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ABSTRACT 

Background:  
Cardiac dysfunction is a well-known complication of sepsis, but its characteristics and 
consequences, especially on a longer term, remain unclear. The aim of this thesis was to 
study the characteristics and the implications of cardiac dysfunction for outcome in intensive 
care unit (ICU) patients with septic shock.  

Purpose:  
First, to assess the ability of a cardiac biomarker to predict outcome in ICU patients. Second, 
to characterise cardiac dysfunction in septic shock using speckle tracking echocardiography. 
Third, to investigate the reliability of echocardiographic methods used to describe cardiac 
dysfunction in septic shock. Fourth, to study long-term cardiac outcome in severe sepsis 
and septic shock patients. 

Materials and methods:  
The cardiac biomarker amino-terminal pro-brain natriuretic peptide (NT-proBNP) was 
collected in 481 patients on ICU admission and its ability to predict death was assessed. In 
50 patients with septic shock, echocardiography was performed on ICU admission and was 
repeated during and after ICU stay. Measurements of cardiac strain using speckle tracking 
echocardiography were assessed in relation to other echocardiographic function parameters, 
NT-proBNP and severity of illness scores, and their change over time was analysed. 
Echocardiograms from patients with septic shock were independently evaluated by two 
physicians and the results analysed regarding measurement variability. A nationwide-
registry-based open cohort of 9,520 severe sepsis and septic shock ICU patients discharged 
alive from the ICU was analysed together with a non-septic control group matched for age, 
sex and severity of illness. In patients who died after ICU discharge, information on causes 
of death was collected. 

Results:  
A discriminatory level of significance of NT-proBNP on ICU admission was identified at 
≥1,380 ng/L, above which NT-proBNP was an independent predictor of death. With 
increasing levels of NT-proBNP, patients were more severely ill, had a longer ICU stay and 
were more often admitted with septic shock. Cardiac strain was frequently impaired in septic 
shock patients but was not superior to other echocardiographic measurements in detecting 
cardiac dysfunction. Cardiac strain correlated with other echocardiographic function 
parameters and with NT-proBNP, and was the least user-dependent echocardiographic 
parameter in septic shock patients. Cardiac strain remained unchanged over time, did not 
differ between survivors and non-survivors and could not predict an increased risk of death. 
During a follow-up of up to nearly 6 years after ICU discharge, 3,954 (42%) of sepsis patients 
died, 654 (17%) with cardiac failure as the cause of death. With increasing severity of illness 
on admission, the risk of death with cardiac failure as the cause of death after ICU discharge 
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increased. In comparison to other ICU patients with similar severity of illness, however, the 
risk of death due to cardiac was not increased in patients with severe sepsis or septic shock. 

Conclusions:  
Laboratory or echocardiographic signs of cardiac dysfunction are commonly seen in ICU 
patients in general and in septic shock patients in particular. The assessment of cardiac 
dysfunction in patients with septic shock is, however, complicated by pre-existing 
comorbidities, by treatment given in the ICU and by critical illness in itself. Signs of cardiac 
dysfunction, and the increasing risk of death related to cardiac failure seen after remission 
of sepsis, may therefore be reflections of critical illness per se, rather than of sepsis. 
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ABBREVIATIONS 
2C  two-chamber view 
2D  two-dimensional 
4C  four-chamber view 
A  late diastolic mitral inflow 
a’  late diastolic mitral annular tissue Doppler velocity  
AF  atrial fibrillation 
ALAX apical long-axis view 
ANOVA analysis of variance  
BNP  brain natriuretic peptide 
CI  confidence interval 
DT  deceleration time 
E  early diastolic mitral inflow 
e’  early diastolic mitral annular tissue Doppler velocity 
E/e’  E to e’ ratio 
EF  ejection fraction 
GLPS global longitudinal peak strain 
ICD-10 International Classification of Diseases – Tenth Revision 
ICU  intensive care unit 
IL-1β interleukin-one beta 
IQR  inter-quartile range 
κ  Kappa coefficient 
LOS  length of stay 
LV  left ventricle/ventricular 
LVEF left ventricular ejection fraction 
MAPSE mitral annular plane systolic excursion 
NO  nitric oxide 
NT-proBNP amino-terminal pro-brain natriuretic peptide 
NYHA New York Heart Association Functional Classification of Heart Failure 
OR  odds ratio 
PEEP  positive end-expiratory pressure 
PiCCO pulse contour continuous cardiac output 
proBNP prohormone of brain natriuretic peptide 
PW  pulsed wave Doppler 
ROC  receiver operating characteristics curve 
Sa  peak systolic mitral annular tissue Doppler velocity 
SAPS3 Simplified Acute Physiology Score, third version 
SD  standard deviation 
SIR  Swedish Intensive Care Registry 
SOFA Sequential Organ Failure Assessment 
SVR  systemic vascular resistance  
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INTRODUCTION 

Sepsis 
Sepsis is the systemic inflammatory response to infection. The definition of sepsis thus relies 
on symptoms of global inflammation with evidence, or suspicion, of coexisting infection.  
Severe sepsis is sepsis causing organ dysfunction, whereas septic shock is a condition of 
persistent organ dysfunction despite fluid resuscitation (1). The spectrum of disease in 
sepsis is thereby wide and non-specific, ranging from mild systemic inflammation due to 
infection, to a global and overpowering immune response and profound organ dysfunction. 
 The exact incidence of sepsis is unclear but has been estimated to reach 300 cases per 
100,000 persons per year (2-4). The incidence of sepsis – more specifically, of severe sepsis 
or septic shock – is increasing, and represents the largest group of patients in intensive care 
units (ICU) (2, 5, 6). In Sweden and in other Western countries, approximately 10% of ICU 
admissions are due to sepsis (5, 7). 
 The management of sepsis has been subject to much study, and there are now 
international guidelines regarding its optimum treatment. In principle, the recommended 
regimen concerns early recognition of the disease, timely support of failing organs and swift 
control of the underlying infection (1).  
 Mortality rates in severe sepsis and septic shock are decreasing (5). Nonetheless, the 
risk of death remains high in comparison to other critically ill patients (8, 9). Furthermore, 
the risk of death in sepsis is largely dependent on disease severity, i.e. the risk of death from 
sepsis is related to the number of organs failing in the septic condition (10, 11).  
 Circulatory compromise is a hallmark of severe sepsis, and even more so in septic 
shock. The clinical situation can be complicated further by the addition of cardiac 
dysfunction as a complication of sepsis, i.e. a septic organ dysfunction specifically affecting 
the heart. There is a general consensus that the addition of septic cardiac dysfunction 
increases the risk of death in sepsis. Nonetheless, its characteristics and frequency, as well 
as its long-term consequences, remain unclear. 

The heart in sepsis  
Cardiac depression in sepsis was first described half a century ago. It was then recognised as 
the presence of low cardiac output (CO) with a weak pulse pulse and cold skin, i.e. features 
that would now be interpreted as signs of inadequate perfusion (12, 13). A high or normal 
CO and low systemic vascular resistance (SVR) were further demonstrated as features of 
septic shock (14), and the failure of septic patients to increase their CO in response to 
resuscitation was interpreted as an expression of cardiac depression (15). These reports 
were the first to recognise septic cardiac dysfunction as the inability of the heart to meet the 
increasing metabolic demands in sepsis (12). 
 The function of the heart itself in sepsis was first demonstrated in 1984 using 
radionuclide cineangiography (16). In a series of 20 patients, an increased left ventricular 
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(LV) end-diastolic volume, i.e. a dilatation of the LV with a reduced ejection fraction (EF), was 
demonstrated. Interestingly, survivors showed a more marked LV dilatation and EF reduction, 
and reversibility over seven to ten days. Non-survivors, in contrast, retained their initial EF, 
appearing unable to dilate their LV. Not only was this study the first to demonstrate the 
dynamics of septic cardiac dysfunction, but it was also the first indication of diastolic 
dysfunction as a prognostic factor in septic shock, although not interpreted as such at that 
time. Many aspects of septic cardiac dysfunction have, since then, been studied, some of 
which will be outlined here. 

Underlying mechanisms and characteristics of cardiac dysfunction in sepsis 

A number of mediators and pathways are associated with cardiac depression in sepsis, but 
the precise cause remains unclear. A circulating cardiac depressant factor, where potential 
candidates, among others, include tumor necrosis factor-alpha (TNF-α), interleukin-1 beta 
(IL-1β) and nitric oxide (NO), has long been proposed (17-19). Endothelial activation, 
microcirculatory shunting, metabolic alterations and calcium dysregulation in the 
myocardium have also been presented as contributors to the pathophysiology (20, 21). Thus, 
the pathogenesis of septic cardiac dysfunction is now regarded as the result of a complex 
interaction between systemic factors and molecular, metabolic and structural alterations 
(20).  
 The incidence of septic cardiac dysfunction is unclear, but has been described in 20 to 
60% of patients with septic shock (22-24). To some extent, this varying incidence is due to 
the lack of consensus on the definition of septic cardiac dysfunction, with criteria differing 
between studies. Furthermore, septic cardiac dysfunction may commonly be underestimated. 
In experimental models using pressure-volume loops, the septic myocardium is 
characterised by a depressed intrinsic contractility, independent of changes in afterload (25). 
In vivo, however, the understanding of the situation is complicated by the heart acting in 
relation to its circulatory context. With septic vasodilation, recognised clinically as low blood 
pressure or, more correctly, as a reduced SVR, afterload decreases markedly. In this situation 
CO may, in spite of septic cardiac dysfunction, be normal or even increased (24). The 
situation is further complicated by the increased oxygen demand inherent to the septic 
shock situation. Thus, septic cardiac dysfunction can be understood as a situation where the 
heart, as a consequence of sepsis, fails to meet the global metabolic demands. 

Cardiac function imaging in sepsis 
Echocardiography is a real-time imaging modality using ultrasound to visualise the 
movements of the heart, providing information on its anatomy and function. With the 
introduction of echocardiography in intensive care clinical practice, its diagnostic and 
prognostic abilities for the assessment of septic cardiac dysfunction have been extensively 
studied (22, 26-28). Furthermore, echocardiography is increasingly used for haemodynamic 
monitoring and titration of therapy in septic shock (29-31).  
  A focused two-dimensional transthoracic echocardiogram with Doppler flow 
measurements is the most widely used in intensive care (30, 32). The echocardiogram 
assesses different aspects of the contractile ability as well as of relaxation and filling, i.e. 
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systolic and diastolic function, of the heart. Numerous studies on septic cardiac dysfunction 
have described systolic as well as diastolic dysfunction, or a combination of the two, using a 
variety of different echocardiographic parameters (22, 23, 33). Since a reduced LVEF is the 
most commonly used definition of septic cardiac dysfunction, echocardiographic studies 
have mainly concerned the systolic function of the heart. Nonetheless, the diastolic function 
in sepsis is gaining interest (22, 34). Most studies have assessed cardiac function at or close 
to ICU admission, and few have studied the echocardiographic characteristics of septic 
cardiac dysfunction over time (24, 35). 

Left ventricular systolic function 

The systolic function of the LV is most commonly assessed using LVEF, which is the volume 
ejected in relation to the end-diastolic volume of the LV (36): 
 

LVEF = LV end-diastolic volume – LV end-systolic volume / LV end-diastolic volume x 100 
 

 Quantitative assessment of LV volumes and LVEF using echocardiography relies on the 
manual tracing of the LV cavity in end-diastole and end-systole in two apical two-
dimensional planes, whereafter the end-diastolic and end-systolic volumes of the LV are 
calculated. This technique, known as the modified biplanar Simpson’s method, is the 
recommended one for echocardiographic assessment of systolic dysfunction, and considered 
normal if above 50% (36).  
 From the mathematic formula above follows that LVEF is a function of ventricular size. 
In a situation with a dilated ventricle, as described in septic shock in the original work by 
Parker et al. (16), a decreased LVEF does not necessarily imply decreased stroke volumes. 
Moreover, LVEF is, as outlined above, highly dependent on changes in SVR, and may, as a 
consequence of septic vasodilation, be misinterpreted (27).  In one study, a decreased LVEF 
was shown in 38% of patients on ICU admission but in 59% on day 3 (24), i.e. with treatment 
for sepsis, including correction of SVR, septic cardiac dysfunction was unmasked by 
increasing LV afterload. Thus, LVEF does not necessarily, in the septic situation, reflect the 
underlying contractility of the heart. The timing of the assessment of LVEF in relation to the 
course of disease and treatment is therefore paramount for understanding the 
pathophysiology of septic cardiac dysfunction.  

Left ventricular diastolic function 

A variety of echocardiographic measurements are used to evaluate the diastolic function of 
the heart, each reflecting different aspects of LV filling. Pulsed wave (PW) Doppler 
measurements of inflow velocities at the mitral valve (early mitral inflow, E; late mitral inflow, 
A; deceleration time from maximum E to baseline, DT; and E to A ratio, E/A) and PW tissue 
Doppler measurements of tissue velocities at the base of the septum and the LV lateral wall 
(early diastolic mitral annular tissue Doppler velocity, e’; and late diastolic mitral annular 
tissue Doppler velocity, a’; Figure 1) are both performed to assess LV diastolic function. In 
cardiac disease, the ratio of inflow to tissue velocities (E/e’) is an accepted surrogate 
measurement of LV filling pressures and is, together with E, among the most widely used in 
the assessment of LV diastolic function (37). 
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Figure 1 
Tissue velocities at the base of the septum (early diastolic, e’; and late diastolic, a’) measured in the apical 4C view 
using PW tissue Doppler. For abbreviations, see page ix. 

 
 The accuracy of Doppler measurements of blood or tissue velocities depends on the 
ultrasonic angle towards the tissue, and the measured velocities are sensitive to changes in 
volume loading, ventilator settings and heart rate (37-40). Furthermore, the diastolic 
function and measurements thereof are affected by age, hypertension, ischaemic heart 
disease and even diabetes (41), all commonly coexisting with sepsis. The interpretation of 
diastolic dysfunction is therefore, for a number of reasons, complicated in intensive care 
patients. 

Cardiac strain and speckle tracking  

Cardiac strain, or cardiac deformation, is defined as the fractional change in length of a 
myocardial segment relative to a baseline length (42, 43). The maximum change in length is 
seen from end-systole to end-diastole, and is expressed as a percentage. During the 
heartbeat, the cardiac wall segments move in radial, circumferential and longitudinal 
directions. Deformation – “strain” – can thus be measured in all three directions, longitudinal 
strain being the most studied (43). Strain can be measured using tissue Doppler imaging or 
speckle tracking echocardiography, both depending on post-processing of 
echocardiographic data. Speckle tracking echocardiography has been claimed to be less 
angle-dependent than tissue Doppler imaging, and also to be relatively independent of pre-
and afterload (43). Thus, speckle tracking echocardiography has theoretical advantages in 
the intensive care setting. 
 Speckle tracking echocardiography relies on the detection of sonographic features – 
“speckles” – originating in the reflection of myocardial fibres. These speckles create a pattern 
that enables tracking of myocardial motion during the cardiac cycle. Since the movement of 
each speckle is in relation to those surrounding it, local deformation – strain - of the 
myocardium can be determined (42). Strain in the individual segments of the heart is 
averaged, producing a global measurement of the strain in the left ventricle. Thus, the 

  a’ 
e’  
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longitudinal strain of the LV as a whole is measured, and referred to as global longitudinal 
peak strain (GLPS) (42-44).  
 In cardiology, speckle tracking echocardiography has been shown to be more sensitive 
in detecting cardiac diseases such as hypertrophic cardiomyopathy, cardiac amyloidosis  and 
chemotherapy-associated cardiac dysfunction, even in asymptomatic patients (45-47). When 
the studies in this thesis were conducted, speckle tracking had scarcely been described in 
septic shock. It had been proposed as a more sensitive method in detecting septic cardiac 
affection, showing changes earlier in the course of disease than other echocardiographic 
measurements in experimental (48) as well as in clinical settings (33, 49). 

Variability of measurements 

As outlined above, septic cardiac dysfunction has been described with varying incidence – 
specifically, impaired systolic or diastolic function has been reported in 20 to 60% of septic 
ICU patients (22-24). The measurements used for the echocardiographic assessment of 
cardiac function are manually obtained, and are therefore to some extent inherently 
subjective. In cardiology, the impact of observer dependence on echocardiographic 
measurements is well known (50-52). In stress echocardiography especially, a substantial 
interobserver variability has been described, even among expert observers (50, 51). The 
intensive care clinical situation often includes tachycardia, high levels of endogenous as well 
as exogenous catecholamines, and difficulties in image acquisition, not unlike that of stress 
echocardiography. Furthermore, critically ill patients are often not in steady state. Varying 
use of vasopressor and inotropic drugs, rapid fluid shifts and positive pressure ventilation 
are just some of the challenges during image acquisition and interpretation. However, the 
addition of observer dependency to the interpretation of the echocardiographic findings has 
been remarkably less studied in intensive care than in cardiology (35). Thus, the extent to 
which the differing results in the incidence and spectrum of cardiac dysfunction in sepsis is 
related to the reading of the echocardiograms is unclear. 

Cardiac biomarkers in sepsis 
Cardiac biomarkers are biological parameters used to evaluate the function of the heart. 
Originating from the cardiac muscle, they are released as a result of cardiac stress or cell 
death, and can be detected and quantified, ideally indicating and corresponding to the 
degree of damage, or dysfunction, in the heart. Cardiac biomarkers were first developed for 
assisting the diagnosis of cardiac events, but are now extensively used in clinical cardiology 
not only for diagnostic purposes, but also for stratification and prognostication of cardiac 
disease.  Moreover, cardiac biomarkers have made their way into the intensive care setting, 
where their use is not confined to cardiac-related areas (53, 54).  
 Two well-known groups of cardiac biomarkers have been evaluated in septic cardiac 
dysfunction: the natriuretic peptides and the cardiac troponins. Cardiac troponins have, 
albeit with conflicting results, been shown to correlate with an increased risk of death in 
intensive care patients in general (55) as well as in sepsis (56). A correlation to 
echocardiographic signs of cardiac dysfunction in sepsis has been shown (57), but the 
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definite role of cardiac troponins in this regard remains to be settled. In this thesis, however, 
the focus will be on natriuretic peptides.  
 
 

 

Natriuretic peptides  

The primary biological function of the natriuretic peptides is to maintain osmotic and 
circulatory homeostasis (58). A number of natriuretic peptides have been described, all with 
closely related structures and all initiating similar physiological effects. Among these, the 
most thoroughly investigated in intensive care are brain natriuretic peptide (BNP) and amino-
terminal of brain natriuretic peptide (NT-proBNP) (53).  
 The BNP prohormone (proBNP) is synthesised in cardiac myocytes and released into the 
circulation in response to cardiac wall tension. A circulating endoprotease cleaves proBNP 
into the biologically active BNP and an inactive cometabolite, NT-proBNP (Figure 2). BNP has 
a half-life of 20 minutes, whereas the half-life of the renally cleared NT-proBNP is 60 to120 
minutes, explaining the higher levels and less marked variations of NT-proBNP 
concentrations (53, 59). NT-proBNP is therefore now the more widely used in clinical 
practice. 
 Since natriuretic peptides are released from cardiac myocytes in response to pressure or 
volume load, increased circulatory levels are found in patients with congestive heart failure 
(54). In addition, elevated levels of BNP and NT-proBNP are seen in myocardial ischaemia, 
pulmonary hypertension and renal failure (53).  Furthermore, they have been studied for 
diagnostic purposes in emergency medicine and also in perioperative medicine, where they 
have been demonstrated as predictors of major cardiac events (60, 61).  
 In intensive care, the diagnostic abilities of BNP and NT-proBNP have gained much 
interest. In patients with septic shock, BNP and NT-proBNP are frequently increased, and 
they have, by comparison to invasive haemodynamic or echocardiographic findings, been 
proposed as diagnostic markers for septic cardiac dysfunction (22, 62, 63). However, 
whether increased levels of BNP or NT-proBNP reflect cardiac function in septic shock, or are 
rather markers of disease severity, is not established. Furthermore, the timing of BNP or NT-
proBNP increase in relation to the time-course of cardiac dysfunction in sepsis is unclear. 
The role of natriuretic peptides in septic cardiac dysfunction thus remains to be settled. 

Figure 2 
ProBNP is released from 
cardiac myocytes and 
cleaved to create the 
biologically active BNP and, 
as a byproduct, NT-proBNP.  
For abbreviations, see page 
ix. 
Illustration by Per Lagman. 
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Prognostication and outcome in sepsis 
There is much interest in outcome prediction, most commonly for the risk of death, in 
intensive care. The modalities used for outcome prediction include markers of organ 
function, such as laboratory data or physiological parameters, and scoring systems. 

Cardiac biomarkers and echocardiography in outcome prediction 

The risk of death in sepsis increases as more organ systems become affected (10, 11). 
Markers of specific organ function, or dysfunction, have therefore been assessed for 
outcome prediction. While the predictive value of natriuretic peptides and echocardiography 
is well established in cardiology, it is less so in intensive care (22, 64, 65).    
  The impact of cardiac dysfunction on mortality in septic shock has differed between 
echocardiographic studies. Nonetheless, in spite of being extensively studied, the effect of 
systolic dysfunction evaluated using LVEF on the risk of death is increasingly questioned 
(65). In contrast, a substantial impact of LV diastolic dysfunction on mortality has been 
demonstrated (22, 34, 66). In cardiology, cardiac strain measured using speckle tracking has 
been shown to be superior to LVEF in predicting death in heart failure patients (67). In 
patients with sepsis, the use of speckle tracking in outcome prediction had however, when 
the studies in this thesis were conducted, not been evaluated.  
 The predictive abilities of BNP and NT-proBNP have been investigated in specific groups 
of intensive care patients, such as sepsis (68, 69), as well as in intensive care patients in 
general (70-72). Irrespective of patient category, higher levels have repeatedly been 
demonstrated in non-survivors. However, despite its biological plausibility, the predictive 
ability of elevated levels of natriuretic peptides is unclear. 
 Thus, while there is widespread consensus that septic cardiac dysfunction increases the 
risk of death in septic patients, attempts to use biomarkers or specific echocardiographic 
measures in identifying patients at risk have proven challenging. 

Scoring systems in intensive care 

Scoring systems for outcome prediction have been used in intensive care since the early 
1980s (73). A number of scoring systems are and have been in clinical use, but among the 
most widely used at present is the third version of the Simplified Acute Physiology Score 
(SAPS3) (74). The construction of SAPS3 was based on data from 19,577 patients in 309 ICUs 
in 35 different countries, the majority of which in Europe, in 2002. SAPS3 was designed to 
measure the severity of disease in a patient, as well as to predict the risk of death (75, 76).  
 SAPS3 includes information on pre-existing comorbidities and other factors regarding 
the patient’s status pre-ICU. Second, it takes into account events surrounding the patient’s 
admission to the ICU, such as admission route, time from hospital to ICU admission, the 
surgical and infectious status at, and reason for, admission. Third, SAPS3 includes the 
degree of physiological derangement displayed by the patient ± 1 hour of ICU admission. 
Thus, SAPS3 provides a severity of illness score, the SAPS3 score, as well as a calculated 
probability of 30 day mortality, called SAPS3 probability, ranging from 0 to 1.  
 The Sequential Organ Failure Assessment (SOFA) score rates respiratory, cardiovascular, 
hepatic, renal, coagulatory and neurological functions, and is used daily to determine the 
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degree of a patient’s organ failure and the rate of deterioration during the ICU stay (77). 
While primarily designed to describe morbidity, the SOFA score can also be used as a 
predictor of mortality (10, 11). 

The Swedish Intensive Care Registry and the Swedish National Board of 
Health and Welfare 

The Swedish Intensive Care Registry (SIR) is a medical quality register operating to audit and 
benchmark Swedish intensive care (7). SIR has prospectively collected data since 2001, and 
in 2015, does so from 77 of the 84 (92%) ICUs in Sweden. SAPS3 has been in use in Swedish 
ICUs and collected by SIR since 2008. Aside from SAPS3, data reported to SIR include details 
on individual patients’ ICU stay regarding organ support, ICU length of stay (LOS) and 
diagnoses assigned during the ICU stay. Furthermore, SIR collects data on ICU outcome, and 
performs a prospective follow-up on vital status. Collected data is validated internally, and in 
cases of inconsistencies or logical defects returned to the local, submitting ICU, for 
correction.  
 The Swedish National Board of Health and Welfare is a government agency serving to 
collect information, develop standards and undertake official duties in the medical field in 
Sweden (78). Its roles include the collection and registration of causes of death assigned by 
physicians in all deceased persons in Sweden. Information on causes of death in specific 
patients can therefore be sought in the Swedish National Board of Health and Welfare’s 
Death Register. 
 Patients admitted to Swedish ICUs and thereby registered in SIR can thus, if they have 
died after ICU discharge, be identified in the Swedish National Board of Health and Welfare’s 
Death Register, and information on their causes of death collected. 

ICU outcome and follow-up 

The risk of death is high in sepsis patients not only in the ICU. Even after ICU discharge, 
sepsis patients have a higher ongoing morbidity and mortality than the general public and 
other categories of ICU patients (79-81). The long-term consequences of septic organ 
dysfunction and the major causes of death after intensive care are, however, unclear. 
Whether the cardiac effects of sepsis persist, or more specifically, whether septic cardiac 
dysfunction may cause long-term cardiac failure severe enough to contribute to mortality, is 
unknown. 
 The optimal duration of follow-up for the determination of the risk of death after ICU is 
uncertain, but measurement of mortality at 30 days or at hospital discharge is the most 
widely used time-frame (82). However, as many as one-third of ICU patients may still be in 
hospital at 30 days, and a substantial proportion of deaths occur soon after hospital 
discharge (83, 84). There are also indications of an increasing number of ICU patients being 
discharged from hospital not to home, but to other care facilities (5). The value of a longer 
follow-up time has therefore been proposed (82, 85). However, this may raise difficulties in 
distinguishing between the effects of critical illness and of those from underlying age and 
comorbidities, both of which increase the risk of death in the ICU as well as after discharge 
(86, 87). The ideal period of follow-up would be up to a time point at which the effects of 
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critical illness remain the principal determinants of outcome, and before age, comorbidities 
and other pre-existing factors can have a marked and confounding impact on survival. Such 
an ideal follow-up time has not been established, and would likely differ according to the 
population and the outcome studied.  The optimum follow-up time after severe sepsis or 
septic shock, and more specifically, the ideal time to identify any cardiac consequences of 
sepsis, is unknown. 

In summary  
Cardiac dysfunction in septic shock is a situation where the heart, as a consequence of 
sepsis, fails to meet the systemic demands. Such cardiac dysfunction is easily masked by 
coexisting circulatory changes, and its characteristics regarding echocardiographic findings 
and cardiac biomarkers are unclear. Furthermore, its impact on mortality, especially on a 
longer term, remains unknown. 
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HYPOTHESIS AND AIM 
The hypothesis underlying this thesis was that cardiac dysfunction is underestimated in 
intensive care patients with septic shock and that it increases the risk of death, even on a 
longer term. The specific hypotheses of the individual studies were as follows: 
 

I That the cardiac biomarker NT-proBNP can be used as a prognostic marker for 
death in ICU patients 

 
II That measurements of cardiac strain using speckle tracking echocardiography are 

superior to other echocardiographic measurements used for detecting cardiac 
dysfunction in patients with septic shock 

 
III That there is an observer-related influence on the assessment of cardiac function 

in septic shock patients 

 
IV That even after remission of severe sepsis or septic shock, patients are at an 

increased risk of death from cardiac failure 

 
 
The aim of this thesis was hence to study the characteristics and the implications for 
outcome of cardiac dysfunction in intensive care patients with septic shock. The specific 
objectives of the individual studies were as follows: 
 

I To assess the ability of the cardiac biomarker NT-proBNP to predict outcome in 
intensive care patients 

 
II To characterise cardiac dysfunction in septic shock using speckle tracking 

echocardiography 

 
III To investigate the reliability of echocardiographic methods used to describe 

cardiac dysfunction in septic shock 

 
IV To study long-term cardiac outcome in severe sepsis and septic shock patients 
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MATERIALS AND METHODS 
All studies in this thesis were performed at Linköping University Hospital, using data 
collected at the Intensive Care Unit of the hospital (studies I – III) or from the Swedish 
Intensive Care Registry and the Swedish National Board of Health and Welfare (study IV). 

Ethical aspects 
All studies were approved by the Regional Ethical Review Board in Linköping, Sweden. The 
specific ethical aspects of the individual studies were addressed as follows: 
 In study I (Dnr 2010/222-31), all clinical and laboratory data collected were part of 
routine registration of patients admitted to the unit, and informed consent was not required.  
 For studies II and III (Dnr 2012/233-31), informed consent was sought from patients at 
inclusion. The observational nature of the studies allowed us to assume consent in patients 
incapacitated by acute illness. In these cases informed consent was, when possible, obtained 
from included patients after recovery. Patients who were not expected to survive longer than 
24 hours, in whom intensive care treatment was partly withheld from admission and who 
due to language barriers or mental inability were not expected to be able to give consent 
even after recovery, were not included.  
 Study IV (Dnr 2014/31-31) regards data from medical registers, and the requirement 
for informed consent was waived. 

Study designs, populations, data sets and methods 
used 
Study I is a prospective observational study on survival after ICU admission in general ICU 
patients. Study II is a prospective observational study on echocardiographic characteristics in 
ICU patients with septic shock. Study III is a quantitative reliability analysis of 
echocardiographic measurements in septic shock. Study IV is a prospective observational 
study on survival in severe sepsis and septic shock patients in ICUs in Sweden.  

Patients and settings 

For study I, the study cohort consisted of 481 patients admitted to the mixed, non-
cardiothoracic, tertiary general ICU of Linköping University Hospital, from June 2009 to 
November 2010. Studies II and III regard 50 patients admitted to the ICU of Linköping 
University Hospital, presenting with septic shock and with an expected ICU stay of 24 hours 
or longer. Patients were included from October 2012 to September 2014. For study IV, a 
cohort of 9,520 severe sepsis and septic shock patients admitted to Swedish ICUs from 
January 2008 to August 2013, collected from SIR, was used. In addition, a control group of 
4,577 patients individually matched to the study cohort regarding age, sex, severity of 
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illness and ICU length of stay was collected. The relative size and relations of the different 
cohorts is illustrated in Figure 3, and the patient selection process for study IV in Figure 4.  

Figure 3 
The relative size, illustrated as areals, and relations of the patient cohorts underlying the studies in this thesis. The 
patients included in studies II and III were also included in the cohort underlying study IV. Study IV also included 
some of the patients in study I, both sepsis patients and controls. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 
Patient selection flowchart for study IV. For abbreviations, see page ix. 

Definitions 

Severe sepsis and septic shock were defined according to the following criteria (1): (i) 
evidence or clinical suspicion of infection; (ii) two or more signs of systemic inflammatory 
response syndrome: (a) temperature >38 or <36 ºC; (b) pulse >90 beats per minute; (c) 

I 

II and III 

IV 
(sepsis patients) 

IV 
(controls) 

ICU admissions  
Jan 2008 – Aug 2013, n = 207,422 

Patients with severe sepsis or septic 
shock, n = 12,800 

Patients with severe sepsis or septic 
shock, discharged alive from ICU, 

n = 9,520 

Patients with matched 
controls, n = 4,577 

Matched controls, 
n = 4,577 

Cardiac failure (NYHA IV) 
preceding ICU admission 

and/or admitted with 
cardiogenic shock or 

cardiac arrest, n = 1,162, 
and/or 

dead in ICU, n = 2,518 
(not mutually exclusive) 
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respiratory rate >20 breaths per minute or mechanical ventilation; (d) white blood cells 
>12,000 µL-1 or <4,000 µL-1 or >10% bands; (iii) at least one organ dysfunction; and, for 
septic shock, (iv) systolic blood pressure <90 mm Hg despite fluid therapy and requiring 
vasopressor therapy.  
 Patients in studies II and III were considered to have a history of cardiac disease if they 
had prior or current ischaemic heart disease, cardiac surgery, and hypertension or cardiac 
failure. Information on pre-existing cardiac disease was sought from patients, family and 
from medical charts. In study IV, information on whether patients were in severe cardiac 
failure preceding ICU admission was collected. Severe cardiac failure was considered 
according to the New York Heart Association (NYHA) functional classification of cardiac 
failure class IV, i.e. patients with symptoms even at rest who are unable to carry on any 
physical activity without discomfort (88).  
 For study IV, diagnoses registered as major or contributing causes of death according to 
the World Health Organization International Statistical Classification of Diseases and Related 
Health Problems – Tenth Revision (ICD-10) were collected (89). The specific ICD-10 codes 
were those corresponding to cardiac failure, i.e. I50.1 (left ventricular failure), I50.2 (systolic 
cardiac failure), I50.3 (diastolic cardiac failure), I50.4 (combined systolic and diastolic cardiac 
failure) and I50.9 (cardiac failure, unspecified).  

Laboratory and clinical data 

The cardiac biomarker NT-proBNP was collected on ICU admission for study I. For study II, 
NT-proBNP was collected on admission and daily thereafter during the first week of intensive 
care. Plasma concentrations were analysed using ELECSYS 2010® immunoassays (Roche 
Diagnostics, Mannheim, Germany).  
 Data on physiological variables was collected prospectively for studies I and II. In 
addition, for study II, data from invasive haemodynamic monitoring by means of 
transpulmonary thermodilution (PiCCO®, Pulsion Medical, Munich, Germany) was collected. 
Data on cardiac index and systemic vascular resistance index (SVRI) from continuous 
measurements were collected when echocardiography was performed. In all studies, data on 
comorbidities and treatment given in the ICU as well as on ICU length of stay and outcome 
were assembled prospectively. SAPS3 and SOFA score (page 8) were calculated to assess 
severity of illness. For studies I – III such data were collected in the ward, whereas for study 
IV, they were obtained from SIR.  

Echocardiography 

For studies II and III transthoracic echocardiography was performed as early as possible on 
the day of admission. For study II, echocardiography was also performed on day 3 or 4, and 
in survivors, also 8 to 30 days after inclusion. A Vivid E9 ultrasound scanner (GE Healthcare, 
Horten, Norway) was used, acquiring two-dimensional (2D) apical two-chamber, four-
chamber and long axis views (2C, 4C and ALAX) of the left ventricle (LV) at a frame rate of 
>40 frames/second. All analyses were performed offline (EchoPac version 112, GE 
Healthcare, Horten, Norway) by two observers, independently and blinded. Global 
longitudinal peak strain (GLPS) was calculated as the average speckle tracking strain from 
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each of the 18 LV segments from the 2C, 4C and ALAX views (six segments per view, base-
mid-apex, in three views) (Figure 5).  
 

A   

B   
   
 LV volumes and LVEF were calculated using the modified biplanar Simpson’s method. E 
velocity was measured using pulsed wave (PW) Doppler in the mitral inflow at the tip of the 
valve. Early diastolic tissue velocity of the base of the septum (e’; page 4; Figure 1) was 
measured in the apical 4C view using PW tissue Doppler, and E/e’ ratios were calculated. All 
echocardiographic studies were recorded over three consecutive cardiac cycles, 
independently of breathing cycles, and averaged. In patients with non-sinus rhythm, 
measurements were collected and averaged over 5 to 10 heartbeats. GLPS was considered 
decreased when >-15% (44). Systolic dysfunction was defined as LVEF <50% (36), and 
diastolic dysfunction as E/e’ >15 and/or e’ <0.08 m/s (37). 

Figure 5 
The global longitudinal peak strain (GLPS) 
of the LV was calculated as the average of 
the longitudinal peak strain in 18 
segments of the LV, i.e. in six segments 
per view in three different views.  
A: The six segments used for strain 
measurements in the 4C view.  
B: The longitudinal segmental strain of the 
myocardium during the cardiac cycle in the 
same view and on the same occasion.  
For abbreviations, see page ix. 
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Registry data 

For study IV, registry data on age, sex, ICU admission details, ICU length of stay, treatment 
given in the ICU, diagnoses assigned at discharge and data on outcome, were collected from 
SIR. The dataset also contained data on severity of illness on ICU admission according to 
SAPS3 and corresponding estimated mortality rates, i.e. SAPS3 probability. From SAPS3, data 
was collected regarding the presence of severe cardiac failure preceding ICU admission. In 
analyses on outcome after intensive care, patients admitted after cardiac arrest or with 
cardiogenic shock, and who in SAPS3 were categorised as having severe cardiac failure 
preceding admission to intensive care, were excluded. Furthermore, between-groups 
comparisons regarding severe sepsis or septic shock patients and matched controls were 
based on individually matched pairs (page 14; Figure 4).  
 The individual patients’ personal identity number (90) was used to identify the same 
individuals in the Swedish National Board of Health and Welfare’s Death Register. There, 
diagnoses considered as causes of death are registered according to ICD-10 (89). For all 
patients in the cohort who could be identified in the Swedish National Death Registry, ICD-
10 codes registered as causes of death were collected. After cross-linking, personal identity 
numbers were replaced by a running number, anonymising the database. Cross-linking and 
anonymisation was performed by the Swedish National Board of Health and Welfare, in order 
to ensure patient integrity.  

Statistical methods 
In all studies, descriptive statistics were used to determine the data distribution. Data were 
largely found to have non-Gaussian distributions, and are thus presented as medians with 
interquartile ranges (IQR), numbers (percentages) and proportions with 95% confidence 
intervals (CI) as appropriate. Where applicable, data are shown as means with standard 
deviations (SD). Accordingly, the Mann-Whitney U-test, χ²-test, Kruskal-Wallis test and, 
where applicable, t-test, were used for comparison between groups. All probability values 
were two-tailed and the level of significance was set at p <0.05.  
 For study I, a receiver-operating characteristic (ROC) curve and a log-rank test were 
used to identify a discriminatory level of significance and a Kaplan-Meier analysis to assess 
survival. Spearman’s rank correlation test was used to analyse the correlation between 
laboratory and clinical data, a univariate logistic regression to identify predictors of death 
and a stepwise logistic regression analysis to test the independence of the predictors. Odds 
ratios (OR) were calculated and are presented with 95% CI. 
 In study II, the correlation between variables was explored using Spearman’s rank 
correlation test, and for temporal changes, a repeated-measures analysis of variance 
(ANOVA) was applied. Univariate linear regression analyses were used to explore the 
explanatory value of variables, and a logistic regression model to determine their ability to 
predict mortality. 
 In study III, the inter-observer variability of parameters was determined by the intra-
class correlation coefficient, Pearson’s correlation coefficient and Bland-Altman plots (91). 
Reliability analyses using kappa statistics were performed in order to determine the 
consistency between observers. The kappa coefficient for agreement was interpreted as 
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follows: poor <0.20, fair, 0.21 – 0.40; moderate, 0.41 – 0.60; good, 0.61 – 0.80; and very 
good, 0.81 – 1.0 (92). Intra-observer repeatability was calculated using the intra-class 
correlation coefficient (ICC).  
 For study IV, Kaplan-Meier analyses with log-rank tests were used to assess survival. 
Conditional and unadjusted Cox proportional hazards regressions were used to analyse the 
risk of death within groups, and hazard ratios (HR) were calculated and are presented with 
95% CI. The risk of death was expected to be highest early after ICU discharge, and HR were 
computed for the first 30 days after ICU discharge as well as for the whole follow-up period.  
 All statistical analyses were performed using STATA v11.1 (Stata Corp LP, College 
Station, TX, USA; studies I, II and IV) and IBM SPSS v22.0 (IBM Corp, Armonk, NY, USA; studies 
II, III and IV). 
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RESULTS 
The detailed results of the papers included in this thesis are presented in the original 
communications, and are therefore merely summarised here. 

Paper I 
Four hundred and eighty-one patients were included in the study (Table 1). NT-proBNP 
concentrations were collected on ICU admission and were markedly elevated in non-
survivors compared to survivors. The level of NT-proBNP that best predicted death within 30 
days, which was the primary outcome measure of the study, was identified at ≥1,380 ng/L. 
Interestingly, this level of NT-proBNP, ≥1,380 ng/L, also best predicted death in the ICU.  
 
  

 
All patients 
(n = 481) 

Patients with NT-
proBNP <1,380 ng/L 

on admission 
(n = 267) 

Patients with NT-
proBNP ≥1,380 ng/L 

on admission 
(n = 214) 

 
 
 
p 

Age, years 64 (47 – 73) 58 (39 – 67) 69 (60 – 76) < 0.001 
SAPS3 58 (47 – 69) 51 (41 – 62) 66 (55 – 75) < 0.001 
Severe sepsis or 
septic shock 

 
71 (15) 

 
13 (5) 

 
58 (27) 

 
< 0.001 

ICU LOS, hours 57 (25 – 137) 44 (22 – 114) 71 (28 – 178) < 0.001 
Dead in ICU 40 (8) 12 (4) 28 (13) 0.001 
Dead within 30 days 110 (24) 29 (15) 71 (33) < 0.001 
 

Table 1 
Patients included in study I; baseline demographic data and comparison between groups of patients with NT-
proBNP above and below the discriminatory threshold. Medians (IQR) and numbers (%), as appropriate. For 
abbreviations, see page ix.  

 
 Patients with NT-proBNP above the discriminatory threshold were more severely ill on 
admission and the reason for admission was more often severe sepsis or septic shock. 
Furthermore, they were older, had higher organ failure scores, stayed longer in the ICU and 
had a markedly higher risk of death than in those below the threshold (Table 1). In a 
stepwise logistic regression analysis including age, ICU LOS, SOFA and renal failure (i.e. 
creatinine >170 µmol/L on ICU admission), NT-proBNP ≥1,380 ng/L was found to 
independently predict an increased risk of death. Figure 6 (page 20) shows the Kaplan-Meier 
survival estimates in groups of patients above and below this level.  
 
 
 
 
 
 



Results 

20 
 

 
 

 
 
 The risk associated with elevated levels of NT-proBNP was further evaluated by dividing 
the cohort into quartiles according to NT-proBNP level. With increasing levels of NT-proBNP, 
patients were more severely ill and were more often in severe sepsis or septic shock – 
indeed, in the highest quartile 33% of patients were diagnosed with severe sepsis or septic 
shock, whereas there was none in the lowest quartile. Figure 7 shows the increasing 
mortality seen with increasing levels of NT-proBNP on admission (30-day mortality 36%; OR 
3.9 (95% CI 2.0 – 7.3, p <0.001) in the highest quartile compared to the lowest).  
 

 

3%
5%

11%

14%13%
15%

28%

36%

0%

10%

20%

30%

40%

<170 ng/L 170-1,040 ng/L 1,040-3,670 ng/L >3,670 ng/L

Dead in the ICU, %

Dead within 30 days, %

Figure 6 
Kaplan-Meier survival 
estimates over 30 days after 
admission in patients above 
and below the discriminatory 
level of NT-proBNP (blue: NT-
proBNP <1,380 ng/L; red: 
NT-proBNP ≥1,380 ng/L).  
For abbreviations, see  
page ix. 
 

Figure 7 
ICU and 30-day 
mortality in patients 
grouped in quartiles 
according to their 
level of NT-proBNP 
on ICU admission.  
For abbreviations, 
see page ix. 
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Paper II 
Fifty patients admitted to the ICU with septic shock were included in study II. The 
characteristics of studied patients are displayed in Table 2. The first echocardiographic 
examination was performed as early as possible after admission, and always on day 1. Two 
patients died before the echocardiogram was undertaken; in three, image quality was 
inadequate; and in one patient, images were lost in the storage process. Thus, in 44 
patients, echocardiographic images could be analysed. In 26 of the patients, a second 
echocardiogram was performed after initial clinical stabilisation. In eight patients, a follow-
up echocardiogram was performed after ICU discharge. 
 
  

All patients 
(n = 50) 

Survivors 
at 90 days 
(n = 33) 

Non-survivors 
at 90 days 
(n = 17) 

 
 
p 

Age, years 65 (58 – 74) 64 (54 – 71) 72 (65 – 79) 0.02 
SAPS3  73 (45 – 84) 68 (59 – 76) 81 (70 – 88) 0.01 
ICU LOS, days 5 (2 – 11) 7 (3 – 12) 3 (1 – 6) 0.02 
Cardiac comorbidities 24 (48) 14 (42) 10 (59) 0.17 
NT-proBNP, ng/L 4,635 

(2,342 – 14,325) 
4,070 

(1,400 - 8,510) 
10,500 

(2,860 - 30,700) 
0.03 

e’, m/s 0.11 (0.08 – 0.16 0.11 (0.08 – 0.16) 0.11 (0.08 – 0.16) 0.95 
E/e’ 7.4 (5.8 – 10.9) 7.4 (6.0 – 11.7) 7.4 (5.7 – 9.0) 0.60 
LVEF, % 50 (40 – 57) 50 (44 – 58) 47 (36 – 56) 0.47 
GLPS, % -17 (-20 - (-13)) -17 (-21 – (-14)) -15 (-19 - (-11)) 0.11 
 

Table 2 
Baseline characteristics of patients included in study II and a between-groups comparison according to survival at 
90 days. Medians (IQR) and numbers (%), as appropriate. For abbreviations, see page ix. 

 
 Thirty-one patients (70%) had LV dysfunction on the first examination, and there was 
marked overlap with systolic and diastolic dysfunction, as seen in Figure 8 (page 22). Only 
two of the nine patients who had decreased LVEF, and showed signs of diastolic dysfunction 
as well as impaired GLPS on the first examination, died within 30 days. Of those examined a 
second time, i.e. alive but not yet discharged, there was LV dysfunction in 16 patients (62%), 
and all of these had decreased GLPS in combination with other echocardiographic signs of 
cardiac dysfunction.  
 GLPS correlated with LVEF (r = -0.70, p <0.001), e’ (r = -0.59, p <0.001) and NT-
proBNP (r = 0.54, p <0.001) on day 1, whereas on the second examination, the correlation 
was weaker (Paper II). GLPS did not correlate with SVRI or vasopressor dose as measures of 
afterload, nor with cardiac index, respiratory pressures, volume of fluids given or fluid 
balance, or with SOFA score. In all echocardiographic parameters there was a large range in 
measurement values from day 1 to follow-up. LVEF and e’ showed a significant change over 
time, whereas GLPS and E/e’ did not. Laboratory and clinical parameters, with SOFA score, 
NT-proBNP, volume load administered and positive end-expiratory pressure (PEEP), were all 
collected daily up to day 7, and all showed significant changes over time. Furthermore, NT-
proBNP correlated with LVEF (r = 0.50, p = 0.001) but less so with diastolic function 
parameters e’ (r = 0.36, p = 0.02) or E/e’ (r = 0.31, p = 0.05). NT-proBNP did not correlate 
with respiratory pressures, volume load and fluid balance, nor with cardiac index, SVRI, 
vasopressor dose or SOFA score. 
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Figure 8 
Venn diagram illustrating the distribution and overlap of systolic and diastolic dysfunction in the patients where 
cardiac dysfunction was seen on day 1. In 6 of the 50 included patients, no images could be analysed. Areals are 
approximate. Data are presented as numbers (percentages). For abbreviations, see page ix. 

 
 Of the 50 patients included, 13 (26%) died in the ICU. Another two patients died within 
30 days, and within 90 days, 17 patients (34%) had died (page 21; Table 2). NT-proBNP was 
significantly higher in non-survivors than in survivors, but none of the echocardiographic 
parameters measured differed significantly according to survival. A logistic regression model 
showed that GLPS >-15 gave an odds ratio for death at 90 days of 2.5, but the result was 
not statistically significant (95% CI 0.66 – 9.46, p = 0.17). No predictive value was gained by 
using a multivariable model with LVEF, e’ and NT-proBNP in addition to GLPS. Thus, GLPS 
could not be used to predict mortality. 

Paper III 
Echocardiograms from the day of ICU admission were available in 47 of the 50 patients 
included in study II. These 47 patients represent the group studied in paper III. In 44 (94%) of 
the examinations, image quality was sufficient for analysis of diastolic (e’ and E/e’) and 
systolic (EF and GLPS) function parameters. In these 44 examinations, echocardiographic 
measurements were performed by two independent observers.  
 The agreement between the two observers was moderate (kappa (κ) = 0.60 for e’, κ = 
0.50 for E/e’ and κ = 0.60 for EF) to good (κ = 0.71 for GLPS). The correlation coefficient 
was 0.76 for e’, 0.85 for E/e’, 0.78 for EF and 0.84 for GLPS (p <0.001 for all four). The ICC 
between observers for e’ was very good (0.85, 95% CI 0.73 – 0.92), good for E/e’ (0.70, 95% 
CI 0.45 – 0.84), very good for EF (0.87, 95% CI 0.77 – 0.93) and excellent for GLPS (0.91, 95% 
CI 0.74 – 0.95; p <0.001 in all four). Systematic bias was assessed using a Bland-Altman 

 
           GLPS > -15% 

 
 
3 (7) 

       5 (11)  
       

LVEF < 50% 
 

5 (11) 
 

e’ < 0.08 m/s 
and/or E/e’ > 15 

 

 

        1 (2) 
 
 
   
  9 (20) 
 
  5 (11) 
   
                
                3 (7) 

Patients with 
cardiac 

dysfunction 
on day 1,  
31 (70) 

Normal,  
13 (30) 

n = 44 
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analysis, where mean differences and 95% limits of agreement for e’, E/e’, EF and GLPS were 
-0.01 (-0.07 – 0.04), 2.0 (-14.2 – 18.1), 0.86 (-16 – 14.3) and 0.04 (-5.05 – 5.12), 
respectively.  
 Ten randomly selected examinations were re-analysed by one of the observers in order 
to assess the repeatability of measurements performed by the same person on different 
occasions. Thus, ICC was 0.91 (95% CI 0.58 – 0.98), 0.95 (95% CI 0.80 – 0.99), 0.84 (95% CI 
0.75 – 0.90) and 0.89 (95% CI 0.55 – 0.97; p <0.01 in all four) for e’, E/e’, EF and GLPS, 
respectively. An example of inter- and intraobserver differences in the measurement of 
cardiac strain is shown in Figure 9. 
 

 
Figure 9 
Segmental strain of the left ventricle illustrating the variability of measurements. A. Measurements performed by 
observer 1; B. Measurements performed by observer 2; and C. Measurements re-assessed by observer 2. 

 
 Thirteen patients (28%) had atrial fibrillation (AF) when the echocardiogram was 
performed. Excluding these from the analyses did not, however, markedly alter the results.  
 The results of study III thus indicate moderate observer-related differences in the 
assessment of LV dysfunction in septic shock patients. GLPS is the least user-dependent and 
most reproducible measurement of LV dysfunction in patients with septic shock. 

Paper IV  
For study IV, data on 12,800 individual patients admitted to Swedish ICUs and diagnosed 
with severe sepsis or septic shock was collected from SIR. Patients who were categorised as 
having severe cardiac failure preceding ICU admission (n = 1,010) and those who were 
admitted with cardiogenic shock or cardiac arrest (n = 205) were excluded from the 
statistical analysis, as well as those who died in the ICU (n = 2,518; 20%). Thus, the cohort 
used for the study consisted of patients without pre-existing severe cardiac failure (NYHA IV) 
and not presenting with cardiogenic shock or cardiac arrest on admission, who were all alive 
at ICU discharge (n = 9,520). The selection of patients is displayed in Figure 4 (page 14) and 
the characteristics of included patients are shown in Table 3 (page 24). 
 During a follow-up time of 17,693 person-years (median 583 days/person, maximum 
5.7 years), 3,954 (42%) patients died, 654 (17%) with cardiac failure as the major or as a 
contributing cause (page 24; Table 3). The median time from ICU discharge to death was 94 
days (IQR 12 – 449) for all-cause death and 86 days (IQR 13 – 404) for death related to 
cardiac failure.  
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 The association of increasing severity of illness in severe sepsis or septic shock and 
death with cardiac failure as cause of death post-ICU was assessed by dividing the sepsis 
cohort into quartiles according to SAPS3 on admission (Table 3).  
 
  

All patients 
(n = 9,520) 

Quartile 1 
SAPS3 27-57 
(n = 2,446) 

Quartile 2 
SAPS3 58-64 
(n = 2,607) 

Quartile 3 
SAPS3 65-73 
(n = 2,337) 

Quartile 4 
SAPS3 74-124 

(n = 2,130) 

 
 
p 

Age, years 68 (58 - 77) 58 (42 - 67) 68 (59 - 76) 72 (64 - 80) 73 (65 - 80) <0.001 
SAPS3 63 (55 - 72) - - - - - 
ICU LOS, hours 48 (24-120) 24 (0-72) 48 (24-120) 48 (24-120) 72 (24-168) <0.001 
Death after ICU 
discharge 

 
3,954 (42) 

 
440 (18) 

 
973 (37) 

 
1,208 (52) 

 
1,333 (63) 

 
<0.001 

Cardiac failure 
registered as 
cause of death 

 
654 (17) 

 
67 (15) 

 
188 (19) 

 
202 (17) 

 
197 (15) 

 
<0.001 

 

Table 3 
Characteristics and outcome of severe sepsis and septic shock patients discharged alive from the ICU. The table also 
displays the characteristics and outcome of patients grouped in quartiles according to SAPS3 on admission, and a 
between-groups comparison of the quartiles (quartile 1–quartile 4). Data are presented as medians (IQR) and 
numbers (percentages) as appropriate. For abbreviations, see page ix. 

 
 The post-ICU mortality rates in general increased markedly with increasing severity of 
illness. The proportion of deaths related to cardiac failure did not, however, increase linearly. 
However, when applying a Cox proportional hazard model and thereby taking into account 
the time to death, the death rate with cardiac failure as major or contributing cause of death 
increased (HR 1.58 (95% CI 1.19 – 2.09) comparing hazard rates in the highest quartile to the 
lowest, p = 0.001). The survival characteristics in the quartiles are further illustrated in Paper 
IV. 
 In order to further assess cardiac outcome after severe sepsis and septic shock, a 
control group was created, consisting of patients requiring intensive care for reasons other 
than sepsis, but matched as described (page 14; Figure 4). Matches were identified for 4,577 
patients, both groups consisting of patients without severe cardiac failure (NYHA IV), 
cardiogenic shock or cardiac arrest on admission, and all discharged alive from the ICU.  
 While all patients in the sepsis group were diagnosed with severe sepsis or septic shock, 
the most commonly assigned diagnoses in the control group were chronic obstructive 
pulmonary disease (n = 757; 17%), respiratory insufficiency (n = 737; 16%), acute renal 
failure (n = 628; 14%), bacterial pneumonia (n = 597; 13%), gastrointestinal bleeding (n = 
524; 11%), intoxications (n = 358; 8%), cerebrovascular incidents (n = 221; 5%) and multiple 
trauma (n = 192; 4%). The between-groups comparison was based on a follow up-time of 
10,719 person-years (median 575 days/person, maximum 5.7 years) in severe sepsis and 
septic or septic shock patients and 9,740 person-years (median 543 days/person, maximum 
5.7 years) in controls. The number of deaths in general was lower in patients with severe 
sepsis or septic shock than in controls, but the proportion of death with cardiac failure as 
cause of death was higher in severe sepsis or septic shock patients (Paper IV). Also, the 
survival estimates regarding all-cause death was higher in severe sepsis or septic shock 
patients than in controls, wheras the survival estimates regarding death with cardiac failure 
as cause of death did not differ between groups (page 25; Figure 10).  
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 The hazard rate for all-cause death was lower in severe sepsis and septic shock patients 
compared to controls (HR over the whole study period 0.90, 95% CI 0.84 - 0.96, p <0.001), 
even when analysing only the first 30 days after ICU discharge (HR day 0 - 30 0.89 (95% CI 
0.83 - 0.96, p = 0.002). The hazard rate for death with cardiac failure as a major or 
contributing cause, however, did not differ between groups (HR over the whole study period 
0.97 (95% CI 0.88 – 1.10, p = 0.62); HR day 0 - 30 0.98 (95% CI 0.82 - 1.17, p = 0.67)).   

 
Figure 10  
Kaplan-Meier survival estimates of cardiac failure-related death after ICU discharge in severe sepsis and septic 
shock patients (purple) and matched controls (green), all without pre-existing cardiac failure (NYHA IV), none 
presenting with cardiogenic shock or cardiac arrest on admission and all discharged alive from the ICU (n = 4,577 
in each group on day 0, which denotes discharge from ICU). For abbreviations, see page ix.  
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DISCUSSION 
The aim of this thesis was to study the characteristics and the implications on outcome of 
cardiac dysfunction in intensive care patients with septic shock. The thesis adds to the 
understanding of the dynamic nature of cardiac dysfunction in septic shock by illustrating its 
characteristics during the acute phase of the disease, and by demonstrating its dynamics 
and longer-term outcome. 

Patient selection and settings (papers I – IV) 
The studies included in this thesis are all based on adult intensive care patient cohorts, all 
collected from mixed, non-cardiothoracic ICUs.  
 Study I is based on a group of patients representing a typical general ICU population, of 
different ages and referred to the ICU for different reasons. In such an unselected ICU 
population, the clinical spectrum is wide and nonspecific. In other studies on the use of 
natriuretic peptides in intensive care, focus has been on specific groups of patients (60, 63, 
68, 93), and studies on NT-proBNP in general ICU populations preceding study I have been 
more limited in size (70-72, 94). Although direct comparison between studies is complicated 
by differences in patient selection, the results of study I are in the same range as in 
preceding studies. Indeed, the inclusion of patients irrespective of cause enables the study 
to demonstrate the value of NT-proBNP as a marker of disease severity, rather than a 
diagnostic tool.   
 The patients included in studies II and III were all admitted to the ICU with septic shock. 
Patients presenting with severe sepsis or those who developed sepsis while in the ICU for 
other reasons were not included, in an attempt to acquire some uniformity in the limited-
size cohort. In other studies on cardiac dysfunction in sepsis, patients with severe sepsis 
have been included alongside those with septic shock (22, 33, 34, 95), which widens the 
range of disease, and also complicates direct comparison between studies. In contrast, we 
excluded the most severely ill patients, i.e. those expected to survive for less than 24 hours, 
for research ethical reasons. How these most severely ill patients have been handled in other 
studies has rarely been described.  
 In study IV, patients with severe sepsis were included alongside those with septic shock, 
since SIR does not discriminate between the two. Also, not only those presenting with severe 
sepsis or septic shock on admission were included, but all those being diagnosed with either 
of the two conditions during ICU stay. Thereby a larger cohort and additional statistical 
strength was obtained, but also a wider range of disease severity. 
 In studies I, II and III, patients with pre-existing cardiac disease were included. These 
patients were logically more vulnerable in cardiac health, but their specific impact on the 
results of the studies was not investigated. In study II especially, the large proportion of 
patients with pre-existing cardiac disease may explain the differences seen in comparison to 
other studies on GLPS in septic shock, wherein patients with pre-existing cardiac disease 
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were not included (48, 49, 95). Nonetheless, the aim was to evaluate GLPS in study II, and 
NT-proBNP in study I, in conditions as similar as possible to those encountered clinically. In 
study IV, in contrast, we excluded patients with pre-existing severe cardiac failure and with 
admission diagnoses that could be linked to cardiac disease, and a substantial proportion of 
patients in the cohort were thereby omitted from analysis. The inclusion of these patients in 
studies I, II and III, and exclusion in study IV, may have implications for the external validity 
of the findings. 
 A control group of non-septic ICU patients was collected for study IV. In other studies, 
the long-term survival of severe sepsis and septic shock patients has been assessed by 
comparison to the general public (79, 80, 96, 97) or to other groups of ICU patients (98-
100). The control group in study IV was selected using a different approach than in previous 
studies, by matching sepsis patients and controls regarding severity of illness, age and ICU 
LOS. The underlying rationale was to identify any specific septic effect on the heart, while 
excluding the impact of differing ages and disease severity in the between-groups 
comparison. The register-based design furthermore enabled the selection of a cohort which 
was generally larger than previous studies (79). 

Aspects on assessing cardiac function in septic shock 
(papers I – III) 
Different aspects of cardiac function in the acute phase of critical illness and soon thereafter 
were assessed in general intensive care patients in study I and in septic shock patients in 
studies II and III.  

Laboratory and clinical data 

The interpretation of an elevated NT-proBNP in the intensive care setting is complicated. In 
study I, we saw frequently and markedly increased levels of NT-proBNP, but their correlation 
to echocardiography or to any other measure of cardiac function was not investigated. In 
contrast to observations on patients with acute respiratory failure (93), no relation was seen 
between increased levels of NT-proBNP and mechanical ventilation. Study II showed no 
correlation of NT-proBNP with ventilator pressures, volume load or fluid balance, in contrast 
to the underlying physiological principle of NT-proBNP being increased in response to 
volume and pressure load. Other studies have presented varying results in this regard (68, 
93), possibly explained by varying sampling times, as well as by differences in patient 
selection and range of disease severity.  
 The correlation of the level of NT-proBNP to cardiac function in intensive care patients 
is unclear. NT-proBNP levels comparable to those in heart failure patients have been 
demonstrated in sepsis patients, but with a wider variability (63). This complicates the 
interpretation of absolute values in an individual patient, as well as the comparison between 
studies. There are also conflicting results regarding the correlation of NT-proBNP with 
echocardiographic data (22, 101). Nonetheless, NT-proBNP and BNP have been proposed as 
screening tools especially for identifying diastolic dysfunction in general ICU populations, as 
well as in sepsis (69, 101). Study II, in contrast, showed a much weaker correlation of NT-
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proBNP with diastolic function parameters than with LVEF and GLPS, and no correlaton with 
invasive measurements of cardiac function.   
 Thus, the use of NT-proBNP as a marker of cardiac function in intensive care patients is 
still unclear. NT-proBNP does not seem to exclusively reflect cardiac failure, and the results 
presented here cannot provide support for such use. This thesis instead suggests a primary 
role of NT-proBNP in general ICU patients (study I) as well as in septic shock (study II) as a 
marker of disease severity. 

Echocardiography  

The assessment of cardiac depression in patients with septic shock is challenged by the 
septic pathophysiology itself. As outlined previously in this thesis, cardiac dysfunction in 
sepsis can be masked by a concurrent low SVR and elevated CO, complicating the 
interpretation of parameters used for monitoring of LV function (24, 27, 65).  
 The landmark study first describing cardiac dysfunction in septic shock showed systolic 
impairment in ten of 20 patients during the first 48 hours of ICU admission (16). 
Echocardiographic studies have reported similar results with a reduced global systolic 
function in 30 to 60% of septic shock patients (23, 35) and reversibility in survivors (26, 28, 
102). The definition of systolic dysfunction has varied (LVEF 45 to 55%) and comparison 
between studies is therefore complicated. In study II, the generally recommended LVEF of 
<50% was used as the cut-off (36), and in line with previous results, a reduced LVEF was 
seen in 50% of patients.  
 With the introduction of tissue Doppler in clinical practice, the diastolic function of the 
heart in sepsis has gained interest. Several studies have shown decreased e’ and increased 
E/e’ in septic patients, with a prevalence varying from 20 to just under 60% (22, 34, 101, 
103). When we in study II used the same definitions as in these studies (E/e’ >15 and/or e’ 
<0.08 m/s), a prevalence of 50% was found. In contrast to previous longitudinal studies (22, 
34, 103), and possibly reflecting pre-existing cardiac disease in studied patients, no 
improvement over time was seen. 
 The nature of cardiac dysfunction in sepsis has been further investigated by using other 
echocardiographic techniques to assess cardiac function. For example, tissue Doppler 
measurement of the peak systolic velocity at the mitral annulus (Sa) has showed a linear 
association with LVEF in septic shock (23, 104). Also, a correlation of the mitral annular 
plane systolic excursion (MAPSE) has been demonstrated with LVEF as well as with e’ and 
E/e’ (104, 105), and MAPSE is therefore thought to reflect systolic as well as diastolic 
function. GLPS, used in study II, is regarded as a measure of contractility. However, we found 
not only an association of GLPS with LVEF but also with e’ and E/e’, indicating a marked 
overlap of, or interaction between, systolic and diastolic dysfunction. Thus, while GLPS is 
regarded as a measure of systolic function, systolic dysfunction commonly coincides with 
diastolic dysfunction in patients with septic shock. 
 When study II was conducted, speckle tracking had been only sparsely evaluated in 
intensive care, despite its theoretical advantages. It had been studied clinically in paediatric 
septic shock (49), and later, in adult severe sepsis and septic shock patients (33) as well as 
in experimental porcine septic shock (48). These studies suggested that speckle tracking, 
and measurements of GLPS, was able to identify an impaired LV function in more patients 
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than LVEF. Also, in line with the findings in cardiology settings, where GLPS is regarded as a 
more sensitive measurement of systolic cardiac function than LVEF (45-47), changes in GLPS 
were seen earlier in the course of sepsis than changes in LVEF (48). Study II, in contrast, 
could not demonstrate any superiority of GLPS to LVEF in detecting LV dysfunction. The 
differences may, in line with the results seen regarding diastolic function measurements, be 
related to the higher prevalence of cardiac disease in study II than in other studies, in 
experimental and paediatric studies especially. This is further highlighted by a later study on 
GLPS in adult severe sepsis and septic shock patients where those with previous cardiac 
disease were excluded (95). There, impaired GLPS was seen early in the course of disease, 
and despite preserved LVEF. 
 Speckle tracking echocardiography shows cardiac motion and deformation, but does not 
measure pressures. Changes in underlying conditions affecting the contractile state of the 
myocardium are therefore, in themselves, invisible. The deformation observed is nonetheless 
a product of the contraction of the myocardium and of its modulation by pre- and afterload. 
GLPS therefore does not only reflect myocardial contractility, but must be interpreted in the 
context of loading conditions: in the septic situation primarily volume state, ventilator 
pressures and SVR. Novel cardiac function parameters such as afterload-related cardiac 
performance, where CO is seen in relation to SVR, have therefore been presented (106), but 
have not yet come into clinical practise. However, in contrast to the underlying link between 
cardiac function and afterload, no correlation was seen with SVRI or vasopressor doses in 
study II. The sample size may have been too limited to show such an interaction, which is 
nonetheless physiologically likely to have been present. 
 The value of serial measurements rather than isolated values has been illustrated by the 
unmasking of septic cardiac dysfunction by vasopressor treatment given in order to restore 
SVR (24). Study II showed a significant improvement over time in LVEF, whereas GLPS, e’ and 
E/e’ remained close to normal values at all measurement time-points. This too may be a 
reflection of the treatment of septic shock in studied patients as well as of the septic 
pathophysiology.  
 Thus, the understanding of whether laboratory or echocardiographic signs of cardiac 
dysfunction are the consequences of the acute illness or rather markers of decompensated 
underlying disease, or of the septic pathophysiology itself, remains challenging. This 
highlights the need for a better understanding of how to use echocardiography and cardiac 
biomarkers in evaluating the heart in the critically ill patient. An integration of clinical 
parameters and biomarkers with echocardiographic measures is possibly a more 
comprehensive measure to understand cardiac dysfunction in septic shock (107).  

Reliability and variability 

The observer-related variability in echocardiography has been scantily studied in the 
intensive care context (35, 38-40). Study III showed moderate observer-related differences, 
especially in diastolic, and to a lesser extent, in systolic function parameters in septic shock 
patients. This variability may thus have contributed to the differing results reported 
regarding cardiac dysfunction, and its impact on mortality, in these patients (22, 65, 101).  
 In cardiology, substantial observer-related differences in echocardiography are well-
known and extensively described. (51, 108-110). Although the clinical situation in septic 
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shock differs from that in cardiology, the results of study III indicate similar difficulties in 
septic shock patients as those encountered in cardiology. In stress echocardiography 
especially, where there are phyisiological and clinical similarities to the intensive care 
situation, a high degree of variability has been described even among expert observers (50). 
A markedly improved reproducibility has been seen in the interpretation of dobutamine 
stress echocardiography with the use of GLPS (52). In line with this, our findings indicate a 
good reproducibility of GLPS in septic shock. Furthermore, the superior reproducibility of 
GLPS in stress echocardiography, in study III also in septic shock, illustrates the advantage of 
semi-automated techniques, with less manual processing (111).  
 Since echocardiography is increasingly used not only for diagnosing cardiac 
dysfunction, but also for monitoring and for titrating therapy in septic shock, the results of 
study III may have clinical implications (29, 31). The observer-related differences in the 
assessment of diastolic function suggest the need for some caution in this regard. However, 
much of the haemodynamic support in septic shock targets the systolic function of the heart 
(1). While echocardiographic data should be interpreted in relation to the clinical picture as a 
whole in the individual patient, the good reproducibility in LVEF seen in study III and in 
previous reports (35) encourages the use of echocardiography as a monitoring tool. 
Moreover, the increasing interest in GLPS in septic shock (33, 95) is further supported by 
study III. 

On predicting cardiac outcome in ICU patients (papers 
I - IV) 
Different aspects on cardiac outcome was assessed in all the cohorts studied in this thesis.  
 Study I was, when it was published, the largest study assessing the predictive ability of 
NT-proBNP in a mixed ICU population. We found that NT-proBNP levels close to the 
thresholds used clinically, and reported in other studies (70, 71, 94), could predict death in 
general intensive care patients. Statistically, the predictive ability of NT-proBNP was 
independent of age, ICU LOS and the presence of sepsis. Furthermore, its predictive ability 
was comparable to SAPS3 and SOFA in a pattern similar to other studies, but where the 
predictive ability of NT-proBNP had been compared to other severity of illness scores (70, 
112). While demonstrating a predictive value of NT-proBNP in general ICU patients, this 
thesis does not support the use of NT-proBNP as a replacement for other prognostic 
markers, laboratory or clinical variables and scoring systems alike, in intensive care clinical 
practice. NT-proBNP may instead be an aid in identifying the most severely ill with the 
highest risk of death, irrespective of cause (68, 70, 71, 94). As outlined previously in this 
discussion, an elevated NT-proBNP does not necessarily reflect cardiac failure in intensive 
care patients, but may rather be a marker of disease severity. Thus, it is reasonable to 
assume that the predictive value of NT-proBNP lies in its relation to the risk of all-cause 
death rather than to death from cardiac causes specifically.  
 In study II, there was no difference regarding echocardiographic parameters between 
survivors and non-survivors. When septic cardiac dysfunction was first described, LVEF was 
paradoxically reduced in survivors, compared with non-survivors (16). Some studies have 
confirmed this finding (24), whereas in other studies, and in study II in this thesis, no 
difference in LVEF between survivors and non-survivors was seen (23, 101). Indeed, the use 
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of LVEF for outcome prediction is now increasingly questioned (65, 66). Diastolic 
dysfunction, in contrast, is thought to have a substantial impact on the risk of death in 
septic shock (22, 34, 66, 101). Is is however unclear to what extent this is a reflection of the 
septic pathophysiology (39), or to the increased risk of death associated with underlying 
comorbidities (113). Thus, the impact of diastolic dysfunction on mortality does not 
necessarily reflect cardiac dysfunction caused by sepsis. Moreover, the results from study III 
in this thesis imply that observer-related differences may have had an influence on the 
reports regarding outcome in relation to echocardiographic parameters, diastolic function 
parameters in particular. Furthermore, an association of decreased right ventricular strain 
with mortality in septic shock has been shown (33). No relation of LV strain – GLPS – to 
outcome in septic shock has previously been demonstrated, and in study II, no such 
predictive ability of GLPS was seen. Thus, this thesis cannot identify any specific 
echocardiographic sign or parameter that independently predicts adverse outcome. 
 Study IV was conducted in an attempt to identify any specific septic long-term effect on 
the heart. This was done by assessing death with cardiac failure as the major or as a 
contributing cause of death after ICU discharge in patients with severe sepsis and septic 
shock. An increasing risk of death after ICU discharge, in general and with cardiac failure as 
cause of death particular, was seen with increasing severity of illness on admission. The 
result is in line with the description of sepsis and of severity of illness as major determinants 
of death after intensive care (10, 96, 100). The finding does not, however, provide evidence 
that sepsis in itself is the cause of this increased risk of death. 
 Previous comparisons between ICU patients in general and sepsis patients in particular 
have shown a higher post-ICU mortality risk than in the general public (79-81, 96), and a 
higher risk of death post-ICU in sepsis patients in than in other patient categories (83, 98, 
100). However, it is unclear to what extent this increased risk of death is related to sepsis 
itself, or to the severity of illness during the acute phase, irrespective of the underlying 
cause.  
 The specific causes of death post-ICU have been scantily studied. Most studies have 
reported causes of death in the ICU or while still in hospital, and have been limited in size 
(114, 115). In patients with bacteraemia, an increased risk of myocardial infarction has been 
shown in comparison to hospitalized non-bacteraemic and general-population controls 
(116). However, since only a subgroup of these patients was in intensive care and focus was 
on ischaemic heart disease, direct comparison to our study is complicated.  
 The result of the comparison in study IV of sepsis patients to matched controls differs 
to some extent depending on the statistical method used. Overall, in contrast to previous 
studies, and contradicting the original hypothesis of study IV, sepsis patients do not appear 
to be at an increased risk of death, in general or with cardiac failure as cause of death, when 
compared to non-sepsis patients with equal severity of illness. As outlined above, sepsis 
patients were closely matched to controls, possibly to an extent where the differences in 
outcome may have been eliminated. If the impact of severity of illness, age and ICU LOS itself 
was greater than that of sepsis, the relation of exposure to outcome – in study IV the relation 
of sepsis to death from cardiac failure – could be obscured (117-119). One cannot exclude 
whether such overmatching may in part explain the lack of difference in results between the 
groups.  
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Follow-up time 

The follow-up time in interventional as well as observational studies in intensive care varies. 
While ICU-, 30-day- and in-hospital-mortality are the most commonly used, there is an 
increasing interest in longer follow-up (82, 85, 86, 96). In this thesis, a progressively longer 
follow-up time was used in the different study cohorts. Specifically, follow-up was 30 days 
in study I and 30 as well as 90 days in study II. In study IV, we used a large open cohort with 
follow-up time varying from directly after ICU discharge up to more than five years.  
 NT-proBNP was associated with adverse outcome at 30 days in study I. Other authors 
have investigated NT-proBNP in relation to death in the ICU as well as 28-, 30-, 90-day or 
even 1-year mortality (68, 70, 71, 120, 121). Results have differed, reflecting differences in 
study design and focus, but also the previously discussed uncertain clinical implication of an 
elevated NT-proBNP as other than a marker of severity of illness.  
 The follow-up time in echocardiographic studies on septic shock patients has also 
varied from ICU mortality up to 1-year mortality (22, 34, 120). Results have differed with 
respect to the echocardiographic parameters used as outlined above, but there is little to 
support that the differences reported are related to differences in follow-up time. 
 The most appropriate follow-up time as well as the best starting point for follow-up in 
studies on long-term mortality after ICU is a subject of ongoing debate (82, 83). Mortality 
after ICU discharge has been described to reach a plateau after 90 days (85) and few studies 
have followed patients beyond six months (84, 122). Others have demonstrated an increased 
rate of death for at least two to three years (79, 83, 96) or even five years (80, 81) in ICU 
patients. Moreover, some studies on post-ICU outcome have begun at hospital discharge 
(83), and others have excluded the directly ICU-related mortality by excluding deaths during 
the first week after ICU discharge (10). Furthermore, the relative impact of different factors 
affecting long-term outcome appear to vary with progressively longer follow-up (84). In 
study IV, follow-up began at ICU discharge, since the focus of the study was on the impact 
of cardiac failure originating in the septic episode. Moreover, the study was based on an 
open cohort where the follow-up time differs between the patients in the cohort. Risk factors 
unrelated to the septic episode, such as increasing age and other newly introduced diseases, 
may thereby have been introduced. Nonetheless, study IV highlights the need for future 
studies on what is the optimum follow-up time in septic shock patients (85, 96). 

Limitations  
In this thesis, there are limitations that must be considered. For studies I, II and III, all data 
were collected from the same centre, where local management routines may have influenced 
patient selection as well as treatment and outcome. Furthermore, the hospital is a tertiary 
care centre, to which some patients are referred from other hospitals. Intensive care may 
thus have started before admission, and inclusion into the studies thereby relatively late in 
the individual patients’ courses of disease. This may have influenced the results regarding 
laboratory as well as echocardiographic and clinical data, in study I as well as study II. In 
study IV, data was provided from a large number of ICUs, where local management routines 
may have influenced the decision whether to admit a patient to the ICU or not, as well as the 
reporting to the registries.  
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 Secondly, clinicians were not blinded to the laboratory, clinical and echocardiographic 
data collected for studies I, II and III. Clinical decision-making and the results of the studies 
may thereby have been affected. However, our intention was purely observational, and we 
wanted clinical decisions to be based on the best available data. A further major limitation of 
studies I, II and III is the use of cardiac biomarkers and echocardiographic parameters whose 
use is best described in cardiology settings rather than in intensive care, along with the 
limited size of the studies.  
 In study IV, data was collected from medical registers, and the accuracy of diagnoses 
and other data collected and used for analysis was not monitored. Furthermore, the 
diagnoses recorded as causes of death are largely reported on a clinical basis. The accuracy 
of death certificates in delineating the causes of death is debated (123, 124), and data 
collected on this basis is therefore subject to some uncertainty. Thus, the main limitation of 
study IV concerns the uncertainties related to its register-based design. 
  The strength of study I is the broad inclusion of patients with subsequent systematic 
analysis of the prognostic ability of NT-proBNP. In studies II and III, the major strength lies in 
the parallel use of echocardiographic measurements, biomarkers and clinical data, and the 
repeated analysis of the same throughout the most unstable period, using observer blinded 
measurements. Further strength is found in all echocardiograms used for analysis being 
collected by the same expert-level echocardiographer, thus providing the best possible 
image quality for analysis. The major strength of study IV is the design offering a possibility 
to address the question of long-term cardiac outcome after severe sepsis and septic shock 
in a large population. The principal strength of this thesis as a whole is the multifaceted and 
systematic approach to describing the different aspects of cardiac dysfunction in septic 
shock. 
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CONCLUSIONS 
The studies included in this thesis have led to the following conclusions: 
 

I The cardiac biomarker NT-proBNP is markedly elevated in a mixed critically ill 
patient population, increases with severity of illness, and predicts an increased 
risk of death. However, NT-proBNP is probably not exclusively a marker of 
cardiac failure in intensive care patients, but rather one of severity of illness. 

 
II The global longitudinal peak strain of the left ventricle is commonly affected in 

patients with septic shock. It remains unchanged over time, despite clinical 
remission and normalising LVEF and NT-proBNP, but cannot predict an increased 
risk of death. 

 
III The global longitudinal peak strain is the least user-dependent and most 

reproducible echocardiographic parameter indicating left ventricular dysfunction 
in septic shock. It is not more sensitive in detecting cardiac dysfunction in septic 
shock patients than other echocardiographic parameters. 

 
IV The risk of death due to cardiac failure after severe sepsis and septic shock 

increases with increasing severity of illness, even after ICU discharge. However, 
in ICU patients with and without severe sepsis and septic shock, the risk of death 
related to cardiac failure was comparable.  

 

The final conclusion of this thesis is that signs of cardiac dysfunction are common in ICU 
patients, but that its assessment in patients with septic shock is complicated by pre-existing 
comorbidities, by treatment given in the ICU and by critical illness itself. The signs of cardiac 
dysfunction and the increasing risk of death seen after remission of sepsis may therefore be 
reflections of critical illness per se, rather than of sepsis. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING PÅ SVENSKA 
Allmän blodförgiftning, sepsis, är ett mycket allvarligt tillstånd, där kroppens alla 
organsystem påverkas. Vid sepsis utvecklas ibland hjärtsvikt som en del av förloppet, och 
sjukdomstillståndet förvärras då ytterligare.  
 Hjärtsvikt kan under den akuta sjukdomsfasen döljas av att sepsis, och även den 
behandling som samtidigt ges inom intensivvården, framkallar andra akuta förändringar i 
cirkulationen. Vid sepsis är hjärtfunktionen därför svårbedömd, och tolkningen av de 
metoder, som används för att påvisa nedsatt hjärtfunktion, är komplicerad. Vidare är det 
oklart huruvida sepsis ger negativa effekter på hjärtfunktionen på längre sikt. Det är känt att 
patienter med sepsis, jämfört med befolkningen i allmänhet och även jämfört med 
intensivvårdspatienter som inte drabbats av sepsis, har en försämrad överlevnad under lång 
tid efter den akuta sjukdomsfasen. Vad som orsakar denna ökade risk är inte klarlagt, och 
inte heller i vilken mån det beror på hjärtsvikt med upprinnelse i den akuta fasen av 
sepsissjukdomen. Denna avhandling fokuserar på olika sätt att identifiera hjärtsvikt hos 
intensivvårdspatienter, i synnerhet hos dem med sepsis, och på långtidseffekterna på hjärtat 
av sepsis. 
 Avhandlingen undersöker NT-proBNP – en biologisk markör, som frisätts från 
hjärtmuskeln vid hjärtsvikt – och om nivån av NT-proBNP kan användas för att indikera 
försämrad prognos hos intensivvårdspatienter. Avhandlingen studerar också en metod där 
man med hjärtultraljud mäter hjärtmuskelns förmåga till sammandragning, och förkortning 
under hjärtslaget, för att tidigt kunna påvisa nedsatt hjärtfunktion hos svårt sjuka 
intensivvårdspatienter med sepsis. Likaledes undersöks hur hjärtfunktionen förändras under 
sepsisförloppet, samt hur mätningar av hjärtmuskelns sammandragning förhåller sig till 
andra hjärtfunktionsmätningar med hjärtultraljud. Slutligen studeras överlevnaden efter 
sepsis på lång sikt, med avseende på sepsispatienters risk att avlida i hjärtsvikt. 
 Avhandlingen visar, att intensivvårdspatienter med förhöjda nivåer av NT-proBNP har 
klart försämrad överlevnad. Avhandlingen visar också, att hjärtfunktionen hos patienter med 
sepsis ofta är nedsatt under den akuta fasen av sjukdomstillståndet. Mätning av 
hjärtmuskelns sammandragningsförmåga är mindre användarberoende än andra 
hjärtultraljudsmetoder, men är i jämförelse med andra metoder inte känsligare när det gäller 
att påvisa nedsatt hjärtfunktion vid sepsis. Försämrad sammandragningsförmåga i 
hjärtmuskeln under akutfasen av sepsistillståndet kan inte heller indikera försämrad 
överlevnad efter avslutad intensivvård. Slutligen ses att risken för att avlida i hjärtsvikt efter 
den akuta sjukdomsfasen ökar med ökande svårighetsgrad i sepsissjukdomen, och att risken 
kvarstår under avsevärd tid efter att patienterna skrivits ut från intensivvården. För att 
undersöka om denna risk är relaterad till sepsissjukdomen i sig, eller till svår sjukdom 
oavsett orsak, görs i avhandlingen en jämförelse med andra mycket svårt sjuka patienter, 
som intensivvårdats av annat skäl än sepsis. Denna jämförelse visar, att risken att avlida i 
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hjärtsvikt efter intensivvård är lika hög bland de patienter som intensivvårdats av något 
annat skäl än sepsis. 
 Sammanfattningsvis visar denna avhandling att tecken till hjärtsvikt, påvisad med såväl 
blodprov som hjärtultraljud, är vanligt förekommande hos intensivvårdspatienter. Tecken till 
hjärtsvikt under den akuta sjukdomsfasen, och den med sjukdomsgraden ökande risken för 
att avlida i hjärtsvikt efter intensivvård, tolkas dock som en effekt av svår sjukdom i 
allmänhet, snarare än av sepsistillståndet som sådant. Fortsatta studier behövs för att belysa 
hur hjärtat påverkas under svår sjukdom och de långtidseffekter på hjärtfunktionen, som 
följer därefter. 
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ERRATA 
The following errata have been identified in the original papers included in this thesis: 
 
Paper Page; section Original Corrected 

 
Paper I 
European Jornal  
of Anaesthesia  
2012;29:6 

Page 276;  
Table 1 

Table 1 Table 1, page 19 in thesis 

Page 277; 
Figure 1 

Figure 1 Figure 6, page 20 in thesis 

Paper II  
Critical Care  
2015;19:122 

Throughout é; á e’; a’ 
Page 4;  
Results; line 16 

Positive end-espiratory pressure 
PEEP 

Positive end-espiratory pressure 
(PEEP) 

Page 4;  
Results; line 28 

hazards ratio odds ratio; page 22 in thesis 

Page 7;  
Table 3  

ICU length of stay, days, median 
(IQR) 

ICU length of stay, hours, median 
(IQR) 

Page 7;  
Table 3  
 

SVRI:  
1310 (1066 to 1582) 

SVRI:  
1,310 (1,066 to 1,582) 

NT-proBNP, ng/L: 
4230 (1210 to 10400); 
7940 (2780 to 26400) 

NT-proBNP, ng/L: 
4,230 (1,210 to 10,400); 
7,940 (2,780 to 26,400) 

GLPS, %: 
-17.2 (-20.0 to (-13.0));  
-15.0 (-19.7 to (-11.0)) 

GLPS, %:  
-17.2 (-20.0 to -13.0);  
-15.0 (-19.7 to -11.0); 
Table 2, page 21 in thesis 

é, m/s: 0.12 (0.83 to 0.16) e’, m/s: 0.12 (0.08 to 0.16) 

Paper III  
Cardiovascular  
Ultrasound  
2015;13:19 

Page 1;  
Abstract 

Mean difference and 95% limits of 
agreement for é: -0.01 (0.04 – 
0.07) 

Mean difference and 95% limits of 
agreement for e’: -0.01 (-0.07 – 
0.04); Page 23 in thesis 

Page 7;  
References;  
number 13. 

De Geer L, Engvall J, Oscarsson A. 
Crit Care 2015;19:857 

De Geer L, Engvall J, Oscarsson A. 
Crit Care 2015;19:122 
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