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Abstract

In this thesis, strain echocardiography by two-dimensional speckle track-
ing imaging (2D-STI), was used for the evaluation of left ventricular (LV)
and right ventricular (RV) function in critically ill patients with septic
shock and subarachnoid haemorrhage.

The aims were to: 1) investigate the value of strain echocardiography
for the early detection of LV and RV dysfunction not diagnosed with
conventional echocardiography in severe sepsis and septic shock, 2) to
study the effects of norepinephrine on RV systolic function and pulmo-
nary hemodynamics in patients with norepinephrine-dependent septic
shock 3) evaluate the use of strain echocardiography for detection of my-
ocardial injury in patients with subarachnoid haemorrhage (SAH) and 4)
study the impact of general anaesthesia and positive pressure ventilation
(PPV) on RV and LV myocardial longitudinal strain.

The main findings were that LV and RV systolic performances, as
detected by 2D-STI, were impaired to a greater extent in septic patients
with preserved ejection fraction, when compared to critically ill, non-
septic patients with preserved ejection fraction (PEF). In septic shock,
norepinephrine-induced increases in mean arterial pressure (MAP), im-
proves RV performance without affecting pulmonary vascular resistance
(PVR). The diagnostic performance of global LV strain and regional LV
strain to detect myocardial injury in patients with subarachnoid haemor-
rhage is not superior to that of conventional echocardiography. Finally,
general anaesthesia with PPV decreases absolute values of LV and RV
longitudinal strain in patients with no heart disease.

In conclusion, strain imaging is useful in the early detection of
myocardial dysfunction in sepsis and evaluation of the vasopressor ther-
apy. It does not have better diagnostic performance in detecting global or
regional systolic dysfunction in patients with SAH than conventional
echocardiography. The impact of anaesthesia and PPV should be taken
into consideration when strain imaging is used in ICU patients.

Keywords: Strain echocardiography, left ventricle, right ventricle, sep-
tic shock, subarachnoid haemorrhage, norepinephrine



Sammanfattning pa svenska

Svar sepsis (blodforgiftning) och septisk chock é&r starkt associerade med
hog sjuklighet och dodlighet hos intensivvardspatienter. Septisk chock
definieras som en kombination av infektion, organdysfunktion och lagt
blodtryck trots vitskebehandling. Vid septisk chock orsakar systemisk
inflammation ett ihallande lagt blodtryck pd grund av att blodkirlen é&r
patologiskt utvidgade och/eller att hjirtats prestation har forsdmrats. For
att hoja blodtrycket, anvénds i forsta hand kontinuerlig tillforsel av karl-
sammandragande och hjartstimulerande ldkemedel, oftast noradrenalin.

Subarachnoidalblddning (SAH) dr en annan allvarlig typ av sjuklighet
hos intensivvardspatienter som beror pa att en kdrlmissbildning i hjarnan
brister. SAH drabbar relativt unga personer, medeléldern vid insjuknade
ar c: a 50 ar. En fjardedel av dessa patienter utvecklar hjartkomplikationer
pga ett kraftigt stresspaslag, sa kallad stressutlost hjértsvikt.

Ekokardiografi anvénds for att bedoma hjartfunktionen och kontrakt-
ionsforméagan méts med ejektionsfraktionen (EF), vilket ar ett grovt matt
for bedomning av hjartats kontraktilitet. Myokardiell strain &r en annan
relativt ny ekokardiografisk metod for bedomning av hjartats systoliska
funktion. Med strain méts hjartmuskelns procentuella forkortning. Strain
ar en mer kénslig parameter dn EF for att identifiera hjértsvikt.

I delarbete I visades att hos patienter med allvarlig sepsis/septisk
chock, diagnosticerades systolisk hjartdysfunktion i stdrre utstrickning
med strain ekokardiografi &n med konventionell ekokardiografi. I delar-
bete II, studerades effekten av noradrenalin pa hdgerkammarens (HK)
funktion och lungkérlsmotstdndet (PVR). Noradrenalin forbéttrade HK
funktionen métt med strain ekokardiografi utan att paverka PVR. I delar-
bete III visades att strain ekokardiografi inte dr béttre 4n konventionella
ekokardiografi for att uppticka myokardiell skada hos patienter med
subarachnoidalblodning. I delarbete IV, pavisades att anestesi med me-
kanisk ventilation minskar de absoluta viarden av myokardiell strain.

Avhandlingen visat att strain ekokardiografi dr anvandbar for tidig
upptickt och for utvirdering av behandling av hjartdysfunktion hos pati-
enter med septisk chock. Strain:s formaga att upptécka hjartskada hos
patienter med SAH &r inte jamforbar med konventionell teknik
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Introduction

Septic cardiomyopathy

Severe sepsis and septic shock are the most important causes of morbid-
ity and mortality in patients admitted to the intensive care unit 2. Sepsis
should be defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection. The organ dysfunction can be
represented by an increase in the Sequential Organ Failure Assessment
(SOFA) score * of 2 points or more, which is associated with an in-hospi-
tal mortality greater than 10%. Septic shock should be defined as a subset
of sepsis in which particularly profound circulatory, cellular, and meta-
bolic abnormalities are associated with a greater risk of mortality than
with sepsis alone. Patients with septic shock can be clinically identified
by a vasopressor requirement to maintain a mean arterial pressure of 65
mm Hg or greater and serum lactate level greater than 2 mmol/L (>18
mg/dL) in the absence of hypovolemia *.

Myocardial depression in sepsis has been recognized for over 40
years. The earliest studies using pulmonary artery catheter thermodilution
technique showed a common LV depression and sometimes LV dilata-
tion with a potential reversibility within 7-10 days >° . Right ventricular
dysfunction has also been reported since 1983 using gated cardiac scin-
tigraphy ’ and later pulmonary artery catheter . Nowadays the myocar-
dial depression in sepsis is denoted as septic cardiomyopathy (SC). It is
seen in up to 50% of patients ° and is characterized by decreases contrac-
tility, impaired ventricular response to fluid therapy and in some cases

LV and/or RV dilatation '*'",



In SC, the myocardium is functionally and structurally injured. Endo-
toxins cause diffuse myocardial edema . Increasing levels of inflamma-
tory cytokines, mitochondrial dysfunction and enhanced nitric oxide
(NO) production has been described leading to myocardial cell depres-
sion "**. NO is believed to act in the heart by inducing mitochondrial
dysfunction '*!'7 decreasing the myocyte response to calcium, and down-
regulating B-adrenergic receptors and thus, resistance to endogenous cat-
echolamines '®. Thus, the dysregulation of the normal immune response
can lead to sepsis-induced cardiomyopathy and multiorgan failure *°.

Septic shock is classified as a type of distributive shock due to periph-
eral vasodilatation and increased capillary permeability. Fluid treatment
to augment cardiac preload has been the primary intervention for severe

sepsis/septic shock '

and the ability to restore cardiac output depends
on the functional state of the heart. On the other hand, changes in after-
load with low systemic vascular resistance (SVR) can improve myocar-
dial systolic function, explaining why a heart with impaired contractility,
due to sepsis, may be able to generate normal, or even high cardiac out-
put 2'. Therefore, the early diagnosis of SC is essential for the manage-
ment of sepsis with fluids, vasopressors and/or inotropic therapy.

Left ventricular ejection fraction (LVEF, stroke volume/left ventricu-
lar end-diastolic volume) is the first described parameter for the assess-
ment of SC ***. For more than three decades, 2D- echocardiography
has been used to study myocardial dysfunction in severe sepsis,
demonstrating impaired LV function in septic shock and a high inci-
dence of global LV hypokinesia with LV dilatation as well as, in some
patients, isolated impairment of LV relaxation '3 In recent years,
the use of deformation analysis of the myocardium (strain echocardi-

ography) have shown that the incidence of RV and LV dysfunction in



septic shock seems to be higher compared to conventional techniques
2627 The major limitation of these ICU-trials was the lack of a control
group with non-septic critically ill patients, as their cut-off values to
define RV and LV dysfunction were based on normal subjects at their
institutions.

As it is known, patients admitted to ICU often require sedation and
positive-pressure ventilation which may potentially change the LV and
RV loading conditions and myocardial contractility. Furthermore, little is
known about the combined effects of anesthesia/sedation, positive pres-
sure ventilation and the transition from spontaneous breathing to positive
pressure breathing on LV and RV myocardial strain in patients with nor-
mal cardiac function. Study I was designed to evaluate the myocardial
function in patients with early severe sepsis or septic shock compared to
that of another cohort of critically ill trauma non-septic patients using
strain echocardiography. The objective of study IV was to gain more in-
formation about the influence of general anaesthesia and PPV, per se, on
myocardial longitudinal strain values in patients with normal heart func-

tion.

Norepinephrine and right ventricular haemodynamics in septic
shock

Septic shock is defined as a subset of sepsis, characterized by, after ade-
quate volume resuscitation, the need of vasopressors in order to maintain
anormal MAP > 65 mmHg. Norepinephrine (NE) administration in-
creases arterial pressure due to its vasoconstrictor effect and is recom-
mended as the first-choice vasopressor in this group of patients. Concerns

have been raised regarding a potentially negative effect of norepinephrine



on myocardial function due to a norepinephrine-induced increase in LV
afterload. The RV afterload is frequently elevated in sepsis due to in-
creased PVR particularly in septic patients with associated acute lung in-
jury requiring mechanical ventilation. Norepinephrine has the potential to
further increase RV afterload by an alpha-mediated pulmonary vasocon-

striction in septic patients. Schreuder et al 2

investigated the effects of
catecholamines on RV function using thermodilution technique and con-
cluded that norepinephrine increases the RV afterload by 26% while RV
ejection fraction (RVEF) remained unchanged. The study from Martin et
al ¥, 1994 showed also that NE increase RV afterload without significant
alterations on RVEF, while more recent studies have shown that norepi-
nephrine does not increase PVR in norepinephrine-dependent septic or
vasodilatory shock 2,

To gain more information on the effects of norepinephrine on RV per-
formance in patients with septic shock, study Il was designed to investi-
gate the immediate effects of changes in NE infusion rates/MAP levels

on RV systolic function and RV afterload by the combined use of strain

echocardiography and a pulmonary artery thermodilution catheter.

Subarachnoid aneurysmal haemorrhage and stress-induced
cardiomyopathy

Subarachnoid haemorrhage (SAH) is a form of stroke characterized by
extravasation of blood into the subarachnoid space. SAH is, in 80 % of
all cases, caused by rupture of an intracranial arterial aneurysm. The cer-
ebral aneurysms develop during the course of life indicating that SAH is

33,34

more of a chronic disease with a lot of risk factors affecting the ap-

pearance of aneurysms and SAH. It represents approximately 5% of all



strokes with a relative low age of onset, 50-60 years. During the last three
decades the mortality has declined, and now nearly 65% of SAH-patients
survive the acute phase **.

Acute cardiac dysfunction is commonly seen in SAH ***° ranging
from benign electrocardiographic (ECG) abnormalities®’, mild elevation
of cardiac biomarkers ** to severe heart failure **°. The cardiac dysfunc-
tion in SAH, also denoted as stress-induced cardiomyopathy (SIC), is
characterized by transient regional LV systolic dysfunction, caused by
both excessive circulating levels of catecholamines and substantial local
release of norepinephrine.

Acute cerebrovascular injury leads to increased intracranial pressure
and autonomic disturbance *' *2. The massive release of catecholamines
into the circulatory system, and also locally, at the myocardial sympa-
thetic nerve terminals leads to: 1) A continuous stimulation of the adren-
ergic receptors followed by excessive calcium release and a prolonged
actin-myosin interaction ****. This results in an inability of cardiac mus-
cle fibers to relax leading to myocardial cell injury and death **. 2) A
negative inotropic response due to f2-adrenoceptor mediated Gi protein
pathway activation by the excessive levels of epinephrine. Normally epi-
nephrine binds to B2-adrenoceptors and activates Gs proteins. The switch
between the Gs and Gi protein signaling pathway, at excessive levels of
epinephrine, is termed stimulus trafficking *’. This mechanism is theoreti-
cally supported by the study of Dujardin at al 2001, where the autopsy of
patient with SIC after brain damage showed poor correlation between ar-
eas of LV hypokinesia and areas of cardiac necrosis *'.

The appearance of cardiac dysfunction in SAH, has been reported to

be associated with poor neurological outcome*®. Early release of cardiac



biomarkers is associated with increased risk of cardiopulmonary compli-
cations, delayed cerebral ischemia, or poor functional outcome at dis-
charge *. The reported frequency of elevated cardiac troponin at
admission is 20%-40% *°°! and the reported prevalence of LV dysfunc-
tion ranges from 8% to 27% in SIC **. Conventional two-dimensional
(2D) echocardiography has been the method of choice for the evaluation
of global and regional LV function in this group of patients. However,
assessment of regional wall motion abnormalities (RWMA) requires
extensive experience and there is a substantial inter-observer variation >,
Myocardial deformation, strain echocardiography, has been introduced
for the detection of LV dysfunction in the recent years. The value of
myocardial strain, however, has not been evaluate in this group of

patients.

Strain echocardiography

Strain echocardiography by speckle-tracking is a relatively new and
promising method for assessment of myocardial systolic function, as it
can differentiate between active and passive (scar) movement of myocar-
dial segments. Speckle-tracking echocardiography measures the relative
movement of myocardial gray-scale alterations (speckle patterns) and can
thereby quantify systolic deformation, strain, describing percentage
changes in myocardial segment length. Myocardial strain is defined as
a fractional change in length between 2 time points, end-diastole (L0)
and end-systole (L) and calculated as: € = (L-L0)/L or AL/LQ. Strain in

echocardiography describes deformation: lengthening, shortening



or thickening. Subsequently, strains are calculated from each LV seg-
ment in circumferential, longitudinal, or radial directions **** (Fig.1). The
most frequently used strain variable is global longitudinal strain (GLS),
which has been introduced for the detection of LV dysfunction not appre-
ciated by conventional echocardiography **°7. Negative values of longi-

tudinal strain indicate myocardial contraction.

A

L

Fig. 1 A: The equation for the calculation of stain. B: The three types of
strain, radial, circumferential and longitudinal according to the heart coor-
dinate system (from Ref. 55)

In this thesis the RV free wall strain is presented as the mean of the
three segments of the RV free wall (basal, mid wall, apical) using the
four-chamber view (Fig.2). The peak longitudinal LV strain is deter-
mined using the three apical projections and presented as the mean of

the 18 segments (Fig.3).



Fig. 3 Strain analysis of LV using three apical projections.






What was known before this thesis?

Paper I Speckle tracking imaging (STE) detected impaired ventricular
performance in children with sepsis. (Basu et al. Pediatr Crit Care Med 2012 )

STE may unmask systolic dysfunction not seen with conven-
tional echocardiography. RV dysfunction, especially when severe, was associated
with high mortality in patients with severe sepsis or septic shock. (Orde et al.
Critical Care 2014)

Lack of a control group of ICU patients with on-going multimodal intensive
care treatment.

Paper 11 Norepinephrine may improve the RV oxygen supply/demand
ratio and RV ejection fraction with a concomitant increase in PVR.
(Schreuder et at . Chest 1989)

Norepinephrine exerted a favorable effect on right ventricular
function depside the increase in PVR in septic shock. (Martin et al.
Intensive Care Med 1994)

In septic shock norepinephrine infusion to MAP 65-75 mmHg
increased significantly pulmonary and systemic vascular resistance index
(PVRI, SVRI), left ventricular stroke work index (LVSWI) and right
ventricular stroke work index (RVSWI). (Albanése at al. Crit Care Med
2005)

Data from studies where the renal function was investigated in
septic and vasodilatory shock by increasing mean arterial pressure with
norepinephrine did not show significant changes in PVRI.

(Bourgoin et al. Crit Care Med 2005, Redfors et al. Crit Care Med 2011)

Controversial results regarding the impact of NE on RV afterload.
Paper II'  GLS allows a more sensitive detection of LV systolic

impairment in SAH patients with preserved EF.(Cinotti et al Intensive Care
med 2016)

The diagnostic performance of GLS and regional longitudinal strain (RLS)
to detect myocardial injury in SAH was not investigated.

Paper IV Mechanical ventilation with increasing levels of PEEP in ICU
patients causes a decrease in RV strain. (Franchi et al. Biomed Res Int 2013)

No data on the effects of general anaesthesia and PPV on LV, RV strain
values in non-ICU patients with normal cardiac function.



Aims

Paper I

To evaluate left ventricular global longitudinal myocardial function in
patients with early severe sepsis or septic shock compared to that of
trauma non-septic patients using 2D speckle tracking strain echocardiog-

raphy

Paper I1

To investigate the immediate effects of norepinephrine on right ventricu-
lar systolic function and afterload by the combined use of strain echocar-
diography and a pulmonary artery thermodilution catheter in patients

with norepinephrine-dependent septic shock.

Paper 111
To compare the diagnostic performance of conventional- vs 2D-speckle
tracking echocardiography in patients with subarachnoid haemorrhage

for the detection of myocardial injury.

Paper IV
To study the influence of general anaesthesia and positive pressure venti-
lation on left and right ventricular longitudinal strain in patients without

myocardial disease.






Methods

Patients

In this thesis, using myocardial deformation imaging, we studied the heart
function of patients with severe sepsis and septic shock (I, II), patients with
subarachnoid haemorrhage (I1I) and patients receiving general anaesthesia

and PPV for non-cardiac surgery (IV).

Paper I, 11
In study I we retrospectively performed a myocardial deformation analy-
sis of echocardiograms from 48 adult patients with early, severe sep-
sis/septic shock and compared the systolic myocardial strain with the
myocardial strain of 24 ICU patients with major trauma. The inclusion
criteria were: a) age >18 years b) all patients from the sepsis group ful-
filled criteria for severe sepsis and septic shock c) no previous history of
cardiac disease d) the echocardiograms were obtained within 48 h after
the arrival to the ICU in all patients e) the echocardiographic image qual-
ity was acceptable for off-line strain analysis. Additionally, a reference
group with normal echocardiograms were obtained from the institutional
echocardiographic database. The trauma group and healthy controls were
matched by gender and age to the septic patients.

Study Il is a prospective cross-over study were 11 patients with early
septic shock have been included. The inclusion criteria were: a) age > 18
years b) verified infection and SOFA score > 2 ¢) need of norepinephrine

to maintain MAP > 65 mmHg d) adequate fluid resuscitation to achieve a



stroke volume variation < 12% before the inclusion e) serum lactate > 2
mmol/l, f) all patients were in need of mechanical ventilation and sedated
with fentanyl and Propofol infusion. The exclusion criteria were: 1) se-
vere circulatory instability refractory to treatment and/or need of ino-
tropic agent 2) poor quality of echocardiographic images and 3) patients
having a pacemaker, premorbid heart disease, previous cardiac surgery,

severe tricuspid or mitral regurgitation.

Paper 11

Seventy-one patients with verified SAH were included. The inclusion cri-
teria were aneurysmal SAH and age > 18 years. Diagnosis of aneurysmal
SAH was made with brain computed tomography (CT) scan and confir-
mation of aneurysmal SAH with CT angiography or digital subtraction
angiography (DSA).

Exclusion criteria were 1) patients in whom aneurysmal SAH diagnosis
was not confirmed, 2) patients with a previous SAH, stroke, traumatic
brain injury and other intracerebral processes 3) patients with pacemaker,
coronary artery disease, heart failure or previous cardiac surgery 4) pa-
tients with imminent clinical signs of brain death and 5) patients with

poor-quality of echocardiographic images for strain analysis.

Paper 1V

Twenty-one patients, ASA I-II (American Society of Anesthesiologists
physical status classification system,1941), scheduled for non-cardiac
surgery under total intravenous anesthesia were included. The exclusion
criteria were 1) history or signs of cardiac, pulmonary or systemic dis-

ease, 2) any cardiac or antihypertensive medication and 3) age < 18 year



and 4) a body mass index > 30 kg m™. We performed echocardiographic
examination before and 10- 15 minutes after induction of anesthesia, in-
tubation and start of PPV. General anaesthesia was induced and main-

tained by continuous infusion of Propofol and Remifentanil.

Haemodynamic measurements

Arterial blood pressure

In study I, haemodynamic variables were obtained from the patient’ s in-
tensive care chart at the time of the echocardiographic examination. In
studies I, II, and I1I, systolic, mean and diastolic arterial blood pressure
were measured invasively by a catheter in the radial artery. In study IV,
arterial blood pressure was measured non-invasively using an occluding

upper-arm cuff of suitable size in the supine position.

Pulmonary and systemic haemodynamics

In study II, each patient underwent a catheterization with a 7.5 F pulmo-
nary artery catheter (Baxter Healthcare, Irvine CA). Cardiac output (CO)
and stroke volume were measured by thermodilution technique (mean of
three 10-ml ice-cold saline injections) and indexed to the body surface
area to receive cardiac index (CI) and stroke volume index (SVI). Heart
rate, arterial blood pressure, systolic and mean pulmonary arterial pres-
sure (MPAP) and central venous pressure (CVP) were continuously
measured. Pulmonary arterial occlusion pressure (PAOP) was measured
intermittently. The transducers were referenced to the midaxillary line.
Pulmonary. SVRI, PVRI, RVSWI and LVSWI were calculated according

to standard formulas.



PVR = [(MPAP - CVP)/COJ]x 80
SVR = [(MAP - PCWP)/CO]x 80
RVSWI = SV x (MPAP — CVP) x 0.0136 / BSA

LVSWI = SV x (MAP — PCWP) x 0.0136 / BSA

Arterial elastance

In studies II, IV, effective arterial elastance (E.), as a measure of total left
ventricular afterload, defined as the ratio of left ventricular (LV) end-sys-

58,59

tolic pressure and stroke volume , was calculated as:

Ea=0.9xS4AP/SV

In study II, effective pulmonary arterial elastance (Epa), as a measure of
total right ventricular afterload, reflecting both resistive and pulsatile

components *° of pulmonary arterial circulation was calculated as:
p p ry

Epa = (MPAP - PCWP) / SV

Echocardiographic measurements

Conventional echocardiography

Transthoracic 2D echocardiographic examination was performed in all
study patients. In study I, echocardiograms were obtained using one of
three different ultrasound machines (Vivid E9, GE Healthcare, USA,
iE33, Philips Healthcare, Netherlands and X300, Siemens, Germany). In
I, 1, TV the ultrasound scanner system used was Vivid E9, General

Electric Medical System, Horten Norway with a 5-MH transducer.



The following echocardiographic loops were recorded with a frame rate >
50 frames /sec: left parasternal long- and short axis, apical two-, three-
and four-chamber views. Standard measurements of LV systolic function
included LV volumes, LVEF by the modified Simpson’s rule, time veloc-
ity integral in the LV outflow tract (TVI-LVOT) and stroke volume (7 x
LVOT radius® x TVI-LVOT). Mitral, aortic and pulmonary vein Doppler
flow profiles were recorded for measurements of LV isovolumetric relax-
ation time, peak early LV diastolic flow deceleration time (E-deceleration
time), maximum flow velocity during LV early (E) and late (A) diastolic
filling and pulmonary vein peak systolic (S) and peak diastolic (D) flow
velocities. The ratios of E/A and S/D were calculated. Impaired LV func-
tion was defined as a LVEF < 50%. The presence of RWMA in study 111
was identified ®' by an experienced investigator in echocardiography,

who was blinded to the information of plasma levels of hsTnT.

Strain echocardiography

Strain measurements were performed off-line in the four-chamber, three-
and two-chamber views. In study I, the stored images were analyzed in
an offline system (Syngo Velocity Imaging System, Siemens, Germany),
in II, IIT and IV the EchoPAC workstation version 201, (GE Medical
Systems, Milwaukee, Wisconsin, USA) was used.

Myocardial strain (S) is presented as fractional change (%) in length
between two time points, end-diastole (Lo) and end-systole (L) and calcu-
lated as: (L — Lo)/Lo x 100. Negative values of strain indicate myocardial
shortening. From four-chamber, three- and two-chamber views we
determined LV GLS and from four-chamber views the RV-free wall

strain.



Experimental protocols

Paper I

In this retrospective study, standard echocardiographic examinations of
ICU-patients with severe sepsis or septic shock and ICU-patients with
major trauma as well as healthy controls were retrospectively identified
and then reanalysed for assessment of myocardial strain using speckle-

tracking echocardiography.

Paper I1

In this prospective cross-over study on mechanically ventilated patients
with septic shock, the RV function and pulmonary hemodynamics were
studied at three different target levels of MAP applied in random order:
60 mmHg, 75 mmHg and 90 mmHg, using pulmonary artery catheter,

conventional and strain echocardiography.

90— M

O | I

60—

Mean Arterial Pressure (mmHg)

Time (minutes)

Fig. 4 Experimental protocol study II



Paper 111

In this observational study, strain and conventional echocardiography was
used for detection of myocardial injury within 48 hours from the ICU
arrival in 71 unselected patients with verified SAH. Myocardial injury
was defined as a peak hsTnT 90 ng/l 62. A reduced LV GLS was

defined as GLS -15%. Two cut-off levels were used for the definition

of regional longitudinal strain (RLS), ie when segmental strain was >

-15% (liberal) or > -11% (conservative) in > 2 adjacent segments.

Paper 1V

Conventional and strain echocardiography was performed approximately
60 minutes before and 10-15 min after the induction of anaesthesia in pa-
tients with no cardiac medication scheduled for a non-cardiac surgical
procedure. General anaesthesia was induced and maintained by propofol
and remifentanil. The examinations included apical four-, three- and two-
chamber projections, mitral and aortic Doppler flow velocities and tissue
Doppler velocities of tricuspid annulus. LV end-systolic elastance (Ees)

and aortic elastance were determined (Ea).

TTE in awake patient TTE, anesthesia + PPV
l Induction of anaesthesia l
\—Y—)
10- 15 min

Fig. 5 Experimental protocol study IV



Statistics

In study I, independent Student’ s t-test was used to compare differences
between septic and trauma patients. Categorical data were compared us-
ing Fisher’ s exact test. Linear regression analysis was applied to quantify
the strength of the relationship between global LV systolic strain and LV
ejection fraction for septic and trauma patients.

In study II, an analysis of variance (ANOVA) for repeated measure-
ments was used to evaluate the haemodynamic and echocardiographic ef-
fects of norepinephrine-induced variations in mean arterial pressure.

In study III, tests of sensitivity, specificity, positive (sensitivity/(1-
specificity)) and negative likelihood ratios ((1-sensitivity)/specificity) for
LVEF, GLS, RWMA, and RLS, were assessed to detect myocardial dys-
function, defined as hsTNT > 90 ng/I. Interobserver agreement for the
detection of RWMA:s was assessed by calculation of Cohen's kappa co-
efficient

In study IV, paired Student’s t-test was used to compare the means be-

fore and after induction of anaesthesia.
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Results

Paper I

In this study there were no significant differences between the sepsis and
the trauma group with respect to gender, body weight, need for mechani-
cal ventilation or ICU length of stay. Sepsis patients were older and
sicker with a higher SAPS Il score and a more frequent use of vasopres-
sor therapy. Pneumonia was the most common cause of sepsis, followed

by abdominal sepsis, necrotizing fasciitis, and urosepsis.

Haemodynamic variables

The heart rate was higher while systolic and mean arterial pressures and
SVR were significantly lower in the sepsis group compared to the trauma
group. CVP was significantly higher in the sepsis group compared to the
trauma group, while CVP did not differ significantly comparing patients
from the two groups with preserved ejection fraction (PEF), sepsis-PEF
and trauma-PEF. There was no difference in right ventricular systolic

pressure between groups.

Echocardiographic variables

Conventional echocardiographic data showed that in septic patients LV
ejection fraction was significantly lower whereas the stroke volume, car-
diac output and variables for diastolic function did not differ. There were
no differences in conventional echocardiographic variables between the

sepsis-PEF and trauma-PEF group.
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Myocardial deformation analysis showed that the LV global longitudinal
strain was 8% lower in the septic groups (all) compared to trauma group
(all). In the sepsis-PEF group, LV global strain was 14% lower than the
trauma-PEF group. In septic patients with preserved LVEF 50 % had a
depressed LV global longitudinal function compared to 8.7 % in the re-
spective trauma group (Fig. 6). RV strain was also lower (21%) in the
septic (all) compared to the trauma group (all) as well as in the sepsis-

PEF (17%) compared to the trauma-PEF.

All patients
Preserved ejection fraction
p=0.019

80:

p=0.014

>

60 ! -1

EF%
LV Global Systolic Strain %

B
S

Control Trauma Sepsis Control Trauma Sepsis

Fig. 6 Shows that 50% of septic patients with preserved LVEF had a de-
pressed LV global longitudinal function according to the strain analysis
compared to 8.7 % in the respective trauma group

Paper 11

Haemodynamic variables

ANOVA for repeated measurements of haemodynamic variables showed
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that higher infusion rates of norepinephrine were accompanied by higher
SVI, MPAP, PCWP, CVP, SVR, LVSWI and RVSWI, and lower
PVR/SVR ratio. PVRI and heart rate were not affected by norepineph-
rine. There was a trend for higher CO and CI at higher doses of norepi-

nephrine. Ea increased by 36%, while Epa was not significantly affected

(Fig.8).

Echocardiographic variables

Impaired RV function, defined as a RV free wall strain > -24%, was seen
in 64% of patients at baseline (MAP 75). Higher infusion rates of norepi-
nephrine were accompanied by improved RV function as reflected by an
increase in RV free wall strain (Fig.7), increase in TAPSE and increase
of tricuspid annular systolic velocity S’. SVI increased with norepineph-
rine. There was a trend for higher CO, CI and LVEDV at higher doses of
norepinephrine, while LV ejection fraction and variables of diastolic

function, were not affected. CVP and RVEDAI as measures of RV

preload increases with higher infusion rates of norepinephrine.

Fig. 7 Norepinephrine infusion improved RV systolic function as assessed
by the RV free wall longitudinal strain.
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Fig. 8 Shows the significant increase of the absolute value of RV-strain and
right ventricular end-diastolic area index (RVEDAI) with increased doses of
norepinephrine. Pulmonary vascular resistance index (PVRI) and effective
pulmonary arterial elastance were not significantly affected by higher doses
of norepinephrine.

Paper 111

Patients with subarachnoid haemorrhage and myocardial injury (hsTnT >
90 ng/L) were mostly females needed mechanical ventilation and use of
vasopressors. They also had a higher World Federation of Neurological
Surgeons (WFNS) for SAH grading score on arrival and higher levels of
NTpro BNP compared with patients with low levels of hsTnT.
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Echocardiographic variables

Patients with increased hsTnT had a higher incidence of impaired LVEF,
stroke volume and hypokinesia (RWMA). A number of 1212 segments
were judged as having normal contractility and 66 as impaired contractil-
ity. Among patients with elevated hsTnT, 12 patients had RWMA, while
none of the patients with low hsTnT < 90 ng/L had RWMA (Fig 9). The
distribution of RWMA in the basal, mid-ventricular and apical segments
were: 3%, 67% and 30%, respectively.

Patients with subarachnoid haemorrhage and myocardial injury had
lower LV GLS compared to those with hsTnT < 90 ng/L. Ten patients
with elevated hsTnT (56%) had low LV GLS compared to two patients
(4%) from the group without myocardial injury, hsTnT < 90 ng/L (Table
1). The specificity and sensitivity of GLS was comparable to that of
LVEF and RWMA (Table 2).

Speckle tracking analysis of 1253 segments identified 288 segments
with impaired longitudinal systolic strain. The specificity and sensitivity
of regional longitudinal strain to detect myocardial injury were 54% and
94%, respectively (Table 2). The intra- and inter-observer variability for
assessment of RLS were 20.2% and 22.3%.
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Fig. 9 Shows how the distribution of high sensitive troponin T (hsTnT) re-
lated to the presence of regional wall abnormalities (RWMA), reduced left
ventricular ejection fraction (LVEF), global longitudinal strain (GLS) and
regional longitudinal strain (RLS).
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Table 1. Systolic LV function according to conventional and strain echocar-
diography values

All pati- Low hsTnT High hsTnT p-value

ents n=153 n=18 Low- vs

n=71 high hsTnT

LV ejection fraction (EF %) 61210 646 52+13 0.003
EF <50 % (n, %) 10 (14%)  1(2%) 9 (50%) <0.001
Stroke volume (ml) 76 +21 80+ 20 65+21 0.010
Cardiac output (I/min) 5.0+£1.4 5.1+x14 45+1.3 0.112
Cardiac index 2.7+0.8 2.8+0.8 2.5+0.7 0.223
RWMA (n, %) 12(17%) 0 12 (67 %) <0.001
LV global longitudinal strain (%) 20.1+2.4 143+44 <0.001
LV global longitudinal strain > -15% (n, %) 12(17 %) 24 %) 10 (56 %) <0.001
Regional longitudinal strain > -15% (n, %) 42 (59 %) 25 (47 %) 17 (94 %) <0.001
Regional longitudinal strain > -11% (n, %) 20 (28 %)  10(19 %) 10 (56 %) 0.007

Table 2. Diagnostic performance of conventional and strain echocardiog-

raphy for the detection of myocardial injury (hsTnT = 90 ng/l)

Sensitivity Specificity Positive likelihood Negative likelihood

(95% CI) (95% CI) ratio (95% CI) ratio (95% CI)
EF <50% 50% (30 - 70) 98% (90 — 100) 26 (4-195) 0.50 (0.3 - 0.8)
GLS> -15% 56% (30 - 70) 96% (90 — 100) 15 (4-61) 0.46 (0.3 - 0.8)
RWMA 67% (40 - 80) 100% (90 — 100) * 0.33(0.2-0.6)
RLS>-15% 94% (70 — 100) 54% (40 — 60) 20(1.5-2.7)  0.1(0.01-0.7)

RLS >-11% 55% (30 - 70) 81% (70-100)  2.9(1.5-5.9)  0.54(0.3-0.9)
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Paper IV

Haemodynamic variables

Total intravenous anaesthesia with positive pressure ventilation was asso-
ciated with a significant reduction of arterial blood pressure. The fall in
arterial blood pressure was accompanied by a decrease in stroke volume,
cardiac output and heart rate. Systemic vascular resistance and end-sys-

tolic arterial elastance were not significantly affected.

Echocardiographic variables

Left ventricular systolic function as assessed by GLS decreased, while
LVEF was not significantly affected. Preload indices such as RV end-di-
astolic area index, LV end-diastolic volume index, E-max and A-max de-
creased after induction of anaesthesia with PPV.

Right ventricular systolic function assessed by RV free wall strain, tri-
cuspid annular peak systolic velocity, tricuspid annular plane systolic ex-
cursion S" and RV fractional area change decreased after induction
anaesthesia.

At the baseline echocardiographic examination, LVEF was decreased
(< 50%) in 4 of 21 patient, GLS (> -16%) was impaired in 1 patient and
RV free wall strain (> -24%) in 3patents. The general anaesthesia and
PPV increased the number of patients with impaired GLS and RV free

wall strain to 6 and 8 patients respectively.
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Table 3 The effect of anaesthesia and PPV on MAP and systolic function of
left and right ventricle

Baseline 91+ 14 72+ 16 3711 2.6+0.7 -19.1+£23 -26.8+3.9
During anaesthesia 65+38 67+ 14 32+9 2.0+0.7 -17.3+29 -24.1+42
Mean difference, SD 26+15 5+11 6+5 0.6+£0.5 1.7+£2.0 2.6+32
p-value <0.001 0.038 <0.001 <0.001 <0.001 0.001

nesu eSi
GLS - 29%

Baseline
GLS - 34%

Fig. 10 Shows the reduced LV GLS and RV-free wall strain after induction
of general anaesthesia and PPV
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Discussion

Assessment of LV systolic function by conventional echocardi-
ography.
Left ventricle is the pressure generator for the blood supply to the body
with a thick-walled chamber, which does not match easily measurable
geometric shape. In a healthy heart, the LV chamber consists of a cylin-
drical and an ellipsoid part. In diseased states, this shape may change
globally or regionally, and this is the primary reason for the difficulty in
measuring its dimensions and volumes during different phases of cardiac
cycle using echocardiography. Global LV function can be assessed using
changes in the LV dimensions and volumes between LV diastole and sys-
tole. The recommended calculations for assessment of global LV systolic
function are: fractional shortening (FS), fractional area of change (FAC),
ejection fraction (LVEF) and stroke volume (SV) or cardiac output (CO).
Fractional shortening of LV is calculated by the following equation:
FS =LVIDd — LVIDs/LVIDd x 100%. Where, LVIDd is LV internal di-
ameter at end diastole and LVIDs is LV internal diameter at end systole.
The FS has limited clinical use as it a) measures myocardial function in
just one plane and describes only the contractility of inferior and anterior
walls, b) does not represent global LV shortening in the presence of re-
gional wall motion abnormalities (RWMA), c) overestimates the overall
LV function because the measurements of LV diameter are made at basal
segments and as it is known these segments often contract adequately

even in the presence of a significant LV systolic dysfunction and d)
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measurements are greatly influenced by preload and afterload of LV.
FAC is calculated using LV’s end diastolic and end systolic area from the
planimetry of short axis views according to the following formula:
FAC=LVEDA — LVEDS/LVEDA x 100%. Normal value is considered
at FAC > 35% and severe LV systolic dysfunction at FAC < 15% . It is
a simple measurement and easy to obtain. It has been shown that there is
a good correlation with LVEF measured using radionuclide angiography
and scintigraphy, especially when EF is < 45% . It is very commonly
used for assessing LV preload by TEE ®. The use of the method is lim-
ited by the fact that it is highly preload and afterload-dependent, its asses
contractility in one plane and at one level, usually the mid-papillary level
and that the presence of severe RWMA in the apical or basal segments
would severely overestimate LVEF.

LVEF is a measure in echocardiography, which has become the most im-
portant metric of LV systolic function utilized by clinicians. Clinical de-
cision-making and patient management in a number of cardiovascular
conditions largely rely on LVEF %%, In patients with heart failure with
reduced LVEF, ejection fraction has proved to be an important predictor
of clinical outcome °***™. However, the discriminatory value of LVEF in
predicting morbidity and mortality was limited in LVEF values over 45%
% LVEF is measured indirectly from estimations of LV volume. Volu-
metric measurements are based on tracings of the interface between the
endocardium and the LV cavity in the apical four- and two chamber
views. The calculation of LVEF is highly dependent on the optimal ac-
quisition and quality of the echocardiographic image. It is also a time-
consuming process due to the manual tracing of the endocardium. Fur-
thermore, it is also highly preload and afterload-dependent with relatively

high inter- and intra-observer variability 7’2,

32



Assessment of systolic LV function by myocardial strain
Myocardial fiber architecture of the LV consists of longitudinal fibers,
and mid-myocardial layers formed by circumferential fibers * (Fig.11).
In systole, the shortening of longitudinal fibers causes the displacement
of the LV basal plane towards the apex, while the shortening of circum-
ferential fibers induces an inward deformation of the LV myocardium.
The most frequently used strain variable, global longitudinal strain
(GLS), measures the contractile function of longitudinally oriented sub-
endocardial myocardial fibers. In various clinical conditions impairment
of longitudinal function precedes the reduction in circumferential indices,
giving rise to subclinical impairment of LV systolic function ’*. The
function of circumferential layer can, to a certain extent, compensate for
the initial reduction in longitudinal function, as both LVEF and fractional
shortening are often normal despite the fact that longitudinal function can
be significantly impaired ” (Fig 12). However, conventional variables,
such as LVEF or fractional shortening, reflect the geometric change of
LV rather than the contractile function of the myocardium. Furthermore,
LVEEF is a volumetric technique which indirect reflects the function of
both longitudinal and circumferential LV fibers, without the ability to
distinguish functional impairment of one of these components.

A recent study 7 tested the variability of GLS by speckle-tracking ob-
tained by different vendors using different ultrasound machines and soft-
ware packages. The study showed that the reproducibility of GLS was
good and in many cases superior to the reproducibility of LVEF. How-

ever, the variation between vendors was statistically significant.
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Fig.11 Left ventricular myocar-
dial fiber architecture, posterior
view.

 Pre-clinical dysfxn HFpEF HFrEF

Early compensatory increase in
circumferential function

—————— Reduction in circumferential
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Fig. 12 Shows the transition from heart failure with preserved ejection fraction
(HFpEF) to heart failure with reduced ejection fraction (HFrEF) in arterial hy-
pertension. The progressive changes in left ventricular function are seen as re-
duced longitudinal shortening with compensatory increased circumferential
shortening while the LVEF is preserved. Impairment of circumferential defor-
mation, and of LVEF occurs, inducing the transition from HFpEF to HFrEF (from
Ref. 75)
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Assessment of systolic RV function by echocardiography

The right ventricle in the normal heart is the most anteriorly situated car-
diac chamber with thinner wall than the LV myocardium. Normal RV
contraction is a peristaltic wave directed from RV inflow tract to infun-
dibulum (Fig.13). Longitudinal shortening is the major contributor to
overall RV performance.

Infundibulum

TV

Inflow tract Apex

Fig. 13 The right ventricle with 3 major chamber components; inflow tract,
infundibulum (outflow tract), and apex.

Among available imaging techniques, 2D echocardiography remains the
most widely used tool for RV assessment °"®. A quantitative method us-
ing M-mode echocardiography in order to assess longitudinal RV func-
tion is the measurement of the tricuspid annular plane systolic excursion
(TAPSE), which estimates the level of the systolic excursion of the lat-
eral tricuspid valve annulus toward the apex in the four-chamber view.
This echo-parameter has demonstrated an excellent correlation with radi-

onuclide ventriculography-derived RV EF (= 0.92)”” and proved to be o
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good predictor of prognosis in heart failure ’®. Limitation of the method is
that the cursor should be optimally aligned along the direction of move-
ment of the tricuspid lateral annulus in the apical four-chamber view.
Values <17 mm are highly suggestive of RV systolic dysfunction.

RV FAC estimates global RV systolic function by tracing the RV area
in end-diastole and end-systole. Values < 35% indicates RV systolic dys-
function. A right ventricular-focused view is needed to ensure that the en-
tire RV is visualized in the image sector.

DTlI-derived tricuspid lateral annular systolic velocity (S) is easy to
measure and reproducible. It has been shown to correlate well with other
measures of global RV systolic function. Age-related cut-off values have
been reported in a large sample of healthy subjects’”. Like TAPSE, S°
can be influenced by the overall cardiac motion. A good alignment of the
Doppler cursor is necessary to avoid velocity underestimation. S’ <9.5
cm/sec indicates RV systolic dysfunction °'.

More recently, it has been shown that myocardial deformation imag-
ing techniques are able to better describe regional contractility of the
right ventricle diminishing the influence of the overall cardiac motion
8081~ Strain measurement may prove useful as an early indicator of RV
dysfunction in the course of pulmonary arterial hypertension®. It can also
detect early alterations of RV function in patients with systemic sclerosis
and normal pulmonary pressures . RV strain correlates well with radio-
nuclide RV EF. A cut-off point of systolic RV strain of 25% can predict a
lower than 50% EF of the RV with a sensitivity and specificity of 81%
and 82% respectively *.

RV strain is influenced by; image quality, the placement of the basal
reference points (the atrial side of the tricuspid annulus should be

avoided), the width of the region of interest which should be limited to
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the myocardium excluding the pericardium, and finally, RV loading con-

ditions.

Echocardiographic assessment of cardiac dysfunction in severe
sepsis and septic shock

In recent years, echocardiography is a commonly used noninvasive
method for assessing cardiac performance in ICU. The LVEF is the most
frequently used echo parameter familiar to all clinicians with somewhat
limited utility in sepsis due to: the load-dependency of the method, the
lack of ability to distinguish impairment in radial, longitudinal or circum-
ferential directions and therefore difficulties to recognize subtle changes
in ventricular performance. The method fails to accurately identify all pa-
tients with septic cardiomyopathy ¥. Furthermore, the prognostic value
of LVEF is doubtful as several follow-up studies found no difference in
LVEF between survivors and non-survivors in sepsis %,

In paper I we compared the systolic myocardial function of critically
ill adult patients with early severe sepsis or septic shock to that of non-
septic patients with major trauma using LVEF, FS, CO, GLS, RV FAC
and RV free wall strain. The main findings were that LV and RV systolic
performances, as detected by GLS, were impaired to a greater extent in
septic patients with preserved ejection fraction, when compared to criti-
cally ill trauma patients with preserved ejection fraction, suggesting that
strain imaging may be useful in the early detection of myocardial dys-
function in sepsis. The lower GLS, despite lower systolic blood pressure
and lower systemic vascular resistance, as well as a more frequent use of
catecholamines, strongly suggests that LV systolic function was impaired

in the septic patients.
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RV free wall systolic strain was also clearly lower in the septic pa-
tients compared to the trauma patients. The lower RV strain could theo-
retically be explained by a higher RV afterload, as more patients in this
group were mechanically ventilated with higher airway pressure and with
more pronounced lung injury compared to the trauma patients. RV sys-
tolic pressure, as a measurement of afterload, did however not differ be-
tween septic and trauma groups. The most likely explanation for the
lower RV strain in the septic group is that the septic process itself causes
myocardial depression involving both LV and RV. In study II, 64% of
the patients had a RV free wall strain > -24 %, at a baseline MAP of 75
mmHg, suggesting that RV function was compromised, confirming the
results of study I and previous strain echocardiographic studies on pa-
tients with severe sepsis or septic shock *. The other conventional echo
parameters for assessment of systolic function in study I as, LV FAC, and
RV FAC showed a trend for lower values in the septic compared to the
trauma group.

The major limitation of study I was its retrospective nature and the
relatively small sample sizes. Another limitation was that three different
ultrasound machines were used for the echocardiographic examinations.
However, the same software for analysis of strain was used by an experi-
enced operator, who performed all the primary end-point measurements.
Furthermore, the observer was blinded to the diagnoses and the intra-ob-
server coefficient of variation was acceptably low. Another limitation
was the lack of repeated echo examinations. Thus, a further deterioration
of myocardial function could have been detected by standard echocardi-

ography later in the course of sepsis.
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The impact of norepinephrine-induced increases in MAP on
RYV performance and haemodynamics in septic shock
Norepinephrine administration increases arterial pressure due to its vaso-
constrictor effect and is recommended as the first-choice vasopressor in
septic shock *. In paper II the cardiac effects of norepinephrine with fo-
cus on the RV function of patients with septic shock were investigated.
The main findings were that RV function was improved by increasing
doses of norepinephrine, as assessed by both strain and conventional
echocardiography. Interestingly, PVRI and Epa, indices of RV afterload,
were not affected. In contrast, norepinephrine infusion induced a pro-
nounced increase in SVRI and Ea.

The norepinephrine-induced improvement in RV performance was
most likely explained by an increase in RV preload and improvement of
RV contractility, by B-1 receptor stimulation, in combination with a lack
of effect on RV afterload (Fig. 14). RV preload was assessed by measur-
ing CVP and RVEDALI, and both showed a significant increase with
higher infusion rates of norepinephrine. CVP is a poor predictor of pre-
load status in ICU patients requiring mechanical ventilation and PEEP
%991 but it remains, however, the most frequently used variable to guide
fluid resuscitation in critically ill patients °. In this study we were
focused on the CVP-trend, during alterations of MAP-levels, rather than
on single CVP values. RVEDA has been proven to be a reliable predic-
tor of preload-recruitable increases in CI, especially in patients receiving
higher levels of PEEP where PAOP is difficult to interpret **. In paper II,
RVEDALI was used as a substitute for RVEDVI as we didn’t use 3D-
echocardiography. Furthermore, the focus was not on absolute volume
measurements, but rather on the relative changes in RV end-diastolic di-

mensions at various infusion rates of norepinephrine.

39



In the present study, RV free wall strain, TAPSE end S" indicate that
norepinephrine exerts a positive inotropic effect on the right ventricle
but, as it is known, these parameters are influenced by loading condi-
tions. To draw conclusions about the direct inotropic effects on RV pres-
sure-volume loops should be obtained to determine RV end-systolic
pressure volume relationship (end-systolic elastance) or the preload re-
cruitable stroke work as load-independent indices of RV contractility.

Studies on the effects of norepinephrine on the pulmonary vascular
bed are scarce and contradictory. Some studies have shown that increas-
ing doses of norepinephrine induces increases in PVRI in patients
with septic shock 2> while more recent studies have shown that
norepinephrine does not increase PVRI in norepinephrine-dependent
septic or vasodilatory shock 3%*!. In paper II, RV afterload, measured
as pulmonary vascular resistance and effective pulmonary arterial
elastance, was not affected. Possible explanatory mechanisms could
be the initial aadrenergic receptor-mediated contractile response
which is followed by B-adrenergic receptor-mediated relaxation, at
higher norepinephrine doses . Another explanation could be the
increased endogenous release of vascular endothelial nitric oxide
(NO) by a flow-dependent increase of vascular endothelial shear
stress ?%7 due to norepinephrine-induced increase in pulmonary blood
flow .

The major limitation of study I was the low number of included
patients. Another limitation was that we only studied the acute effects
of norepinephrine, within 24 hours, on systolic RV function and
pulmonary haemodynamics and can, therefore, not draw conclusions
about the potential long-term effects of norepinephrine on these

variables in this group of patients.
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Fig. 14 The norepinephrine-induced improvement in RV performance in septic
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shock is explained by an increase in RV preload and improvement of RV con-
tractility, by f3-1 receptor stimulation, in combination with a lack of effect on RV
afterload.

The impact of general anaesthesia and PPV on strain measure-
ments

In paper 1V, general anaesthesia with PPV, induced a significant reduc-
tion of LV GLS and RV free wall strain, SVI and CI. According to our
data, anaesthesia and PPV caused a decrease of preload as assessed by
RVEDAI, LVEDVI, E- and A-velocities. In contrast LV afterload,
measured by the calculation of SVRI and Ea, was not significantly
altered. The fall in LV GLS and RV free wall strain induced by
anaesthesia and PPV can be explained to some extent by the preload-

reduction and, theoretically, by a propofol-induced negative intropic
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effect on myocardium.

As it is known, all conventional- and strain-echocardiographic
measurements of systolic function are load-dependent. To distinguish
the impact of preload from the pure effects of anaesthesia on
myocardial contractile function, pressure-volume loops will be needed
to obtain. Previous experimental 782 and clinical studies 8% using
end-systolic pressure-volume relationship have demonstrated that
propofol impairs myocardial contractility. We suggested that the
reduction of CO, MAP and echo-measurements of systolic function
after induction of anaesthesia were explained by 1) a direct propofol-
induced dilatation of venous capacitance vessels, causing reduced
venous return and 2) probably direct negative inotropic effects of
propofol on myocardium.

What are the effects of PPV on cardiac filling and thereby strain
and conventional systolic echo measurement? In critically ill patients
it is known that PPV increases intra-thoracic pressure that can reduce
severely the venous return and CO #. Furthermore, it has been
shown that the application of PPV with PEEP in mechanically
ventilated patients decreases intra-thoracic blood volume 8 and LV
and RV end-diastolic volume as assessed by conventional
echocardiography ®7-%°. Franchi et al have investigated the effects of
mechanical ventilation with PEEP on myocardial strain in ICU
patients and showed that increasing levels of PEEP causes a decrease
in RV strain %, It is therefore not unlikely that the fall of RV and
LV preload in study IV may to some extent be caused by the
transition from spontaneous breathing to PPV and one limitation of
this study was that we could not distinguish the effects of anaesthesia

from PPV on RV and LV longitudinal strain.

42



General anaesthesia combined with PPV was associated with a
signifi-cant reduction of GLS and RV strain. This reduction of GLS and
RV strain reaches values considered pathologicalina substantial
proportion of patients without myocardial disease and should be taken
into consideration when strain imaging is used in mechanically ventilated

and sedated ICU patients.

Echocardiographic assessment of stress-induced cardiomyopa-
thy in patients with subarachnoid haemorrhage

The rationale for the present observational methodological trial was to
evaluate whether the new diagnostic imaging technique, speckle tracking
echocardiography (STE), was superior to conventional echocardiography
for detection of myocardial injury in SAH patients. The main finding of
this study was that the diagnostic performance of GLS was comparable
but not better thanthat of RWMA and LVEF. Furthermore, RLS could
not reliably detect regional myocardial injury due to unacceptably low
reproducibilityand specificity. Our data are in conflict with Cinotti et al
19 who suggested that GLS allows a more sensitive detection of LV
systolic impairment in SAH patients with preserved EF. The major
limitation of their study was that they have not reported the proportion of
patients with preserved LVEF how had impaired LV GLS and have not
assessed the diagnostic performance of GLS to detect myocardial injury.
Furthermore, they assessed regional wall motion using RLS, without
presenting data on the diagnostic performance and intra-/ inter-observer
variability of RLS.
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The distribution of RWMAsin this study showed that two-thirds of
all segments with hypokinesia/akinesia were localized in the mid-
ventricular portion followed by 30% in the apical and only 3% in the basal
portion of the LV. Previous studies ''' found that RWMA were frequent
both in the basal and mid-ventricular segments particularly in the
anterior and antero-septal region. This variation between studies can be
ascribed to the density and distribution of B-adrenergic receptors and

sympathetic nerve endings, which may differ among individuals®*'"2,

For the clinical application of speckle tracking echocardiography, the
definition of normal values of LV strain is of crucial importance '*. De-
spite promising data using GLS and RV strain for evaluation of LV and
RV function, quantitative assessment of the magnitude of regional LV
deformation has been questioned because of lack of reference values with
low dispersion, suboptimal reproducibility, and considerable inter-vendor
measurement variability *''*. However, in a recent meta-analysis, the
normal range of GLS, obtained by conventional echocardiography, was
found to be —15.9% to -22.1% ''°. We therefore used a cut-off value of
-15% in the present study, supported by the findings in a group of
healthy controls obtained by our own laboratory of clinical physiology

and by the meta-analysis of Yingchoncharoen et al.

As there are no reference values for RLS in current recommendations,
we arbitrarily set the cut-off for abnormal RLS to > -15% or >-11%. The
latter cut-off value we used, was supported by the report of Kusunose et al
116 who demostrated, in patients with cardiac infarction, that the best cut-
off value for RLS by STE to detect RWMA was > -11%. To take a more
conservative approach and to avoid overestimation of the number of

segments with pathologic RLS, we decided to accept as pathological
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only segments from examinations which showed that > 2 adjacent seg-
ments had impaired systolic strain (> -15% or > -11%) . In spite of that,
we found that the diagnostic performance of RLS was poor. The major
limitation of this study was that, in this population of SAH patients, 44%
required sedation, fluid treatment and mechanical ventilation with
various degrees of PEEP. In addition, 42% were treated with
norepinephrine. This multimodal intensive care therapy would probably
affect our data on global and regional LV performance, as assessed by

STE, in addition to the disease process itself.
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Conclusions

Paper I: Left ventricular (LV) and right ventricular (RV) systolic function
is impaired in critically ill patients with early septic shock. Up to 50% of
septic patients with preserved LVEF had impaired LV function as detected
by speckle-tracking 2D-echocardiography. Strain imaging may be useful
in the early detection of myocardial dysfunction in sepsis.

Paper II: In patients with septic shock, increasing doses of norepineph-
rine improves RV systolic function, as assessed both by strain- and con-
ventional echocardiography. This was explained by an increase on RV
preload and that norepinephrine affects neither pulmonary vascular re-
sistance nor effective pulmonary arterial elastance (RV afterload).

Paper III: The diagnostic performance of LV global longitudinal strain
is not superior to standard echocardiography for the detection of myocar-
dial injury in subarachnoid haemorrhage. L'V regional longitudinal strain
could not reliably detect regional myocardial injury in this group of pa-
tients.

Paper IV: General anaesthesia and positive pressure ventilation (PPV)
reduces systolic LV and RV function to levels considered indicating dys-
function in a substantial proportion of patients without myocardial dis-
ease. These effects should be taken into account when evaluating heart
function in surgical or critically ill patients subjected to anaesthesia /se-
dation and PPV.
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