Telemed Echo Wave II software. The data 

was recorded on the provided form and presented for analysis. Interclass correlation 

coefficients and indices of reliability between observers for diaphragm and quadriceps 

thickness were >0.95, indicating excellent inter-observer reliability. Tables 7 and 8 show 

differences between measurements made by each observer in individual patients. 

Table 6. Reproducibility of Ultrasound Measurements: Inter-Observer 
Reliability. 

                                                            Mean Difference*                  P-value                          ICC          
                                                            Dt (mm)   Qt (mm)           Dt              Qt              Dt             Qt 

Inter-observer (A vs. B; n=10)         0.01        0.06           0.97         0.97           0.992     0.999 
 
Inter-observer (A vs. C; n=10)         0.03       0.13            0.91         0.94           0.995     0.999 

*: Difference between mean diaphragm thickness measured by each observer. 
Significance was tested using independent t-test. 
ICC: Interclass correlation coefficient. 
Dt: Diaphragm thickness 
Qt: Quadriceps thickness  
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Table 7. Inter-observer variability: differences between diaphragm thickness 
measurements for each patient. 

Observer A 
Dt (mm) 

Observer B 
Dt (mm) 

% Difference  Observer A 
Dt (mm) 

Observer C 
Dt (mm) 

% Difference 

2.4 2.5 4.0 2.4 2.3 4.2 

3.1 3.0 3.2 3.1 3.2 3.1 

2.6 2.5 3.9 2.6 2.7 3.7 

2.7 2.7 0.0 2.7 2.8 3.6 

2.0 2.2 9.1 2.0 2.1 4.8 

2.1 2.1 0.0 2.1 2.2 4.6 

2.3 2.2 4.3 2.3 2.3 0.0 

1.6 1.6 0.0 1.6 1.5 6.3 

2.1 2.2 4.6 2.1 2.1 0.0 

3.5 3.5 0.0 3.5 3.5 0.0 

 

Table 8. Inter-observer variability: differences between quadriceps thickness 
measurements for each patient. 

Observer A 
Qt (mm) 

Observer B 
Qt (mm) 

% Difference  Observer A 
Qt (mm) 

Observer C 
Qt (mm) 

% Difference 

18.1 18.0 0.6 18.1 18.3 1.1 
24.4 24.4 0.0 24.4 24.6 0.8 

18.3 18.4 0.5 18.3 18.5 1.1 

23.6 24.0 1.7 23.6 23.8 0.8 

24.5 25.0 2.0 24.5 25.1 2.4 
13.5 13.5 0.0 13.5 13.5 0.0 

18.6 18.5 0.5 18.6 18.6 0.0 

15.3 15.2 0.7 15.3 15.2 0.7 
21.3 21.3 0.0 21.3 21.3 0.0 

19.5 19.4 0.5 19.5 19.5 0.0 
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Diaphragm and Quadriceps Thickness 
A mean increase in diaphragm thickness of 0.23±0.03mm (from 2.5±0.7mm to 

2.7±0.76mm, 95% CI between 0.21mm to 0.25mm; 8.4±3.9%) was detected over a 

mean of 5.5±4.3 days in all patients on PS ventilation (n=8), with a mean increase of 

0.04±0.03mm per day (1.5±1.4% per day). Patients ventilated on AC mode (n=4) 

showed a mean decline in diaphragm thickness of 0.4±0.4mm (from 2.8±0.7 to 

2.4±0.8mm, 95% CI of between 0.05mm to 0.79mm; 21.2±10.8%) over 4.5±4.4 days, 

with an average decrease of 0.1±0.1mm per day (4.7±5.7% per day).   

Mean decline in quadriceps thickness for all participants in this study (n=8) was 

2.4±2.6mm (from 15.5±5.5mm to 13.2±5.1mm, 95% CI of between 0.58 to 4.16mm; 

14.4±13.6%) over a mean period of 7.1±4.7 days, an average decline of 2.0±2.7% per 

day.  
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Figure 13. History of diaphragm atrophy in patient 2. 

 
Figure 14. Diaphragm atrophy in patient 10. 

 
Figure 15. Diaphragm atrophy in patient 12. 
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Figure 16. History of diaphragm response to pressure support ventilation in 

patient 4. 

 
Figure 17. History of diaphragm response to pressure support ventilation in 

patient 5. 

 
Figure 18. Diaphragm response to pressure support ventilation in patient 15 
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Figure 19. History of diaphragm response to pressure support ventilation in 

patient 1. 

 
Figure 20.  History of diaphragm response to pressure support ventilation in 

patient 6. 
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Figure 21. Trends in diaphragm thickness with time for all patients on ACV. 

 
Figure 22. Trends in diaphragm thickness with time for all patients on PSV. 
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Figure 23. First data point for each patient is represented on day post-intubation. 
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Chapter 7.  
 
Discussion 

The history of diaphragm atrophy in patient 2 is shown in Figure 13. Baseline 

reading was taken 2 days post intubation. The patient was mechanically ventilated for 6 

consecutive days with assist-control mode of ventilation. During this period, all breaths 

were being delivered by the ventilator and the patient’s diaphragm remained inactive. 

Diaphragm thickness showed a steady rate of decline which plateaued between days 8 

and 9 post-inclusion into the study. Mode of ventilation was switched from AC to PS in 

the pm on day 6. Prior to change in ventilation mode, the diaphragm atrophied 24%, an 

average of 4% per day over 6 days. As the diaphragm became more active on day 7 (on 

PS mode), a decrease in rate of decline (from 4% per day between baseline and day 6, 

to 2% per day between days 7 and 9) was noted between days 7 and 9, and an increase 

in diaphragm thickness of 0.23mm (from 1.97 to 2.2mm) was detected between days 9 

and 10. Over the 9 day period in which a decline in thickness was noted, the diaphragm 

atrophied a total of 40% (from 3.31mm to 1.97mm) at an average rate of 4.5% per day. 

The decline in rate of atrophy on implementation of PS ventilation suggests that the 

mode of ventilation may affect rate of change of diaphragm thickness with time. Further, 

this also suggests that the magnitude of diaphragm atrophy may have been greater by 

day 9 had PS not been implemented on day 6.  

Patient 10 (figure 14) was included in the study 2 days post-intubation and was 

supported on AC mode of ventilation. The patient was fully supported by the ventilator 

for 10 consecutive days and was switched to PS mode on day 10 following data 

acquisition. During the 10 days on AC mode, the diaphragm showed a decrease in 

thickness of 30% (from 2.3mm to 1.6mm) by day 5, an average rate of 6% per day. 

Decline in diaphragm thickness stabilized between days 5 and 10. Following the 

implementation of PS mode on day 10, an increase in diaphragm thickness of 9.6% 

(from 1.6mm to 1.8mm) was detected between days 10 and 13, a rate of 3.2% per day.   
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Patient 12 (figure 15) was intubated and placed on AC mode 24 hours prior to 

inclusion into the study. A decline of 0.23mm (10.8%) was detected between baseline 

and day 2, a rate of 5.4% per day.  PS was implemented on day 2 post-acquisition of 

data. Following implementation of PS, an increase in diaphragm thickness of 0.10mm 

(from 1.9 to 2mm, 5%) was detected between days 2 and 3. Patient 12 was successfully 

extubated on day 4 prior to data acquisition.  

All patients included in the study who were supported on AC at baseline and 

supported on this mode throughout the study (n=3), were included between 1 and 2 days 

post intubation (figure 21 and 23). All patients in this group showed similar trends of 

decline in diaphragm thickness while on AC mode. However, this late entry into the study 

prevented the acquisition of a true baseline measurement on day of intubation and, 

since these patients were ventilated by AC mode on intubation, this meant that 

additional atrophy may have occurred prior to acquisition of first reading. Consequently, 

total diaphragm atrophy may have been underestimated and may in fact have been 

greater than what we detected.  

While on AC ventilation, patients (n=4) showed a mean rate of decline in 

diaphragm thickness of 4.7±5.7% per day. This means that the diaphragms of patients 

supported on AC mode for at least 2 days prior to inclusion into the study (figure 23) may 

have already atrophied by at least 10% prior to acquisition of baseline readings. These 

findings are consistent with data from studies demonstrating rapid diaphragm atrophy 

secondary to modes of MV that renders the diaphragm inactive [Grosu et al, 2012; 

Levine et al, 2008; Ayas et al, 1999], and reinforces the deleterious effects of these 

mandatory modes of ventilation on diaphragm thickness and strength. 

We noted an almost immediate attenuation of atrophy in patients in which mode 

of ventilation was switched from AC to PS during the study. This may be in response to 

increased diaphragm activity while on PS, eventually resulting in complete cessation of 

atrophy and commencement of recovery, which presented as an increase in diaphragm 

thickness. These findings are consistent with data from Futier and colleagues who 

demonstrated that pressure support ventilation attenuated protein modifications that 

results in diaphragm atrophy in rats that were mechanically ventilated [Futier et al, 2008].  
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During the study period, patients 4 and 5 (figures 16 and 17) showed similar 

trends in changes in diaphragm thickness. These patients were both included in the 

study 24 hours post-intubation, both ventilated on PS and assessed over 13 and 10 days 

respectively. Over these periods, diaphragm thickness increased by an average of 

0.35mm±0.03mm (from 2.7±0.8mm to 3±0.8mm, 12±4.2%), a rate of 1.5±0.6% per day. 

Patient 4 reached a maximum thickness of 3.63mm on day 7 post inclusion. There were 

no changes in diaphragm thickness between days 7 and 13. Increase in diaphragm 

thickness reached a maximum of 2.47mm by day 9 in patient 5. As with patient 4, 

thickness changes plateaued from that point until the patient was extubated.  

Patient 15 (figure 18) showed similar trends to that seen in patients 4 and 5. 

However, this patient was included into the study 7 days post-intubation, supported on 

AC mode for 1 day post-inclusion and switched to PS on day 1 following acquisition of 

data. No changes in diaphragm thickness were detected between baseline and day 2. 

However, following institution of PS, an increase in diaphragm thickness of 0.46mm 

(from 3.47mm to 3.93mm, 11.7%) was detected between days 2 and 7, a rate of 1.95% 

per day. Similar to patients 4 and 5, increase in diaphragm thickness plateaued towards 

the end of the study.  

Patients 1and 6 were each assessed over two days (Figures 19 and 20). For 

patient 1, baseline reading was acquired 2days post-intubation and 1 day post-intubation 

for patient 6. These two patients were supported on PS ventilation over the two day 

evaluation period. As with all participants on PS ventilation, an increase in diaphragm 

thickness was detected in these patients as their diaphragms became more active while 

attempting to breathe.  

All patients included into our study on PS ventilation (n=5) showed small 

increases in diaphragm thickness that continued over the course of the study. On 

intubation, all PS patients were initially placed on AC mode for 1 to 2 days prior to being 

placed on PS (except patient 15, placed on AC 7 days prior to inclusion) and included 

into the study. The increase in diaphragm thickness seen in these patients suggests that 

atrophy may have occurred during time spent on AC mode and that the changes in 

diaphragm thickness may be a reversal of atrophy resulting from increased diaphragm 

activity while on PS mode. These patients showed an increase in diaphragm thickness 
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that plateaued towards the end of the study, suggesting that the plateau thickness may 

have been true baseline diaphragm thickness.  

Further, an increase in diaphragm thickness was detected in all patients (n=8) 

who either entered the study on PS (n=5; on AC prior to entry into the study) or who 

were entered into the study on AC and subsequently switched to PS (n=3) during the 

study period. Those who were switched from AC to PS showed a net increase in 

diaphragm thickness following institution of PS. These findings suggest that PS mode of 

ventilation may attenuate and reverse diaphragm atrophy in patients previously 

ventilated by mandatory MV modes. 

The rate of increase in diaphragm thickness in patients on pressure support was 

1.5±1.4% per day, which was 1/3rd the rate of decline seen in the patient ventilated on 

AC mode (4.7±5.7% per day). These results suggest that recovery from the effects of 

ventilator-associated diaphragm atrophy will require more time than what was necessary 

for the atrophy to occur. Since diaphragm atrophy is associated with weakness [Laghi et 

al, 2003; Watson et al, 2001; Chang et al, 2005; Petrof et al, 2010; Vassilakopoulos et 

al, 1998; Harikumar et al, 2009], this relatively slow recovery may prolong weaning time 

of patients ventilated on mandatory modes of ventilation for prolonged periods.  

It was noted that after a period of 7 days (from time of intubation) on AC 

ventilation, decline in diaphragm thickness stabilized in patients 10 (figure 23). There 

was no change in diaphragm thickness between days 7 and 12, following which PS 

ventilation was instituted, resulting in an increase in thickness. A similar trend was noted 

in patient 15, who was included into the study on day 7 post-intubation while being 

supported on AC mode. No changes in diaphragm thickness was detected between 

baseline and day 1, following which PS ventilation was instituted, resulting in an increase 

in diaphragm thickness. This may suggest that the decline in diaphragm thickness in 

patient 15, ventilated on AC mode from intubation to day 8 post-intubation, had 

stabilized either prior to inclusion into the study or on day 7 (day of inclusion).             

During this period, the diaphragm remained inactive, possibly suggesting that this 

cessation of diaphragm atrophy may be the natural behaviour of the diaphragm at 

specific levels of atrophy. Extrapolating diaphragm atrophy to day of intubation (at a 

mean rate of 4.7% per day) would show 39% atrophy in patient 10 and 33% in patient 15 



 

51 

by day 7 post-intubation (mean of 36%). These findings raise an interesting question as 

to whether the decline in diaphragm atrophy seen in AC patients plateau after specific 

periods, and at what point post-intubation does this plateau occur. If this assumption with 

regards to plateau in atrophy is true, then we could anticipate this plateau at 

approximately 60% of baseline thickness (baseline as measured on day of intubation) in 

patients ventilated on AC mode of ventilation. It is possible that other variables may have 

influenced this plateau, hence, larger studies are needed to investigate these findings.  

In contrast, decline in diaphragm thickness seen in patient 2 (COPD patient) 

continued beyond day 7 post intubation (figure 23). The diaphragm in individuals with 

COPD is exposed to oxidative stress and sarcomeric injury (Ottenheijm et al, 2009). It is 

postulated that in this population, oxidative stress and sarcomeric injury activates the 

proteolytic machinery, leading to contractile protein wasting (Ottenheijm et al, 2009). It is 

possible that in this patient, diaphragm inactivity during AC mode of ventilation 

compounded the level of proteolysis that occurred secondary to oxidative stress, 

resulting in atrophy beyond the point normally seen non-COPD patients. Further, the 

diaphragm in this patient had atrophied by 34% by the time the mode of ventilation was 

switched to PS (8 days post intubation). If our assumptions are correct, we would have 

expected to see a stabilization in atrophy at approximately this point. Since the decline in 

thickness was attenuated by the institution of PS ventilation and return of diaphragm 

activity, we were unable to determine whether stabilization would have occurred at this 

point or whether atrophy would have continued.   

COPD patients (n=3) had thicker baseline diaphragm measurements (between 

3.31 and 3.46) when compared to non-COPD patients (n=5) (between 2.10mm 

and2.38mm). These groups show strong trends in differences in baseline diaphragm 

thickness, however, due to small sample size, the groups were analyzed together as we 

could not determine significance of differences. We understand that respiratory 

mechanics in these populations are different, and hence, we expect that there will be 

morphological differences in the diaphragms of these two groups. Further, studies of the 

structure of the diaphragm at autopsy in patients with COPD have produced inconsistent 

results [Troyer, 1997]. Hence, it is still not clear as to whether COPD patients have 

thicker diaphragms when compared to non-COPD patients. It would therefore be 

interesting to test whether the differences detected in our study could be consistently 
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detected in a larger population, and also to determine how these differences affect 

weaning outcome. 

The quadriceps muscles of the patients in this study showed a mean rate of 

decline of 2% per day, which is in agreement with the findings of other researchers 

(Gerovasili et at, 2009). In contrast, there was a mean decline in diaphragm thickness of 

4.7% per day in patients supported on AC mode of ventilation.  These findings suggest 

that the rapid decline in muscle thickness in critically ill patients who require AC mode of 

ventilation may be limited to the diaphragm. 

Conclusion 
On the basis of these findings, we conclude that ultrasonography is a reliable 

method for tracking changes in diaphragm thickness in critically ill mechanically 

ventilated patients. We have shown feasibility in the use of ultrasonography for tracking 

progressive diaphragm atrophy and progressive recovery dependent on modes of 

ventilation.  Based on trends seen in these patients, it may be appropriate to apply these 

methods to larger populations to determine the significance of the changes noted in this 

study.  

Due to the apparent attenuation of the decline in diaphragm thickness seen in 

patients switched from AC to PS ventilation and increase in diaphragm thickness seen in 

all other patients following the institution of PS ventilation, it may be reasonable to 

assume, based on these results, that this mode of MV was the factor influencing these 

changes. As a decline in diaphragm thickness was noted in all patients ventilated on AC 

mode, it may be appropriate to assume that the decline in diaphragm thickness was as a 

result of mode of ventilation.   These results suggest that atrophy is attenuated and 

reversed by a combination of the institution of PS mode and the return of diaphragmatic 

contractions following a reduction in levels of sedation. How these changes will affect 

weaning outcomes remain unclear, and we do not know of information in the literature 

that bears directly on this question. Larger studies are needed to determine the 

significance of our findings.  

We have shown that ultrasonographic assessment of the diaphragm provides a 

reliable non-invasive measurement of diaphragmatic thickness and degree of atrophy in 
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critically ill patients on MV. Our results have relevance to patients undergoing MV in 

whom it has been postulated that unloading of the respiratory muscles and reduction in 

diaphragm activity may lead to atrophy, diminished force generating capacity and 

consequently difficulties in weaning. It is not fully elucidated as to the level of diaphragm 

activity required for preservation of the muscle. It has been demonstrated that brief 

periods of electrical stimulation (30 minutes/day) was enough to attenuate and reverse 

diaphragm atrophy in a human subject [Ayas et al, 1999]. This data suggests that the 

functional integrity of the diaphragm may be maintained by relatively little activation. 

Consequently, in patients ventilated with PS mode of ventilation, work performed by the 

diaphragm may be sufficient to prevent atrophy and preserve functional integrity. Taken 

together, our data and those of Ayas et al suggest that early institution of PS mode of 

ventilation may attenuate and reverse diaphragm atrophy and may result in improved 

weaning outcomes. 

Future Directions 
In keeping with the desire to fully understand the dynamics of diaphragm 

dysfunction in critically ill patients on MV, a multi-centre study will be conducted that will 

give us access to a broader data base that will be more representative of the population.  

The study will investigate the various populations in the ICU and attempt to show 

differences in how the diaphragm responds to MV between populations. Gender, age, 

admitting diagnoses, mode of ventilation and severity of illness will be considered. We 

will correlate diaphragm thickness to weaning outcome and attempt to determine 

minimum diaphragm thickness (as a percentage of baseline thickness) required for 

successful weaning. 

Recommendations for Future Studies 

Based on findings from this pilot study, amendments to the current study design 

may be required prior to conducting a larger more definitive study. The current study 

served to strengthen and validate sonography techniques and to better understand the 

challenges that may be encountered during subject recruitment in the ICU. Further, the 

acquisition of preliminary data that would allow us to investigate how the diaphragm 
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responds to various modes of MV is an important prerequisite to conducting further 

studies investigating diaphragm thickness as it relates to weaning outcomes.   

During the study period, 18 subjects consented to participate. Seven were 

excluded post-consent as a result of poor image quality and 2 were extubated on day 2 

post-inclusion. Of the 7 subjects who were excluded for poor image quality, 6 were as a 

result of severe edema and 1 was due to a massive pleural effusion. Subjects with 

severe edema often had high BMI ratings, which in most cases were directly related to 

their edematous state. Edema decreases the sensitivity of ultrasound resulting in failure 

to provide a clear image (Saranteas et al, 2008; Pillen, 2010). As we found significant 

differences in levels of fluid retention between patients from whom we were not able to 

acquire images and those from whom we were able to acquire images, we believe it is 

important that, in a larger study, we focus on defining the parameters beyond which 

acquisition of US images in not possible and exclude all patients that fit this criterion.  

The use of high resolution US equipment may improve image quality in future 

studies. Our current US system has an axial resolution of 0.5mm and lateral resolution of 

1mm. The frequency range of the transducers is limited to 5-10MHz. High resolution US 

systems utilize high sensitivity transducers with relatively broad bandwidths and high 

frequencies. Axial resolution improves as pulse length decreases, hence, transducers 

with broader bandwidths and higher frequencies produce higher resolution images. High 

sensitivity, high resolution US systems may utilize 5-20 MHz transducers that are 

designed to provide high resolution images at deeper depths than conventional US 

systems. For example, high resolution systems may produce 15 MHz images that 

provide penetration equal to that of any 5-10 MHz system. With these systems, axial 

resolution as low as 385 µm (Pignoli et al, 1986) is possible, allowing for the acquisition 

of detailed images with highly distinguishable features. A combination of these 

properties, in addition to an extended system dynamic range, results in images of 

superior resolution at greater depths. In future studies, it is recommended that high 

resolution US systems be utilized in the acquisition of images, as acquiring clear images 

of the diaphragm in obese and edematous patients in the current study proved 

impossible due to the limitations of the Echoblaster US system.      
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Although applying maximal compression to the quadriceps muscles during 

acquisition of US images reduced inter-operator variability, this method made it difficult 

to distinguish between muscle and fat layers in patients with advanced muscle atrophy. 

To avoid the reoccurrence of this issue, we will not apply compression in future studies. 

Instead, we will employ an excess of gel to ensure ease of transmission of US pulses 

from the full transducer footprint into the muscles, while ensuring that no compression 

force is applied.  

Informed consent was requested from 47 surrogate decision makers during the 

study period. Of these, 62% declined. All consents were acquired by the research 

coordinator who approached each decision maker and provided them with the 

information required to make an informed decision. Since it is important to acquire early 

consent, approaching families on day of admission is preferred. However, it was 

discovered that families who were approached on the day of admission of their loved 

one were more likely to decline consent. Additionally, families were more likely to decline 

if, rather than being introduced to the study by the research coordinator, their first 

contact was the assigned nurse, whose only obligation with regards to the study is to 

give the decision makers the Informed Consent Form. It is possible that this approach 

may be interpreted as insensitive by the families of potential participants and may 

influence their choice to not participate. Another possible reason for the high rate of 

declines could be the attempt to simultaneously gain consent for 2 separate studies. 

Families tend to be apprehensive regarding the inclusion of their critically ill loved ones 

into scientific studies. Requesting consent for simultaneous participation in 2 studies 

compounds this issue. On approaching the families, it is therefore important to be 

sensitive to each family’s state of mind and to tailor how the study is introduced and 

when the introduction is done. I suggest, that in an attempt to decrease the number of 

declined consents, guidelines be introduced as to when surrogate decision makers 

should be approached and who should approach them. Further, guidelines should be 

introduced to ensure that surrogate decision makers are not required at any one time to 

consent for more than one study.   

In order to conduct a more focused study, stricter exclusion criteria should be 

implemented and observed. To collect data that is substantial enough to detect 

correlations between diaphragm thickness and weaning outcome, we will track changes 
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in diaphragm thickness from intubation to successful weaning to determine the 

magnitude of diaphragm atrophy and investigate how this influences weaning outcome. 

To achieve this, we will need to ensure that patients who are expected to be extubated 

early (less than 72 hrs) are excluded from the study. Further, as weaning outcome will 

be a variable of interest, we will introduce stricter exclusion criteria regarding severity of 

illness. These restrictions will allow us to identify the patient populations with the highest 

probability of survival, and provide us with the opportunity to follow these patients to 

weaning. Stricter exclusion criteria may result in small samples. To improve recruitment 

numbers, a multicenter study is recommended. 



 

57 

References 

American College of Chest Physicians/Society of Critical Care Medicine Consensus 
Conference: definitions for sepsis and organ failure and guidelines for the use of 
innovative therapies in sepsis. Crit Care Med 1992; 20:864–874. 

Anzueto, A., Peters, J.I., Tobin, M.J., et al. (1997). Effects of prolonged controlled 
mechanical ventilation on diaphragmatic function in healthy adult baboons. Crit 
Care Med; 25:1187–1190. 

Appell, H.J. (1990). Muscle atrophy follows immobilisation. Sports Med; 10: 42–58 

Ayas, T.N., Mccool, F. D., Gore, R., Lieberman, S.L., Brown, R. (1999). Prevention of 
Human Diaphragm Atrophy with Short Periods of Electrical Stimulation. AM J 
RESPIR CRIT CARE MED;159:2018–2020. 

Beck, J., Gottfried, S.B., Navalesi, P., Skrobik, Y., Comtois, N., Rossini, M., Sinderby, C. 
(2001). Electrical Activity of the Diaphragm during Pressure Support Ventilation in 
Acute Respiratory Failure. Am J Respir Crit Care Med Vol 164. pp 419–424. 

Bolton, C.F. (2005). Neuromuscular Manifestations of Critical Illness. Muscle Nerve; 32: 
140–163. 

Boussuges, A., Gole, Y., Blanc, P. (2009). Diaphragmatic Motion Studied by M-mode 
ultrasonography- Methods, Reproducibility, and Normal Values. CHEST; 
135:391–400 

Bouyabrine, H., Courouble, P., Koechlin-Ramonatxo, C., Sebbane, M., Similowski, T., 

Bozyk, R., Hyzy, R.C.  Modes of mechanical ventilation. Up to Date. Last updated Jan 
23, 2013. http://www.utdol.com/online/content/topic.do?topicKey=cc_medi/7480. 
Accessed February 5, 2013. 

Brochard, L., Haraf, A., Lorino, H. (1989). Inspiratory pressure support prevents 
diaphragmatic fatigue during weaning from mechanical ventilation. Am Rev 
Respir Dis; 139(2): 513-521. 

Brunch, C.G., Long, L.R., Simon, P., Clancy, R.L., Pierce, J.D. (2005). Pressure-support 
Ventilation and Diaphragm Shortening in the Rat Model. AANA Journal, Vol. 73, 
No. 4 

Capdevila, X., Lopez, S., Bernard, N., Rabischong, E., Ramonatxo, M., Martinazzo, G., 
Prefaut, C. (2003). Effects of controlled mechanical ventilation on respiratory 
muscle contractile properties in rabbits. Intensive Care Med 29:103–110. 



 

58 

Centers for Disease Control and Prevention National Nosocomial Infections Surveillance 
(NNIS) System. National Nosocomial Infections Surveillance (NNIS) System 
report: data summary from January 1992-April 2000. Am J Infect Control 2000; 
28:449-453. 

Chang, A.T., Boots, R.J., Brown, M.G., et al. (2005). Reduced inspiratory muscle 
endurance following successful weaning from prolonged mechanical ventilation. 
Chest; 128:553–559. 

Chatburn, R.J. (2007). Classification of ventilator modes: update and proposal for 
implementation. Respir Care; 52(3):301-323. 

Chen, Y-Y., Chou, Y-C., Chou, P. (2005). Impact of nosocomial infection on cost of 
illness and length of stay in intensive care. Infect Control Hosp Epidemiol; 
26:281-287.  

Cohn, D., Benditt, J.O., Eveloff, S., McCool, F.D. (1997). Diaphragm thickening during 
inspiration. J Appl Physiol 83:291-296. 

Cowley, H.C., Heney, D., Gearing, A.J., Hemingway, I., Webster, N.R. (1994). Increased 
circulating adhesion molecule concentrations in patients with the systemic 
inflammatory response syndrome: a prospective cohort study. Crit Care 
Med;22:651–657. 

Dasta, J.F., McLaughlin, T.P., Mody, S.H., Piech, C.T. (2005). Daily cost of an intensive 
care unit day: The contribution of mechanical ventilation. Crit Care Med Vol. 33, 
No. 6. 

Dellinger, R.P., Carlet, J.M., Masur, H., Gerlach, H., Calandra, T., Cohen, J., et al. 
(2004). Surviving sepsis campaign guidelines for management of severe sepsis 
and septic shock. Crit Care Med; 32:858–873. 

Deschenes, M.R., Britt, A.A., Chandler, W.C. (2001). A comparison of the effects of 
unloading in young adult and aged skeletal muscle. Med Sci Sports Exerc; 
33:1477–1483. 

Diaz, M.C., Garcia, M.M., Bueno, C.A., Lopez, L.A., Delgado, R.M., Galvez, V.R. (1993). 
The estimation of the cost of nosocomial infection in an intensive care unit. Med 
Clin (Barc); 100:329-332. 

Digiovine, B., Chenoweth, C., Watts, C., Higgins, M. (1999). The attributable mortality 
and costs of primary nosocomial bloodstream infections in the intensive care unit. 
Am J Respir Crit Care Med; 160:976-981. 

Dominguez, T.E., Chalom, R., Costarino, A.T. Jr. (2001). The impact of adverse patient 
occurrences on hospital costs in the pediatric intensive care unit. Crit Care Med; 
29:169-174. 

Dorland, W. Dorland's Illustrated Medical Dictionary-30th Edition. Marrickville: W. B. 
Saunders. 



 

59 

Dreyfuss, D., Saumon G. (1998). Ventilator-induced lung injury: lessons from 
experimental studies. Am J Respir Crit Care Med; 157(1):294–323. 

Dyson A., Singer M. (2009). Animal models of sepsis: why does preclinical efficacy fail to 
translate to the clinical setting? Crit Care Med; 37: S30–7. 

Esteban, A., Alia, I., Ibanez, J., et al. (1994). Modes of mechanical ventilation and 
weaning. A national survey of Spanish hospitals. The Spanish Lung Failure 
Collaborative Group. Chest; 106:1188–1193. 

Falk D.J., DeRuisseau K.C., Van Gammeren D.L., et al. (2006). Mechanical ventilation 
promotes redox status alterations in the diaphragm. J Appl Physiol; 101:1017–
1024. 

Faulkner, J.A., Brooks, S.V., Zerba, E. (1995). Muscle atrophy and weakness with aging: 
contraction-induced injury as an underlying mechanism. J Gerontol A Biol Sci 
Med Sci; 50:124–129. 

Fink M.P. (2008). Animal models of sepsis and its complications. Kidney Int; 74: 991–3. 

Freilich, R.J., Kirsner, R.L.G., Byrne, E. (1995). Isometric strength and thickness 
relationships in human quadriceps muscle. Neuromuscul Disord; 5: 415–22. 

Fukunaga, T., Matsuo, A., Ishida, Y., Tsunoda, N., Uchino, S., Ohkubo, M. (1989). Study 
for measurement of muscle and subcutaneous fat thickness by means of 
ultrasonic B-mode method. Jpn. J. Med. Ultrasonics 26:50-56. 

Futier, E., Constantin, J.M., Combaret, L., et al. (2008). Pressure support ventilation 
attenuates ventilator- induced protein modifications in the diaphragm. Crit Care 
(Lond); 12:R116. 

Galley HF. Bench-to-bedside review: targeting antioxidants to mitochondria in sepsis. 
Crit Care 2010; 14: 230. 

Gerovasili, V., Stefanidis, K., Vitzilaios, K., Karatzanos, E., Politis, P., Koroneos, A., 
Chatzimichail, A., Routsi, C., Roussos, C., Serafim Nanas, S. (2009). Electrical 
muscle stimulation preserves the muscle mass of critically ill patients: a 
randomized study. Critical Care, 13:R161. 

Glauser, M.P., Zanetti, G., Baumgartner, J.D., Cohen, J. (1991). Septic shock: 
pathogenesis. Lancet; 338:732–736. 

Gottesman, E., and McCool, F.D. (1997). Ultrasound Evaluation of the Paralyzed 
Diaphragm .Am JResplr Crit Care Med Vol. 155. pp. 1570-1574 

Grossbach, I., Chlan, L., Tracy, M.F. (2011). Overview of Mechanical Ventilatory Support 
and Management of Patient and Ventilator-Related Responses. Crit Care Nurse; 
31:30-44. 



 

60 

Grosu, H.B., Lee, Y.I., Lee, J., Eden, E., Eikermann, M., Rose, K.M. (2012). Diaphragm 
Muscle Thinning in Patients Who Are Mechanically Ventilated. CHEST; 
142(6):1455–1460 

Gruther W, Benesch T, Zorn C, Paternostro-Sluga T, Quittan M, Fialka-Moser V, Spiss 
C, Kainberger F, Crevenna R. (2008). Muscle wasting in intensive care patients: 
ultrasound observation of the m. Quadriceps femoris muscle layer. J Rehabil 
Med; 40: 185–189. 

Haley, R.W., White, J.W., Culver, D.H., Hughes, J.M. (1987). The financial incentive for 
hospitals to prevent nosocomial infections under the prospective payment 
system: an empirical determination from a nationally representative sample. 
JAMA; 257:1611-1614. 

Halpern, N.A., Pastores, S.M., Greenstein, R.J. (2004). Critical care medicine in the 
United States 1985–2000: An analysis of bed numbers, use, and costs. Crit Care 
Med; 32: 1254 –1259. 

Harikumar, G., Egberongbe, Y., Nadel, S., et al. (2009). Tension time index as a 
predictor of extubation outcome in ventilated children.  Am J Respir Crit Care 
Med Vol 180. pp 982–988 

Hawes, S.F., Albert, A., Healy, M.J.R., Garrow, J.S. (1972). A comparison of soft-tissue 
radiography, reflected ultrasound, skinfold calipers and thigh circumference for 
estimating the thickness of fat overlying the iliac crest and greater trochanter. 
Proc. Nutr. SOC. 31 :91A (Abstract). 

Haymes, E.M., Lundegren, H.M., Loomis, J.L., Buskirk, E.R. (1976). Validity of the 
ultrasonic khnique as a method of measuring subcutaneous adipose tissue. Ann. 
Hum. Biol. 3:245-251. 

Hermans, G., De Jonghe, B., Bruyninckx, F., van den Berghe, G. (2008). Clinical review: 
critical illness polyneuropathy and myopathy. Crit Care; 12:238. 

Himes, J.H., Roche, A.F., Siervogel, R.M. (1979). Compressibility of skinfolds and the 
measurement of subcutaneous fatness. Am. J. Clin. Nutr. 32:1734-1740. 

Hough, C.L., Needham, D.M. (2007). The role of future longitudinal studies in ICU 
survivors: understanding determinants and pathophysiology of weakness and 
neuromuscular dysfunction. Curr Opin Crit Care;13:489-96. 

Hudson, M.B., Smuder, A.J., Nelson, W.B., Bruells, C.S., Levine, S., Powers, S.K. 
(2012). Both high level pressure support ventilation and controlled mechanical 
ventilation induce diaphragm dysfunction and atrophy. Crit Care Med; 40:1254–
1260 

Ishida, Y., Carroll, J.F., Pollock, M.L., Graves, J.E., Leggett, S.H. (1992). Reliability of B-
Mode Ultrasound for the Measurement of Body Fat and Muscle Thickness. 
American Journal of Human Biology 4:511-520. 



 

61 

Jaber, S., Petrof, B.J., Jung, B., Chanques, G., Berthet, J-P., Christophe Rabuel, C., 

Jarvinen, M.J., Einola, S.A., Virtanen, E.O. (1992). Effect of the position of 
immobilization upon the tensile properties of the rat gastrocnemius muscle. Arch 
Phys Med Rehabil 73:253–257. 

Jarvis, W.R. (1996). Selected aspects of the socioeconomic impact of nosocomial 
infections: morbidity, mortality, cost, and prevention. Infect Control Hosp 
Epidemiol; 17:552-557. 

Jokl, P., Konstadt, S. (1983). The effect of limb immobilization on muscle function and 
protein composition. Clin Orthop Relat Res 222–229. 

Jung, B. et al. (2010). Adaptive Support Ventilation Prevents Ventilator-induced 
Diaphragmatic Dysfunction in Piglet: An In Vivo and In Vitro Study. 
Anesthesiology; 112:1435– 43 

Kavazis A.N., Talbert E.E., Smuder A.J., et al. (2009). Mechanical ventilation induces 
diaphragmatic mitochondrial dysfunction and increased oxidant production. Free 
Radic Biol Med; 46:842–850. 

Kerbaul, F., Brousse, M., Collart, F., et al. (2004). Combination of histopathological and 
electromyographic patterns can help to evaluate functional outcome of critically ill 
patients with neuromuscular weakness syndromes. Crit Care;8:R358-R366. 

Khan, J., Harrison, T.B., Rich, M.M., Moss, M. (2006). Early development of critical 
illness myopathy and neuropathy in patients with severe sepsis. 
Neurology;67:1421-5. 

Khan, M.M., Celik, Y. (2001). Cost of nosocomial infection in Turkey: an estimate based 
on the university hospital data. Health Services Management Research; 4:49-54. 

Kim, W.A., Suh, H. J., Hong, S., Koh, Y., Lim, C. (2011). Diaphragm dysfunction 
assessed by ultrasonography: Influence on weaning from mechanical ventilation. 
Crit Care Med. Vol. 39, No. 12. 

Kornecki, A., Kavanagh, B.P. (2009). Mechanical Ventilation. In Wheeler, D.S. et al. 
(eds.), The Respiratory Tract in Pediatric Critical Illness and Injury. Springer-
Verlag. London Limited. 

Lacampagne, A., Philips, A., Matecki, S. (2011). Rapidly Progressive Diaphragmatic 
Weakness and Injury during Mechanical Ventilation in Humans. Am J Respir Crit 
Care Med Vol 183. pp 364–371.  

Lacampagne, A., Philips, A., Matecki, S. (2011). Rapidly Progressive Diaphragmatic 
Weakness and Injury during Mechanical Ventilation in Humans. Am J Respir Crit 
Care Med Vol 183. pp 364–371.  

Lacomis, D., Zochodne, D.W., Bird, S.J. (2000). Critical Illness Myopathy. Muscle Nerve; 
23: 1785–1788. 



 

62 

Laghi, F., Cattapan, S.E., Jubran, A., et al. (2003). Is weaning failure caused by low 
frequency fatigue of the diaphragm? Am J Respir Crit Care Med; 167:120–127. 

Laghi, F., Tobin, M.J. (2003). Disorders of the respiratory muscles. Am J Respir Crit 
Care Med 2003, 168:10-48. 

Le Bourdelles, G., Viires, N., Boczkowski, J., Seta, N., Pavlovic, D., Aubier, M. (1994). 
Effects of mechanical ventilation on diaphragmatic contractile properties in rats. 
Am J Respir Crit Care Med; 149(6): 1539–1544. 

Levine, S., Nguyen, T., Taylor, N., Friscia, M.E., Budak, M.T., Rothenberg, P., et al. 
(2008). “Rapid Disuse Atrophy of Diaphragm Fibers in Mechanically Ventilated 
Humans. The New England Journal of Medicine 358(13): 1327-1335. 

MacIntyre NR. Guidelines for alternative modes of ventilation used in the management of 
patients with ARDS. http://www.thoracic.org/clinical/critical-care/salvage-
therapies-h1n1/pages/alternative-modes.php. Accessed Feb 3, 2013. 

MacIntyre, N.R. (2008). Is there a best way to set tidal volume for mechanical ventilatory 
support? Clin Chest Med.; 29:225-231. 

Marini, J.J., Rodriguez, R.M., Lamb. V. (1986). The inspiratory work of patient-initiated 
mechanical ventilation. Am. J. Respir. Crit. Care Med. 134:902–909. 

Marsh, D.R., Criswell, D.S., Hamilton, M.T., et al. (1997). Association of insulin-like 
growth factor mRNA expressions with muscle regeneration in young, adult, and 
old rats. Am J Physiol; 273(1 pt 2):R353–R358. 

McCool, D., Ayas, N., Brown, R. (2008). Mechanical Ventilation and Disuse Atrophy of 
the Diaphragm. N Engl J Med 359;1 

Miller, Z.C. (2003). Excess length of stay, charges, and mortality attributable to medical 
injuries during hospitalization. JAMA; 290:1868-1874. 

Mishra V. (2007). Oxidative stress and role of antioxidant supplementation in critical 
illness. Clin Lab; 53: 199–209. 

Mundy, L.M., Fraser, V.J. (1999). Determining the cost-effectiveness of hospital 
epidemiology and infection control programs. In: Mayhall C.G., ed. Hospital 
Epidemiology and Infection Control, ed. 2. Philadelphia: Lippincott Williams & 
Wilkins; 1437-1443. 

Nelson, R.M., Dries, D.J. (1986). The economic implications of infection in cardiac 
surgery. Ann Thorac Surg; 42:240-246. 

Newell, S.Z., McKenzie, D.K., Gandevia, S.C. (1989). Inspiratory and skeletal muscle 
strength and endurance and diaphragmatic activation in patients with chronic 
airflow limitation. Thorax, 44:903-912. 

http://www.thoracic.org/clinical/critical-care/salvage-therapies-h1n1/pages/alternative-modes.php
http://www.thoracic.org/clinical/critical-care/salvage-therapies-h1n1/pages/alternative-modes.php


 

63 

Organisation for Economic Co-operation and Development. Available at: 
http://www.oecd.org/document/16/0,2340,en_2825_495642_2085200_1_1_1_1,
00.html. Accessed 29.02.2012 

Orsi, G.B., Di Stefano, L.D., Noah, N. (2002). Hospital-acquired, laboratory-confirmed 
bloodstream infection: increased hospital stay and direct costs. Infect Control 
Hosp Epidemiol; 23:190-197. 

Ottenheijm, AC.C., Heunks, MA.L., Dekhuijzen, PN.R. (2008). Diaphragm adaptations in 
patients with COPD. Respiratory Research, 9:12 

Palmer, R.M., Ferrige, A.G., Moncada, S. (1987). Nitric oxide release accounts for the 
biological activity of endothelium-derived relaxing factor. Nature;327:524 –526. 

Petrof, B.J., Jaber, S., Matecki, S. (2010). Ventilator Induced Diaphragm Dysfunction. 
Current Opinion in Critical Care, 16:19–25 

Pignoli, P., Tremoli, E., Poli, A., Oreste, P., Paoletti, R. (1986). Intimal plus medial 
thickness of the arterial wall: a direct measurement with ultrasound imaging. 
Circulation 74, No. 6, 1399-1406. 

Pittet, D., Harbarth, S.J. (1998). The intensive care unit. In: Bennett J.V, Brachman P.S., 
eds. Hospital Infections, ed. 4. Philadelphia: Lippincott- Raven; 381-402. 

Polla, B., D’Antona, G., Bottinelli, R., Reggiani, C. (2004). Respiratory muscle fibres: 
specialisation and plasticity. Thorax; 59:808–817 

Powers, S.K., Shanely, R.A., Coombes, J.S., et al. (2002). Mechanical ventilation results 
in progressive contractile dysfunction in the diaphragm. J Appl Physiol; 92:1851-
8. 

Radell, P.J., Remahl, S., Nichols, D.G., et al. (2002). Effects of prolonged mechanical 
ventilation and inactivity on piglet diaphragm function. Intensive Care Med; 
28:358–364. 

Reardon, K., Galea, M., Dennett, X., Choong, P., Byrne, E. (2001). Quadriceps muscle 
wasting persists 5 months after total hip arthroplasty for osteoarthritis of the hip: a 
pilot study. Internal Medicine Journal; 31: 7–14 

Riedemann, N.C., Guo, R.F., Ward, P.A. (2003). Novel strategies for the treatment of 
sepsis. Nat Med;9:517–524. 

Rinaldi S., Landucci F., De Gaudio A.R. (2009). Antioxidant therapy in critically ill septic 
patients. Curr Drug Targets; 10: 872–80. 

Santanilla, J.I., Daniel, B., Yeow, M.E. (2008). Mechanical ventilation. Emerg Med Clin 
North Am; 26(3):849-862. 

http://www.oecd.org/document/16/0,2340,en_2825_495642_2085200_1_1_1_1,00.html
http://www.oecd.org/document/16/0,2340,en_2825_495642_2085200_1_1_1_1,00.html


 

64 

Saranteas, T., Karakitsos, D., Alevizou, A., Poularas, J., Kostopanagiotou, G., Karabinis, 
A. (2008). Limitations and Technical Considerations of Ultrasound-Guided 
Peripheral Nerve Blocks: Edema and Subcutaneous Air. Reg Anesth Pain Med; 
33:353-356. 

Sassoon, C.S., Caiozzo, V.J., Manka, A., et al. (2002). Altered diaphragm contractile 
properties with controlled mechanical ventilation. J Appl Physiol; 92:2585–2595. 

Sassoon, C.S., Zhu, E., Caiozzo, V.J. (2004). Assist-control mechanical ventilation 
attenuates ventilator-induced diaphragmatic dysfunction. Am J Respir Crit Care 
Med;170:626-32. 

Saydain, G., Islam, A., Afessa, B., Ryu, J.H., Scott, J.P., Peters, S.G. (2002). Outcome 
of patients with idiopathic pulmonary fibrosis admitted to the intensive care unit. 
Am J Respir Crit Care Med; 166:839–842. 

Scheuermann, V., Mebazaa, A., Capdevila, X., Mornet, D., Jacques Mercier, J., 

Schweickert, W.D., Hall, J. (2007). ICU-acquired weakness. Chest; 131:1541–1549. 

Shanely R.A., Zergeroglu M.A., Lennon S.L., et al. (2002). Mechanical ventilation-
induced diaphragmatic atrophy is associated with oxidative injury and increased 
proteolytic activity. Am J Respir Crit Care Med; 166:1369–1374. 

Sieck, G.C., and Mantilla, C.B. (2008). Effect of Mechanical Ventilation on the 
Diaphragm. The New England Journal of Medicine: 358;13. 

Sieck, G.C., Fournier, M. (1989). Diaphragm motor unit recruitment during ventilatory 
and non-ventilatory behaviors. J Appl Physiol; 66:2539-45. 

Slonim, A.D., Kurtines, H.C., Sprague, B.M., et al. (2001). The costs associated with 
nosocomial bloodstream infections in the pediatric intensive care unit. Pediatric 
Critical Care Medicine; 2:170-174. 

Slonim, A.D., Singh, N. (2001). Nosocomial bloodstream infection and cost. Crit Care 
Med; 29:1849. 

Stone, P.W., Larson, E., Kawar, L.N. (2002). A systematic audit of economic evidence 
linking nosocomial infections and infection control interventions: 1990-2000. Am J 
Infect Control; 30:145-152. 

Stoufkr, J.R. (1963). Relationship of ultrasonic measurements and X-rays to body 
composition. Ann. N.Y. Acad. Sci. 110:31-39. 

Subramanian S., Kalyanaraman B., Migrino R.Q. (2010). Mitochondrially targeted 
antioxidants for the treatment of cardiovascular diseases. Recent Pat Cardiovasc 
Drug Discov; 5: 54–65. 

Tobin, M.J. (2001). Advances in mechanical ventilation. N Engl J Med; 344(26):1986–
1996. 



 

65 

Tran, D.D., Groeneveld, A.B., van der Meulen, J., Nauta, J.J., Strack van Schijndel, R.J., 
Thijs, L.G. (1990). Age, chronic disease, sepsis, organ system failure, and 
mortality in a medical intensive care unit. Crit Care Med;18:474–479. 

Troyer, A.D. (1997). Effects of hyperinflation in the diaphragm. Eur Respir J; 10: 708–
713 

Ueki, J., De Bruin, P.F., Pride, N.B. (1995). In vivo assessment of diaphragm contraction 
by ultrasound in normal subjects. Thorax; 50:1157-1161. 

Vassilakopoulos, T., Petrof, B.J. (2004). Ventilator-induced diaphragmatic dysfunction. 
Am J Respir Crit Care Med; 169(3):336–341. 

Vassilakopoulos, T., Zakynthinos, S., Roussos, C. (1998). The tension-time index and 
the frequency/tidal volume ratio are the major pathophysiologic determinants of 
weaning failure and success. Am J Respir Crit Care Med; 158:378–385. 

Víctor V.M., Espulgues J.V., Hernández-Mijares A., Rocha M. (2009). Oxidative stress 
and mitochondrial dysfunction in sepsis: a potential therapy with mitochondria-
targeted antioxidants. Infect Disord Drug Targets; 9: 376–89. 

Vijayan, J., Alexander, M. (2005). Critical illness Neuropathy. Indian J Crit Care Med 
January-March Vol 9 Issue 1. 

Vincent, J.L., Bihari, D.J., Suter, P.M., et al. (1995). The prevalence of nosocomial 
infection in intensive care units in Europe: results of the European Prevalence of 
Infection in Intensive Care (EPIC) study. JAMA; 274:639-644. 

Wait, J. L., Nahormek, P.A., Yost, W.T., and Rochester, D.F. (1989). Diaphragmatic 
thickness-lung volume relationship in vivo. J. Appl. Physiol. 67:1560-1568. 

Watson, A.C., Hughes, P.D., Louise, H.M., et al. (2001). Measurement of twitch 
transdiaphragmatic, esophageal, and endotracheal tube pressure with bilateral 
anterolateral magnetic phrenic nerve stimulation in patients in the intensive care 
unit. Crit Care Med; 29:1325–1331. 

Wenzel, R.P. (1995). The Lowbury Lecture: the economics of nosocomial infections. J 
Hosp Infect; 31:79-87. 

Wey, S.B., Mori, M., Pfaller, M.A., Woolson, R.F., Wenzel, R.P. (1988). Hospitalacquired 
candidemia: the attributable mortality and excess length of stay. Arch Intern Med; 
148:2642-2645. 

Whitehouse, J.D., Friedman, N.D., Kirkland, K.B., Richardson, W.J., Sexton, D.J. (2002). 
The impact of surgical-site infections following orthopedic surgery at a community 
hospital and a university hospital: adverse quality of life, excess length of stay, 
and extra cost. Infect Control Hosp Epidemiol; 23:183 189. 

Zergeroglu MA, McKenzie MJ, Shanely RA, et al. (2003). Mechanical ventilation induced 
oxidative stress in the diaphragm. J Appl Physiol; 95:1116– 1124. 



 

66 

Appendices 



 

67 

Appendix A.  
 
Proxy Information and Consent Form 

 



 

68 

 



 

69 

 



 

70 

 



 

71 

 



 

72 

 



 

73 

 



 

74 

Appendix B.  
 
Clinical Information Form 

 



 

75 

 



 

76 

 



 

77 

 



 

78 

Appendix C.  
 
Fraser Health Authority Project Approval 

 



 

79 

 



 

80 

 



 

81 

Appendix D.  
 
Telemed Echoblaster 128 Ultrasound System 

 
Echo Blaster 128 CEXT-1Z Kit. 



 

82 

 
Echo Blaster 128 CEXT-1Z with attached transducer and notebook. 
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