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ABSTRACT 

Intensivist-performed ultrasound, including transthoracic echocardiography (TTE) 

and to a lesser extent lung ultrasound, has been integrated into clinical practice in 

ICU. However, it is only used when indicated as a goal-directed test to answer a 

specific clinical question posed by the treating intensivist. The impact of such 

practice has been shown to be clinically useful and may be associated with better 

outcome. 

 

In contrast, routine practice of ultrasound in critical care is plausible and has a good 

rationale with diagnostic, monitoring and sometimes therapeutic advantages. In 

addition to its non-invasive nature, safety and reproducibility, routine use of 

ultrasound as an extended bedside examination – irrespective of indications – may be 

clinically useful in various phases during the course of ICU admission. Nonetheless, 

there are gaps in the literature surrounding this approach. 

 

In our literature review, we aim to investigate the role of intensivist-performed 

critical care ultrasound (TTE and lung with or without diaphragm) on clinical 

outcomes when performed routinely as an adjunct to clinical assessment during the 

first 24 hours of admission and during the peri-extubation period as a predicting 

factor of extubation outcome. 

 

The thesis includes three prospective observational studies, where different 

applications of ultrasound are investigated. Each study is preceded by literature 

review relevant to the study topic. 

 

The first study investigated the feasibility and impact of routine combined limited 

transthoracic echocardiography and lung ultrasound on diagnosis and management of 

patients admitted to ICU.  
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Objectives: routine combined limited TTE and lung ultrasound performed within 24 

hours of admission to ICU is feasible and changes diagnosis and management in a 

high proportion of patients. 

Design: Prospective observational study.  

Setting: Tertiary ICU.  

Participants: 93 critically ill participants within 24 hours of admission to ICU.  

Methods: A treating intensivist documented a clinical diagnosis and management 

plan before and after combined limited TTE and lung ultrasound. Ultrasound was 

performed by an independent intensivist and checked for accuracy off-line by a 

second reviewer.  

Results: Ultrasound images were interpretable in 99% of cases, with good 

interobserver agreement. The haemodynamic diagnosis was altered in 66% of 

participants, comprising new (14%) and altered (25%) abnormal states and exclusion 

of clinically diagnosed abnormal state (27%). Valve pathology of at least moderate 

severity was diagnosed for mitral regurgitation (7%), aortic stenosis (1%), aortic 

stenosis and mitral regurgitation (1%) and tricuspid regurgitation (3%). One case of 

mitral regurgitation was excluded. Lung pathology diagnosis was changed in 58% of 

participants, comprising consolidation (13%), interstitial syndrome (4%) and pleural 

effusion (23%) and exclusion of clinically diagnosed consolidation (6%), interstitial 

syndrome (3%) and pleural effusion (9%). Management changed in 65% of 

participants, comprising increased (12%) or decreased (23%) fluid therapy; initiation 

(10%), change (6%) or cessation (9%) of inotropic, vasoactive or diuretic drugs; non-

invasive ventilation (3%); and pleural drainage (2%).  

Conclusion: Routine screening of patients with combined limited TTE and lung 

ultrasound on admission to ICU is feasible and frequently alters diagnosis and 

management. 

 

The second study is titled ‘Diaphragmatic regional displacement assessed by 

ultrasound and correlated to subphrenic organ movement in the critically ill patients - 

an observational study’.  
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Objectives: The objectives of the study were to identify the most reliably imaged 

regions of the diaphragm, to evaluate the correlation of movement between different 

parts of each hemidiaphragm and to assess the agreement between liver or spleen 

displacement and movement of the ipsilateral hemidiaphragm.  

Design: Prospective observational study.  

Setting: Tertiary ICU. 

Participants: 90 participants  

Methods: Images of the diaphragm, liver and spleen were obtained using 2-

dimensional ultrasound. Acceptable agreement between regions of the diaphragm, 

liver and spleen was defined as an absence of fixed or proportional bias using 

Deming regression analysis. Limits of agreement of two standard deviations of the 

difference less than 30% of the mean value was considered acceptable.  

Results: We included 90 critically ill participants. The medial (87%) and middle 

(73%) regions of the right hemidiaphragm, liver (87.7%), medial (71%) and middle 

(51%) regions of the left hemidiaphragm and spleen (81%) were most frequently 

imaged. In non-intubated group, acceptable agreement was present between the 

movements of the middle and medial regions of the right hemidiaphragm, middle and 

medial regions of the left hemidiaphragm and between the movement of the middle 

region of the left hemidiaphragm and displacement of the spleen. In the intubated 

group and in all participants when combined, acceptable agreement was only present 

between the movements of the middle and medial regions of the right hemidiaphragm 

and middle and medial regions of the left hemidiaphragm. Acceptable agreement was 

not present between the diaphragm movement and the liver or spleen displacement in 

the intubated group or in all participants. 

Conclusion: The diaphragm medial part is visualised in the majority of studied 

participants. The medial and middle regions of the hemidiaphragm may be used 

interchangeably to assess the hemidiaphragm movement. Acceptable agreement does 

not exist for the diaphragm and solid organ movement, other than for the left middle 

region and the spleen in non-intubated participants only. 
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The third study is titled ‘The impact of heart, lung and diaphragmatic ultrasound on 

prediction of failed extubation from mechanical ventilation in critically ill patients: a 

prospective observational pilot study’.  

Objectives: Failed extubation from mechanical ventilation in critically ill patients is 

multifactorial, complex and not well understood. We aimed to identify whether 

combined TTE, lung and diaphragmatic ultrasound can predict extubation failure in 

critically ill patients.  

Design: Prospective observational study.  

Setting: Tertiary ICU.  

Participants: 53 participants who were intubated >48 hours and deemed by the 

treating intensivist ready for extubation.  

Methods: A 60-minute pre-extubation weaning trial (pressure support <10 cmH2O 

and positive end expiratory pressure 5 cmH2O) was performed. Prior to extubation, 

data collected included ultrasound assessment of left ventricular ejection fraction, left 

atrial area, early diastolic trans-mitral flow velocity wave (E), E/A, E/E', interatrial 

septal motion, lung loss of aeration score and diaphragm movement. At the end of the 

weaning trial the rapid shallow breathing index and serum B-type natriuretic peptide 

concentration were measured. Success and failure of weaning was assessed by 

defined criteria. Decision to extubate was at the discretion of the treating intensivist. 

Failure of extubation was defined as re-intubation or non-invasive ventilation within 

48 hours after extubation.  

Results: Of 53 extubated participants, 11 failed extubation. Failed extubation was 

associated with diabetes, ischaemic heart disease, higher E/E' (OR 1.27, 95% CI 1.05-

1.54), left atrial area (OR 1.14, CI 1.02-1.28), fixed rightward curvature of the 

interatrial septum (OR 12.95, CI 2.73-61.41) and higher loss of aeration score of 

anterior and lateral regions of the lungs (OR 1.41, CI 1.01-1.82).  

Conclusion: Failed extubation in mechanically ventilated patients is more prevalent if 

markers of left ventricular diastolic dysfunction and loss of lung aeration are present.  
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There are encouraging signs that support the use of multiple ultrasound modalities 

routinely as an adjunct to clinical evaluation of critically ill patients with a strong 

signal for the use of combined TTE and lung ultrasound. Adding lung ultrasound to 

TTE is complementary, and enhances the information obtained from TTE. It may also 

predict outcomes of weaning from mechanical ventilation.  
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FIGURE 19: LUNG ULTRASOUND AERATION SCORING 131 

FIGURE 20: ULTRASOUND TECHNIQUE AND IMAGES OF THE DIAPHRAGM 131 
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LIST OF ABBREVIATIONS AND ACRONYMS 

Abbreviation Definition 

A Late diastolic trans-mitral flow velocity wave 

AAL Anterior axillary line 

AKI Acute kidney injury 

ALI Acute lung injury 

AMI Acute myocardial infarct 

AM-Mode Anatomical M-Mode 

APACHE II Acute physiology age health and chronic evaluation II 

BLEEP Bedside limited echocardiography by emergency physicians 

BLUE Bedside lung ultrasound in emergency 

BMI Body mass index 

BSA Body surface area 

BNP B-Type natriuretic peptide 

CABG Coronary artery bypass graft 

CFI Cardiac function index 

CHF Congestive cardiac failure 

CI Cardiac index 

CIDP Chronic inflammatory demyelination polyneuropathy 

CO Cardiac output 

COAD Chronic obstructive airway disease 

CSL Crystalloid  

CT Computed tomography 

CVA Cerebrovascular disease 

CVP Central venous pressure 
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CXR Chest x-ray 

DD Diaphragm dysfunction 

tdi 

 

Difference in the thickness of the diaphragm at end of 

inspiration and end of expiration 

DICOM Digital Imaging and Communications in Medicine  

DM Diabetes mellitus  

DTF Diaphragm thickening fraction 

E Early diastolic trans-mitral flow velocity wave 

E' Early diastolic mitral annulus velocity 

E/A 
Late diastolic trans-mitral flow velocity wave/ late diastolic 

trans-mitral flow velocity wave ratio 

ECG Electrocardiograph 

ED Emergency department 

EF Ejection fraction 

EGFR Estimated Glomerular Filtration Rate 

E/E' 
Early diastolic trans-mitral flow velocity wave/early diastolic 

mitral annulus velocity ratio  

FALLS Fluid administration limited by lung sonography 

FATE Focus assessed transthoracic echocardiographic protocol 

FEEL Focused echocardiography examination in life support 

FiO2 Fractional inspired oxygen 

FR/Vt 
Frequency of breaths/tidal volume (rapid shallow breathing 

index) 

GCS Glasgow Coma Score 

GEF/CFI Global ejection fraction/cardiac function index 

HARTscan Haemodynamic assessment in real time scan 
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HCO3 Bicarbonate 

HR Heart rate 

IABP Intra-arterial blood pressure 

IAP Interatrial septum 

ICU Intensive Care Unit 

IHD Ischaemic heart disease 

LAA Left atrial area 

LHD Left hemidiaphragm 

LUS Lung ultrasound 

LVEF Left ventricular ejection fraction 

MRI Magnetic resonant imaging  

NPV 

OR 

Negative predictive value 

Odds ratio 

PAC Pulmonary artery catheter 

PAOP Pulmonary capillary wedge pressure 

PAP Pulmonary artery pressure 

PCWP-CVP Pulmonary capillary wedge pressure-central venous pressure 

PEA Pulseless electrical activity 

PEEP Positive end expiratory pressure 

PiCCO Pulse contour continuous cardiac output 

POCUS Point of care ultrasound 

PPV Positive predictive value 

RASS Richmond analgesia and sedation score 

RHD Right hemidiaphragm 

RUSH Rapid ultrasound in shock 

RVEDP Right ventricular end diastolic pressure 
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RVEF Right ventricular ejection fraction 

SaO2 Oxygen saturation 

SAPS II Simplified acute physiology score 

SD Standard deviation 

SVRI Systemic vascular resistance index 

TAPSE Tricuspid annular plane systolic excursion 

TOE Transoesophageal echocardiography 

TTE Transthoracic echocardiography 

TV Tidal volume 

2-D Two-dimensional mode 

ZOA Zone of apposition 

  



Chapter 1: Introduction 

Dr Kavi Haji - May 2018    xxiii 

W
o

rd
 T

em
p

la
te

 b
y 

F
ri

ed
m

an
 &

 M
o

rg
an

 2
0

1
4

 

LIST OF APPENDICES 

APPENDIX 1 - CLINICAL ASSESSMENT AND MANAGEMENT PLAN FORM 175 

APPENDIX 2 – IHEARTSCAN PROTOCOL 182 

APPENDIX 3 – IHEARTSCAN ASSESSMENT OF HAEMODYNAMIC STATE 184 

APPENDIX 4 – TTE ASSESSMENT OF SEVERITY OF VALVULAR LESION 184 

APPENDIX 5 – ANATOMICAL LANDMARKS FOR LUNG ULTRASOUND 188 

APPENDIX 6 – LUNG ULTRASOUND EXAMINATION FORM 189 

 





Chapter 1: Introduction 

Dr Kavi Haji - May 2018    1 

W
o

rd
 T

em
p

la
te

 b
y 

F
ri

ed
m

an
 &

 M
o

rg
an

 2
0

1
4

 

1 INTRODUCTION 
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Overview and aims 

Point of care ultrasound (POCUS) refers to ultrasound performed by a physician in 

real time at the patient bedside, where the results are obtained immediately from 

dynamic images and integrated into clinical evaluation, rather than recorded and 

interpreted by a conventional sonographer. POCUS may be used for procedural, 

diagnostic or screening purposes (1). It is used by various specialties, in diverse 

situations and is easily repeatable if the patient’s condition changes. Limited goal-

directed examination is a characteristic of POCUS, where the physician examines the 

organ of interest, which is directly relevant to their area of expertise. This is in 

contrast to the conventional imaging specialist approach, where the ultrasound 

examination is performed by a technician and reported by the imaging specialist at a 

later time point.  

 

In critical care, goal-directed ultrasound is used to evaluate major haemodynamic or 

respiratory problems such as ventricular dysfunction, valve dysfunction, pericardial 

effusion, pleural effusion or pneumothorax. Goal directed ultrasound has evolved so 

that now regular ultrasound examination of multiple organs or systems has become 

part of clinical evaluation (2). Further, ultrasound use in the intensive care unit (ICU) 

is not restricted to basic examination but, depending on the training and expertise of 

the intensivists, can include quantitative assessment of the left ventricular function 

(3), regional wall motion abnormality (4) or even during weaning from mechanical 

ventilation (5). A strong body of evidence has shown that the utility of ultrasound in 

acute care changes diagnosis and may lead to changes in management, although there 

is less data on outcome benefit (6-8). The feasibility of such practice has been 

validated and well published. However, the concept of routine use of ultrasound as an 

extension of clinical evaluation throughout the course of critical illness in ICU is an 

emerging area of use (9).  

 

Routine practice of ultrasound in critical care has a good rationale with diagnostic, 

monitoring and sometimes therapeutic advantages. It is accurate, non-invasive, 

radiation risk-free, and reproducible. Concerns include the possibility of missed or 

misdiagnoses leading to inappropriate therapy. However, it must be recognised that 

clinical evaluation alone will also lead to miss or mis-diagnosis (e.g. misdiagnosis of 
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coronary artery disease in approximately 32% of patients (10)). Some detractors also 

suggest that ultrasound is a distraction to performing proper physical assessment and 

may even break down the doctor-patient relationship (11). This fear is not 

substantiated by lawsuits. In fact, the only reported cases and lawsuits related to the 

use of ultrasound outside radiology or cardiology has been due to failure to perform 

ultrasound or failure to perform ultrasound in a timely manner (12).  

 

This thesis aims to address the paucity of literature investigating the impact of using 

transthoracic echocardiography (TTE) and lung ultrasound on clinical outcomes 

when performed in a routine manner during the first 24 hours of ICU admission and 

in the peri-extubation phase. There are three prospective, observational studies, each 

preceded by literature review relevant to the study topic.  

 

The first part of the thesis addresses the role of early, goal-directed TTE and lung 

ultrasound in the management of the critically ill patient. The literature review 

explores the role of goal-directed ultrasound on patient outcome in ICU. In current 

practice, the initial assessment of the critically ill patient consists of obtaining 

historical information, performing bedside clinical examination and integrating the 

respiratory and the haemodynamic data from bedside tests such as portable chest x-

ray and conventional haemodynamic devices. TTE, and more recently lung 

ultrasound, are currently performed when the conventional assessment approach is 

inadequate to explain the underlying reasons for haemodynamic or respiratory failure 

and may be insufficient to direct therapy e.g. differentiation between cardiogenic and 

distributive shock or the choice of inotropic agent in the setting of suspected aortic 

valve disease. The accuracy and influence of integrated, goal-directed ultrasound on 

diagnosis and management, and its potential impact on patient clinical outcome, have 

been well reported. 

 

However, it is not uncommon to a find that a patient’s haemodynamic or respiratory 

condition is stable on presentation, but then deteriorates over time, even eventuating 

in organ failure. Therefore, routine imaging of the heart and/or lungs, irrespective of 

indications, may be of value. Examination and extended ultrasound may provide 

supportive or even diagnostic cardiac or lung information that might prompt the 
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intensivist to reconsider the initial diagnosis and perhaps revisit the management 

plan, thus preventing untoward progression. In the first study of this thesis, critically 

ill patients received a validated TTE and lung ultrasound protocol, performed by the 

research intensivist, irrespective of clinical need and immediately following the 

clinical assessment. The information obtained by TTE and lung ultrasound was 

analysed and changes in diagnosis and management were evaluated accordingly. 

 

The second part of this thesis focused on the sonographic assessment of the 

diaphragm function, particularly the feasibility and the accuracy of ultrasound 

techniques in the assessment of the diaphragm function. The diaphragm is a thin 

fibro-muscular structure, and is an important respiratory organ. The function of the 

diaphragm has been evaluated in the critically ill, particularly during weaning from 

mechanical ventilation (13). Portable, risk free, and reproducible ultrasound is the test 

of choice for bedside assessment of the diaphragm function, when compared to 

scintigraphy, computed tomography (CT) or magnetic resonant imaging (MRI). 

However, the diaphragm may be obscured by anatomical and physiological 

constraints such as tidal lung inflation or bowel gas. The aim of the literature review 

is to discuss ultrasound techniques that will feasibly and reliably assess the function 

of the diaphragm either by directly visualising the diaphragm or using 

subdiaphragmatic organ displacement as a surrogate for its movement.  

 

In the second study of this thesis, we firstly aimed to identify the most reliably 

imaged regions of the hemidiaphragm when imaged sagittally at the lower intercostal 

spaces. Secondly, we evaluated the correlation and level of agreement in movement 

between the regions of each hemidiaphragm, and between corresponding liver or 

spleen. The results of the above study were applied to our third study in this thesis, 

where we reviewed the role of TTE and lung and diaphragm ultrasound in predicting 

patients who failed extubation from those who were successfully extubated.  

 

Traditionally, decision to wean from mechanical ventilation is made when a set of 

clinical weaning criteria are met. However, up to one in five critically ill patients still 

fail extubation in ICU, which may adversely affect the outcomes of these patients. 

Weaning failure is multifactorial, with chronic obstructive airway disease and cardiac 
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failure being major risk factors (14). However, other risk factors such as diaphragm 

dysfunction (13) and fluid overload (15) have been reported. Additionally, there are 

clinical, sonographic and histologic data that link mechanical ventilation for as short 

as 24 hours with diaphragmatic dysfunction, prompting investigators to study the 

impact of diaphragmatic dysfunction on weaning outcome. Identifying cardiac or 

respiratory pathology during weaning from mechanical ventilation provides an 

opportunity to the treating intensivist to initiate appropriate therapy to improve 

weaning outcome. Ultrasound is shown to be helpful in the assessment of weaning 

outcomes. Increasing availability of intensivists with expertise in cardiac and 

respiratory ultrasound and with increasingly easy access to ultrasound machines 

provides a good ground for using this technology perhaps routinely as a tool to 

determine those who are at high risk of failure. The literature review examined the 

role of a number of echocardiographic parameters such as ventricular systolic and 

diastolic parameters, pulmonary interstitial signs or the diaphragm movement in the 

outcome of weaning from mechanical ventilation.  

 

A pilot prospective observational study was also conducted, where echocardiographic 

parameters for left ventricular systolic and diastolic function, measurements for lung 

aeration and diaphragm movement were analysed along with clinical and biochemical 

risk factors in predicting those who failed extubation. 

 

Evidence gap 

There is sufficient evidence to support intensivist-performed, goal-directed TTE and 

lung ultrasound in ICU as a sensitive bedside tool for detecting cardiac or pulmonary 

abnormalities that may be life threatening. However, most of the literature is focused 

around TTE rather than other ultrasound modalities. The concept of combining 

multiple ultrasound modalities (e.g. heart and lung), shows early evidence of 

complementary benefit. The most important knowledge gaps are whether routine 

and/or goal-directed ultrasound is useful compared to clinical evaluation alone, and 

whether application of ultrasound improves clinical outcomes (mortality and 

morbidity).  

 



Chapter 1: Introduction 

Dr Kavi Haji - May 2018    6 

W
o

rd
 T

em
p

la
te

 b
y 

F
ri

ed
m

an
 &

 M
o

rg
an

 2
0

1
4

 

The question of clinical outcomes is beyond the scope of this thesis, and really 

requires large scale, pragmatic, randomised trials to answer it. The primary focus of 

this thesis is to address the evidence gap surrounding the notion that ultrasound 

should be performed as a routine part of clinical evaluation, rather than performed 

only when clinically indicated and performed as a separate procedure. The thesis 

explores the impact of routine, combined TTE and lung ultrasound on diagnosis and 

decision making in an ICU setting, as well as the role of ultrasound in weaning from 

mechanical ventilation, and includes a study to help define how best to examine 

diaphragmatic motion with ultrasound. 
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2 THE IMPACT OF INTENSIVIST-

PERFORMED ULTRASOUND IN 

CRITICAL CARE: LITERATURE 

REVIEW 
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2.1 Introduction 

POCUS for assessing the cardiac and pulmonary system is becoming a mainstream 

practice in ICU. The non-invasive nature and portability of the technique, in addition 

to its unique diagnostic and monitoring characteristics, make ultrasound an attractive 

bedside tool. It is rapid, focused, and goal- directed. The results are integrated in real 

time as part of the overall clinical evaluation, which then assists in providing timely 

management. The management is directly and promptly targeted at the patient’s 

haemodynamic or respiratory state (1). Ultrasound and particularly echocardiography 

has been incorporated in guidelines and protocols in various institutions worldwide 

such as FATE protocol (16), HEARTscan (17), BLUE protocol (18) and FALLS 

protocol (19, 20).   

 

In the hands of enthusiasts, goal-directed TTE and lung ultrasound has developed to 

become even more diverse and comprehensive. The scope of TTE and lung 

ultrasound has further widened to include more comprehensive cardiac function. It 

has been used during weaning from mechanical ventilation (3), for diagnosis of 

regional wall motion abnormality (4) and even for differentiating between 

cardiogenic vs. non-cardiogenic pulmonary oedema using either lung ultrasound 

alone (21), or using both TTE and lung ultrasound (22). However, the use of routine 

rather than goal-directed ultrasound as an adjunct to clinical examination is not well 

studied in ICU.  

 

This review has two main components. The first is the role and the accuracy of 

intensivist-performed goal-directed TTE and lung ultrasound in ICU. The second is 

the impact of goal-directed TTE and lung ultrasound (if reported) on patient’s 

outcome. This review provides some background for exploring the role of routine use 

of TTE and lung ultrasound as an extended clinical examination in critically ill 

patients. 
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2.2 Intensivist performed goal-directed TTE and lung ultrasound 

in ICU  

The use of bedside cardiorespiratory ultrasound in critically ill patients has a strong 

physiological and clinical basis. Critically ill patients have a high incidence of 

cardiovascular disturbances and they commonly have acute lung pathologies. In 

addition, advanced age and pre-existing cardiac and lung diseases are not uncommon 

in ICU. A new generation of portable, battery powered, inexpensive and compact 

ultrasound devices enables rapid assessment of the cardiorespiratory state of unstable 

patients who may not be assessable by physical examination, and possibly alters their 

management (22, 23). In addition, these devices are used to guide percutaneous 

procedures such as ultrasound-guided thoracocentesis, pericardiocentesis, 

paracentesis and vascular catheter insertion. With the advanced characteristics of this 

technology, intensivist-performed ultrasound, particularly in the haemodynamic 

assessment of critically ill patients, has grown exponentially in the last decade. 

Practice in this technology has been enhanced by parallel developments in ultrasound 

education and training, such that the number of intensivists skilled in 

echocardiography and surface ultrasound is increasing. 

2.3 Focused TTE in acute care medicine 

Despite the fact that the American Society of Echocardiography has only recently 

endorsed it, focused TTE in acute care was introduced to practice three decades ago 

(24, 25). In 1989, Hauser et. al. showed that rapid echocardiographic anatomical and 

physiological assessment of the heart in the emergency department allows proper 

triage of patients with shortness of breath, chest pain or hypotension. They 

demonstrated that focused TTE may supplement ECG, provides assistance in 

determining the prognosis (25) and has allowed non-cardiologist physicians to 

become interested in using this technology to enhance their diagnostic and procedural 

practices. The availability of small, portable, easy to operate ultrasound platforms and 

the clinical need for these devices led to developing the concept of focused TTE for 

non-cardiology or radiology users. The utility of focused TTE can be limited by using 

fewer ultrasound views, or performing qualitative rather than quantitative assessment. 

In doing so, the interpretation must be made in light of the fidelity and adequacy of 

image acquisition as well as the experience of the operator. This adjunct clinical tool 
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gives acute care physicians answers in relation to ventricular function, clinically 

significant valvular disease, pericardial effusion, cardiac causes of shock or the 

volume status of the patient, which may not be achieved purely based on clinical 

evaluation. To maximise clinical benefit, the ultrasound examination should be 

performed during the clinical evaluation of the presenting problem, so that accurate 

diagnosis and subsequent management can be made without time delay. However, 

limitations must be respected, as ultrasound is operator dependent, and if the study is 

limited then some pathology may be missed.  

 

Focused TTE became increasingly popular in acute care disciplines such as 

anaesthesia, emergency medicine and critical care. This led to development of a 

series of non-cardiology designed protocols in managing acutely ill patients, such as 

focused echocardiography in emergency life support (FEEL) (26), haemodynamic 

assessment in real time scan (HeartScan) (27), bedside limited echocardiography by 

emergency physicians (BLEEP) (28), and rapid ultrasound in shock (RUSH) (29). 

Focused TTE is used to triage patients presenting with cardiovascular collapse, 

cardiomegaly pericardial effusion and in trauma (28, 30-32). It may be useful in 

correcting clinically made diagnoses based on the patient’s presentation signs and 

symptoms, thus facilitating early delivery of treatment (28, 33, 34). Focused TTE is 

considered a powerful adjunct to physical examination and a clinically important tool 

in the management of critically ill patients (35, 36).  

2.4 Goal-directed intensivist-performed TTE: evaluation of the 

haemodynamic state in critical care 

There are three components of intensivist-performed TTE: image acquisition, image 

interpretation and direct application of the echocardiographic results to the patient’s 

clinical state, enabling timely and appropriate management. 

 

Intensivist-performed goal-directed TTE consists of rapidly assessing the heart 

anatomy and function when the haemodynamic state of the patient is compromised 

using standard TTE windows. In general. the study is basic with well-defined goals: 

identification of life-threatening cardiac conditions such as cardiac tamponade; 

categorization of shock state; assessment of intravascular volume and presence of 
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coexisting cardiac abnormalities such as haemodynamically significant valvular 

disease. Basic TTE is limited to 2-Dimentional (2-D), M-Mode and colour flow 

Doppler technologies. Serial assessment may also be performed and when clinically 

required it can be referred to a cardiology department for comprehensive TTE. 

Notably, the success rate of TTE in ICU has reportedly increased from 60-70% to 85-

90% (36, 37). 

2.5 Comparison between echocardiographic assessment of 

haemodynamic state and standard monitoring 

Non-ultrasound assessment of the haemodynamic state is a combination of clinical 

evaluation, basic laboratory findings and invasive haemodynamic monitoring of 

cardiac output and atrial pressures. Bedside haemodynamic monitors (including 

invasive and minimally invasive monitors) are integral part of the clinical 

examination in the critically ill. TTE however is performed in sicker intensive care 

patients when conventional monitors are insufficient to explain the haemodynamic 

derangement or when structural cardiac abnormalities are suspected. The 

combination of thermodilution and TTE approach was used in an experimental study 

over 2 decades ago on 10 critically ill patients admitted with acute respiratory failure 

(38). In this study, the effect of incremental positive end expiratory pressure (PEEP) 

on the right ventricular end diastolic area measured by 2-D technology and right 

ventricular ejection fraction and cardiac output measured by fast-response 

thermodilution using pulmonary artery catheter. High level of PEEP resulted in 

reduction in preload, reduction in right ventricular compliance, augmented pulmonary 

vascular resistance and right ventricular afterload hence reduction in cardiac output. 

Moreover, the study also concluded that 2-D TTE is more sensitive when compared 

to fast-response thermodilution.  

 

Recently few studies in ICU have directly compared current haemodynamic monitors 

against echocardiography assessment. An acceptable agreement was found between 

minimally invasive haemodynamic monitor FloTrac/Vigileo system and TTE in 

measuring cardiac output and stroke volume of critically ill patients in ICU (39, 40). 

In a study by McLean et. al., cardiac output measured by TTE was clinically 

comparable to that measured by FloTrac/Vigileo system, in the absence of arrhythmia 
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and significant aortic stenosis (39). In this study, FloTrac/Vigileo monitor and TTE 

were equally useful for assessing the right ventricular function (39). Similarly, in 

another study, stroke volume and derived stroke volume variation measured by TTE 

were closely correlated with respective values measured by FloTrac/Vigileo system 

(40). Stroke volume measured by Doppler method is a product of the velocity of 

blood transit travelling across the left ventricular outflow tract measurement and the 

cross-sectional area of the left ventricular outflow tract during systole. In contrast, the 

relationship between FloTrac/Vigilio system and echocardiography for measuring 

cardiac output in the operating room was inconsistent.  In a study conducted by 

Kusaka et al., 160 datasets were obtained from patients undergoing repair of 

abdominal aortic aneurysm. In this study, there was an acceptable agreement in 

cardiac output measurements between FloTrac Vigileo system and echocardiography 

with bias of 0.12 and limits of agreement (−1.66 to 1.90 L/min). But, just after aortic 

clamping, cardiac output measured by pulmonary artery catheter significantly 

increased, whereas cardiac output measured by echocardiography decreased along 

with variation in heart rate, central venous pressure (CVP) and pulse pressure (41). In 

this study however, transoesophageal echocardiography (TOE) technique was 

performed. In a similar cohort of patients, Romagnoli et. al. found poor agreement in 

cardiac output between FloTrac/Vigileo system and TOE in 26 patients undergoing 

vascular surgery at baseline and after fluid loading, r
2
 of 0.29 and 0.27 respectively, 

with limits of agreement from -3.10 to 2.42 L/minute and from -3.0 to 2.2 L/minute 

respectively (42). The explanation for such disparity in agreement for measuring 

haemodynamic parameters between TOE and FloTrac/Vigileo system is unclear, 

although the degree of ventilatory support and tachyarrhythmia affect the accuracy of 

some haemodynamic parameters measured clinically at bedside. For instance, a 

widely used pulse pressure variation for assessing fluid responsiveness meets the 

validity criteria in 19% of critically ill patients only (43). Furthermore, when 

compared with invasive cardiac output monitors, ultrasound is re-usable and does not 

require consumable commodities.  

 

Table 1 shows a summary of studies evaluating the accuracy of echocardiography in 

the assessment of the haemodynamic state in critical care. The studies present a total 

of 388 critically ill patients who received conventional haemodynamic cardiac output 

monitoring such as pulmonary artery catheter as a comparator technique to TTE. In 
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one study, echocardiographic calculation of pulmonary artery occlusion pressure 

(PAOP) was compared with PAOP measured by pulmonary artery catheter (PAC). 

The indications were mixed. The main limitations were that TTE operators were a 

mix of intensivists and specialist echocardiographers. Although pulmonary artery 

catheter-derived parameters were the most commonly reported, minimally invasive-

derived variables were also reported for the purpose of comparison. Overall a good 

correlation was found between the echocardiographic haemodynamic parameters and 

those measured by the invasive haemodynamic monitoring devices. Despite good 

correlation, the limits of agreement in comparing the echocardiographic diastolic 

parameters to pulmonary artery occlusion pressure were intermediate. However, TTE 

remains the most commonly used technique in assessing diastolic function in 

critically ill patients. 
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Table 1: Accuracy of echocardiography in assessing haemodynamic state 

Author and 

year 

Number Cohort Conventional 

monitor 

Clinical 

variable 

TTE variable Correlation Mean difference 

and limits of 

agreement 

Jardin 1991 (44) 10 Acute 

respiratory 

failure 

PAC CI RVEF Yes N/R 

Jardin 1991 (38) 61 Acute cor 

pulmonale 

PA angiogram Pulmonary 

embolus 

Pulmonary 

embolus 

False positive 

in 6 patients 

by TTE  

N/R 

Nagueh 1997 

(45)  

99 Mixed  PAC PAOP E/A, and IVRT  

Doppler derived 

PAOP  

Yes Intermediate 

Combes 2004 

(46) 

23 Mechanically 

ventilated  

PAC PAOP Lateral E/E' ratio 

Medial E/ E' ratio 

Estimated PAOP 

(E/ E' ratio derived 

Yes Intermediate 



Chapter 2: The impact of intensivist-performed ultrasound in critical care: Literature review 

Dr Kavi Haji - May 2018    15 

W
o

rd
 T

em
p

la
te

 b
y 

F
ri

ed
m

an
 &

 M
o

rg
an

 2
0

1
4

 

PAOP) 

McLean 2011 

(39) 

50 Mixed FloTrac/Vigileo CO CO Yes Good 

Behnia 2013 

(40) 

10 Mechanically 

ventilated 

FloTrac/Vigileo SV and CO SV and CO Yes N/R 

Perny 2014 (47)  35 Cardiogenic 

shock 

PiCCO CFI and 

GEF 

LVEF Yes N/R 

CFI - cardiac function index, CI - cardiac index, CO - cardiac output, GEF - global ejection fraction, LVEF - left ventricle ejection fraction, N/R - not reported, PAOP 

- pulmonary artery occlusion pressure, RVEDP - right ventricular end diastolic pressure, RVEF - right ventricular ejection fraction, SV - stroke volume, TTE - 

transthoracic echocardiography. 

 

 



Chapter 2: The impact of intensivist-performed ultrasound in critical care: Literature review 

Dr Kavi Haji - May 2018    16 

W
o

rd
 T

em
p

la
te

 b
y 

F
ri

ed
m

an
 &

 M
o

rg
an

 2
0

1
4

 

2.6 Lung ultrasound  

Physician-performed clinical examination of acute and evolving lung pathology, even 

when combined with standard chest x-ray (CXR), is often imprecise and the 

diagnosis may be missed, leading to delayed or detrimental patient management. 

Traditionally, ultrasound imaging of solid organs excluded lungs, as air is a very high 

reflector of ultrasound and creates an artifact where “nothing is seen”. In the last 

decade, however, studies have displayed ultrasound’s accuracy in determining most 

lung pathologies. The reason for this is that when lung pathology occurs, there is 

typically an increased transmission of ultrasound so that parts of the lung or 

surrounding tissues become visible. Less air reduces the artefact to reveal the 

pathology.  Lung ultrasound is an emerging diagnostic tool that has many 

applications in critical care. It is an attractive tool in the ICU environment because it 

is quick, easy to perform, simple to interpret and does not require patient 

transportation or exposure to radiation.  

 

Almost all acute life-threatening disorders are in close proximity to the pleura (53). 

This explains why ultrasound is capable of diagnosing most lung pathologies such as 

pneumothorax, consolidation, interstitial syndrome and pleural effusion with good 

accuracy (54). Lung ultrasound is considered a reliable replacement of   and perhaps 

in some occasions superior to chest computed tomography (55). Based on artifact 

analysis and specific appearance, lung ultrasound is capable of diagnosing various 

lung pathologies (56). For instance, diagnosis of pulmonary oedema requires 

visualising three or more B-Lines on ultrasound in two or more intercostal spaces 

anteriorly and laterally in each hemithorax (sensitivity 94% and specificity 92%), 

when compared to physical examination or CXR (54). Interstitial syndrome correlates 

with cardiogenic pulmonary oedema with 93% accuracy (57). A “B-line” is a comet-

tail artifact that always arises from the pleural line and moves vertically in synchrony 

with lung sliding. B-lines are long, extending to the bottom of the screen, well 

defined, hyperechoic and dynamic. The diagnosis can be further supported by 

echocardiographic features of left ventricular failure. In an observational study, 

Lichtenstein et. al. applied the Bedside Lung Ultrasound in Emergency (BLUE) 

protocol to 260 patients with definite diagnosis for their respiratory failure (58). The 
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investigators demonstrated that the protocol is both sensitive and specific. In this 

study, presence of predominantly A-lines plus lung sliding indicated asthma or 

chronic obstructive airway disease with sensitivity of 97% and specificity of 95%. 

Presence of A-lines plus lung sliding with deep venous thrombosis indicated 

pulmonary embolism with sensitivity of 81% and specificity of 99%. Presence of A-

line with absence of lung sliding plus lung point indicated pneumothorax with 

sensitivity of 81% and specificity of 100%. “A-lines” are a reverberation artifact 

forming a series of horizontal artifact lines that are located at equidistance from the 

skin surface and the pleural lines. A normal lung ultrasound image consists of A-lines 

in combination with “lung sliding”. Lung sliding is a to-and-fro movement of the 

visceral pleura over the parietal pleura at the pleural line. Lung ultrasound may 

predict elevated versus normal PAOP value in critically ill patients. In a five-year 

prospective observational study on 103 critically ill, mechanically ventilated patients 

in a mixed medical and surgical ICU who also had received PAC (59), the author 

used A and B-line artifacts to predict PAOP. The chosen cut-off for PAOP was ≤13 

mmHg and ≤18 mmHg. For diagnosing PAOP ≤13 mmHg, A-lines predominance 

showed specificity, sensitivity, positive predictive value and negative predictive value 

of 90%, 67%, 91% and 65% respectively. For diagnosing PAOP ≤18 mmHg, A-lines 

predominance showed specificity, sensitivity, positive predictive value and negative 

predictive value of 93%, 50%, 97% and 24% respectively. 

 

Lung ultrasound is accurate and reproducible with interobserver agreement exceeding 

90% between experienced and non-experienced operators (60). Although it is 

clinically useful, the findings must be interpreted in the context of a patient’s 

symptoms and signs, particularly when the ultrasonographic signs may disappear 

quickly or may have an alternative diagnosis such as acute respiratory distress 

syndrome. 

 

Table 2 is a summary of studies comparing the accuracy of lung ultrasound 

respiratory evaluation with that of clinical evaluation including CX. The studies 

included 1507 patients from various departments and 10 healthy volunteers. Lung 

ultrasound was shown to be accurate with good sensitivity and specificity, less time 
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consuming and cost saving. Note that only two of the reported studies in this table 

were performed in ICU. 
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Table 2: Comparison of lung ultrasound to chest radiography 

Author and 

year 

Aims  Number of 

patients 

Setting Methodology  Results  

Lichtenstein 

2004 (54) 

Comparison in diagnostic accuracy 

for pleural effusion, alveolar 

consolidation and alveolar 

interstitial syndrome between 

auscultation, CXR and lung 

ultrasound with Chest CT  

42 (10 

healthy and 

32 critically 

ill with 

ARDS) 

Healthy 

volunteers 

and ICU 

Prospective 

observational 

study 

Auscultation: 61%, 36% 

and 55%  

CXR: 47%, 75% and 72% 

Lung ultrasound: 93%, 

97% and 95% respectively 

Saucier 2010 

(61) 

Comparison between lung 

ultrasound and CXR for detection 

of pneumothorax post drain 

removal 

50 Cardiac 

surgery 

Observational 

study 

 

Perfect agreement 

between lung ultrasound 

and CXR 

Lung ultrasound less time 

consuming and more cost 

saving 

Peris 2010 (62) Routine lung ultrasound in 

evaluating pleural effusion 

Evaluation of Balik’s formula (63) 

 

376 ICU Prospective 

observational 

study 

Reduction in CXR (-26%) 

and CT scans (-47%)  
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Galbois 2010 

(64) 

Accuracy of lung ultrasound in 

detecting resolution of 

pneumothorax after drainage. 

 

44 General 

ward 

Prospective 

double-blinded 

observational 

study 

 

20 pneumothoraces 

detected by both 

ultrasound and CXR 

Ultrasound detected 

92.8% of 14 suspected 

pneumothoraces were 

confirmed by ultrasound 

but missed by CXR  

Ultrasound scanning time 

35 +/- 34 min vs 71 +/- 56 

min for CXR 

Laursen 2014 

(65) 

Accuracy and feasibility of 

POCUS of heart lung and deep 

veins performed by emergency 

physicians vs. standard assessment 

including CXR 

320 (160 

patients in 

POCUS 

group and 

160 in 

control 

group) 

Emergency 

department 

Randomised 

control trial 

Correct presumptive 

diagnosis was in 88% 

(95%CI 82.8- 93.1) in 

POCUS group and 100 

(63·7%; 56·1-71·3) in the 

control group 
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Platz 2015 (66) Comparison between standard 

clinical assessment, CXR and lung 

ultrasound in differentiating 

between cardiogenic and non-

cardiogenic dyspnoea 

 

1005 Emergency 

department 

Multicentre 

prospective 

observational 

study 

Clinical assessment: 

sensitivity 85.3% and 

specificity 90% 

CXR: sensitivity 69.5% 

and specificity 82.1% 

Lung ultrasound: 

sensitivity 97% and 

specificity 97.4% 

ARDS – adult respiratory distress syndrome, BNP – B-type natriuretic peptide, LUS – lung ultrasound, POCUS – point of care ultrasound. 
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2.7 Intensivist-performed echocardiography and/or lung 

ultrasound in the assessment and management of patients in 

critical care setting  

The advantage of goal-directed TTE and ultrasound as compared with conventional 

clinical assessment alone in ICU is reliant on local practices, intensivist experience 

and level of available evidence. Multiple studies have shown that goal-directed 

ultrasound including TTE, may be useful as an additional clinical tool when 

insufficient clinical information is provided particularly in unstable critically ill 

patients, (7). In one study, the diagnosis and management were changed in 56% and 

58% of patients respectively when clinical data were inadequate for the intensivists. 

The imaging in this study however was performed and interpreted by cardiologists 

rather than the treating intensivists. Nevertheless, a similar incidence of change in 

management (58%) was achieved when intensivists performed the imaging (23).  

 

Ultrasound merging into ICU practice was demonstrated in a national survey 

conducted by Quintard et.al. to evaluate the use of ultrasound in 132 French ICUs, 

revealing that ultrasound (including echocardiography) is a usual practice and 

perhaps used regularly in the assessment of critically ill patients (48). In this study, 

72% of staff was trained in echocardiography and 40% of ICUs carried out 5-10 

echocardiographic examinations per week. Furthermore, 55% of ICUs used 

echocardiography in association with other monitoring techniques for assessment of 

shock. Ultrasound was also used for evaluating other organs in 80% of the surveyed 

ICUs. However, while this approach is popular and steadily growing, it is possibly 

country specific. TTE is still not commonly performed in the hands of the intensivists. 

A web-based survey found that in 71% of Swiss ICUs echocardiography was the 

most common device available (94.5%) followed by pulmonary artery catheter (85%) 

and PiCCO (82%) (49). However, echocardiography was used infrequently (8.7%), 

and was rarely performed by intensivists, whereas PiCCO (56.7%) and pulmonary 

artery catheter (30.7%) were the most frequently used devices.  
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Cardiovascular or respiratory compromise is common in ICU, where failure to detect 

early may delay treatment and contribute to worse outcome (50). Goal-directed 

echocardiography or lung ultrasound provides direct and rapid assessment, 

identification of the underlying reasons and institution of timely management. 

However, routine imaging of the heart and the lungs in real time on presentation, or 

even when the patient is stable in ICU, may lead to early detection of shock or 

respiratory pathologies and perhaps timely critical management. Intensivist 

performed TTE or lung ultrasound on presentation is not routinely done when there 

are no clinical indications. There are little data that suggest that routine 

echocardiography or ultrasound is clinically useful either in or outside of ICU. 

Marcelino et. al. studied 704 critically ill patients in a general ICU where TTE was 

routinely conducted in the first 24 hours of admission by intensivists, irrespective of 

indications or goals. The study detected cardiac structural and functional 

abnormalities in a third of the patients (51). Furthermore, routine intensivist-

performed TTE altered management of fluid administration and vasoactive and 

diuretic therapy. Imaging was progressed to TOE when TTE was inadequate. 

However, the unit where this study conducted ultrasound was a regular practice. 

Therefore, the intensivists who performed the imaging were experienced in 

echocardiography.  

 

Similar results to the Marcelino study were found in two further studies conducted on 

surgical patients outside the ICU setting. A recent study conducted by Canty et. al. 

studied 99 emergency non-cardiac surgical patients with an anaesthetist-performed 

TTE, including patients who were older than 65 years of age or suspected of cardiac 

disease, irrespective of their symptomatology (34). In this study, there was a 54% 

change in management, of which 36% included step-up therapy and 8% step-down. 

In another study by the same authors, on 100 of a similar patient cohort in non-

emergency state, the incidence of step-down therapy was 34% and overall change in 

management approached 67% (52). Further, TTE in both studies was conducted in a 

routine rather than goal-directed manner, suggesting that there is still a high value to 

routine application in at-risk cohorts. However, to follow such practice, intensivists 

must be adequately trained, resources must be available and maintained, and 

education packages to up-skill and train new medical staff (particularly trainees) must 
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be at hand. Further, ultrasound protocols need to be clear, concise and focused to 

guide the intensivists. 

2.8 Combining TTE and lung ultrasound for clinical evaluation 

and impact on management 

Adding lung ultrasound to goal-directed TTE has several advantages. The combined 

study provides more supportive and complementary diagnostic information, 

particularly in the presence of technical limitations such as inadequate TTE views, 

ambiguous TTE signs or absence of disease specific features. For example, in 

pulmonary embolism, TTE signs of a D-shaped left ventricle, right ventricular failure 

and pulmonary hypertension are suggestive features, but not disease pathognomonic. 

Presence of bilateral infiltrates on lung ultrasound may rule out pulmonary embolism 

and favours acute core pulmonale of different aetiology. Combined cardiac and 

pulmonary evaluation can accurately assist in analysing and interpreting the 

interaction between the lung and the heart. In distressed patients, particularly with 

undifferentiated respiratory or haemodynamic failure, combined heart and lung 

ultrasound assists in evaluating the severity of the disease and monitoring the 

response to treatment. Using both techniques may also help guide therapy, such as 

assessing fluid responsiveness and avoiding fluid overload by detecting interstitial 

syndrome pattern. Conversely, lung ultrasound findings may be poorly sensitive or 

specific. The “lung point” which is highly specific for pneumothorax may be absent 

in large pneumothoraces, and presence of multiple B-lines resembling pulmonary 

oedema may in fact be pulmonary fibrosis, adult respiratory distress syndrome or 

presence of two co-existing disorders. Therefore, clinical assessment is mandatory, 

where the images of TTE and lung ultrasound are analysed and interpreted in the 

context of a patient’s clinical symptoms and signs, the treatment provided and 

response.  

 

In critical care, goal-focused combined cardiac and respiratory ultrasound has had a 

strong influence on diagnosis and management. Ultrasound in general, in the absence 

of indications, has also been shown to lead to a high incidence of changes in 

diagnosis and management (51). Diagnostic accuracy of goal-directed combined TTE 

and lung ultrasound for respiratory and cardiac assessment was even greater when 
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compared to TTE alone (22, 67). A multicentre study by Volpicelli et. al. in Italy 

investigated the relationship between B-lines using lung ultrasound and PAOP 

measured by pulmonary artery catheter or extravascular lung water measured by 

PiCCO system. Of 73 critically ill patients, 41 received PAC and 32 received PiCCO. 

All patients received lung and TTE within 10 minutes of haemodynamic 

measurement. The clinical haemodynamic parameter was either PAOP using PAC or 

EVLW using PiCCO system. PAOP cut-off to differentiate between cardiogenic 

pulmonary oedema and ARDS was 18mmHg. EVLW cut-off was 10ml/Kg was a 

threshold for acute lung injury. Lung ultrasound was performed using standardised 8 

antero-lateral region method to detect B-lines and TTE for assessing LVEF (67). The 

authors found that PAOP of 18 or less was predicted by absent diffused B-lines sign, 

with sensitivity of 85.7% and specificity of 40%. Absent diffused B-lines predicted 

extravascular lung water of 10 ml/kg or less with sensitivity of 81% and specificity of 

90.9%. Absent diffused B-lines sign and normal left ventricular ejection fraction 

increased sensitivity to 100% and specificity to 72.7% for predicting PAOP of 18 

mmHg or less. Although presence or absence of diffused B-lines alone does not 

predict PAOP, prediction improves when the lung signs are combined with 

estimation of left ventricular ejection fraction. In this study, focused combined heart 

and lung ultrasound was clinically useful as a non-invasive bedside evaluation of 

pulmonary congestion and in evaluation of left ventricular function. The information 

provided by ultrasound was a valuable addition to the information obtained by 

clinical assessment of the cardiac function. Combined cardiac and lung ultrasound 

increased the diagnostic accuracy for cardiogenic pulmonary oedema, pneumonia, 

pulmonary embolism and pneumothorax when compared to lung ultrasound alone 

(22).  

 

Table 3 shows a summary of studies evaluating the impact of intensivist-performed 

ultrasound on diagnosis and management in ICU. The table represents a total of 1900 

patients with heterogeneity of pathology and presentations. Most of the studies were 

observational and goal-directed TTE. Only one study included 704 critically ill 

patients where TTE was performed routinely, and only one study was a randomised 

controlled trial. There was one retrospective study where whole body ultrasound was 

performed, including goal-directed TTE. The summary of results shows that 
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ultrasound, and particularly TTE, has changed the diagnosis, altered management and 

may even have changed patient outcome.  
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Table 3: Summary of published articles for the role of intensivist-performed ultrasound in impacting patient care in ICU 

Study Ultrasound   Indications Methodology 

and 

indications 

No. of 

patients 

Influence on diagnosis 

and/or management  

Comments 

Kanji 

2014 (68)  

TTE Shock  Retrospective-

prospective 

observational 

study 

 

220 (110 

prospective, 

110 

retrospective) 

Step down: Fluid restriction in 

65%  

Step up: Dobutamine in 25% 

Fluid prescription in the first 

24 hours: TTE group 49 

ml/kg, non-TTE group 66 

ml/kg  

Dobutamine: TTE 22%, non-

TTE 12% 

28 days survival: TTE 66%, 

non-TTE 56% (p=0.04) 

AKI: TTE 68%,  non-TTE 

95%. 

Not randomised 
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Ferrada 

2014 (8) 

TTE Shock Randomised 

control trial 

 

215 Limited TTE-guided 

resuscitation. Less fluid in 

TTE group (1.5 L) vs. non-

TTE group (2.5 L)  

Time to theatre: TTE 35.6 

minutes, non-TTE 79.1 

minutes 

Mortality rate: TTE 11%, 

non-TTE 19.5%  

Limited TTE was 

performed by non-

echocardiologists. The 

sonographers included 

emergency, ICU and 

surgical residents. 

Jacobson 

2013 (23) 

Body 

ultrasound 

Mixed  Retrospective 

observational 

study 

 

113 Images interpretable in 86%.  

Diagnostic in 76%. 

Changed treatment in 58%. 

Fluid management changed in 

45%, step up in 34% and 

diuretics in 11%. 

Retrospective. 

Sonographers were not 

blinded to clinical 

information. 

Expert consultation 

needed in 5%. 

Jensen 

2004 (69) 

TTE and 

TOE 

Mixed Prospective 

observational 

study 

233 Information was decisive in 

24.5%, supplemental in 

37.3% and supportive in 

Protocol was focused, 

limited and qualitative 

only, however performed 
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(FATE 

protocol) 

35.6%. by highly skilled 

intensivist (>10 years’ 

experience). TOE 

performed in 4 patients. 

Manasia 

2005 (6) 

TTE Mixed  Prospective 

observational 

study 

90 New diagnoses and 

management change in 37%.  

Additional information in 

47% but no management 

change. 

Novice intensivists of 10 

hours training.   

2-D images only. 

 

Marcelino 

2009 (51) 

TTE Routine Prospective 

observational 

study 

704 Echocardiographic 

abnormalities were detected 

in 33%, mostly left atrial 

enlargement and left 

ventricular dysfunction. 

Previously unknown severe 

left ventricular dysfunction 

detected in 7.5%. 

Mortality was correlated 

with tricuspid 

regurgitation (CI 1.007–

1.067). 
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Orme 

2009 (70) 

TTE and 

TOE 

Mixed Retrospective 

observational 

audit  

  

217 Management was directly 

changed in 51.2% (changes in 

inotropic support, drug 

therapy, fluid management 

and cardiac intervention). 

Helped limitation of treatment 

in 9.7%. 

Changes included fluid 

administration, inotrope or 

drug therapy and 

treatment limitation. 

27.8% of studies were 

TOE. 

Both TTE and TOE had 

similar therapeutic impact 

(48.6% and 

53.5% respectively). 

Stanko 

2005 (7) 

TTE Mixed Prospective 

observational 

study 

 

108 Diagnosis change in 29% and 

management change in 41%. 

Diagnosis and management 

changed in 19% and 34% 

respectively when clinical 

data were adequate and 56% 

and 58% respectively when 

clinical data were inadequate. 

8% of management 

changes were major and 

92% were minor. 

AKI - acute kidney injury, ARDS - adult respiratory distress syndrome, CI - confidence interval, FATE - focused assessed transthoracic echocardiography, HR 
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- hazard ratio, LVEF - left ventricular ejection fraction, L - litre, PAOP - pulmonary artery occlusion pressure, TOE - transoesophageal echocardiography, TTE 

- transthoracic echocardiography.
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3.1 Introduction 

Limited TTE and lung ultrasound (also known as focused, bedside or ‘point-of-care’ 

ultrasound) are increasingly recognised as essential diagnostic tools for critical care 

physicians and are becoming incorporated into training curriculums (71). Basic 

transoesophageal echocardiography is widely used by cardiac anaesthesiologists for 

assessing and monitoring patients’ cardiovascular state in the perioperative setting, 

and guided by the American Society of Echocardiography recommendations (72, 73). 

In ICU setting however, TTE may be a feasible alternative, with the advantages that 

it is less invasive and suitable for routine use. Lung ultrasound may provide 

additional benefits, including earlier diagnosis of important lung pathology such as 

pulmonary oedema, pleural effusion, consolidation and pneumothorax (57). The 

diagnostic accuracy of limited TTE ultrasound performed by non-cardiologists 

exceeds that of clinical assessment (74-76). Similarly, lung ultrasound is more 

accurate than physical examination and chest radiography (57) and may be equivalent 

to computed tomography (55).  

 

In the critical care setting, cardiac ultrasound is currently performed in a goal-

directed manner for indications such as haemodynamic instability or suspected 

cardiac tamponade (6), while lung ultrasound has been reported in assessment of 

respiratory failure (77). Systematic reviews have shown that comprehensive or 

limited echocardiography consistently alters diagnosis and decision-making in 

anaesthesia and critical care settings, but there are no data reporting routine 

application of combined limited TTE and lung ultrasound in critical care. Pilot data in 

post cardiac surgical patients suggest that combined limited TTE and lung ultrasound 

as an adjunct to clinical examination may have a significant influence on clinical 

management when used routinely (78). The heart and lungs work together as a 

cardiorespiratory unit and it is only logical that lung ultrasound should provide 

additional information to TTE. There is an evidence gap surrounding routine 

application and combined use of limited TTE and lung ultrasound in patients 

admitted to an intensive care unit.  
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In this study, we hypothesised that routine combined limited TTE and lung 

ultrasound performed within 24 hours of admission to ICU is feasible and changes 

diagnosis and management in a high proportion of patients.  

 

3.2 Methods 

This prospective observational study was conducted with approval from the Human 

Research and Ethics Committee at Peninsula Health (HREC/12/PH/34) and written 

consent was obtained from all participants or from next of kin.  

 

The study site was a University tertiary referral hospital medical and surgical ICU at 

Frankston Hospital in Australia. This ICU does not receive cardiothoracic surgery, 

trauma, spinal injury or burns patients. Participants were screened for eligibility when 

the investigating intensivist (KH) was available (convenience sampling). Inclusion 

criteria were participants age 18 years or above, and admission to ICU for less than 

24 hours. Patients were excluded if they were not expected to survive longer than 24 

hours or palliation was imminent. 

 

A summary of the methodology is shown in Figure 1. After informed consent was 

obtained from the participant or next of kin, the treating intensivist was requested to 

perform a patient evaluation, which included physical examination and review of 

conventional monitoring and the most recent CXR. The intensivist then recorded 

their cardiac and respiratory diagnoses and management plans on a structured 

research form (Appendix 1) before and after the ultrasound findings were revealed. 

The limited TTE and lung ultrasound (Appendices 2, 3 and 4) were performed 

immediately after the clinical assessment by an intensivist (KH), who was qualified 

(Postgraduate Diploma of Clinical Ultrasound from the University of Melbourne), 

with seven years of experience in limited and comprehensive TTE and Lung US. The 

investigating intensivist was blinded to the clinical data other than what was available 

on the monitors at the time of examination, and had no input into the decision-making 

or clinical management of the participants after conducting the ultrasound 

examinations. Ultrasound findings were documented in a structured report form 
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(Appendices 2 and 5) and communicated to the treating intensivist immediately after 

the ultrasound was performed, who then adjusted their diagnosis and management 

plan accordingly (Appendix 1). Differences between the initial and the adjusted 

assessment and management plans were recorded as changes to diagnosis and 

management. 
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Figure 1: Participant flow diagram 
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Limited TTE 

Performance of limited TTE followed the iHeartScan
TM

 protocol (Haemodynamic 

Echocardiography Assessment in Real Time) (Appendices 2, 3 and 4) (78-80) and 

was documented in a structured report (Appendix 2). By restricting the examination 

to predominantly qualitative and some basic quantitative assessment of 2-dimensional 

and colour flow Doppler images, this limited TTE examination is quick, enabling 

convenient point-of-care use. This protocol has been validated and is effective in 

screening for clinically significant cardiac pathology without causing a delay in 

patient management (52, 78). Clinically important cardiac pathology was defined as 

either left ventricular (LV) systolic or diastolic dysfunction, right ventricular (RV) 

systolic dysfunction, moderate or severe valve stenosis or regurgitation (Appendix 4) 

(81, 82) or pericardial effusion of maximum width greater than 0.5 cm. Clinical 

assessment may be poor at discriminating between the four sub-types of ventricular 

failure (primary diastolic; systolic; systolic and diastolic; and right ventricular), 

which can present with similar symptoms and signs. The clinical ventricular failure 

subtypes were therefore grouped together as ‘ventricular failure’ to enable a 

comparison with the limited TTE diagnosis. Using limited TTE, the primary 

haemodynamic state was assigned to one of the following categories: normal, empty, 

vasodilated, LV systolic and diastolic failure and RV failure. This has been described 

previously (83), using assessment of LV and RV volume and contractility 

respectively, as well as the shape and movement of the interatrial septum and is 

summarised in Appendix 3 (81, 84). Clinically insignificant findings included mild 

valvular stenosis or regurgitation. 

Focused lung ultrasound 

Lung ultrasound was performed with the patient in a semi-recumbent position at 30 

head elevation and included imaging of the pleura and lungs as completely as 

possible (as permitted by the patient’s mobility) (57). Six lung zones for each lung 

were assigned for both clinical examination and lung ultrasound; anterior upper zone, 

anterior lower zone, lateral upper zone, lateral lower zone, posterior upper zone and 

posterior lower zone (Appendices 1 and 5). However, the posterior upper zone was 

not examined as it adds little information about the upper lobe of the lung as the 

anterior ultrasound examination of the chest provides adequate details about the 
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upper lobe of the lung (57, 85). A normal lung pattern was identified by the presence 

of normal lung sliding or lung pulse, reverberation artefacts from the pleura, and 

absence of any pathology. Consolidation was defined as a tissue-like pattern or 

“hepatisation” and presence of air bronchograms. B-lines were defined as 

hyperechoic, vertical artefacts arising from the pleural line, reaching the bottom of 

the screen, and possibly fading or obliterating A-lines. In addition, B-lines move with 

lung sliding and lung pulse. Multiple B-lines can coalesce, especially in the 

dependent regions of the lung. The presence of three or more B-lines in a single 

intercostal space in a non-dependent region was considered positive, and if localised, 

may indicate pneumonitis, atelectasis or contusion.  Interstitial syndrome was defined 

as signs in both right and left lungs involving two or more positive regions. Pleural 

effusion was defined as an anechoic space between the parietal and visceral pleura 

that changes size during the respiratory cycle. When detected, the volume in 

milliliters (mL) of a non-loculated pleural effusion was estimated by measuring the 

maximal perpendicular distance between the parietal and visceral pleura at the end of 

expiration and multiplying this by 200 ml/cm (63). Pneumothorax was defined as 

presence of lung point, absence of lung sliding, B-lines and lung pulse. The clinical 

diagnoses of these lung pathologies were made by clinical evaluation and CXR. The 

ultrasound findings were reported in a structured lung ultrasound examination form 

(appendix 6). 

Independent observer 

Both limited TTE and lung ultrasounds were performed using a Vivid q GE 

Healthcare ultrasound machine (GE Healthcare, Wauwatosa, WI, USA).  An 

independent observer (DH), who is trained and competent in limited TTE and in lung 

ultrasound (Postgraduate Diploma of Clinical Ultrasound, The University of 

Melbourne, and with 10 years clinical experience), reviewed the off-line images for 

interpretability and accuracy of diagnosis. The independent observer was also blinded 

to patient clinical information and his interpretation was not required for point-of-

care management. Digital images of at least three cardiac cycles and two respiratory 

cycles for each standard view were assessed off-line using Synapse Cardiovascular 

software (Fujifilm, Akasaka, Minato, Tokyo, Japan). If the ultrasound diagnosis 

differed substantially between the first examination and the review, a third observer 

(LH) arbitrated on the diagnosis.  
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Statistical analysis 

The sample size estimation was based on the ability to detect changes in diagnosis for 

an ss ratio of 3.0, alpha error of 0.05, and power of 80% with an estimated change in 

diagnosis before and after ultrasound examination of 35%. A minimum of 86 

participants was required with an additional seven participants in case of inadequate 

image acquisition.  The primary endpoint was any change in the original cardiac or 

respiratory diagnosis or any change in the management plan after limited TTE and 

lung ultrasound had been performed. Step-up therapy was defined as an increase in 

treatment. This included fluid therapy, blood transfusion, escalation from providing 

oxygen to positive pressure ventilation, escalation of ventilator support from a non-

invasive to an invasive mode of ventilation, and vasoactive drugs for haemodynamic 

support or diuretics for ventricular failure. Step-down therapy was defined as a 

reduction or cessation of treatment including withdrawing ventilator support, 

restricting fluid therapy, or stopping vasoactive drugs. Secondary endpoints included 

the incidence of cardiac and respiratory pathology identified by ultrasound, and the 

interobserver variability in diagnosis of cardiac and respiratory pathology with 

ultrasound. Descriptive data were analyzed using SPSS statistics V23 (IBM SPSS Inc, 

Chicago, IL, USA). The inter-observer agreement was measured - using kappa 

statistics, based on the difference between observed and expected agreement, with a 

kappa coefficient of > 0.6 indicating substantial agreement (86).  

 

3.3 Results 

Ninety-nine participants were screened and 93 were recruited between August 2012 

and December 2013. Six participants were not included due to inability to obtain 

consent (3) or very poor patient prognosis where palliative management was already 

decided (3). The participant characteristics are shown in Table 4. The most common 

admission diagnoses were sepsis (39%) and out-of-hospital cardiac arrest (14%). 

Limited TTE was performed on all participants, but imaging was inadequate to assess 

the haemodynamic state in one participant due to obesity. Valvular assessment was 

un-interpretable in four participants due to inadequate image quality. Lung ultrasound 
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was not possible in one participant due to a thoracotomy wound and surgical 

dressings. Limited TTE and lung ultrasound changed the diagnosis of the 

haemodynamic state, valvular pathology and lung pathology in 66%, 12% and 58% 

of participants respectively and changed management in 65% of participants. The 

impact on haemodynamic state, valve and lung pathology diagnosis and management 

are described below and summarised in Figure 2 (haemodynamic state), Figure 3 

(valvular abnormalities), Figure 4 (lung pathology) and Figure 5 (management 

changes).  
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Table 4: Participant characteristics 

Number of patients 93 

Gender n (%) 

Male  

Female 

 

48 (51.6) 

45 (48.4) 

Age (year) mean (SD) 62.9 (15.9) 

BMI mean (SD) 27.3 (7.1) 

Admission diagnosis n (%) 

Sepsis (pulmonary, renal, hepato-biliary, cellulitis, unknown 

origin) 

Cardiac arrest  

Out-of-hospital cardiac arrest 

Acute cardiogenic pulmonary oedema  

Shock (hypovolemic, cardiogenic)  

Respiratory (asthma, chronic obstructive airway disease) 

Postoperative (AAA repair, thoracic decortication, ischaemic 

bowel) 

Gastrointestinal (liver cirrhosis, pancreatitis) 

Other (neurological CIDP, overdose, acute renal failure, 

hyponatremia) 

 

36 (39.4) 

15 (16.4) 

13 (14.3) 

11 (12.0) 

11 (12.0) 

4 (4.2) 

3 (3.1) 

3 (3.1) 

5 (5.3) 

Ventilation n (%) 

Spontaneous ventilation (including NIV)  

Invasive mechanical ventilation  

 

38 (41) 

55 (59) 

APACHE II score med(IQR) 20 (14– 26) 

LOS ICU (day) med(IQR) 4.1 (1.5–-9.1) 

LOS hospital (day) med(IQR) 13.2 (7.5–25.8) 
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ICU mortality n(%) 

Hospital mortality n(%) 

22 (24) 

16 (17) 

Binary data are expressed as n (%). Age and BMI are expressed as mean (SD). Continuous data 

were expressed by median and interquartile. APACHE II - acute pathology and chronic health 

evaluation II, BMI - body mass index, LOS - length of stay, median (interquartile number) - 

med (IQR), n (%) – (percentage), NIV - non-invasive ventilation, SD - standard deviation. 

CIDP - chronic inflammatory demyelinating polyneuropathy. 
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Figure 2: Change in diagnosis of the haemodynamic state  

Values are n (%). Abnormal then reassure indicated that the clinical assessment 

was “abnormal” meaning a pathology was diagnosed” but echocardiography or lung 

ultrasound was “normal” which reassured the intensivist that there was no underlying 

pathology. Abnormal then alert indicated that the clinical assessment by the treating 

intensivist was “abnormal” and TTE and Lung US confirmed an abnormal pathology, 

which was different to the clinical diagnosis, alerting the treating intensivist of the 

different pathology. Normal then alert indicated that the clinical diagnosis was 

“normal”, but the echocardiographic or the ultrasound diagnosis was “abnormal” 

therefore alerted the treating intensivist of the abnormal pathology. 
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Figure 3: Changes in diagnosis of valvular pathology 

Values are n (%). Abnormal then reassure indicated that the clinical assessment was 

“abnormal” meaning a pathology was diagnosed” but echocardiography or lung 

ultrasound was “normal” which reassured the intensivist that there was no underlying 

pathology. Abnormal then alert indicated that the clinical assessment by the treating 

intensivist was “abnormal” and TTE and Lung US confirmed an abnormal pathology, 

which was different to the clinical diagnosis, alerting the treating intensivist of the 

different pathology. Normal then alert indicated that the clinical diagnosis was 

“normal”, but the echocardiographic or the ultrasound diagnosis was “abnormal” 

therefore alerted the treating intensivist of the abnormal pathology. * indicates two 

disorders of mitral regurgitation and aortic stenosis in the same participant.  
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Figure 4: Changes in diagnosis of lung pathology 

Values are n (%). Abnormal then reassure indicated that the clinical assessment was 

“abnormal” meaning a pathology was diagnosed” but echocardiography or lung 

ultrasound was “normal” which reassured the intensivist that there was no underlying 

pathology. Abnormal then alert indicated that the clinical assessment by the treating 

intensivist was “abnormal” and TTE and Lung US confirmed an abnormal pathology, 

which was different to the clinical diagnosis, alerting the treating intensivist of the 

different pathology. Normal then alert indicated that the clinical diagnosis was 

“normal”, but the echocardiographic or the ultrasound diagnosis was “abnormal” 

therefore alerted the treating intensivist of the abnormal pathology.  
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Figure 5: Changes in management after combined focused cardiac and lung 
ultrasound 

Values are n (%). Step-up therapy was defined as an increase in treatment. This 

included fluid therapy, blood transfusion, escalation from providing oxygen to 

positive pressure ventilation, escalation of ventilatory support from a non-invasive to 

an invasive mode of ventilation, and vasoactive drugs for haemodynamic support or 

diuretics for ventricular failure. Step-down therapy was defined as a reduction or 

cessation of treatment including withdrawing ventilator support, restricting fluid 

therapy or stopping vasoactive drugs. 
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Haemodynamic state abnormalities 

Haemodynamic state abnormalities were identified with limited TTE in 49 (53%) of 

participants. Inter-observer agreement of haemodynamic state diagnosis by limited 

TTE was good (kappa 0.87, P < 0.0005).  The two instances of disagreement in 

limited TTE findings included a left ventricular diastolic failure and a right 

ventricular failure, which were reported as present by the investigating intensivist and 

absent by the independent reviewer (DH) and by the arbiter (LH). Misdiagnosed left 

ventricular diastolic failure did not impact on treatment. The diagnosis of right 

ventricular failure in the second participant resulted in fluid restriction, however did 

not change the inotropic or vasopressor support. The haemodynamic state diagnosis 

was altered by limited TTE in 66% of participants (Figure 2), which, with the 

additional information provided by lung ultrasound, led to a change in management 

in 60% of participants (Figure 5). When the initial clinical diagnosis was normal, 

limited TTE alerted the intensivist to significant abnormal haemodynamic state in 

14% of cases, resulting in a step-up in management such as fluid bolus or 

commencement of inotropic or vasoconstrictor infusion (Figure 5). However, when 

the clinical diagnosis was an abnormal haemodynamic state, the limited TTE alerted 

the intensivist to a different abnormal haemodynamic state in 25%, also leading to 

management changes such as altered fluid management or vasoactive drugs. In 25% 

of patients with a clinical diagnosis of abnormal haemodynamic state the limited TTE 

was normal. 

Valvular abnormalities 

Fifteen significant valvular abnormalities were detected by limited TTE in 11 patients. 

Inter-observer agreement of valvular diagnosis with limited TTE was good (kappa 

0.84 P < 0.0005). One case of mitral regurgitation was excluded by the reviewer, 

however was later confirmed by the arbiter (LH). Such variation did not impact on 

the haemodynamic management. The intensivists correctly diagnosed two cases of 

mitral regurgitation and one aortic stenosis, and incorrectly diagnosed one mitral 

regurgitation. Limited TTE diagnosed 12 significant valvular abnormalities that were 

undiagnosed by clinical evaluation in 12% of participants; mitral regurgitation (7%), 

aortic stenosis (1%), mitral regurgitation and aortic stenosis (1%) tricuspid 
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regurgitation (3%). Limited TTE excluded one case of mitral regurgitation that was 

suspected clinically (Figure 3). Detection or exclusion of new valvular pathology did 

not alter the management.  

Lung pathology 

Pleural effusion and consolidation were the most common lung pathologies identified 

with lung ultrasound. Inter-observer agreement of lung pathology with lung 

ultrasound was good (kappa 0.69 P < 0.0005). The reviewer diagnosed six additional 

small pleural effusions and excluded a case of left lower zone consolidation and 

another case of left lower zone interstitial syndrome. The additional pleural effusions 

detected by the reviewer did not require intervention. The excluded cases of left 

lower zone consolidation and left lower zone interstitial syndrome by the independent 

reviewer did not result in interobserver variation in the final diagnosis of a bilateral 

consolidation in the first case and a bilateral interstitial syndrome in the second case. 

The change in diagnosis of lung pathology due to lung ultrasound was 60% (Figure 

4), which led to a change in management in a further 5% of participants (Figure 5). 

Significant pleural effusions associated with pneumonia that were missed by clinical 

examination led to drainage of 650 mL, and 1000 mL of pleural fluid in two 

participants (Figure 5). 

 

3.4 Discussion 

We have shown a ‘proof of concept’ that adding routinely performed combined 

limited TTE and lung ultrasound as an adjunct to clinical evaluation led to a high 

incidence of change in diagnosis and management. Feasibility was demonstrated by 

interpretable images being obtained in the majority of participants and good inter-

observer agreement. Importantly, very few diagnostic errors in the ultrasound 

examinations were detected by an independent observer.  

 

Changes in diagnosis occurred in two directions, detecting either previously 

unsuspected or a different type of pathology, which alerted by the intensivist and in 

some cases resulted in a step-up in treatment. Equally important, ultrasound reassured 
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the intensivist of the absence of clinically suspected pathology, leading to a step-

down in treatment. This bidirectional change has been identified in other settings 

such as in the anaesthetic preoperative assessment (52) and in the emergency surgical 

setting (52) and so it is unsurprising that our study showed a similar pattern.  

Improving the accuracy of diagnosis leads to more appropriate management, which 

can include both step-up or step-down of treatment intensity.  

 

Limited TTE altered the haemodynamic state diagnosis and management in 

approximately two-thirds of patients, which is higher than the incidence of diagnostic 

change (29–37%) reported by others (6, 7, 51). This is surprising as one might expect 

a lower impact on diagnosis and management when limited TTE is performed as a 

routine screening tool than when performed for haemodynamic instability, which is 

what was found in a recent systematic review (79). However, in our study lung 

ultrasound was performed in addition to limited TTE, which may have had an 

additive effect on the impact of limited TTE on decision-making by providing new 

information. Although it changed ventilator management and led to drainage of 

pleural effusion in a small proportion of patients, lung ultrasound findings may have 

supported the new limited TTE findings and hence had an additive effect on the 

change in cardiac management. For example, if limited TTE identifies ventricular 

failure and lung ultrasound identifies interstitial syndrome, this might add weight to 

the clinical diagnosis and treatment of congestive cardiac failure. A similar level of 

impact of limited TTE (change in diagnosis in two-thirds of patients) was found by 

Alsaddique et al. (78) in routine screening of patients admitted to ICU within 24 

hours after cardiac surgery, however cardiac surgery patients are likely to have a 

higher incidence of heart and lung pathology than patients admitted to a non-cardiac 

surgery ICU, such as in this study. Our study supports the concept that routine rather 

than goal-directed heart and lung ultrasound is very valuable, and confirms the 

limitations of clinical evaluation even when performed by experienced specialists.  

 

The incidence of lung pathology detected by lung ultrasound was very high, as was 

the change in diagnosis from clinical evaluation. This has been previously reported 

after cardiac surgery (78, 87), but there are no previous reports of the impact on 

diagnosis and management of routine lung ultrasound screening of patients admitted 
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to a non-cardiac surgery ICU. There was a high incidence of pleural effusions of any 

size, which had been missed on clinical evaluation.  Our results are similar to Ford et 

al. (87) who showed that lung ultrasound was more accurate than clinical 

examination and CXR. Pleural effusions < 500 mL were frequently missed by CXR 

(87) The ability to differentiate minor consolidation from major consolidation or 

interstitial oedema with lung ultrasound may be clinically useful in assessing the 

degree of aeration defect, or may help determine whether the lung abnormality is 

primarily caused by cardiac or lung pathology. Our data suggests that the 

combination of cardiac and lung ultrasound may provide better diagnostic 

information than performing the examinations separately. This is particularly 

important in a resource-limited general ICU such as ours.  

 

The rate of obtaining satisfactory cardiac ultrasound images in critical care has 

increased over time from 60-70% to 85-90% (37, 88), perhaps related to improved 

equipment and better image quality. Even with brief training, cardiac ultrasound is 

feasible for making clinically important diagnoses and may impact on therapy (6, 23). 

In a study of 229 critically ill patients, cardiac and lung ultrasound were feasible with 

accurate interpretation in 86% of cases, resulting in change of treatment in 58% of 

cases (6). After 10 hours of training, interpretation of ultrasound images by novice 

intensivists achieved 84% accuracy, with management altered in 37% of patients (6). 

Image adequacy and interpretation accuracy were 97.7% and 85.2% respectively, 

when imaging focused on ventricular function, motion abnormalities and pericardial 

effusion (89). The evidence for lung ultrasound is equally strong with feasibility 

approaching 100%. Further, lung ultrasound is easily learned, with minimal training 

required and an examination time of less than five minutes (90) (91). In our study, 

adequate imaging and interpretation were obtained in greater than 96.0% of patients 

for both cardiac and lung ultrasound. 

 

Limitations of this study include the convenience rather than sequential sampling, 

which could be a potential source of inclusion bias. This study shows a proof of 

concept, and the use of a single experienced operator provides good internal validity. 

However, this in turn limits external validity. It is possible that the management 

changes that occurred after the ultrasound findings were revealed may have occurred 
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at a later time point even without ultrasound as the treating intensivist may have 

changed management when their initial management was not working sufficiently. 

We recommend further studies and preferably pragmatic randomised studies to 

provide high external validity and demonstrate whether outcomes are improved.    

 

Performance bias of the investigator performing the ultrasound examinations was 

mitigated by having an independent observer perform a quality assurance check that 

the images were interpretable and that the correct diagnosis was made. Very few 

changes in diagnosis were made by the independent observer. Performance bias of 

the treating intensivist performing clinical evaluation and management was mitigated 

by having a separate investigator perform the ultrasound examination. This, however, 

prevented us from determining whether the treating intensivist was able to perform 

the ultrasound examination or to identify the range of performance and interpretation 

between intensivists. A separate study design is required to investigate the range of 

performance and interpretation between intensivists trained in limited ultrasound. 

 

3.5 Conclusion 

Routine screening of patients with combined limited TTE and lung ultrasound on 

admission to intensive care is feasible and frequently alters diagnosis and 

management 
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4.1 Introduction 

The diaphragm is the most important muscle of respiration and is largely responsible for 

change in the intrathoracic pressure. The shape of the diaphragm, the diaphragmatic 

muscular interaction and the transpulmonary pressure determine the efficiency of the 

diaphragmatic movement. At equilibrium, the load imposed on the diaphragmatic muscles 

from the transdiaphragmatic pressure balances the force generated by diaphragmatic 

muscles. However, mechanical ventilation, pulmonary pathologies and thoracic and 

abdominal surgery may impair the diaphragm function (92, 93) and disrupt this 

equilibrium. Diaphragmatic dysfunction has diagnostic and outcome implications (94, 95). 

It is associated with respiratory insufficiency, prolonged mechanical ventilation (96) and 

prolonged ICU length of stay (97). Therefore, an accurate assessment of the diaphragm is 

clinically useful. Diaphragmatic ultrasound is a non-invasive, easily performed and reliable 

tool in assessing diaphragm excursion qualitatively and quantitatively, and may be superior 

to scintigraphy (98). 

 

In this review, we describe the anatomical and physiological properties of the diaphragm, 

including the regional difference in movement, and the subdiaphragmatic organ 

displacement in relation to the diaphragm. We also review the role of diaphragm 

dysfunction in respiratory failure particularly in failure of weaning from mechanical 

ventilation and finally describe bedside sonographic techniques of determining 

diaphragmatic function. 

 

4.2 Method 

A broad-ranging search of the English literature was conducted, limited to human medicine 

and unrestricted in publication date up to June 2015. In this search, multiple databases 

were used, including MEDLINE, PUBmed and Google Scholar. Key MeSH words were: 

“diaphragm”, OR “function”, OR “kinetics”, OR “movement”, OR “subdiaphragmatic 

organ”, OR “spleen”, OR “liver”, OR “ultrasound”, OR “scintigraphy”, OR “computed 

tomography”, OR “magnetic resonance imaging”, OR “critical care”, OR “mechanical 

ventilation”, OR “extubation”, OR “weaning”, OR “outcome”. 
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4.3 Results 

Following review there were 247 citations regarding the anatomy and the movement of the 

diaphragm, the adjacent sub-diaphragmatic organs, and the use of ultrasound in assessing 

diaphragmatic kinetics. There were 37 studies that focused on the sonographic assessment 

of the diaphragm.  

 

4.4 Discussion 

Diaphragm dysfunction 

Diaphragmatic dysfunction is a well-reported factor of respiratory failure. The diaphragm 

may fatigue due to a reduction in the force generating capacity of the muscle resulting 

from muscle activity under load but is reversible by rest. This likely to occur when demand 

is greater than supply such as in respiratory or cardiac diseases (99, 100), which may then 

lead to respiratory failure. However, diaphragm dysfunction may also result from 

diaphragm myopathy where the capacity of the rested muscle to generate force is impaired 

due to disuse of the diaphragm during mechanical ventilation (101-104), resulting in 

muscle weakness. Post-operative ventilatory failure in cardiothoracic and upper abdominal 

surgery is also associated with diaphragmatic dysfunction (105-108). However, the 

incidence of post-operative diaphragm dysfunction widely varies depending on the 

underlying cause of diaphragm dysfunction e.g. phrenic nerve injury (109) (105, 110).  

The complications of diaphragmatic dysfunction may include respiratory insufficiency, 

hypoxia, prolonged post-operative mechanical ventilation, atelectasis and longer hospital 

length of stay (13, 108, 111, 112). Other clinical effects of diaphragmatic dysfunction may 

include exercise limitation, rapid shallow breathing, paradoxical inward movement of the 

abdomen on inspiration, recurrent pulmonary infection, restrictive pattern on lung function 

test and hemidiaphragm elevation on chest radiography (113, 114). 
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Diaphragmatic dysfunction and weaning 

One of the most common pathophysiological conditions that lead to weaning failure is 

increased mechanical respiratory load, which is a load on the respiratory pump from 

cardiorespiratory pathologies such as poor lung compliance, bronchospasm or during 

weaning. Respiratory pump consists of thoraco-abdominal muscles that contribute to lung 

inflow and outflow of gas during breathing. Diaphragmatic dysfunction is an important 

risk factor of weaning failure (13, 14), which also results in increased respiratory extra-

diaphragmatic accessory muscle use leading to increased respiratory rate, reduced tidal 

volume, tiredness and weaning failure (100). 

 

Diaphragmatic dysfunction is commonly seen in mechanically ventilated patients. In ICU, 

the prevalence of diaphragmatic dysfunction in patients with no history of neuromuscular 

or diaphragmatic diseases, who were mechanically ventilated for greater than 48 hours and 

undergoing weaning trials is estimated at 29% (13). However, a recently published study 

suggests that the prevalence of diaphragmatic dysfunction at the time of liberation may 

exceed 60% (115). The aetiology is poorly defined, however multiple factors have been 

suggested. One animal study revealed that mechanical ventilation disrupted diaphragmatic 

myofibrils, increased number of lipid vacuoles in the sarcoplasm, and caused 

mitochondrial membrane disruption (116). Furthermore, reduction in diaphragmatic 

mitochondrial respiratory chain activity and reduction in muscle action potential were 

observed when animals were placed on mechanical ventilation (117). This may indicate 

that mechanical ventilation alone induces diaphragmatic dysfunction (101, 118) due to 

diaphragmatic disuse, particularly with prolonged mechanical ventilation. The 

diaphragmatic disuse leads to protein oxidation, activation of the autophagy lysosome 

pathway and skeletal muscle proteolysis (119), which subsequently alters the contractile 

property of the diaphragm. Diaphragmatic dysfunction has also been observed in critically 

ill patients with various conditions such as hypercapnoeic chronic obstructive airway 

disease (120), neuromuscular diseases, malnutrition, metabolic and electrolyte disorders, 

sepsis as well as post-cardiac and post-upper abdominal surgery patients and those with a 

prolonged ICU stay. All those factors may lead to diaphragm disuse and atrophy (121).  
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Evidence from published literature has shown the reliability of the visual evaluation of 

cardiac and respiratory function in predicting outcomes of weaning from mechanical 

ventilation (5). For instance, cardiac ultrasound is useful in identifying patients at risk of 

weaning failure (122, 123). Presence of B-lines predominantly anteriorly on lung 

ultrasound before the commencement of spontaneous breathing trial is associated with 

weaning failure. Equally, sonographic qualitative and quantitative assessment of the 

diaphragm during weaning from mechanical ventilation has also been shown to be helpful 

(113). In a study using M-mode ultrasound in 88 critically ill patients, Kim et al. showed 

that diaphragmatic excursion cutoff for extubation failure was 1.4 cm for the right 

hemidiaphragm and 1.2 cm for the left hemidiaphragm (13). Patients with diaphragmatic 

dysfunction had a longer weaning time; 401 hours vs. 90 hours in patients without 

diaphragmatic dysfunction. Alternatively, liver and spleen displacement were used as a 

surrogate for diaphragmatic movement due to inadequate visibility of the diaphragm. In a 

study by Jiang et al, liver and spleen displacement were better predictors for successful 

extubation compared to rapid shallow breathing index, spontaneous tidal volume and 

maximum inspiratory pressure (124). More research is required to address the reliability 

and clinical usefulness of spleen and the liver displacement for further assessing diaphragm 

function. 

 

Methods of assessment of diaphragmatic movement 

In the ICU, diaphragmatic dysfunction may be under-recognised because diaphragmatic 

assessment is not routinely performed in patients with respiratory insufficiency. 

Examination of diaphragmatic excursion is required for assessing respiratory sufficiency, 

ensuring adequate ventilation and evaluating for respiratory complications (125-129). 

Accurate measurement of diaphragm excursion is important in order to understand the role 

of the diaphragm. Diaphragmatic disease may manifest as an elevated hemidiaphragm on 

chest radiograph, however chest radiography is inappropriate for assessing diaphragmatic 

function. Diaphragm function can be adequately assessed by various other methods such as 

fluoroscopy, MRI or ultrasound (129, 130). Fluoroscopy is primarily a qualitative 

technique. It is specifically focused on detecting movement disorder, with assessment 

options being limited to normal, reduced, absent or paradoxical. Fluoroscopy cannot 

anatomically visualise the related supra and subphrenic structures that surround the 
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diaphragm. Furthermore, fluoroscopy is subject to geometrical and magnification error due 

to rotation of the divergent beam of the X-ray. Ionising radiation and patient transportation 

are considered real risks of fluoroscopy. 

 

Dynamic magnetic resonance imaging (MRI), including MRI fluoroscopy, has also been 

described in providing qualitative and quantitative evaluation of the diaphragm function 

(131-134). Imaging is performed by using spoiled gradient-echo pulse sequence during 

inspiration and expiration. After examination, recorded cine-loops are displayed. The 

highest and the lowest positions of the diaphragm are identified and the distance of 

excursion is measured. Dynamic MRI is a useful and accurate tool in assessing the 

diaphragm’s excursion, velocity and synchronicity with spirometry. While it does not pose 

radiation risks, patient transportation and high cost are limiting factors. 

 

Ultrasound, on the other hand, is a reliable bedside test that correlates well with 

fluoroscopy (135, 136). Ultrasound may outperform fluoroscopy in providing direct 

quantitative assessment of the diaphragm (98, 113, 137). Furthermore, it provides more 

information about supra and subphrenic causes for reduced or abnormal diaphragmatic 

function and does not involve patient transportation or exposure to ionising radiation. 

Ultrasound is reproducible, has insignificant variability between repeated readings and it 

may be more accurate than fluoroscopy (113, 138). It is performed in under 17 minutes in 

the hands of novices, using 2-D and then M-Mode with complete ultrasound examination 

and measuring of three entire respiratory cycles during both resting and forced breathing 

(139). In one study, the delay between clinical suspicion and the diagnostic test by 

ultrasound was as low as five minutes when compared to 60 minutes by fluoroscopy (140). 

Current literature supports the use of ultrasound as a method of choice for investigating 

diaphragmatic kinetics. A major shortcoming of ultrasound is the inability to obtain images 

in some subjects due to anatomical, pathological or technical reasons. Nevertheless, 

ultrasound of the diaphragm is a useful method in assessing the aetiology and the severity 

of respiratory function. Furthermore, the literature suggests that ultrasound can be a 

reliable predictor of weaning and extubation outcomes. These data suggest the importance 

of ultrasonographic assessment of the diaphragm when evaluating the respiratory function. 
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Ultrasound assessment of sub-diaphragmatic organ displacement 

Tidal movement of the upper abdominal solid organs has been used as a surrogate for 

diaphragm movement (124, 141, 142). The spleen is an intra-peritoneal structure, located 

between the diaphragm and the stomach under the 8th-11th costal ribs. The convex surface 

of the spleen is the only contact with the diaphragm, in contrast to the stomach, which fully 

opposes the right hemidiaphragm. It is more difficult to visualise the spleen as it has a 

smaller acoustic window and is more frequently obscured by the lung and the tidal 

interposition of the bowels.  

 

The shape, volume and location of the liver make it more attractive as a surrogate measure. 

The tidal movement of the liver is assessed by measuring craniocaudal displacement of left 

branches of portal vein in one study (141) or, in most studies, caudal margin of the liver 

(124). The choice of left branches of hepatic vein as a point of reference is based on the 

expectation that intrahepatic structures move equally to the movement of the diaphragm 

(130).  

 

A linear correlation between the movement of the liver or the spleen and that of the 

corresponding hemidiaphragm has been documented with main difference of 0.4 mm (141, 

142). The agreement between the movements however was inconsistent (141, 142). The 

diaphragm movement was evaluated by scintigraphy whereas the liver and the spleen were 

assessed by ultrasound. The anatomical relationship between the diaphragm and sub-

diaphragmatic organ also varied between the left and the right, and may be attributed to 

different organ contact. Jiang et al. found the liver and the spleen displacement were good 

predictors for extubation outcome and may be used as surrogate for diaphragm movement 

(124). However, in this study the displacement of the spleen and the liver in relation to the 

diaphragm was relative and probably reflected the global respiratory function rather than 

that of the diaphragm alone (124).   
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Sonographic features of the diaphragm 

The description of the sonographic features of the diaphragm varies in the literature. 

Lewandowski et al. defined the diaphragm on ultrasound as three echogenic lines. The 

most caudal layer is diaphragm-liver complex, the middle layer is lung-parietal visceral 

pleura complex and the most cephalic layer is a mirror image artifact (143). In a study by 

Zifko et al, the diaphragm was described as two echogenic lines (the pleura and the 

peritoneum) sandwiching a hypoechoic line, which represents the diaphragm muscle (144). 

Nason et al. described the diaphragm as a thick echogenic line on 2-D imaging (129). 

However, clear distinction between the diaphragm, the overlying and underlying layers 

depends on the resolution of the image, the neighbouring structures and the underlying 

respiratory, pleural and abdominal pathology.  

 

Techniques and approaches of diaphragmatic ultrasound 

Two-D and/or M-mode have been used for assessing the diaphragmatic kinetics (106, 145, 

146) (Figure 6). Ultrasound identifies the diaphragm at the interface between the lung and 

the subphrenic solid organ (113, 141, 142, 147-151). It is useful for identifying 

diaphragmatic structural abnormalities, and it allows better assessment of related and/or 

unrelated pathologies in the neighboring subphrenic or supraphrenic structures. 2-D mode 

has also been used to identify the best site for M-mode imaging (Figures 3 and 4). 

 

There is no standardised technique for sonographic imaging of the diaphragm. Various 

approaches for diaphragmatic ultrasound have been employed, which may vary in probe 

location on the chest wall and probe orientation relative to craniocaudal axis. The major 

limitations in any approach are lung interposition and ultrasound dropout caused by the 

overlying ribs. The ability to visualise the diaphragmatic dome is determined by adequate 

viewing, operator experience and the degree of the probe movement. This depends on the 

angle of incidence formed by the ultrasound beam and on the movement direction of the 

transducer. The angle of incidence is the angle between the beam incident on a surface and 

the line perpendicular to the surface at the point of incidence. At all times the hand must be 

kept firmly anchored on the chest wall (128, 152). Ideally the probe should be placed at an 

angle of incidence that is perpendicular to the direction of diaphragm movement. However, 



Chapter 4: Interpreting diaphragmatic movement with bedside ultrasound imaging: Literature review 

Dr Kavi Haji - May 2018   60 

this is limited by the lung interposition and the underlying movement of the ribs, especially 

on deep breathing (106, 149). Subcostal placement of the probe may minimise lung 

interposition, however the beam is mostly taken obliquely to the angle of incidence, which 

impairs the image resolution and precision of the measurement. Furthermore, bowel gas, 

particularly in the splenic flexure, may still cause ultrasound dropout, hence interfering 

with imaging (149, 151, 153). Locating the probe on the lower intercostal spaces between 

anterior and posterior axillary lines allows a perpendicular ultrasound beam direction to the 

diaphragm movement and minimises gas interference, especially on the left side. 

Therefore, it facilitates better viewing of the left hemidiaphragm.  

 

Of note, right hemidiaphragm is more commonly studied, which may be due to the close 

contact of the right hemidiaphragm with the liver surface and therefore better visibility (13, 

98, 113, 125, 146, 150). Moreover, 2-D ultrasound, with the probe placed longitudinally on 

the lateral aspect of the chest wall, is a commonly used approach. This technique has 

shown a good correlation between diaphragmatic excursion and lung volume (148, 150, 

152).  The degree of diaphragmatic movement can then be quantified by identifying a point 

at mid-posterior hemidiaphragm. The point is marked at end inspiration and end expiration 

and the distance between the two markings can then be measured.  

 

M-Mode along with 2-D technology has been used in multiple studies using anterior 

subcostal and lower intercostal spaces anteriorly and laterally. M-mode is a mono-

dimensional, time-dependent imaging mode that records successive positions of the 

diaphragm over time. It allows easier quantification of its excursion and easier 

measurement of the thickness of the diaphragm (154). With M-Mode technology, the 

ultrasound beam may not fall within 20° of the angle of incidence between the beam on a 

surface and the line perpendicular to the surface at the point of incidence which may result 

in erroneous measurement. This concern can be addressed by using anatomical M-Mode, 

where the anatomical M-Mode cursor can be moved accordingly until it is perpendicular to 

the hemidiaphragm (Figure 7). However, this technology is only available in the 

echocardiography machines of GE Healthcare (9900 Innovation Drive, Wauwatosa, WI 

53226, U.S.A), therefore, it is not a practical technique. Notably, imaging a thin structure 

such as the diaphragm, a higher frequency and a leaner chest wall, hence lesser depth, are 
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required in order to make accurate measurement. The linear probe provides a higher 

frequency range, however with much lesser field depth. This makes the linear probe 

unsuitable for imaging a relatively deep structure such as the diaphragm.  
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Figure 6: 2-D Ultrasound imaging approach and the ultrasonographic appearance of 
the right and the left hemidiaphragm 

 

The top figures represent the location of the probe on the chest. The probe is placed 

longitudinally and perpendicularly on the lateral aspect of the chest wall, on the lower 

intercostal spaces between the anterior and posterior axillary lines. The bottom two figures 

are 2-D ultrasound images of the right (bottom right) and the left (bottom left) 

hemidiaphragm. The distance between the neck and head of the arrow represents the 

hemidiaphragmatic movement. 
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Figure 7: Anatomical M-Mode technology showing the ultrasonographic appearance 
of the right hemidiaphragm.  

 

Note that the anatomical M-Mode cursor is manually set to be perpendicular to the 

hemidiaphragm. AM-Mode – anatomical M-Mode. 
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Table 5: Different techniques and approaches used for evaluating diaphragm and the concomitant liver/spleen displacement 

Author 

and year 

Patients  Ultrasound 

mode 

Position/Technique/Probe 

placement and orientation 

HD/Liver/ 

Spleen 

Diaphragm movement (SD)  

Harris 1983 

(149)  

 

50 healthy 

volunteers  

 

2-D Supine  

Subcostal  

MCL and longitudinal 

orientation  

RHD  

 

Anterior third 4.0 cm ± 1.6 cm  

Middle third 4.8 cm ± 1.6 cm 

Posterior third 4.8 cm ± 1.6 cm 

Female 4.0 cm ± 1.2 cm 

Males 5.4 cm ± 1.7 cm 

Drummond 

1986 (151) 

20 surgical 

patients  

  

 

2-D  

 

Supine   

Anterior subcostal or intercostal  

Longitudinal plane 

RHD Mean DM 1.56 cm ± 0.52 cm 

Fedullo 

1992 (155) 

 

48 post CABG 

patients  

 

  

2-D  

 

Seated   

Longitudinal direction at 45° 

angle to diaphragm  

 

RHD and 

LHD  

 

Mean LDM 2.8 cm ± 1.1 cm 

Mean RDM 3.9 cm ± 1.1 cm 

LHD: RHD ratio 0.74 cm ± 0.27 cm 

Elevated LHD on CXR in 14% of 
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patients, of which three had an excursion 

of ≥1.6 cm on ultrasound  

Jousela 

1992 (147)  

 

6 healthy non-

medicated 

volunteers  

 

2-D  

 

Supine 

Technique not reported in 

abstract  

RHD  

 

No reported measurements of DM  

Larger tidal volume is associated with 

increased DM 

Tidal volume doubled for the same DM  

Houston 

1992 (146) 

55 general 

medical ward 

patients  

 

 

 

2-D and M-

mode  

 

Supine 

Longitudinal plane 

Probe between MCL and MAL  

Images were recorded during 

quiet and deep breathing  

 

RHD and 

LHD 

Quiet breathing 

RHD: 2-D 2.2 cm ± 6.1 cm and M-mode 

1.7 cm ± 7.1 cm 

LHD: 2-D 2.0 cm ± 7.5 cm and  M-

mode 1.7 cm ± 7.6 cm 

Deep breathing 

 

RHD: 2-D 5.3 cm ± 16.4 cm and M-

mode 4.2 cm ± 11.6 cm  

LHD: 2-D 4.6 cm ± 1.2 cm and M-mode 

4.3 cm ± 1.3 cm  

Jousela 9 healthy non- 2-D Supine  RHD Maximum DM in the dome 
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1994 (148) medicated 

volunteers  

 

 Better DM in non-dependent area in 

mechanically ventilated patients  

Houston 

1994 (150)  

 

14 healthy 

volunteers  

 

2-D Supine and sitting  

Longitudinal plane 

Probe between MCL and MAL 

focusing on the posterior part of 

diaphragm including maximal 

kidney bipolar length 

RHD and 

LHD 

RHD posterior part is directly 

proportional to inspired volume  

DM/ inspired volume gradient decreases 

with changing posture from sitting to 

supine  

 

Houston 

1995 (113) 

50 patients with 

CVA, 40 patients 

in the control 

group  

 

2-D Supine   

Longitudinal plane 

Probe between MCL and MAL 

focusing on the posterior part of 

diaphragm including maximal 

kidney bipolar length 

Quiet and deep breathing  

 

RHD and 

LHD 

Quiet breathing:  

Right CVA: RHD and LHD movements 

were 1.8 cm ± 0.7 cm and 1.8 cm ± 0.6 

cm vs. control group 2.1 cm ± 0.6 cm 

and 1.9 cm ± 0.6 cm respectively. 

Deep breathing: 

Right CVA: RHD and LHD movement 

were 4.1 cm ± 0.9 and 3.6 cm ± 1.1 cm 

respectively.  

Left CVA: RHD 3.2 cm ± 1.3 cm, LHD 
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3.0 cm ± 1.6 cm vs. control group 

4.9 cm ± 0.6 cm and 4.5 cm ± 1.2 cm 

respectively. 

 

Boussugues 

2009 (152) 

 

210 healthy 

volunteers  

 

2-D and M- 

Mode  

 

Standing  

Right subcostal between MCL 

and AAL  

Left lower intercostal spaces or 

subcostal, between AAL and 

MAL 

Medial, cranial and dorsal 

direction to ensure 

perpendicular beam to posterior 

third of diaphragm  

Quiet, sniff and deep breathing  

RHD and 

LHD 

Mean DM  

Quiet breathing  

RHD: 1.8 cm ± 0.3 cm 

LHD: 1.8 cm ± 0.4 cm 

Sniff breathing 

RHD: 2.8 cm ± 0.6 cm  

LHD: 3.0 cm ± 0.6 cm 

Deep breathing 

RHD: 6.6 cm ± 1.3 cm 

LHD: 7.3 cm ± 1.0 cm  

Akiyama 

2000 (145) 

4 ventilated 

patients  

 

2-D and M- 

Mode  

 

Subcostal 

Sagittal plane 

To locate dome: Probe at MCL   

RHD Dome was most impaired in right 

decubitus posture  

Costal region most impaired in sitting 

posture  
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To locate posterior region: 

Probe between MCL and AAL 

and directed dorsally   

To locate costal region: Probe 

below the sternum and directed 

to the right  

Crural region most improved in left 

decubitus posture   

Motion most impaired in supine posture 

 

Gerscovich 

2001 (125) 

23 healthy 

volunteers  

22 critically ill 

patients  

 

2-D and M- 

Mode  

 

 

Supine    

Longitudinal semi-coronal 

plane  

Subcostal or low intercostal 

between MCL and MAL  

In slender patients: transverse 

subxyphoid plane that 

permitted simultaneous 

visualisation of RHD and 

LHD   

RHD and 

LHD 

RHD   

Quiet breathing: 1.5 cm  

Deep breathing: 5.7 cm  

Sniff: 1.7 cm    

LHD 

Quiet breathing: 1.6 cm  

Deep breathing: 6.7 cm   

Sniff: 1.8 cm   

Toledo 

2003 (141) 

51 patients with 

indications for 

abdominal 

angiography and 

2-D Supine 

Longitudinal direction 

Right subcostal with probe 

Left intra-

hepatic 

branches 

of portal 

Linear correlation  

Craniocaudal displacement of 

intrahepatic portal vein branches was 3.5 
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cholangiography  

 

beam perpendicular to 

craniocaudal axis during all 

phases of respiration  

vein cm ± 1.1 cm 

RHD mobility radiologically was 3.5 cm 

± 1.7 cm 

Jiang 2004 

(124) 

55 ICU patients 2-D Supine   

Longitudinal plane  

Probe at right AAL and left 

PAL during quiet breathing  

Liver and 

spleen 

Mean displacement of liver and spleen 

1.2 cm ± 0.5 cm (0.4 to 2.2 cm). Liver 

displacement 1.1 cm ± 0.6 cm (0.2 to 2.6 

cm)  

Spleen displacement 1.3 cm ± 0.7 cm 

(0.2 to 2.8 cm)  

 

Kantarci 

2004 (156) 

160 volunteers 2-D and M- 

Mode  

 

Supine   

Coronal plane  

Low anterior intercostal or 

subcostal approach, or both  

RHD and 

LHD 

RHD: 4.9 cm ± 1.1  

LHD: 5.1cm ± 1.2  

More DM found in males, increased 

weight and waist circumference >70cm  

Toledo 

2006 (142) 

49 surgical 

patients 

2-D Supine   

Coronal and longitudinal 

plane  

Probe at left intercostal space 

Spleen Mean craniocaudal displacement of 

splenic inferior pole 6.3cm±1.5. Mean 

radiographic diaphragmatic movement 

is 4.4cm±1.5. Mean difference is 

1.7±1.6 (95%CI 1.2-2.1cm) 
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with beam perpendicular to 

craniocaudal axis during all 

phases of respiration  

 

 

Scott 2006 

(153) 

36 out-patients 2-D and M-

Mode 

Semi-recumbent at an angle 

between 30°-45° 

Probe between MCL and MAL   

Longitudinal plane 

The images included the 

maximal renal bipolar length  

RHD Quiet breathing:  

1.1 cm ± 0.4 cm (2-D) 

1.5 cm ± 0.4 cm (M-mode)  

Sniff breathing: 

1.4 cm ± 0.4 cm (2-D) 

1.5 cm ± 0.4 cm (M-mode)  

Ayoub 

1997 (138) 

8 patients 2-D and M-

Mode  

Semi-supine at 30  

Subcostal  

Probe at AAL directed medially 

cephalad and dorsally 

Beam near-perpendicular to 

posterior vault of RHD 5cm 

lateral to IVC 

RHD DIA increased from 1.3 cm ±0.2 cm to 

1.8 cm ± 0.2 cm and diaphragmatic 

inspiratory time increased from 1.8 sec ± 

0.2 to 1.5 sec ± 0.2 and total 

diaphragmatic time interval remained 

unchanged 

 

Ayoub 14 patients 2-D and M- Semi-supine at 30 RHD DIA decreased during quiet breathing 
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2001 (126) Mode 
Subcostal  

Probe at AAL directed medially 

cephalad and dorsally 

Beam nearly perpendicular to 

posterior vault of RHD 5cm 

lateral to IVC 

from 1.4 cm ± 0.2 cm to 1 cm ± 0.1 cm 

post bowel surgery and from 1.6 cm ± 

0.3 cm to 1.2 cm ± 0.2 cm post 

cholecystectomy 

During deep breathing from 6.0 cm ± 

0.8 cm to 3.0 cm ± 1.8 cm and from 3.1 

cm ± 1.3 cm to 3.1 cm ± 1.6 cm 

respectively 

 

Kim 2010 

(106)  

35 patients pre 

and post upper GI 

surgery 

 

2-D and M- 

Mode  

 

Semi-recumbent   

Intercostal  

Probe placed at AAL and 

directed medially, cephalad, 

and dorsally  

DIA was traced during quiet, 

sniff and deep breathing   

 

RHD Preoperative  

Quiet breathing: 1.6 cm ±0.5 cm 

Sniff: 1.8 cm ± 0.4 cm 

Deep breathing: 5.2 cm ± 1.4 cm 

Postoperative  

Day1  

Quiet breathing: 1.0 cm ± 0.3 cm Sniff: 

1.1 cm ± 0.3 cm 

Deep breathing: 2.0 cm ± 0.9 cm 

Day2  
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Quiet breathing: 1.1 cm ± 0.3 cm Sniff: 

1.1 cm ± 0.3 cm 

Deep breathing: 2.4 cm ± 1.0 cm 

Day 7  

Quiet breathing: 1.4 cm ± 0.3 cm 

Sniff: 1.4cm ± 0.4 cm 

Deep breathing: 3.7 cm ± 1.0 cm 

Kim 2011 

(13)  

82 mechanically 

ventilated patients 

2-D and M-

Mode 

Supine   

Lower intercostal space at AAL 

for RHD and at MAL for LHD  

Beam directed to HD dome at 

angle not less than 70°  

 

RHD and 

LHD 

Non-diaphragm dysfunction group 

RHD: 1.9cm (1.2- 2.2) 

LHD: 1.8 cm (1.2-2.3)  

Diaphragm dysfunction group  

RHD: 0.3 cm (0.0-0.7) 

LHD: 2.6 cm (0.0-6.2) 

Testa 2011 

(139) 

40 healthy 

volunteers 

2-D and M-

Mode 

Semi-recumbent at 45° during 

quiet and deep breathing   

Subcostal anterior at MCL  

Probe is orientated transversely 

RHD Quiet breathing 

Experienced operator: 1.8 cm ± 0.8 cm, 

inexperienced operator 2.2 cm ± 0.9 cm  

Deep breathing 
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and directed cephalad.  
Experienced operator 6.9 cm ± 1.4 cm, 

inexperienced operator 7.9 cm ± 1.3 cm  

Vivier 

2012 (157) 

12 patients 

requiring planned 

NIV post 

extubation  

2-D and M-

Mode 

Semi-recumbent   

Intercostal space above right 

10
th
 rib at MAL or AAL 

Ultrasound beam is 

perpendicular to diaphragm 

RHD DM was not measured 

DiNino 

2014 (154) 

63 mechanically 

ventilated 

critically ill 

patients, 6-

24hours prior 

weaning trial 

Non-

specified 

Semi-recumbent 20-40 

Probe in the midaxillary line 

between the 8th and 10th 

intercostal spaces. 

Mean of tdi of 3 breaths was 

taken 

tdi at ZOA was calculated  

RHD Sensitivity and specificity of Δtdi% 

≥30% for extubation success was 88% 

and 71%, respectively. PPV and NPV 

were 91% and 63%, respectively.  

Ferrari 

2014 (158) 

46 patients 

ventilated through 

tracheostomy 

tube 

2-D Semi-recumbent  

Probe perpendicular to the 

chest wall in the 8
th
 or 9

th
 

intercostal space between AAL 

Not listed Cut-off value of DTF>36% associated 

with successful SBT 

Sensitivity, specificity, PPV and NPV 

were 82%, 88%, 93% and 88% 
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Table 5 shows the ultrasonic techniques used for assessing the diaphragm function. There are 1147 participants including healthy volunteers, critically ill and 

non-critically ill patients in 25 studies. Twelve studies evaluated the right hemidiaphragm only. eight studies evaluated both right and left hemidiaphragms. 

One study evaluated the liver and the spleen tidal displacement as a surrogate for diaphragmatic movement, two studies compared the movement of the 

diaphragm using scintigraphy and the displacement of the liver and the spleen using ultrasound. One study did not list which side they studied. Eleven studies 

used 2-D technology, and eleven studies used 2-D to locate the hemidiaphragm and M-Mode and M-mode to perform the measurements. One study did not list 

the type of ultrasound technology they used. Patients were approached in a supine or semi-recumbent position except in one study where the diaphragm was 

imaged in a standing position.  The ultrasound probe was located perpendicularly on the anterior and subcostal region or on lateral chest region and in lower 

intercostal spaces. Various measurements were obtained during quiet breathing, deep breathing and sniffing. The diaphragm was assessed by measuring the 

hemidiaphragm excursion between end of inspiration and end of expiration in 21. Two studies measured the diaphragmatic difference in the thickness of the 

diaphragm at end of inspiration and end of expiration and one study measured the liver and spleen displacement as a surrogate for diaphragm movement. All 

studies were observational in design and were conducted prospectively.  

Abbreviations are as follows: 

2D two-dimensional LHD left hemidiaphragm 

AAL anterior axillary line MAL midaxillary line 

BMI body mass index MCL midclavicular line 

BSA base surface area MV mechanical ventilation 

CABG coronary artery bypass graft NIV non-invasive ventilation 

CAV cerebrovascular accident PAL posterior axillary line 

and MAL 

ZOA was observed 0.5-2cm 

below costo-phrenic sinus 

respectively 

RSBI<105 had a sensitivity, specificity, 

PPV and NPV of 93%, 8%, 93% and 

88% respectively 
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CXR chest x ray QB quiet breathing 

DB deep breathing RHD right hemidiaphragm 

DD diaphragmatic dysfunction RSBI rapid shallow breathing index 

DIA diaphragmatic amplitude SB sniff breathing 

DM diaphragm movement SV spontaneous ventilation 

DTF diaphragm thickening fraction tdi thickness of the diaphragm 

GI gastrointestinal TV tidal volume 

Ht height US ultrasound 

IABP intra-aortic balloon pump Wt weight 

IVC inferior vena cava ZOA zone of apposition 

tdi difference in the thickness of the diaphragm at end of inspiration and end of expiration. 
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4.5 Conclusion 

Diaphragm function is complex and is affected by both anatomical and physiological 

interactions with the chest and the abdomen. Accurate and timely assessment of the 

diaphragm may be clinically useful in the intensive care setting. Ultrasound 

assessment of the diaphragm is accurate, reliable and easily learned. Different 

techniques and postures have been studied, however accuracy of measurement is 

determined by ultrasound perpendicular beam direction to the diaphragm 

craniocaudal movement. Some literature has indicated the role of sub-diaphragmatic 

organ displacement as a surrogate for diaphragmatic movement, however the 

agreement between the two movements is inconsistent. The authors suggest that 

further studies may be needed to explore the clinical utility of the routine use of 

diaphragm ultrasound in managing critically ill patients in various phases of their 

ICU stay. 
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5 DIAPHRAGMATIC REGIONAL 

DISPLACEMENT ASSESSED BY 

ULTRASOUND AND CORRELATED TO 

SUBPHRENIC ORGAN MOVEMENT IN 

CRITICALLY ILL PATIENTS: 

OBSERVATIONAL STUDY 

5.1 Introduction 

Measurement of diaphragmatic excursion may be useful in assessing respiratory 

sufficiency, ensuring adequate ventilation and evaluating respiratory complications 

(125-129). Normally, diaphragmatic excursion is 0.9-2 cm during quiet breathing and 

may increase to 7-9 cm during forced breathing (125, 135, 139, 150, 152). There are 

also regional differences in diaphragmatic movement (149, 159) with greatest 

movement occurring in the middle and the posterior thirds (149).  

 



Chapter 5: Diaphragmatic regional displacement assessed by ultrasound and correlated to subphrenic organ 

movement in critically ill patients: Observational study 

Dr Kavi Haji - May 2018   78 

Ultrasound may be used to evaluate diaphragmatic function and to estimate work of 

breathing (157). The approach used to image the diaphragm depends on the position 

of the patient, the location and orientation of the transducer on the chest, and the 

region of interest of the diaphragm. The literature describes different techniques in 

imaging the diaphragm. There are variations in probe location on the chest wall, 

landmarks of the site of exploration and selection of the ultrasound mode of imaging. 

Moreover, assessment of degree of diaphragmatic movement depends on adequate 

viewing, operator experience and the angle of insonation, which ideally should be < 

20°. 

 

Ultrasound of the diaphragm using 2-dimensional imaging (98, 113, 146, 149-151, 

155, 158, 160) or combined with M-Mode (126, 138, 139, 153, 161) has been 

described in literature. Regional differences in movement of the diaphragm have been 

reported. For instance, the posterior part is the most muscular and mobile region of 

the diaphragm. Nonetheless, it may not be visible in critically ill patients.  Identifying 

the hemidiaphragm through anterior ultrasound approach may be difficult for reasons 

such as presence of bowel gas, tidal lung interposition, movement of the underlying 

ribs or surgical wounds and surgical dressings. The left hemidiaphragm is particularly 

difficult to image due to bowel gas and possibly limited hemidiaphragm-spleen 

contact. Displacement of the liver and the spleen has therefore been suggested as a 

surrogate for directly measuring diaphragm movement (124, 141, 142). A previously 

published study showed that displacement of the liver or the spleen is an acceptable 

predictor of successful extubation (124). However, in this study the correlation in 

movement between the diaphragm and liver or splenic displacement was not 

determined. Moreover, the degree of solid organ displacement may vary due to other 

factors such as organ deformation, and lateral or antero-posterior displacement, which 

is not usually measured (162). The evidence gap is that there are few data comparing 

movement between different regions of diaphragm, or between the diaphragm and the 

liver or spleen. There is therefore no standardised approach to assessing 

diaphragmatic movement, or whether liver or splenic movement can be substituted 

for diaphragmatic movement. Resolution of this evidence gap will help to standardise 

research and practice in evaluating diaphragmatic movement as part of critical care 

ventilation.  
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In this study, we aimed to evaluate the correlation of movement between different 

parts of each hemidiaphragm, identify which regions of the diaphragm are most 

reliably imaged, and to assess whether adequate agreement exists between liver or 

spleen displacement and movement of the ipsilateral hemidiaphragm. 

 

We hypothesised that not all parts of the diaphragm would be reliably imaged, and 

that there would be a good correlation and sufficient agreement between liver and 

splenic displacement and ipsilateral hemi-diaphragmatic movement for clinicians to 

use solid organ movement instead of diaphragmatic movement where imaging of the 

diaphragm is inadequate.  

 

5.2 Material and methods 

This was a single centre prospective observational study in a 13-bed level III 

university-affiliated adult ICU. Participants with known diaphragm paralysis were 

excluded. The Peninsula Health Human Research and Ethics Committee approved the 

study in May 2012 as an audit of an existing study where 93 participants received 

ultrasound examination of the heart, lung, and diaphragm, evaluating the impact of 

transthoracic echocardiography and respiratory ultrasound assessment in critical care 

study (Human Research and Ethics Committee Project No. HREC/12/PH/34). All 

participants, or the person responsible for their care if they were sedated, provided 

informed consent for the primary study. 

 

A Vivid q GE Healthcare ultrasound machine (GE Healthcare Wauwatosa WI 53226, 

U.S.A) with a curved array 4C-RS probe was used. The probe has a footprint of 17-

65 mm with a scanner frequency range of 1.8-6.0 MHz and provides a field depth of 

30 cm. All ultrasound examinations were performed by the same physician (KH). The 

participants were examined in a supine position. The same landmarks and technique 

were used for both hemidiaphragms. The probe was placed laterally and 

perpendicularly on the lateral chest wall in a lower intercostal space between the mid 

and posterior axillary lines. Therefore, the direction of the beam was perpendicular or 
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near-perpendicular to the craniocaudal axis during breathing (Figure 8). By using this 

technique, a longitudinal plane of the maximal possible length of the hemidiaphragm 

and the adjacent subphrenic solid organs, including the maximal possible bipolar 

renal length, were obtained (145, 150) (Figure 9). After a brief period of quiet 

consistent breathing, we obtained multiple recordings of each hemidiaphragm with a 

minimum of 2 successive respiratory cycles. We recorded at least three video clips 

that contained the maximum possible length of the hemidiaphragm and the ipsilateral 

sub-diaphragmatic solid organs. The images during forced breaths, sighs and 

coughing were excluded. The recorded clips were stored in digital format (DICOM) 

and all measurements were performed off-line. Each measurement was the average of 

three respiratory cycles by two observers using the offline images. In 20 consecutive 

participants, the observers repeated the measurements on the same offline data, 3-5 

days to assess intra- and inter-observer variability.  
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Figure 8: Scanning plane, lateral approach 

The probe is placed perpendicularly to the lateral chest wall of a supine participant in 

a lower intercostal space between the mid and posterior axillary lines with the probe 

oriented cranially. 
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Figure 9: 2-D ultrasound images - 1 

Figures (a) and (b) are 2-D ultrasound images of the right hemidiaphragm, liver and 

the maximal bipolar renal length possible. Figures (c) and (d) are 2-D ultrasound 

images of the left hemidiaphragm, spleen and the maximal bipolar renal length 

possible. Each hemidiaphragm (a) and (b) was divided into lateral, middle and medial 

regions. LHD - left hemidiaphragm, LL2 - left lateral zone 2, LK - left kidney, RHD - 

right hemidiaphragm, RK - right kidney, RL2 - right lateral zone 2. 

 

Measurements were performed in three different anatomical regions of the 

diaphragm: the lateral, middle and medial (Figure 9). With this lateral approach, we 

predominantly assessed the movement of the posterior diaphragm, which is 40% 

more than the movement of the anterior diaphragm according to published data (163) 

The three regions of the hemidiaphragm and the inferior border of the spleen or the 

liver were identified (141, 142). The movements of the diaphragm and the 

corresponding liver or spleen were observed. Movement was defined as the distance 

between end-inspiration and end-expiration (Figure 10). 
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Figure 10: 2-D ultrasound images - 2  

Figure (a) shows the movement range of the middle and medial region of the right 

hemidiaphragm at end-inspiration and end-expiration. Figure (c) shows the 

movement range of the middle and medial region of the left hemidiaphragm at end-

inspiration and end-expiration. Due to poor visibility, the movement range of the 

lateral hemidiaphragm was not measured. Figures (b) and (d) show the displacement 

range of the spleen and the liver at end-inspiration and end-expiration. LHD - left 

hemidiaphragm, LL2 - left lateral zone 2, LK - left kidney, RHD - right 

hemidiaphragm, RK - right kidney, RL2 - right lateral zone 2,  right and left 

hemidiaphragmatic movement, spleen and liver displacement between end-inspiration 

and end-expiration. 

 

5.3 Statistical analysis 

Continuous measurements were expressed as mean ± standard deviation (SD). For 

comparisons of movements between different regions of the diaphragm or solid organ 

movement, Model 2 regression analysis (Deming method) was used to assess for 
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fixed and proportional bias using 95% confidence intervals of the slope and the 

intercept. In brief, fixed bias was present if the 95% confidence intervals of the 

intercept did not include the value 0, and proportional bias was present when the 95% 

confidence intervals of the slope did not include the value 1(27, 164) The Bland-

Altman method was used to define the limits of agreement between pairs of 

measurements(165). Intra-observer and inter-observer variability were evaluated by 

using the paired Student t-test. Acceptable agreement was defined as an absence of 

fixed and proportional bias, where 2 SD of the difference between measurements was 

< 30% of mean value of the measurements. 

 

Sample size estimation was based on the ability to detect a difference of 2 mm in 

diaphragmatic movement, with a power of 0.8 and alpha of 0.05, assuming a mean 

movement of 1.6 ± 0.4 cm and a two-tailed design. A minimal sample size of 86 

participants was required and 90 participants were recruited. IBM SPSS statistics 

version 21 and Graph Pad Prism 6.0 (Graph Pad Software, San Diego, CA, U.S.A) 

were used for statistical analysis. 

 

5.4 Results  

We evaluated 90 critically ill participants, of whom 47 were male. The mean age was 

62.3 ± 16.7 years. The patient characteristics and the clinical diagnoses are listed in 

Table 6. There were 60 intubated participants, of whom 10 were not sedated, and 30 

non-intubated and non-sedated participants. No participants were paralysed during 

examination.  

 

The frequency of adequate imaging of each hemidiaphragmatic region, liver and the 

spleen, and mean movement of the variables in intubated, non-intubated and all 

participants are shown in Table 7. The medial region of the right hemidiaphragm, 

liver and the spleen were the most frequently visualised (more than 80% of 

participants). A statistically significant difference in movement was only found in the 

mean movement of the medial and middle regions of the left hemidiaphragm between 
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intubated and non-intubated participants (P=0.01). Comparisons were therefore made 

for intubated, non-intubated and for all participants combined.  

 

The correlation and agreement analysis of movement between different regions of the 

hemidiaphragm and between hemidiaphragm and liver or the spleen, in intubated, 

non-intubated and in all participants are shown in Tables 8, 9 and 10 and the 

agreement analysis of the three groups are illustrated in figures 11, 12 and 13. In non-

intubated participants, acceptable agreement was present for comparisons of the right 

middle and medial, left middle and medial, and left middle region and for spleen 

displacement. The left middle region was only visualised in 51.1% of participants. In 

intubated participants and in all participants when combined, acceptable agreement 

was only present for comparison of movement between the right middle and medial 

regions and left middle and medial regions of the diaphragm. Acceptable agreement 

was not present for intubated participants, or for any participants for diaphragmatic 

and solid organ movement.  

 

Intra-observer variability is shown in Table 11, and inter-observer variability is 

shown in Table 12. There was acceptable agreement for all comparisons with the 

limits of agreement < 30% of mean values.  
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Table 6: participants’ characteristics and diagnoses 

Variable 90 participants 

Age (mean ±SD) 

Males n(%) 

62.3 ± 16.7 

47 (52)  

Spontaneously breathing n(%)   

Mechanically ventilated n(%)  

FiO2  (mean ±SD) 

PEEP (mean ±SD) 

30 (33) 

60 (66) 

0.39 ±0.15 

7.06 ±2.39 

Sedation n(%) 54 (60) 

Diagnosis  

Sepsis 

Pulmonary 

Non-pulmonary 

 

16 (17.7) 

10 (11.1) 

Gastrointestinal surgery  17 (18.8) 

Cardiac arrest  11 (12.2) 

Cardiac failure/AMI 7 (8) 

Upper gastrointestinal bleeding 6 (6.6) 

Encephalopathy 

Hepatic encephalopathy 

Encephalitis  

Drug overdose 

 

4 (4.4) 

2 (2.2) 

1 (1.1) 

Arrhythmia  4 (4.4) 



Chapter 5: Diaphragmatic regional displacement assessed by ultrasound and correlated to subphrenic organ 

movement in critically ill patients: Observational study 

Dr Kavi Haji - May 2018   87 

Vascular surgery 3 (3.3) 

Seizures 3 (3.3) 

Pancreatitis  2 (2.2) 

Cardiogenic shock  2 (2.2) 

Diabetic ketoacidosis  2 (2.2) 

AMI – acute myocardial infarction, FiO2 – fractional inspired oxygen, PEEP – positive end 

expiratory pressure. 
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Table 7: Frequency of adequate imaging and movement 

  

Variable 

(movement) 

n (%)  

All participants 

n= 90 

Mean (SD) 

Spontaneously 

ventilated 

participants n=22  

Mean (SD) 

Mechanically 

ventilated 

participants 

n= 68 

p-value 

(2-tailed) 

Mean (SD) 

All participants 

n= 90 

RHD medial third  79 (87.7)  1.11 (0.56) 1.04 (0.45) 0.54 1.08 (0.48) 

RHD middle region 66 (73.3)  1.13 (0.6) 1.0 (0.42) 0.26 1.05 (0.49) 

RHD lateral region 25 (27) 0.54 (0.21) 0.61 (0.29) 0.54 0.59 (0.26) 

Liver  79 (87.7) 0.88 (0.47) 0.85 (0.35) 0.73 0.88 (0.39) 

LHD medial region 65 (72.2) 1.23 (0.39) 0.94 (0.42) 0.01 1.04 (0.43) 

LHD middle region 46 (51.1) 1.27 (0.23) 0.91 (0.41) 0.01 1.00 (0.41) 

LHD lateral region 27 (30) 0.64 (0.21) 0.61 (0.32) 0.85 0.61 (0.28) 

Spleen 73 (81) 0.97 (0.32) 0.81 (0.36) 0.56 0.86 (0.35) 

RHD - right hemidiaphragm, LHD - left hemidiaphragm, SD - standard deviation 
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Table 8: Agreement analysis between middle and medial regions of the diaphragm, liver and the spleen displacement in non-intubated 

participants 

Variable 

(movement) 

Regression 

coefficient 

for slope 

Regression 

coefficient 

for Y-

intercept 

P value Correlation 

coefficient 

Proportional 

bias 

Fixed 

bias 

Bias SD 

of 

bias 

Limits of 

agreement  

95% CI 

% limits 

of 

agreement 

RHD medial 

and middle 

regions 

1.04 

(0.92 to 

1.15) 

-0.04 

(-0.2 to 

0.1) 

<0.0001 0.96 No No 0.01 0.14 -0.28 to 

0.28 

24% 

RHD medial 

region and 

liver 

0.87 

(0.71 to 

1.04) 

-0.08 

(-0.28 to 

0.11) 

<0.0004 0.90 No No -

0.16 

0.21 -0.57 to 

0.25 

44% 

RHD 

middle 

region and 

liver 

0.85 

(0.70 to 

1.00) 

-0.07 

(-0.25 to 

0.11) 

<0.0001 0.86 No No -

0.23 

0.21 -0.64 to 

0.17 

39% 

LHD medial 

and middle 

regions 

0.67 

(0.3 to 

1.06) 

0.37 

(-0.15 to 

0.9) 

0.004 0.98 No No -

0.05 

0.18 -0.42 to 

0.31 

27% 

LHD medial 0.9 -0.11 <0.0001 0.89 No No - 0,20 -0.65 to 36% 
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region and 

spleen 

(0.61 to 

1.17) 

(-0.47 to 

0.24) 

0.24 0.15 

LHD middle 

region and 

spleen 

0.97 

(0.49 to 

1.44) 

-0.22 

(-0.84 to 

0.39) 

0.0015 0.91 No No -

0.26 

0.12 -0.50 to 

0.02 

21% 

RHD and 

LHD medial 

regions 

0.43 

(-0.14 to 

1.01) 

0.78 

(0.09 to 

1.47) 

0.13 0.36 No No 0.19 0.57 -0.92 to 

1.31 

100% 

Liver and 

spleen 

0.80 

(0.37 to 

1.23) 

0.56 

(0.11 to 

1.01) 

0.04 0.42 No No 0.09 0.43 -0.76 to 

0.94 

92% 

RHD - right hemidiaphragm, LHD - left hemidiaphragm. % limits of agreement is (2SD of the difference)/mean value. 

  



Chapter 5: Diaphragmatic regional displacement assessed by ultrasound and correlated to subphrenic organ movement in critically ill patients: Observational study 

Dr Kavi Haji - May 2018   91 

 

 

Figure 11: Limits of agreement between the comparators in non-intubated participants.  

An acceptable agreement was present for comparisons of the middle and medial of the right hemidiaphragm, middle and medial of the left 

hemidiaphragm, and the movement of the left middle region of the diaphragm and spleen displacement with difference in measurement of less 

than 30%.  
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Table 9: Agreement analysis between middle and medial third of the diaphragm, liver and the spleen displacement in intubated 

participants 

Variable 

(movement) 

Regression 

coefficient 

for slope 

Regression 

coefficient 

for Y-

intercept 

P value Correlation 

coefficient 

Proportional    

bias 

Fixed 

bias 

Bias SD of 

bias 

Limits of 

agreement  

95% CI 

% limits 

of 

agreement 

RHD medial 

and middle 

regions  

1.03  

(0.93 to 

1.13) 

-0.06 

(-0.17 to 

0.04) 

<0.0001 0.96 No No -0.03 0.12 -0.27 to 

0.20 

23% 

RHD medial 

region and 

liver 

0.74  

(0.63 to 

0.84) 

0.10  

(-0.01 to 

0.22) 

<0.0001 0.90 Yes No -0.16 0.21 -0.57 to 

0.25 

39% 

RHD 

middle 

region and 

liver 

0.76 

(0.61 to 

0.91) 

0.12 

(-0.03 to 

0.28) 

<0.0001 0.86 Yes No -0.09 0.21 -0.52 to 

0.33 

46% 

LHD medial 

and middle 

regions  

1.02 

(0.94 to 

1.09) 

-0.04  

(-0.11 to 

0.03) 

<0.0001 0.98 No No -0.02 0.08 -0.17 to 

0.13 

17% 
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LHD medial 

region and 

spleen 

0.84  

(0.72 to 

0.97) 

0.0  

(-0.12 to 

0.13) 

<0.0001 0.90 Yes No -0.14 0.17 -0.49 to 

0.20 

41% 

LHD middle 

region and 

spleen 

0.84  

(0.70 to 

0.98) 

0.0 

(-0.14 to 

0.14) 

<0.0001 0.91 

 

Yes 

 

No 

     

0-0.14 0.17 -0.49 to 

0.20  

42% 

RHD and 

LHD medial 

regions 

0.99  

(0.20 to 

1.77) 

-0.09 

(-0.98 to 

0.79) 

0.01 0.36 No No -0.10 0.48 -1.05 to 

0.84 

96% 

Liver and 

spleen 

1.03 

(0.37 to 

1.69) 

-0.08  

(-0.70 to 

0.52) 

0.002 0.46 No No -0.05 0.36 -0.80 to 

0.69 

91% 

RHD - right hemidiaphragm, LHD - left hemidiaphragm. % limits of agreement is (2SD of the difference)/mean value. 
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Figure 12: Limits of agreement between the comparators in intubated participants.  

An acceptable agreement was present for comparison of movement between the middle and medial regions of the right hemidiaphragm and 

middle and medial regions of the left hemidiaphragm with difference in measurement of less than 30%. RHD - right hemidiaphragm, LHD - left 

hemidiaphragm 
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Table 10: Agreement analysis between middle and medial third of the diaphragm, the liver and spleen displacement in all participants 

Variable 

(movement) 

Regression 

coefficient 

for slope 

Regression 

coefficient 

for Y-

intercept 

P value Correlation 

coefficient 

Proportional    

bias 

Fixed  

bias 

Bias SD 

of 

bias 

Limits of 

agreement  

95% CI 

% limits 

of 

agreement 

RHD medial 

and middle 

regions  

1.03  

(0.96 to 

1.11) 

-0.06 

(-0.15 to 

0.01) 

<0.0001 0.96 No No -

0.02 

0.13 -0.28 to 

0.22 

24% 

RHD medial 

region and 

liver 

0.79  

(0.7 to 

0.88) 

0.05  

(-0.06 to 

0.14) 

<0.0004 0.90 Yes No -

0.18 

0.21 -0.60 to 

0.24 

43% 

RHD 

middle and 

liver 

0.80 

(0.70 to 

0.90) 

0.05 

(0.05 to 

0.17) 

<0.0001 0.89 Yes Yes -

0.14 

0.22 -0.58 to 

0.29 

46% 

LHD medial 

and middle 

regions  

0.96 

(0.88 to 

1.05) 

0.01  

(-0.09 to 

0.09) 

<0.0001 0.96 No No -

0.02 

0.11 -0.24 to 

0.18 

22% 

LHD medial 

region and 

spleen 

0.83  

(0.73 to 

0.94) 

0.0  

(-0.13 to 

0.45) 

<0.0001 0.89 Yes No -

0.17 

0.19 -0.55 to 

0.20 

40% 
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LHD middle 

region and 

spleen 

0.82  

(0.71 to 

0.94) 

0.0 

(-0.12 to 

0.12) 

<0.0001 0.91 Yes No -

0.17 

0.17 -0.51 to 

0.17  

38% 

RHD and 

LHD medial 

regions 

0.82  

(0.24 to 

1.40) 

0.06 

(-0.49 to 

0.82) 

0.006 0.34 No No -.0.2 0.52 -1.04 to 

1.00 

100% 

Liver and 

spleen 

0.80 

(0.37 to 

1.23) 

0.16  

(-0.24 to 

0.57) 

0.0004 0.40 No No -

0.01 

0.40 -0.79 to 

0.78 

93% 

RHD - right hemidiaphragm, LHD - left hemidiaphragm. % limits of agreement is (2SD of the difference)/mean value. 
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Figure 13: Limits of agreement between the comparators in all participants.  

An acceptable agreement was present for comparison of movement between the middle and medial regions of right hemidiaphragm and the 

middle and medial regions of the left hemidiaphragm with difference in measurement of less than 30%. RHD - right hemidiaphragm, LHD - left 

hemidiaphragm. 
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Table 11: Intra-observer variability 

Variable (movement) Mea

n 

SD 

difference in 

mean 

95% CI 

difference 

upper and 

lower 

% of 

agreement 

RHD middle region 1.08 0.105  -0.19 to 0.22 19% 

RHD medial region 1.13 0.09 -0.19 to 0.19 15% 

Liver 1.07 0.10  -0.19 to 0.22 19% 

LHD middle region 1.01 0.11 -0.21 to 0.24 22% 

LHD medial region 1.03 0.10 -0.20 to 0.19 19% 

Spleen 0.86 0.07 -0.14 to 0.17  18% 

RHD - right hemidiaphragm, LHD - left hemidiaphragm, SD - standard deviation. % of 

agreement is 2SD of the difference/mean value expressed as %. 
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Table 12: Inter-observer variability 

Variable 

(movement) 

Mean SD difference 

in mean 

95% CI difference 

upper and lower 

% of 

agreement 

RHD middle third 1.05 0.06 -0.03 to 0.09 11% 

RHD medial third 1.04 0.07 -0.05 to 0.05 13% 

Liver 0.76 0.10 -0.07 to 0.06 25% 

LHD middle third 1.09 0.04  -0.04 to 0.5 7% 

LHD medial third 1.03 0.08  -0.05 to 0.09 15% 

Spleen 0.95 0.10  -0.14 to 0.02 21% 

RHD - right hemidiaphragm, LHD - left hemidiaphragm, SD - standard deviation. % of 

agreement is 2SD of the difference/mean value expressed as %.  
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5.5 Discussion 

This study found that the most reliable regions of the diaphragm to image using 

ultrasound were the medial and middle regions of the posterior part of the diaphragm. 

Although the liver and splenic movements correlated with diaphragmatic movement, 

there was insufficient agreement for these measurements to be used interchangeably 

with diaphragmatic movement. Future research investigating diaphragmatic 

movement on outcomes such as weaning failure should use the medial and middle 

region of the posterior part of the diaphragm. Liver or splenic movement may also be 

used for assessing the diaphragm movement, however, measurements should not be 

used as a surrogate to quantify the diaphragmatic function. Further, there was poor 

agreement between the left and right hemidiaphragmatic movement, suggesting that 

both hemidiaphragms should be evaluated in research and clinical practice as the 

degree of movement may be different. In this study, imaging of the diaphragm using 

ultrasound was feasible. Although not every region of the diaphragm was adequately 

imaged, imaging of at least one region of the diaphragm was still achievable. The 

practical implication is that ultrasound of the diaphragm is feasible and can be readily 

performed when the assessment of the diaphragm function is clinically indicated.   

 

Diaphragmatic movement has been assessed using various imaging modalities such 

as fluoroscopy, CT and MRI. Regional variation in the diaphragm movement has 

been observed. Krayer et al. tested six healthy volunteers. Three of them were placed 

supine and the remaining three in prone position while spontaneously ventilating and 

during induction of anaesthesia and paralysis (166). In this study Krayer investigated 

the influence of different postures on diaphragmatic regions under the effect of 

anaesthesia and paralysis, with most motion observed in the dorsal part of the 

diaphragm. However, the assessment tool was three-dimensional x-ray computed 

tomography, not ultrasound. Other regional differences in movement were found in 

another study using MRI (159) where lateral displacement of the diaphragm was 

much less when compared to anterior displacement. The mean movements of the 

lateral region of the right and the left hemidiaphragm were 0.54±0.35cm and 

0.5±0.29cm, which was consistent with our findings. Current literature supports the 

use of ultrasound as a method of choice for investigating diaphragmatic kinetics. Its 

popularity has increased because other imaging modalities are limited, not pragmatic 
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and potentially harmful. In contrast, ultrasound is a reliable, fast (139, 167) bedside 

test, which is reproducible and correlates well with other modalities (135, 136). It is 

an acceptable quantitative tool in assessing diaphragm excursion and perhaps superior 

to fluoroscopy (113, 150). It provides extra information about supra and subphrenic 

causes for abnormal diaphragmatic dysfunction. It does not involve patient 

transportation or exposure to ionising radiation (113). The major shortcoming is the 

inability of ultrasound to obtain images in some participants due to anatomical, 

pathological and technical reasons.  

 

With our approach, the diaphragm images were obtained in a coronal plane. This 

predominantly imaged the posterior region, which is 40% more mobile than the 

anterior region (150, 163). There is a concern that the posterior diaphragm may 

overestimate the overall diaphragmatic movement. Nonetheless, the posterior region 

of the diaphragm is primarily responsible for the craniocaudal movement of the 

diaphragm (166). Our study found that if the posterior diaphragm is used to measure 

the degree of movement of the diaphragm, the movements of the medial and middle 

regions of the diaphragm correlate well. Furthermore, the range of movement of the 

middle and medial regions of the left hemidiaphragm was greater when compared to 

the right hemidiaphragm. The difference in the range of movement between the left 

and the right hemidiaphragm has been reported, however the reason is unclear. Close 

contact of the right hemidiaphragm with the liver may be a reason (162). The close 

contact between the right hemidiaphragm and a large echoic organ such as the liver 

may have made the assessment of the right hemidiaphragm more feasible. 

 

Imaging the left hemidiaphragm is technically more difficult when compared to the 

right hemidiaphragm (106, 139, 145, 147-149, 151, 157). Nevertheless, in our study it 

was still visible in at least 72% of participants. Regardless of the approach, the left 

hemidiaphragm assessment may be more challenging because of gas interference 

from the stomach and the bowel, which makes it more difficult to visualise (153).  

 

Liver displacement is complex but it is mainly craniocaudal, which corresponds with 

the diaphragm movement. It is highly vascular, non-uniform and has non-regular 
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movement (162). Factors such as rotational and deformation forces of the liver may 

influence its movement (162). Rohfing et al. performed point-by-point measurements 

using MRI on locations within the liver (168). The measurements did not match the 

prediction. The deformation varied between 2-19 mm with an average of 6 mm across 

the tissue. Further studies have found that tissue surrounding the solid organ may also 

affect its motion (169). In contrast, other studies showed that craniocaudal 

displacement is the main clinically significant movement of the liver (130, 170). 

Those studies also demonstrated that other forces like horizontal movement, 

dilatation and contraction had little impact on liver movement and the deformation 

forces in the liver, which was estimated to be only 3% (130, 170).  

 

There was a poor correlation in our study between the right and the left 

hemidiaphragm. This was also demonstrated in previous studies (125, 156). The 

reason is unclear, however difference in load between the left and the right 

hemidiaphragm,, magnitude of the phrenic nerve discharge and the differences in 

fibre length have been suggested (171). Therefore, even in the absence of 

pathologies, using the hemidiaphragms interchangeably for overall diaphragm 

assessment may not be entirely accurate.  

 

A number of studies have investigated the relationship between the diaphragm 

movement and the liver or the spleen. In two studies conducted by Toledo et al., 

published in 2003 and 2006 (141, 142), a linear correlation was found between the 

movement of the liver measured by ultrasound and that of the corresponding 

hemidiaphragm measured by scintigraphy with a non-significant main difference of 

0.04 cm (±1.29, P=0.807, 95% confidence limits for this difference were -0.32 and 

0.36 cm). In contrast, the mean difference between splenic hilum measurement by 

ultrasound and left hemidiaphragmatic mobility by scintigraphy was statistically 

significant at 1.66cm (± 1.61 cm; P < .05, the 95% confidence limits for this 

difference were 1.20 and 2.13 cm). Therefore, the agreement in movement between 

the hemidiaphragms and the corresponding liver or spleen were inconsistent (141, 

142). In both studies, the diaphragm movement was assessed by scintigraphy whereas 

the liver and the spleen were assessed by ultrasound. In another study, Jiang et al. 

found that liver and spleen displacement were good predictors for extubation 
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outcome (124). In this study the authors stated that the displacement of the spleen and 

the liver in relation to the diaphragm movement was relative and was a reflection of 

the global respiratory function and muscle endurance rather than that of the 

diaphragm alone (124). However, they also suggested that the measurement of the 

movements of the liver and spleen might be used as surrogates for diaphragmatic 

movements.  

 

The lateral approach has been used in previous studies for assessing diaphragmatic 

motion. The position of the transducer on the lateral chest wall allows a perpendicular 

angle of incidence of the ultrasound beam to the diaphragm’s craniocaudal 

movement. In addition, it allows easier access to the diaphragm with less bowel gas 

interference.  

 

Our study has a number of limitations. Firstly, we restricted the study to comparing 

the movement of the hemidiaphragms and solid organs, and we did not aim to assess 

any association between the magnitude of motion and outcomes. Specifically, solid 

organ movement may be a useful measurement in weaning trials, but it should not be 

used interchangeably with diaphragmatic movement. Another limitation was the 

relatively small sample size, in particular the non-intubated group of participants. The 

findings in the non-intubated participants may not be generalised to the broader 

community, based on this study alone. Other limitations were the heterogeneity of the 

group of pathology and co-morbidities. This is a pragmatic study that reflects a real 

world convenient sample of a mix of participants and pathologies. Not every region 

was imaged in all participants using ultrasound, but there were no participants where 

imaging of any regions of the diaphragm was not possible. The results of this study 

were directly applied to the subsequent study where the effect of diaphragmatic 

excursion, in combination with other factors, on failed liberation from mechanical 

ventilation was investigated. 
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5.6 Conclusion  

The medial part of the diaphragm is visualised in the majority of critically ill supine 

participants. The medial and middle thirds may be used interchangeably to assess 

hemidiaphragm movement. Acceptable agreement does not exist between diaphragm 

and solid organ movement, other than for the left middle region and the spleen in 

non-intubated group of participants. . 
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6 ASSESSMENT OF WEANING FROM 

MECHANICAL VENTILATION USING 

HEART, LUNG AND DIAPHRAGM 

ULTRASOUND: LITERATURE REVIEW 

  



Chapter 6: Assessment of weaning from mechanical ventilation using heart, lung and diaphragm ultrasound: 

Literature review 

Dr Kavi Haji - May 2018   106 

6.1 The role of ultrasound in weaning from mechanical 

ventilation 

Weaning from mechanical ventilation is a process of discontinuation from 

mechanical ventilation, terminating in extubation. In order to commence the weaning 

process, the patient must meet predetermined criteria to ensure readiness for weaning. 

Resolution of the disease’s acute phase, cardiac and respiratory stability as well as 

adequate mentation are essential requirements (14, 172). Weaning failure is defined 

as one of the following:  

1) Failed spontaneous breathing trial (SBT);  

2) Re-intubation and/or resumption of ventilatory support following successful 

extubation; or  

3) Death within 48 hours following extubation (14).  

 

It has been estimated that 41% of ventilation time in ICU is dedicated to weaning 

(173). Weaning failure is associated with prolonged ICU stay and increased 

morbidity and mortality (174-177). Incidence of weaning (including extubation) 

failure is as high as 31.2% (14), with the latest evidence suggesting a range between 

14 and 24% (5, 178, 179). Respiratory insufficiency and cardiac load are 

predominantly accountable for weaning failure. However neuromuscular, metabolic, 

nutrition and anaemia variables have been also considered (14).  

 

In addition to adequate oxygenation, ventilation and mentation, a well-published 

clinical parameter that may identify those who are likely to fail weaning is the rapid 

shallow breathing index (RSBI) (178). RSBI is the ratio of respiratory rate (RR) to 

tidal volume (VT), with a threshold value of >105 breaths/minute/liter being highly 

predictive of weaning failure, while RSBI <105 breaths/min/L is associated with 

weaning success. Although, it has been endorsed as a useful measure (180), the value 

of RSBI and its cut-off value as a weaning index, has been debatable. Other 

publications have either found no relationship between RBSI and weaning failure, 

(181) or a lower value than 105 has been shown to be predictive of weaning failure 

(182, 183). 
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Ultrasound is an evolving technology that has been increasingly used in critical care. 

It is no longer used solely for mainstream point of care cardiac assessment in the 

acutely ill or for procedure guidance purposes. Rather, it has increasingly become an 

extension to bedside assessment in various procedures in critical care depending on 

availability of local expertise. In weaning from mechanical ventilation, cardiac 

function (122, 183, 184), lung function (5) or diaphragm kinetics (13, 124) were 

performed before, during and after the weaning process to detect patients at risk of 

failure.  In this review, we discuss the published evidence for the role of ultrasound in 

weaning outcomes and evaluate the sonographic factors that reliably predict patients 

who are likely to fail weaning.  

 

6.2 Cardiac dysfunction and weaning 

Cardiac failure is a common reason for weaning failure. Forty eight percent of total 

ventilation time in patients with cardiac failure is devoted to the weaning period 

(173). In patients with obstructive lung disease and cardiovascular disease, weaning 

is associated with increased left ventricular filling pressure (185). Furthermore, an 

abrupt removal of positive pressure ventilation increases left ventricular load and 

sympathetic activity, which may subsequently lead to acute cardiac failure (185, 186). 

It has been debated that weaning may even induce myocardial ischaemia (177).  

 

Cardiac ultrasound is the ideal tool for assessing the left ventricular filling pressure 

and the left ventricular systolic function. It is non-invasive, informative and 

reproducible. Furthermore, cardiac ultrasound has become a commonplace of ICU 

practice, mainly as point of care use when a clinical question is raised by the 

intensivist. However, there is growing evidence that, when used during different 

stages of weaning, cardiac ultrasound is also useful in predicting those patients who 

are likely to fail weaning (122). Nonetheless, ultrasound is not a perfect test. Factors 

that impact image interpretation and measurements such as suboptimal views or 

arrhythmia (e.g. atrial fibrillation) are not uncommon. Moreover, repeated imaging 

before and during spontaneous breathing trial (SBT), and after extubation, may be 
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excessively time consuming. Ultrasound should be seen as a complementary 

technology to clinical evaluation and other diagnostic aids including RSBI values and 

information derived from conventional haemodynamic and respiratory monitors.   

 

A study by Papanikolaou et al. has attributed weaning failure to a high left ventricular 

diastolic filling pressure diagnosed by cardiac ultrasound when used pre-SBT. Of 50 

patients with normal left ventricular systolic function, 46% of non-cardiac critically 

ill patients failed SBT and 10% required re-intubation within 48 hours after 

extubation. In the failed SBT group, the pre-SBT value of lateral early diastolic trans-

mitral flow velocity wave (E)/ early diastolic mitral annulus velocity (E') (E/E') 

greater than 7.8 was an independent predictor of weaning failure, with receiver 

operating curve of 0.86 (95% CI 0.75-0.96) and odds ratio of 5.62 (95% CI 1.17–

26.96) (187). Furthermore, the authors found that the weaning failure rate in patients 

with moderate to severe diastolic dysfunction was significantly increased. Although it 

is considered a clinical predictor of weaning outcome (178, 188), RSBI in this study 

was a weaker predictor, with receiver operating curve of 0.75 (95% CI 0.61 – 0.88) 

when compared to mitral E/E'.  

 

A larger study revealed that low ejection fraction along with high left ventricular 

filling pressure were responsible for weaning failure in 87% of 117 critically ill 

patients. The incidence of weaning failure in this study was 20%. Prior to SBT, 

patients with left ventricular ejection fraction less than 36% and mitral E/E' greater 

than 7.0 were likely to fail weaning when compared to the successful group. During 

SBT, higher late diastolic trans-mitral flow velocity wave/ late diastolic trans-mitral 

flow velocity wave ratio (E/A) and E/E' were present in those who failed weaning 

(122). Of note, an E/E' of greater than 8.5 at the end of the SBT in patients with 

weaning difficulty predicted PAOP of 18 mmHg or greater (123). This value of E/E' 

had a sensitivity of 82% and a specificity of 91%, which corresponded to high left 

ventricular filling pressure leading to cardiogenic pulmonary oedema (123). A 

combination of E/A >0.95 and E/E' >8.5 were found in the failed group, (3) however 

E/A alone as a sonographic predictor of weaning is less valid (122, 183).  
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6.3 Weaning and lung ultrasound 

Clinician-performed lung ultrasound is also gaining popularity in critical care due to 

its favourable risk-benefit profile. Clinical examination of acute and evolving lung 

pathology, even when combined with standard CXR, is often imprecise (54, 189) and 

may delay diagnosis, to the patient’s detriment (21). Conversely, bedside lung 

ultrasound is accurate, quick and feasible. For instance, cardiogenic pulmonary 

oedema is the likely diagnosis, when a series of three or more B-lines in at least two 

regions anteriorly on each side of the chest is identified (57, 67) Ultrasound capability 

in detecting loss of aeration in the lungs and assessing the severity, regardless of its 

underlying pathology, is clinically useful.  

 

Two studies have shown that lung ultrasound is clinically helpful in detecting patients 

who are at risk of failing weaning (5, 179). Lung loss of aeration during SBT was 

associated with post-extubation distress (5). Similarly, development of B-lines on 

lung ultrasound during 30 minutes and 120 minutes of SBT predicted patients who 

were likely to fail weaning. Potentially, lung ultrasound during weaning may help by 

allowing sufficient planning and even early intervention during weaning time, 

thereby preventing weaning failure and improving patient outcomes. Diuretic therapy 

or transitioning to non-invasive ventilation may be a useful transition to independent, 

spontaneous ventilation (190). However, lung ultrasound may lack specificity, as it is 

incapable of distinguishing the underlying cause of interstitial syndrome (21). The 

presence of multiple B-lines in 2 or greater anterolateral intercostal spaces in each 

side of the chest, for instance, indicates interstitial fluid with interlobular septal 

thickening (57). Or, it may also suggest other interstitial pathology such as adult 

respiratory distress syndrome or pulmonary fibrosis. Similarly, consolidation may 

indicate pneumonia, but could also be atelectasis or compressive consolidation from 

adjacent pleural effusion. Adding cardiac ultrasound may improve the diagnostic 

accuracy of lung ultrasound in making the correct diagnosis (5). Ultrasound is 

operator dependent with a degree of performance variability. However, interobserver 

assessment by an independent lung ultrasound expert may overcome this issue. 
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6.4 Diaphragmatic dysfunction and weaning 

Diaphragmatic dysfunction is recognised as an important cause of weaning failure 

(13, 14). The diaphragm is not routinely assessed at the bedside, and even when it is 

clinically indicated, the methods of assessment may differ depending on the available 

resources and the local expertise. Nonetheless, to understand the diaphragm’s role in 

respiratory insufficiency, and particularly its role in weaning from mechanical 

ventilation, we performed a review of the diaphragm. Various techniques of assessing 

the diaphragm function have been suggested. We studied clinically relevant 

anatomical and physiological aspects of the diaphragm, its role as a major respiratory 

muscle and methods and techniques of interpreting its function, with a particular 

focus on bedside diaphragm ultrasound. The aim of this review was to evaluate the 

most applicable ultrasound technique for assessing the diaphragm function. The 

information obtained was used in a prospective observational study where the regions 

of the diaphragm were assessed in isolation and in relation to the liver or the spleen 

(see chapter 5). The technique was then used in the design of another study where 

sonographic parameters were evaluated along with clinical variables in predicting 

extubation outcome. 

 

One must acknowledge that like any other test ultrasound is subject to shortcomings 

that may impact on the accuracy of the information provided. Operator dependence 

can be overcome by performing inter-evaluation or auditing. Furthermore, 

advancement of ultrasound imaging technology provides clearer images and better 

structure characterisation, making precise measurement and accurate diagnosis more 

possible. 

 

For the purpose of this PhD, we studied various ultrasound measurements including 

left ventricular systolic and diastolic function, lung ultrasound patterns and 

diaphragm movement along with clinical and biochemical markers such as rapid 

shallow breathing index (RSBI) and B-Type natriuretic peptide (BNP), to identify 

patients who are at risk of failing extubation. In this study we added interatrial septal 

movement as a novel parameter for assessing left atrial pressure, which is an indicator 

of left ventricular filling pressure. The view of the interatrial septum can be obtained 
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from every standard window on 2-Dimensional imaging. It requires no measurements 

and is less subject to interpretation error of the operator. This measurement has been 

evaluated in cardiac surgical patients, however it is untested in the field of weaning 

from mechanical ventilation. 

 

Table 13 outlines the summary of studies on predicating the outcome of weaning of 

mechanically ventilated critically ill patients using TTE, lung and diaphragmatic 

ultrasound.
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Table 13: Summary of studies of cardiac, lung and diaphragm ultrasound that predicted weaning outcome from mechanical 

ventilation 

Author and 

year 

Ultrasound Aim Studied 

predictors 

Number 

of 

patients 

Methodology  Results  

Jiang 2004 (124) Liver and 

spleen 

Predicting 

extubation failure 

Liver and spleen 

displacement 

during SBT 

using cut-off 

value of 1.1cm  

 

55 Prospective 

observational 

study 

23% failed extubation 

Greater displacement of liver and 

spleen in success group 

Sensitivity and specificity for 

predicting successful extubation 

were 84.4% and 82.6% 

respectively  

Lamia 2009 (3) Cardiac Detection of 

weaning induced 

PAOP ≥18 mmHg 

at end of 3
rd

 SBT 

after 2 consecutive 

SBT 

E/A and E/E'  

 

39 Prospective 

observational 

study 

43.5% had weaning induced 

PAOP≥ 18mmHg 

Sensitivity and specificity of E/A 

>0.95 and E/E' >8.5 in predicting 

PAOP ≥18mmHg were 88%, 

68%, 94% and 73%  

Sensitivity and specificity of 

combined E/A and E/E'predicts 
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PAOP >18mmHg were 82% 

and 91% respectively 

Caille 2010 

(122) 

Cardiac Effects of SBT on 

haemodynamic 

state and identify 

predictors of 

weaning failure 

LVEF 

DTE 

E/E'  

117 

 

Prospective 

observational 

study 

 

20% failed weaning, 87% of 

which failed because of cardiac 

failure  

15% required re-intubation 

3 groups based of LVEF >50%, 

35-50%, and <35% 

DTE were 187, 174, and 119 ms 

respectively 

E/E' were 5.2, 6 and 7.9 

Patients who failed weaning had 

LVEF lower (36%) higher E/E' 7  

Papanikolaou 

2011 (183) 

Cardiac Diagnostic 

performance of 

Doppler 

echocardiography 

in predicting 

weaning outcome 

E, A, E/A, DTE, 

lateral E/E', 

septal E/E', E/Vp 

50 Prospective 

observational 

study 

56% failed weaning (46% failed 

SBT and 10% passed SBT but 

required re-intubation). 65% of 

failed SBT had pulmonary 

oedema.  

Lateral E/E' was independent 

predictor associated with 
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weaning failure (OR 5.62 CI 

1.17- 26.96) 

E/E' > 7.8 and E/Vp > 1.51 

predicted weaning failure 

Kim 2011 (13) Diaphragm Influence of 

diaphragmatic 

dysfunction on 

weaning outcome 

 

M-Mode right 

and left 

hemidiaphragm 

movement  

82 Prospective 

observational 

study 

DD in 29% 

DD had 401 hours weaning time 

and 576 hours total ventilation 

time vs 90 hours weaning time 

and 203 hours total ventilation 

time in normal diaphragm 

Moschietto 2012  

(184) 

Cardiac Role of left 

ventricular 

relaxation rate on 

weaning outcome  

Predicting weaning 

failure by E/E' and 

left ventricular 

ejection fraction 

 

E/E’, EF 68 Prospective 

observational 

study 

29% failed weaning SBT 

E/E’ was higher in the failed 

weaning group in pre and during 

SBT 

A cut-off of 14.5 obtained by 

ROC curve analysis, predicted 

weaning failure with a sensitivity 

of 75% and a specificity of 

95.8% 

Soummer 2012 

(5) 

Cardiac and 

lung 

Prediction of post-

extubation 

Lung de-

recruitment score  

100 Multicenter 

prospective 

14% failed SBT 
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respiratory distress observational 

study 

86% were extubated  

44% of the extubated suffered 

from post extubation respiratory 

distress  

Failed weaning group scored 19 

points compared to 10 points in 

the successfully weaned patients  

BNP and echocardiographic 

cardiac filling pressures were 

weak predictors of post-

extubation distress 

Pecanha 2014 

(179) 

Lung Predicting SBT 

failure at 30 

minutes and 120 

minutes  

4 anterior chest 

regions 

ultrasound 

 

50 Prospective 

observational 

study 

20.4% did not tolerate SBT  

24% failed extubation 

Sensitivity, specificity, PPV and 

NPV of B-line predominance in 

failed weaning group were 69%, 

48%, 25% and 86% respectively 

DiNino 2014 

(154) 

Diaphragm Identifying 

extubation failure 

∆tdi   63 Prospective 

observational 

study 

43% weaned with SBT  

57% weaned with PSV 

The sensitivity, specificity, PPV 
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and NPV of ∆tdi ≥30% in 

successfully extubated patients 

were 88%, 71%, 91% and 63% 

respectively 

Ferrari 2014 

(158) 

Diaphragm Identify new 

weaning index in 

patients with 

tracheostomy 

DTF 46  Prospective 

observational 

study 

DTF >36% associated with 

successful SBT 

Sensitivity, specificity, PPV and 

NPV of DTF >36% were 82%, 

88%, 93% and 88% respectively 

Sensitivity, specificity, PPV and 

NPV of RSBI <105 were 93%, 

8%, 93% and 88% respectively 

The table outlines the summary of 10 studies of 670 critically ill patients on predicating the outcome of weaning of mechanically ventilated critically ill 

patients using TTE, lung and diaphragmatic ultrasound. Four studies evaluated the systolic and diastolic left ventricular parameters in predicting the outcome 

weaning from mechanical ventilation. One study evaluated lung ultrasound findings of B-lines as a predictor of patients at risk of failure of weaning from 

mechanical ventilation.  One study evaluated cardiac and lung ultrasound findings as predictors of failure of weaning from mechanical ventilation. Three 

studies evaluated the diaphragm function as a predictor of failure to wean from mechanical ventilation and one study assessed the tidal displacement of the 

liver and the spleen as a surrogate of diaphragm function for predicting extubation failure. All studies were observational in design and were conducted 

prospectively. Abbreviations are as follows: 

2D two-dimensional DTF diaphragm thickening fraction QB quiet breathing 

AAL anterior axillary line GI gastrointestinal RHD right hemidiaphragm 

BMI body mass index Ht height RSBI rapid shallow breathing index 
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BSA base surface area IABP intra-aortic balloon pump SB sniff breathing 

CABG coronary artery bypass graft IVC inferior vena cava SV spontaneous ventilation 

CAV cerebrovascular accident LHD left hemidiaphragm tdi thickness of the diaphragm 

CXR chest x ray MAL midaxillary line TV tidal volume 

DB deep breathing MCL midclavicular line US ultrasound 

DD diaphragmatic dysfunction MV mechanical ventilation Wt weight 

DIA diaphragmatic amplitude NIV non-invasive ventilation ZOA zone of apposition 

DM diaphragm movement PAL posterior axillary line tdi difference in the thickness of the 

diaphragm at end of inspiration and end of 

expiration 
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7 THE IMPACT OF HEART, LUNG AND 

DIAPHRAGMATIC ULTRASOUND ON 

PREDICTION OF FAILED EXTUBATION 

FROM MECHANICAL VENTILATION 

IN CRITICALLY ILL PATIENTS: 

PROSPECTIVE OBSERVATIONAL 

PILOT STUDY 
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7.1 Introduction 

Weaning failure is defined as failing a spontaneous breathing trial or developing a 

post-extubation respiratory distress that requires re-intubation, or non-invasive 

ventilation within 48 hours following extubation (14). Weaning failure is common, 

time consuming (over 40% of the total ventilation time) (191), and is associated 

with worse outcome (174). Weaning failure is also associated with increased risk of 

myocardial ischaemia (177) and perhaps psychological trauma (192).  

 

Ultrasound of multiple organ systems is becoming more commonplace in ICU 

setting. As the cause of weaning failure is multifactorial, ultrasound has been 

shown to be useful in providing visual assessment of the heart, lung and diaphragm 

and perhaps at different phases of the weaning process as suggested in a review by 

Mayo et al. (193). This global ultrasound assessment of the cardiorespiratory 

system is helpful in detecting patients at high risk of failure, predicting failure and 

determining the causes of failure. 

 

Identification of reliable predictors of weaning failure may represent potential 

avenues of treatment that could reduce the incidence of weaning failure and its 

associated morbidity. Unfortunately, the pathophysiology of weaning failure is 

complex, multifactorial and is incompletely understood. Known risk factors of 

weaning failure have considerable crossover, especially those related to the heart, 

lungs and diaphragm. For instance, weaning results in an increased metabolic 

demand of the heart, comparable to a cardiac stress exercise due to increased 

cardiac load resulting in myocardial stretch (194). This is evidenced by increased 

release of the neurohormone BNP, which therefore has been suggested as a useful 

predictor of weaning failure (195). Known predictors of weaning failure include 

chronic obstructive airway disease (14), cardiac failure (122, 184, 187), lung de-

recruitment (5), positive fluid balance (15), pneumonia (15) and diaphragmatic 

dysfunction (13). Rapid shallow breathing index (RSBI) is a clinical predictor of 
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failure of weaning from mechanical ventilation and it is widely used in clinical 

research and in practice (178).  

 

Ultrasound has been used to identify cardiac, respiratory or diaphragmatic risk 

factors of weaning failure (5, 13, 122). Therefore, a combined structured TTE, lung 

and diaphragm ultrasound examination added to conventional clinical predictors 

could be a useful tool to increase the accuracy in predicting weaning outcome and 

extubation failure. Currently, there are limited data investigating this.  

 

The primary aim of this pilot study was to determine which ultrasound, or clinical 

and biochemical indicators, were associated with weaning failure.  Data from this 

pilot study will be used to construct future clinical trials. 

 

7.2 Methods 

Study design and setting 

This single centre, prospective observational pilot study received approval from the 

Human Research and Ethics Committee of Peninsula Health (ref. HREC/12/PH/44) 

to be conducted at a 15-bed, level-III ICU that receives approximately 1500 

admissions of medical and surgical presentations per year. 

 

Participants 

Recruitment was performed between July 2014 to April 2016, when the primary 

researcher was available (convenience sampling). Participants aged 18 years or 

older who were mechanically ventilated for longer than 48 hours and considered 

ready for extubation by the treating intensivist were considered eligible for 

recruitment. Participants were excluded if they had a diagnosis of brain death, were 

ventilating through a tracheostomy or if extubation was for palliation. Written 
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informed consent was obtained from the person responsible for decision making on 

behalf of the patient.  

 

Summary of study conduct  

Participants were considered eligible for inclusion when they fulfilled the criteria 

for weaning from mechanical ventilation defined below and authorised by the 

treating intensivist (Figure 14). After informed written consent, the participants 

were commenced on the weaning trial. The primary researcher (KH) performed and 

documented ultrasound findings of the heart, lungs and diaphragm as defined 

below. At the end of the weaning trial, a sample of arterial blood was collected for 

blood gas analysis and for BNP measurement (The iSTAT Point of Care Analyzer, 

Abbott Point of Care Inc., Princeton, Ontario, Canada). The primary endpoint of 

the study was failure of extubation, which was defined as re-intubation or non-

invasive ventilation within 48 hours after extubation. The decision to extubate was 

made by the treating intensivist and was irrespective of the outcome of the weaning 

trial. 

  



Chapter 7: The impact of heart, lung and diaphragmatic ultrasound on prediction of failed extubation from 

mechanical ventilation in critically ill patients: prospective observational pilot study 

 Dr Kavi Haji - May 2018 123 

 

 

 

Figure 14: The participants’ flow diagram 
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Weaning trial 

The criteria for eligibility for the weaning trial included: resolution or improvement 

in the disease that led to commencement of mechanical ventilation; fractional 

inspired oxygen (FiO2)  30%; pressure support  10 cmH2O; PEEP  5 cmH2O; 

tidal volume  5ml.kg
-1

; respiratory rate < 35 breaths.minute
-1

; requirement of low 

inotropic or vasopressor support; light level of sedation (Richmond Agitation 

Sedation Score between -2 and +2) (196); ability to cough; and absence of 

excessive bronchial secretions. The weaning trial comprised of 60 minutes of 

pressure support of 0 cmH2O or ≤ 10 cmH2O if required, to achieve a respiratory 

rate < 35 breaths.minute
-1

 and a tidal volume of  5 ml.kg
-1

 (175). Positive end 

expiratory pressure remained at 5 cmH2O during the trial.  

 

The weaning trial was considered failed if the following criteria were observed 

during the trial: excessive diaphoresis, Richmond Agitation and Sedation Score of 

 -3 or  +3, evidence of increasing respiratory effort (dyspnea, increased 

accessory muscle activity, thoraco-abdominal paradoxical movement and facial 

signs of distress), arterial oxygen partial pressure ≤ 60 mmHg or oxygen saturation 

< 90% on fractional inspired oxygen ≥ 0.4, CO2 partial arterial pressure > 50 

mmHg, or an increase in CO2 partial arterial pressure by ≥ 8 mmHg, pH < 7.32 or a 

decrease in pH by ≥ 0.07 pH units, RSBI > 105, respiratory rate > 35 

breaths.minute
-1

, heart rate > 140 beats.minute
-1

 or increased by ≥ 20%, systolic 

blood pressure > 180 mmHg or increased by ≥ 20%, systolic blood pressure < 90 

mmHg or new cardiac arrhythmias. After the completion of the weaning trial, the 

treating intensivist reviewed the participant for final assessment before extubation. 

The treating intensivist was blinded to the ultrasound findings, but they were 

disclosed if considered critical for the safety of the participant. The decision 

whether to extubate the participant was determined by the treating intensivist 

irrespective of the weaning trial outcome. Failed extubation was defined as the 

requirement for re-intubation or non-invasive ventilatory support within 48 hours 

after extubation.  
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Cardiac ultrasound 

Ultrasound was performed by the primary researcher (KH), who held a recognized 

ultrasound certification and competence in TTE and an appropriate training and 

experience in lung and diaphragm ultrasound. The ultrasound machine used was a 

Vivid E9 (GE Healthcare, 9900 Innovation Drive, Wauwatosa, WI 53226, U.S.A). 

Cardiac ultrasound was performed using sector phased array 3Sc-RS cardiac probe 

(frequency range of 1.3 -4.0MHz). The left ventricular systolic function was 

assessed by measuring the ejection fraction, using biplane Simpson’s method of 

discs, and/or acquisition 2-D and M-Mode measurements at the base of the left 

ventricle (Teichholtz equation), depending on the quality of the images, as per the 

recommendations from the American Society of Echocardiography (ASE) (197) 

(Figure 15). Left ventricular diastolic function was assessed in participants who did 

not have haemodynamically significant mitral regurgitation (84) or atrial 

fibrillation (198) using left atrial area (Figure 15), early diastolic trans-mitral flow 

velocity wave (E), late diastolic trans-mitral flow velocity wave (A), early diastolic 

mitral annulus velocity E', E/A, E deceleration time, E/E' (Figure 16). Additionally, 

the interatrial septal shape and movement was measured from the parasternal and 

subcostal short axis, and apical four chamber views, and used as a marker of left 

atrial filling pressure (Figure 17) (199-201). Fixed interatrial septal curvature to the 

right throughout the cardiac cycle is predictive of a pulmonary artery occlusion 

pressure > 15 mmHg, while reversal of the septum from right to left during mid-

systole (referred to as “mid-systolic reversal”) is predictive of a pulmonary artery 

occlusion pressure of 10-15 mmHg. Marked septal movement and buckling during 

mid-systole (referred to as “mid-systolic buckling”) predicts a pulmonary artery 

occlusion pressure of < 5 mmHg (200).  
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Figure 15: Echocardiographic assessment of left ventricular systolic function  

(Simpson’s method and Techoltz equation) as defined by Lang et al. (197) 
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Figure 16: Examples of Doppler assessments used for assessment of left 
ventricular diastolic function (trans-mitral inflow and tissue Doppler 
assessment of the septal and lateral mitral valve annulus).  

A, late diastolic trans-mitral flow velocity wave, E early diastolic trans-mitral flow 

velocity wave, E', early diastolic mitral annulus velocity. 
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Figure 17: Interatrial septal movements during the cardiac cycle.  

Fixed rightward interatrial septum curvature, is bowing of the interatrial septal to 

right throughout the cardiac cycle, mid-systolic reversal is reversal of the septum 

from right to left during mid-systole. 
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Lung and diaphragm ultrasound 

Lung and diaphragm ultrasound was performed using the curved array 4C-RS 

probe, (frequency range of 1.8-6.0 MHz).  

 

Lung ultrasound was performed on all participants in the semirecumbent position at 

30º - 50º using the six zones for each lung as described by Gargani (202) and 

Volpicelli (57). The surface anatomy of the lung lobes and lung ultrasound zones 

are shown in Figure 18. Each intercostal space was carefully examined by sliding 

the probe longitudinally over the chest in each region. The exception was the 

posterior upper zone, where access was limited in mechanically ventilated patients. 

Moreover, examination of the posterior upper zone was considered to add little 

information, as the anterior ultrasound examination provided adequate details about 

the upper lobe of the lung. An aeration score was assigned to each zone based on 

presence and degree of aeration loss (5), as shown in Figure 19. Score 1 

represented a normally aerated zone with absence of/fewer than three B-lines. 

Score 2 represented moderately aerated zone with three or more discrete B-lines; 

score 3 represented severe loss of aeration with multiple and fused B-lines; score 4 

represented consolidation, score 5 represented consolidation with pleural effusion. 

Hence, the scoring value of each zone varied from a minimum of one score to a 

maximum of five scores depending on the degree of the aeration loss. Bilateral 

presence of three or more B-lines in two zones or more anteriorly and or laterally 

denoted interstitial syndrome suggestive of cardiogenic pulmonary oedema (67), 

and the score of all zones denoted the overall aeration state.  
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Figure 18: Surface anatomy of the regions of the lung 

Ultrasound surface anatomy: the parasternal, anterior, and posterior axillary lines 

divide the chest wall into anterior, lateral and posterior regions.  

Figure a represents the anterior region, delineated superiorly by the clavicle, 

inferiorly by the liver or the spleen, medially by parasternal line and laterally by the 

anterior axillary line. The anterior region is further divided by an arbitrary line to 

anterior upper zone and anterior lower zone.  

Figure b represents the lateral region, delineated superiorly by the axilla, inferiorly 

by the liver or the spleen, anteriorly by the anterior axillary line and posteriorly by 

the posterior axillary line. An arbitrary line further divides the lateral region to 

lateral upper zone and lateral lower zone.   

Figure c represents the posterior region, delineated by the posterior axillary line 

laterally and paravertebral line medially. A horizontal arbitrary line at the tip of the 

scapula further divides the posterior region to upper and lower zone.  

AUZ - anterior lower zone, AUZ - anterior upper zone, L - lingula, LLL - left lower 

lobe, LLZ - left lower zone, LUL - left upper lobe, PLZ - posterior lower zone, 

PUZ - posterior upper zone, RLL - right lower lobe, RML - right middle lobe, RUL 

- right upper lobe. 
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Figure 19: Lung ultrasound aeration scoring  

The pattern and the extent of aeration defect is quantified as follow: A normally 

aerated or fewer than 3 B-lines scored 1; multiple discrete B-lines scored 2; 

multiple and fused B-lines scored 3; unaerated consolidated lung scored 4; 

unaerated consolidation with pleural effusion scored 5. Hence the maximum score 

for each half was 5 and the maximum score for the posterior zone was 5. 

 

 

 

Figure 20: Ultrasound technique and images of the diaphragm 

Figure A demonstrates the location of probe placement on the chest wall for 

assessment of diaphragm movement. The probe is placed laterally and 

perpendicularly on the lateral chest wall on the lower intercostal spaces between 

mid and posterior axillary line. Figures B and C show the ultrasound images of the 

left and the right hemidiaphragm and the measurement of the diaphragmatic 

excursion from end of end inspiration to end expiration. 
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Diaphragmatic ultrasound 

The lateral approach was used to image the diaphragm, with the participants in a 

supine and head-up position at 30– 50 (Figure 20). The same landmarks and 

techniques were applied on the right and left hemidiaphragm. The probe was placed 

laterally and perpendicularly on the lower intercostal spaces of the lateral chest 

wall between mid and posterior axillary line (158, 203). The direction of the 

ultrasound beam was perpendicular or near perpendicular to the craniocaudal axis 

during breathing. This provided maximum displacement of the diaphragm during 

breathing, which was recorded for at least three consecutive respiratory cycles and 

averaged. The images during forced breaths, sighs, and during suctioning were 

excluded. Diaphragmatic movement of greater than 1 cm represented normal 

function (152). Unilateral dysfunction was defined when a unilateral 

hemidiaphragm movement was less than 1.0 cm; bilateral dysfunction was defined 

as movement of less than 1.0 cm in both hemidiaphragms. 

 

Reliability of imaging 

Reliability of ultrasound measurements of the heart, lungs and diaphragm was 

assessed by measuring the interobserver variability between two observers with 

appropriate training and experience in these measurements. Digital images of at 

least three cardiac cycles and two respiratory cycles for each standard view were 

assessed off-line using Synapse Cardiovascular software (Fujifilm, Akasaka, 

Minato, Tokyo, Japan). The mean difference and limits of agreement (±2 SDs of 

the difference) between the two observers was recorded. We considered the 

agreement between observers to be acceptable if the limits of agreement were less 

than 20% of the mean value of the variable being measured for continuous data.  

 

Statistical analysis 

Patient characteristics were summarised as n and % for categorical variables and as 

median and interquartile range for continuous variables. In order to determine the 

key predictors of successful extubation, odds ratio (OR) was obtained for each 
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variable from individual binary logistic regression. As a pilot study, the data are 

presented as descriptive data with OR and 95% CI, and statistical comparison 

between failed versus non-failed extubation groups was not performed due to high 

risk of type II error. As the effect size for the ultrasound endpoints was not known, 

recruitment was based on a time period not exceeding two years, and with a 

maximum of 80 participants for the pilot study. All analyses were performed in 

SPSS version 23 (IBM Corp.).   

 

7.3 Results 

Of the 58 participants screened during the study period, five did not meet inclusion 

criteria: two participants had a tracheostomy, one participant died from septic 

shock and two participants were extubated without informing the investigators, and 

were not recruited. This left 53 participants for data analysis, two thirds of whom 

were male. Sepsis (40%) was the most common admission diagnosis. Other 

diagnoses included post-surgical (gastrointestinal, vascular, musculoskeletal and 

burns) (22%), cardiac arrest (10%), drug overdose (10%), acute cardiogenic 

pulmonary oedema (4%), metabolic disorder (hyponatraemia and diabetic 

ketoacidosis) (6%), status epilepticus (4%) and decompensated chronic liver 

disease (4%).  

 

All 53 recruited patients followed the weaning trial protocol. All 53 patients 

received PEEP of 5 cmH2O. Pressure support received during weaning trial was 

zero (60%), 5-7 cmH2O (15%) and 8-10 cmH2O (25%). Fifty patients passed the 

weaning trial (94.4%) and three participants failed the weaning trial (5.6%). The 

treating intensivists, however, decided to extubate all 53 patients. Of the three 

participants who were extubated despite failing the weaning trial, two participants 

(systolic blood pressure of 200 mmHg and agitation score of +3) were successfully 

extubated and one participant (tidal volume 4ml/Kg) failed extubation. Of the 50 

participants who passed the weaning trial and were extubated, 40 (80%) 

participants were successfully extubated. Of the total 53 participants, 11 (20.7%) 

participants failed extubation over the subsequent 48 hours. Two of the 11 (18%) 
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participants that failed extubation were re-intubated and the remaining nine (82%) 

received non-invasive ventilation. The reasons for failure of extubation as reported 

by the treating team were pulmonary oedema (7), hospital acquired pneumonia (1), 

post-operative pain and agitation (1), and deconditioning with insufficient 

respiratory effort (2).  

 

The participant demographic data is shown in Table 14. Variables that were 

associated with failed extubation included known pre-existing ischaemic heart 

disease (OR 6.41, 95% CI 1.53-26.88, p=0.01), pre-existing diabetes mellitus (OR 

4.40, 95% CI 1.08-17.79, p=0.03), higher respiratory rate (OR 1.14 95% CI 1.01-

1.27, p=0.02) and RSBI (OR 1.03, 95% CI 1.00-1.06, p=0.03). BNP was not 

associated with success or failure of extubation. There was no group separation for 

ICU and hospital length of stay. Two participants who failed extubation died and 

three participants who were successfully extubated died during their 

hospitalisation. 



Chapter 7: The impact of heart, lung and diaphragmatic ultrasound on prediction of failed extubation from mechanical ventilation in critically ill patients: prospective 

observational pilot study 

 Dr Kavi Haji - May 2018 135 

 

Table 14: Clinical and biochemical variables of failed and successful extubation groups 

 

 

Whole 

group 

(n=53) 

Failed 

extubation  

(n=11) 

Successful 

extubation 

(n=42) 

Unadjusted 

OR 

(95% CI) 

P value 

Characteristics      

 

Male n(%) 

 

34(64) 

 

10(90.9) 

 

24(57.1) 

 

0.13(0.01-1.14) 

 

0.06 

Age, years 

median(IQR) 

66.0(47.5 – 

76.0) 

77.0(65.0- 

81.0) 

63.5(45.7- 73.3) 1.05(0.99-1.11) 0.06 

Ideal body weight 

kg median(IQR) 

62.0(54.7- 

66.2) 

61.0(54.7- 

63.9) 

62.3(54.6- 66.2) 0.96(0.87-1.06) 0.44 

BMI kg/m
2 
 

median(IQR) 

27.0(24.0- 

30.7) 

27.0(23.3- 

35.1) 

27.0(24.1- 31.0) 1.0(0.9-1.11) 0.95 

Ischaemic heart 

disease n(%) 

16(30.2) 7 (63.6) 9 (21.4) 6.41(1.53-

26.88) 

0.01 
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Heart failure n(%) 8(15.1) 3(27.3) 5(11.9) 2.77(0.54-

14.05) 

0.21 

Diabetes mellitus 

n(%) 

15(28.3) 6(54.5) 9(21.4) 4.40(1.08-

17.79) 

0.03 

COPD n(%) 9(17.0) 3(27.3) 6(14.3) 2.25(0.46-

10.96) 

0.31 

ICU severity score       

APACHE II 

median(IQR) 

20.0(16.0 – 

23.0) 

20.0(17.0- 

23.0) 

20.0(15.0- 23.3) 1.06(0.94- 1.20 0.31 

APACHE III 

median(IQR) 

77.0(61.0 –

93.5) 

82.0(61.0- 

97.0) 

74.5(60.5- 89.5) 1.02(0.99- 

1.04) 

0.21 

SAPS II 

median(IQR) 

45.0(36.0 – 

57.0) 

42.0(33.0- 

46.0) 

46.0(36.0- 57.3) 0.99(0.94- 

1.04) 

0.72 

Weaning trial      

Respiratory rate 

(breath/minute) 

median(IQR)  

20(16-24) 24(18- 30) 18(15- 23) 1.14(1.01-1.27) 0.02 
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Tidal volume (liter) 

median(R) 

0.50(0.41- 

0.68) 

0.48(0.39- 

0.58) 

0.51(0.41- 0.75) 0.11 (0.00-

5.76) 

0.27 

Pressure support 

(cmH2O) 

median(IQR) 

0.0(0.0 – 7.5) 0.0(0.0- 10.0) 0.0(0.0- 7.2) 1.04(0.89-1.22) 0.58 

      

ICU Outcomes      

Extubation failure 11(20.7)     

ICU LOS (day) 

median(IQR) 

9.6(5.8 – 

13.2) 

10.5(9.7- 17.5) 7.9(5.5- 13.0) 1.14(0.99- 

1.25) 

0.06 

Time from 

extubation to ICU 

discharge (days) 

median(IQR) 

2.8(1.1- 5.1) 4.1(3.1- 7.1) 1.9 (1.0- 5.1)  1.13(0.95-1.34) 0.14 

Hospital LOS (day) 

median(IQR) 

18.5(12.0- 

25.7) 

19.2(16.1- 

33.1) 

16.4(11.2- 24.1) 1.00(0.96-1.04) 0.71 

In-hospital 5(9.4) 2(18.2) 3(7.1) 0.34(0.05-2.38) 0.28 
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APACHE - acute physiology age and chronic health evaluation, BMI - body mass index, BNP - B-type natriuretic peptide, COPD - chronic obstructive airway 

disease, H LOS - hospital length of stay, ICU LOS - intensive care unit length of stay, R, range, SAPS - simplified acute physiology score. All data were 

analysed in median (R) unless otherwise stated.

mortality n(%) 

Duration of MV 

(hour) 

median(IQR) 

136.0(96.5- 

208.0) 

175.0(99.1- 

238.5) 

130.6(93.7- 

180.5) 

1.00(0.99-1.01) 0.11 
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The cardiac, lung and diaphragm ultrasound findings, RSBI and BNP are shown in 

Table 15. Cardiac ultrasound was un-interpretable in one participant (who was 

successfully extubated). Failed extubation was associated with echocardiography 

markers of left ventricular diastolic dysfunction, including raised left atrial pressure 

indicated by interatrial septal fixed rightward curvature (OR 12.95, 95% CI 2.73-

61.41, p=0.001), higher E/E' (OR 1.27, 95% CI 1.05-1.54, p=0.01) and larger left 

atrial area (OR 1.14, 95% CI 1.02-1.28, p=0.02). 

  

Higher loss of aeration score of the anterior and the lateral lung regions was 

associated with failed extubation (OR 1.41, 95% CI 1.01-1.82, p=0.007). The 

magnitude of diaphragmatic movement was not associated with success or failure 

of extubation. 

 

The interobserver variation showed acceptable agreement. The limits of agreement 

were less than 20% of the mean value for all comparisons. There were no critical 

findings that required immediate disclosure to the treating team for the safety of the 

participants. 
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Table 15: Clinical, echocardiographic and respiratory ultrasound variables 

Variable 

 

Total Failed extubation 

(n=11/53) 

Successful 

extubation 

(n=42/53) 

Unadjusted OR 

(95% CI) 

P 

value 

RSBI (breath/minute/liter) median(IQR) 35.4(26.1- 

57.7) 

48.0(35.1- 72.0) 33.5(25.6- 55.4) 1.03(1.00-1.06) 0.03 

BNP (pmole/liter) median(IQR) 263(107- 

654) 

372(152- 1620) 233(95- 475) 1.0(0.99-1.00) 0.72 

Echocardiographic Variables       

LVEF (%) median(IQR) 60(50- 65) 50(45- 55) 65(53- 65)  0.96(0.91-1.0) 0.1 

E median(IQR) 0.83(0.68- 

0.99) 

0.87(0.68- 1.04) 0.83(0.68- 0.99) 5.43(0.35-85.2) 0.22 

E/A median(IQR) 1.13(0.84- 

1.40) 

1.20(0.60- 1.64) 1.13(0.85- 1.36) 0.99(0.38-2.59) 0.99 
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EDT median(IQR) 180(151- 

228) 

175(125- 259) 180(155- 217) 0.99(0.98-1.01) 0.87 

E' median(IQR) 0.10(0.08- 

0.12) 

0.07(0.05- 0.11) 0.10(0.08- 0.12) 0.00(0.00-1.36) 0.052 

E/E' median(IQR) 8.3(6.6- 11.1) 10.9(8.7- 18.0) 7.7 (6.4- 10.6) 1.27(1.05-1.54) 0.01 

LAA median(IQR) 20.8(18.2- 

25.0) 

25.0(19.3- 32.0) 20.0(18.0- 23.7) 1.14(1.02-1.28) 0.02 

IAS fixed curvature n(%) 15(28.8) 8(72.7) 7(17.1) 12.95(2.73-

61.41) 

0.001 

Lung Ultrasound      

Aeration score of left and right anterior 

and lateral region 

(upper and lower zones) median(IQR) 

11(8- 15) 17(8-20) 11(8-13) 1.41(1.01-1.82) 0.007 

Aeration score of left and right lungs 

total median(IQR) 

18(13- 22) 22(13- 28) 18(10- 21) 1.12(0.99-1.27) 0.06 
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Diaphragmatic dysfunction n(%)      

No diaphragmatic dysfunction  29(54.7) 5(45.5) 24(57.1)  0.53 

Hemidiaphragm dysfunction  19(35.8) 4(36.4) 15(35.7) 1.28(0.29-5.53) 0.26 

Diaphragm dysfunction  5(9.4) 2(18.2) 3(7.1)       3.2(0.41-

24.41) 

0.49 

Normal values of the parameters listed in the table are as follow: RSBI: < 105, BNP< 29 pmole/ L, LVEF < 50%, E 73±19 cm/s, A 69±17cm/s, E/A 

1.20±0.20, DT 192±40ms,  E'12±4cm/s, E/E' 10±2,  hemidiaphragm excursion ≥ 1.0cm.  IAS - interatrial septum, LAA - left atrial area, LVE/E' ratio - left 

ventricular early diastolic trans-mitral flow velocity, E wave - early diastolic mitral annulus velocity E' ratio, LVEF - left ventricular ejection fraction, OR - 

odds ratio, IQR –  interquartile range, RSBI - rapid shallow breathing index. 
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7.4 Discussion 

Of the clinical and ultrasound indicators in this pilot study, we determined that the 

most likely parameters which could be useful to help predict failed extubation are 

those which are related to diastolic dysfunction (left atrial area, E/E', interatrial 

septal rightward fixed curvature), loss of aeration score of the left and right anterior 

and lateral regions, and increased RSBI. Interatrial septal fixed curvature and lung 

ultrasound findings appear promising, and may aid in decision-making for 

extubation. This is the first study that evaluated the movement of interatrial septal 

for assessing left atrial filling pressure during weaning. This parameter is easily and 

quickly assessed, even when used by operators with limited echocardiographic 

experience. Nevertheless, the results in this study need to be verified in a larger 

study. 

 

Interestingly, participants with diabetes and ischaemic heart disease had greater 

incidence of extubation failure when compared to those who were successful. Such 

association between weaning failure and diabetes was also reported in a similar 

study (184). Although unclear, the association is possibly attributed to left 

ventricular diastolic failure. This perhaps suggests that older patients, patients with 

diabetes and/or ischaemic heart disease may most benefit from bedside cardiac 

ultrasound as an adjunct to prediction of their candidacy for ventilatory weaning 

and tracheal extubation. 

 

Our study particularly focused on imaging the heart, lung and the diaphragm 

although only during the weaning trial just before extubation. We believe that 

ultrasound may provide an opportunity for the intensivist to optimize the patient’s 

cardiac and respiratory function before extubation, and perhaps modify the weaning 

mechanism, such as transitioning those at risk to non-invasive ventilation before 

discontinuing the ventilatory support (204, 205). 
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Our data do not allow us to determine why diastolic dysfunction is associated with 

weaning failure. However, it is reasonable to assume that patients with raised left 

atrial pressure may be more likely to develop pulmonary venous congestion as the 

haemodynamic stress associated with weaning increases. A study by Caille et al. 

suggested that patients are more likely to fail weaning when their left ventricular 

ejection fraction is lower than 35% and E/E' is greater than 7.8 (122). Conversely, 

Moschietto et al. showed that unlike E/E', ejection fraction had no impact on 

weaning outcome. Recent published data have demonstrated a positive association 

between the echocardiographic measurements of diastolic failure, in particular E/E', 

and weaning failure (122, 123, 184, 187). E/E' is a marker of left atrial pressure, 

and that of left ventricular diastolic pressure. E/E' correlated well with pulmonary 

artery occlusion pressure (45, 206). However, this correlation in non-weaning 

circumstances was debatable (201). E/E' range of cut-off values of 7-14 have been 

suggested for determining patients at risk of failing weaning from mechanical 

ventilation (122, 123, 187). In another study, a higher cut-off value of 14.5 during a 

spontaneous breathing trial had a sensitivity of 75% and specificity of 95.8% for 

predicting weaning failure (184). 

 

Fixed rightward curvature of interatrial septum was a prominent finding in the 

failed extubation group. Assessment of interatrial septal movement is an easy 

technique to perform to obtain a visual estimation of the left atrial pressure state. 

Royse et al. found that pulmonary artery occlusion pressure greater than 15 mmHg 

corresponded to fixed rightward curvature of the interatrial septal movement 

throughout the cardiac cycle (200). The findings were supported by an earlier 

study, where the shape and movement of the interatrial septum were dependent on 

the gradient between the atria (199). Interatrial septal movement is easily obtained 

from a 2-dimensional view of any standard parasternal short axis, apical 4-chamber 

or subcostal 4-chamber or subcostal short axis.  

 

Left atrial enlargement is an indicator of severity and chronicity of diastolic 

dysfunction and is associated with increased left atrial pressure (197). However, 

left atrial enlargement is non-specific and it is influenced by other factors such as 
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haemodynamically significant mitral valve pathology and atrial fibrillation (84, 

198). There were two participants from the successful group who had atrial flutter 

during imaging but all participants in the failed group were in sinus rhythm.  

 

Lung ultrasound is a non-invasive and easily performed bedside test. It has clinical 

and practical advantages over conventional chest radiography (57, 67). Beside its 

diagnostic capability, lung ultrasound is useful for monitoring lung recruitment 

therapy during prone positioning (207). The pattern, location and the extent of loss 

of aeration on ultrasound identify the pathological process and hence the diagnosis 

of the respiratory disorder. The loss of aeration scoring method used in this study 

provides a quantification of the degree of aeration defect, which may be useful in 

assessing the type, distribution and degree of lung injury. A similar scoring system 

was used by Soummer et. al. for predicting post extubation distress during a 

spontaneous breathing trial (5). Pleural effusion was included in our scoring 

system, which added to the severity of aeration loss. In this study, an association 

with worse aeration was found in participants who failed extubation. Moreover, the 

association was stronger with significantly higher loss of aeration score, when the 

antero-lateral regions of both lungs were included. This finding may translate to a 

higher incidence of pulmonary oedema in the failed extubation group, consistent 

with cardiac failure (67, 202).   

 

Mechanical ventilation may induce diaphragmatic dysfunction from muscle disuse, 

particularly in prolonged mechanical ventilation (101). Diaphragmatic disuse leads 

to protein oxidation via activation of autophagy, lysosome pathway and skeletal 

muscle proteolysis (119), which subsequently alters the diaphragm contractile 

property. In a study by Kim et. al, the prevalence of diaphragmatic dysfunction was 

29% in critically ill patients with no history of neuromuscular or diaphragmatic 

diseases (13). In this study, the cut-off diaphragm excursion value for extubation 

failure was 1.4 cm for the right hemidiaphragm and 1.2 cm for the left 

hemidiaphragm (13). Further, patients with diaphragmatic dysfunction had a longer 

ventilation time; 401 hours vs. 90 hours in patients with normal diaphragm. In 

another study, liver and spleen displacement as a surrogate for respiratory 
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sufficiency, in particular diaphragmatic movement, have been shown as predictors 

for successful extubation when compared to RSBI, spontaneous tidal volume or 

maximum inspiratory pressure (124). In contrast to the published evidence about 

the diaphragmatic role in respiratory weaning outcome, we did not find an 

association between diaphragm dysfunction and extubation failure. However, due 

to the small sample size in our study, the role of the diaphragm in weaning needs 

further exploration. 

 

On current practice, the prediction of successful weaning and readiness for 

extubation is assessed using clinical and biochemical parameters including the 

degree of respiratory support, respiratory rate, tidal volume, RSBI, arterial blood 

gas analysis and more recently BNP (195). RSBI is a surrogate marker of quality of 

breathing during weaning from mechanical ventilation. It is defined as the ratio 

between respiratory rate and tidal volume where a value greater than 105 

breaths/minute/liter predicts patients at high risk of failing weaning (178, 208). 

However, weaning failure has been associated with RSBI of lower than 

recommended values (5). In our study, higher RSBI was weakly associated with 

failed extubation. BNP is a biochemical marker of cardiac dysfunction. It is a 32-

amino acid peptide released into the plasma because of cardiomyocytes over-

stretch. The role of BNP in weaning from mechanical ventilation is controversial 

(5, 195, 209). In our study, there was a weak association with elevated BNP and 

extubation failure.  

 

This is a pilot study, therefore it can only be used to identify potentially useful 

parameters to aid clinical decision-making. The study was based on convenience 

sampling, which was subject to the availability of the research sonographer. In 

contrast to some previously published studies, our study protocol did not interfere 

with the clinician’s extubation decision, and all participants proceeded to 

extubation regardless of weaning trial outcome. The results of this study can be 

further tested by a larger prospective study in a high-risk population that perhaps 

are older with a history of diabetes and/or ischaemic heart disease and with a 

clinical diagnosis of cardiac. 
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7.5 Conclusion 

Failed extubation in mechanically ventilated patients is more prevalent if markers 

of left ventricular diastolic dysfunction and loss of lung aeration are present. 
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8 CONCLUSION 
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In this thesis, intensivist-performed TTE and lung ultrasound, with diaphragm 

ultrasound included in the second and third studies, were used as an addition to the 

bedside clinical evaluation in ICU in a routine manner. In the first study, a 

protocoled, focused heart and lung ultrasound was applied as an adjunct to clinical 

assessment, irrespective of indications. The results affirm that the use of ultrasound in 

this capacity leads to changes in both diagnosis and management. Although the 

routine application of combined protocoled TTE and lung ultrasound has been 

studied outside ICU, to our knowledge it has not been evaluated for critically ill 

patients in ICU.  

 

In the second study, the feasibility and the approach on how to best examine the 

diaphragm was evaluated in order to standardise the ultrasound technique for accurate 

assessment of the diaphragm function. The diaphragm was frequently imaged using 

2-D technology with the probe placed perpendicularly on the lower lateral chest wall 

between mid and posterior axillary line. Although, regional differences in the 

diaphragm movement have been shown in previous studies, the agreement between 

the middle and medial diaphragmatic regions in this study was sufficient to be used 

interchangeably. In contrast, the agreement was insufficient for using the liver or the 

spleen displacement instead of diaphragmatic movement when imaging of the 

diaphragm was inadequate.  

 

The ultrasound technique used in imaging the diaphragm in chapter 5 was adopted in 

the final study of this thesis (chapter 7). Fifty-three intubated critically ill patients 

received combined TTE and lung and diaphragm ultrasound during a weaning trial 

within an hour before extubation. Clinical and biochemical indicators were also 

considered. There were strong sonographic signals indicating that left ventricular 

failure, predominantly diastolic failure, and loss of lung aeration in the anterolateral 

regions of the lung, predict extubation failure in ICU, when compared to clinical 

weaning parameters. This is the first study that evaluated the movement of interatrial 

septal for assessing left atrial filling pressure during weaning. This parameter is easily 

and quickly assessed, even when used by operators with limited echocardiographic 

experience. It is worth noting that incidence of diaphragm dysfunction in those who 

failed extubation and those who were successfully extubated was not different. Such 
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findings cannot be applied to general ICU population because of small sample size of 

this study. The results can however be used as a foreground for a pragmatic and large 

randomised control study in order to answer the question of clinical outcome.  
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Patient details 

APPENDIX 1 - CLINICAL ASSESSMENT AND MANAGEMENT 

PLAN FORM 

The feasibility and impact of routine cardiac and respiratory ultrasound on diagnosis 

and management of patients admitted to the intensive care unit: a prospective 

observational study 

Before ultrasound 

 

 

 

 

Technical difficulties: ☐Yes ☐No Why?........................................................ 

Study #......................... Treating 

Physician…………………………………………… 

Date ………………… Time…………….. 

Gender  ☐ Male ☐Female Weight ………… kg         Height ………….cm 

Date and time of admission to ICU …………………. 

Date and time of assessment …………….…….... 

Date of discharge from ICU……………….. 

Date of discharge from hospital………………… 

Admission diagnosis ………………………………………………………………… 

Cardiac History 

☐ IHD   ☐ Cardiac failure (CHF), NYHA class……….    

☐ Cardiomyopathy, specify………….......... 

☐ Valvular heart disease, specify…………………  

☐ Arrhythmias, specify………………………… 

☐ Permanent pace maker/ implant defibrillator      

☐ Other……………………………………………... 
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Other Co-morbidities 

☐ COAD   ☐ Interstitial lung disease   ☐ Pulmonary embolism   ☐ Hypertension   ☐ 

Diabetes   ☐ Other ………………………………………………………………... 

 

Smoking History 

☐ Smoker:   Pack/year (pack/day x number of years smoked) …………….. 

☐ Ex-smoker      ☐ Non-smoker        ☐ Unsure 

 

Alcohol History 

☐Alcohol       ☐ Ex-alcohol        Number of standard drinks/week…………… 

 

ICU illness severity score                APACHE II………..      SAPS II…………… 

 

Haemodynamic data 

CVP……………..mmHg                         Cardiac index…………L/min 

MAP…………….mmHg                         SVRI…………………..units/m
2
 

HR………………bpm                             PCWP…………………mmHg 

PAP (systolic)…..mmHg                         PAP (diastolic)………….mmHg 

 

Haemodynamic monitor 

☐ Routine ANIBP    ☐ Arterial line     ☐ CVC     ☐ PAC    ☐ Vigileo     ☐ PiCCO 

☐ Ventilation      ☐ Spontaneous breathing    ☐ NIV     ☐ Invasive mechanical 

ventilation 

 

Fluid management including 

☐ CSL   ☐ 4% Albumin   ☐ 20% Albumin   ☐ Blood product   ☐ Fluid restriction   ☐ 

Maintenance 

Cardiovascular support 
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☐ Noradrenaline   ☐ Adrenaline   ☐ Dobutamine   ☐ Isoprenaline   ☐ Milrinone   ☐ 

Vasopressin   ☐ Levosemindan   ☐ GTN 

☐ Frusemide   ☐ Nitric Oxide   ☐ Prostacycline   ☐ Transvenous pacing   ☐ IABP   ☐ 

No treatment required 

 

Renal data on day of admission 

Creatinin………   Urea……….   eGFR....…….  

Urine output, average mL/h (in last 6 hours)………. 

 

What is the principle haemodynamic state? 

(Tick one best answer) 

☐ Normal   ☐ Empty   ☐ Vasodilated   ☐ Heart failure   ☐ Unsure 

 

Valve (at least moderate) and pericardium 

(Multiple ticks allowed) 

Haemodynamically 

significant★ 
Aortic 

valve 

Mitral 

valve 

Tricuspid 

valve 

Pulmonary 

valve 

Stenosis     

Regurgitation     

Haemodynamically significant★: the lesion on its own is likely to be able to result in 

persistent hypotension or reduced cardiac output if the patient is stressed (e.g. 

induction of anaesthesia, surgery, systemic inflammatory response syndrome). 

Pericardial effusion   ☐              Size: <0.5cm ☐        >0.5cm ☐ 

 

 

 

Lung assessment 
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Figure 1: Auscultation 

Please choose the letter below which indicates your examination findings, then mark 

in the appropriate lung regions in the above figure.  

Normal – N, Wheezes – W, Crackles – C, Increased air entry – I, Reduced air entry – 

R, No air entry – E, Pleural rub – P 
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Figure 2 CXR 

Please choose the letter below which indicates your CXR findings and locate in the 

relevant area of above chest x-ray figure. 

 

Findings:  Normal – N, Consolidation – Cn, Collapse – Cl, Oedema – O, Abscess – 

A, Pneumothorax – Px, Pleural effusion - Pe 

 

Overall lung assessment 

Right lung…………………………… Left lung……………………………… 

☐ Last CXR  Hours from time of CXR to ultrasound…………………. 
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What is your primary diagnosis in relation to haemodynamic and respiratory state? 

(Can tick more than one) 

☐ Pneumonia   ☐ Pulmonary embolism   ☐ Cardiogenic pulmonary oedema    

☐ Pulmonary fibrosis   ☐ ALI/ARDS   ☐ Atelectasis/collapse   ☐ Diaphragm 

dysfunction   ☐ Lung abscess   ☐ Pleural effusion   ☐ Empyema   

☐ Cardiac tamponade   ☐ Pneumothorax   ☐ Routine post-op ☐ IHD/AMI    

☐ Other……………………………………………………………………………… 

 

What are your differential diagnoses in relation to haemodynamic and respiratory 

state? 

☐ Pneumonia   ☐ Pulmonary embolism   ☐ Cardiogenic pulmonary oedema                 

☐ Pulmonary fibrosis   ☐ ALI/ARDS   ☐ Atelectasis/collapse   ☐ Diaphragm 

dysfunction   ☐ Lung abscess   ☐ Pleural effusion   ☐ Empyema                             ☐ 

Cardiac tamponade   ☐ Pneumothorax   ☐ Routine post-op   ☐ IHD/AMI                             

☐ Other………………………………………………………………………………... 

 

What is your respiratory plan?  

☐ Invasive ventilation   ☐ NIV   ☐ High flow nasal prongs   ☐ Standard mask/prongs   

☐ No O2 required    

☐ Other……………………………………………………………………………… 

 

What is your fluid management? (can tick more than one) 

☐ Fluid boluses   ☐ Blood transfusion   ☐ Maintenance fluid   ☐ Fluid restriction   ☐ 

No treatment required    

☐ Other……………………………………………………………………………….. 

What is your cardiac management plan? (can tick more than one) 

☐ Noradrenaline   ☐ Adrenaline   ☐ Dobutamine   ☐ Isoprenaline   ☐ Milrinone   ☐ 

Vasopressin   ☐ Levosemindan   ☐ GTN   ☐ Frusemide   ☐ Nitric Oxide   ☐ 

Prostacycline   ☐ Transvenous pacing   ☐ IABP   ☐ No treatment required 
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Post TTE/LUS assessment and management plan 

 

What is your respiratory plan? 

☐ Invasive ventilation   ☐ NIV   ☐ High flow nasal prongs   ☐ Standard mask/prongs   

☐ No O2 required   ☐  

Other…………………………………………………………………………………… 

 

What is your fluid management? (can tick more than one) 

☐ Fluid boluses   ☐ Blood transfusion   ☐ Maintenance fluid   ☐ Fluid restriction   ☐ 

No treatment required    

☐ Other………………………………………………………………………………..  

 

What is your cardiac management plan? (can tick more than one) 

☐ Noradrenaline   ☐ Adrenaline   ☐ Dobutamine   ☐ Isoprenaline ☐ Milrinone   ☐ 

Vasopressin   ☐ Levosemindan   ☐ GTN   ☐ Frusemide   ☐ Nitric Oxide   ☐ 

Prostacycline   ☐ Transvenous pacing   ☐ IABP   ☐ No treatment required 

 



Chapter 10: Appendices 

 Dr Kavi Haji - May 2018 182 

APPENDIX 2 – IHEARTSCAN
TM

 PROTOCOL 
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Hypovolemia defined as left ventricle (LV) cavity size < 3 cm or LV area < 8 cm
2
. 

Normovolemia defined as LV size 3-5.6 cm or LV area 8-14 cm
2
, dilated LV defined 

as LV size >5.6 cm or LV area >14cm
2
. Right ventricle (RV) volume defined as 

normal when RV area ≤ 2 thirds of LV area. Right ventricle (RV) volume defined as 

dilated when RV area > 2 thirds of LV area. Systolic function: LV systolic function is 

increased when fractional shortening > 44%, fractional area of change (FAC) > 65% 

and ejection fraction (EF) >65%, LV systolic function is normal when fractional 

shortening is 28-44%, FAC 50-65% and EF 50-65%. LV systolic function reduced 

when fractional shortening, FAC and EF < 28%, < 50% and <50% respectively. RV 

systolic function is reduced when RV free-wall motion is reduced, with or without 

flattening of the interventricular septum. LV primary diastolic failure defined as 

normal LV systolic function with raised left atrial pressure, which correlates with 

fixed curvature of the interatrial septum towards the right atrium throughout the 

cardiac cycle.  
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APPENDIX 3 – IHEARTSCAN ASSESSMENT OF HAEMODYNAMIC STATE 

 

Haemodynamic state 

 Normal 

state 

Empty state Vasodilatation  LV Primary 

systolic failure 

LV Primary 

diastolic failure 

LV Systolic and 

diastolic failure 

RV 

failure 

Ventricular 

volume 

Normal Decreased Normal Increased Normal/ 

Decreased 

Increased RV 

increased 

Systolic 

function 

Normal Normal/ 

Increased 

Increased Decreased Normal Decreased RV 

decreased 

Left atrial 

filling pressure 

Normal Decreased 

 

Normal Normal Increased Increased Increased 

 

Refer to the iHeartScan protocol diagram in Appendix 2 for definitions of measurements to categorise the haemodynamic states. LV is left ventricle 

and RV is right ventricle.  
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APPENDIX 4 – TTE ASSESSMENT OF SEVERITY OF VALVULAR LESION 

 

Valve Lesion Moderate  Severe 

Aortic stenosis Valvular area 1.0-1.5cm
2
 

LV hypertrophy and diastolic dysfunction 

< 1.0cm
2
 

LV systolic and diastolic dysfunction 

Enlarged left atrium 

Pulmonary hypertension 

Aortic regurgitation Central jet width >25% - <65% 

Vena contracta ≥ 0.3- ≤ 0.6 

Mild LV enlargement 

Central jet width ≥ 65% of LVOT 

Vena contracta >0.6 

Moderate or greater LV enlargement 

Mitral stenosis Valve area 1.0 – 1.5 cm2 

Systolic pulmonary pressure 30-50mmHg 

Valve area <0.1cm
2
 

Pulmonary pressure >50 mmHg 

Mitral regurgitation  

 

Flail leaflet or ruptured papillary 

muscle  

Central jet > 40% of LA area 
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Central jet area ≥ 20% - ≤ 40% of LA area 

Vena contracta ≥ 0.3 cm - <0.7cm 

Moderate flow convergence 

Wall impinging or swirling in LA  

Vena contracta ≥ 0.7cm 

Large flow convergence 

Enlarged LV and LA size particularly 

when LV function is present  

Pulmonary stenosis  Doming of pulmonary leaflets 

Aliasing of velocities at the level of 

the pulmonary valve 

Pulmonary regurgitation Normal or abnormal valve  

Normal or dilated RV size 

Jet size intermediate  

Abnormal valve 

Dilated RV size 

Jet size usually large with a wide 

origin 

Tricuspid stenosis Limited opening 

Moderately enlarged RA 

 

Severely limited opening 

Severely enlarged RA 

Dilated IVC 

Tricuspid regurgitation Normal to abnormal valve Abnormal valve/ flail leaflet/ poor 
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Normal or dilated RV/ RA/ IVC size 

Jet area (central jet) 5 -10 
cm2 

Vena contracta width < 0.7cm 

PISA radius 0.6 - 0.9 cm 

coaptation 

Dilated RV/ RA/ IVC size 

Jet area (central jet) > 10 cm
2
 

Vena contracta > 0.7 cm 

 

PISA radius > 0.9cm 

The valve assessment was performed according to the iHeartScan protocol and guided by the American Society of Echocardiography guidelines. 

Valve assessment was mostly based on pattern recognition and basic semi-quantitative evaluation using 2-D and colour flow Doppler. IVC, inferior 

vena cava, LA, left atrium, LV, left ventricle, RA, right atrium, RV, right ventricle, LVOT is left ventricular outflow tract. 
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APPENDIX 5 – ANATOMICAL LANDMARKS FOR LUNG 

ULTRASOUND 

 

 

Anterior chest wall          Lateral chest wall  Posterior chest wall 

The chest wall was examined anteriorly, laterally and posteriorly. An arbitrary line 

divided the chest wall into upper and lower zones at the nipple anteriorly and 

laterally, and at the tip of the scapula posteriorly. ALZ - anterior lower zone, AUZ - 

anterior upper zone, LLZ - lateral lower zone, LUZ - lateral upper zone, PLZ - 

posterior lower zone, PUZ - posterior upper zone, LLL - left lower lobe, LUL - left 

upper lobe, RLL - right lower lobe, RML - right middle lobe, RUL - right upper lobe 
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APPENDIX 6 – LUNG ULTRASOUND EXAMINATION FORM 

 

ALZ - anterior lower zone, AUZ - anterior upper zone, LLZ - lateral lower zone, 

LUZ - lateral upper zone, PLZ - posterior lower zone, PUZ - posterior upper zone 
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