UNIVERSITY OF MEDICINE AND PHARMACY
»CAROL DAVILA”, BUCHAREST

DOCTORAL SCHOOL

CONTRIBUTIONS TO THE HEMODYNAMIC
MONITORING OF THE CRITICALLY ILL PATIENT

Summary of the PhD Thesis

PhD Coordinator

PROF. DR. POPESCU BOGDAN ALEXANDRU

PhD Student:

ANDREI STEFAN

2023



Content

The list of articles published within the doctoral research........co.ooocoevciiiicciniiiiceenl5

List of other submitted articles related to the doctoral research...........cooooviiiiiioei

(G IETEEREN . . onsansnmsansnsmmsennsonsns smenssns ahrnssms nsns e oA SR 4P SR S 4 AR S S om S R B A AAR RS A AR SRS SRS
INTRODIUHCTIOMN cciccscnssonasicssssssmsnsisssssisssins s e i 5 S A RS S 8

L

1

2

Problems and perspectives in hemodynamic monitoring in ICU.........o.oooviiiiinnee. 12
1.1 Short introduction to hemodynamic MONIEOTING.........ccceveeeeiviiienniceiiiircsesre e 12
1.2 The interest of echo(cardio)graphy as a monitoring tool in ICU.........cccceveeriveveeen 13
1.3 The challenge of the venous congestion in ICU .........cccvveeriiievvenceniiieeseesis s snnnnens 14
1.4 The therapeutic de-escalation phase versus the acute phase........c.c....ccocvviniiiicnnn. 15
1.5  The interest of the new ultrasound parameters for the titration of the hemodynamic
treatment, therapeutic de-escalation and congestion diagnosis .........ccvververiievueseensiciesvennns 13

Clinical utility of ventriculo-arterial coupling assessment in ICU...........ccoccoovveeennin 17
2.1 IO O cssinassussrimmasi s R S AR e e S s s L

2.2 Operational definitions and the mtroduction of the ventriculo-arterial coupling
O ST T L IR vy v R AR A S R T S RIS LD

2.2.1  The determinants of the ventriculo-arterial coupling ......ccce.vevvvinniinsssveinnne 18

2.2.2  The relationship between the ventriculo-arterial coupling and the left ventricle
EIETRE IO oo s it A i e S e A s e G i 20

2.3  The bedside assessment of the ventriculo-arterial coupling ..........cccoeeeveiiiviienininnn. 22

2.3.1  The continous monitoring of the ventriculo-arterial coupling: a place for the
dynamic arterial €lastance? .....ccvciiveeeeriiieeee e s e ceeees 24

2.4 The ventriculo-arterial coupling in different clinical CONTEXLS .vovvveeveecreriiivervenricenen 25
24.1  CardioloZy PraCtiCe ..uevueeriivuereriiierieeistitesaenss s caesessss e ssneee s ssnesns e e sansnnensesrees 2O
242 Sport MediCiNg PractiCe.....ccemvemriierreessiiirrsennssiiiesessssiessssses s sssssnasssesssssssnsesens 20
Sd AR R O DT OEEIRS cmssnsnesiuanstissomsons e s R SR OE SR PR PSRBT
% 7 N E 1 oL e o e NSOV . |

2.5  What is the clinical relevance of the ventriculo-arterial coupling monitoring? ....... 29

2.6  The clinical reasoning based on ventriculo-arterial (un)coupling ........c....ccvvevivriennn 31

B A ©70) 1 1v] 1113 (o) 1 TR TTTG 17



C O N5 s T OO . .

4 Study no. [. New ultrasound parameters in patients’ selection and hemodynamic titration:
the role of the evaluation of the electro-mechanical dyssynchrony in acute circulatory failure
and its relation to ventriculo-arterial COUPINE ......c.cveveeeeiiceeeeii e eeaennns 30

4.l Rationaleand obeoliVes. ot S0
42 DEenalsand fiethodscvusmnusnsmisnmpsssnpsspnssnsssw D8
4.2.1  Patients and ethics .......ccoeviieeiiicieieccr e DO
429  HemodyBaific PAarameters . nimmimnsimmmmesimmimmsimmsimissn 38
4.2.3  Time intervals echocardiographic measurements ............cooeerveecncrrrirennericncnenns 39
428 S PIOCOUIRES swmmuonmosmnsmssmisvas o e s o TS O s w10
4.2.5  Statistical analySes.......ccceeieceeriiieeeiseeereseeare e eneess e ennenesesnese s eenee s enenennss S0
A3 REBHI oo s o nmvss smesse s S DR s s L
43.1  Impact of hemodynamic interventions on total isovolumic time ............co.ee.. 45
432  Impact of hemodynamic interventions on I/H and Tei indices ..........cooceeuce. 49
414 INSCUSEION:: cosmmmspmismmmie s e S s 0
44.1  Clinical implications of the results.......cccoeiireniicoriniineece e 91
5  Study no II. Challenges in monitoring hemodynamic de-escalation and congestion

prevention: arterial hypotension following norepinephrine decrease in septic shock patients is
tit Felaten 16 el oat dRpBOtIBTBE o csusmmscsmmmssisms s R S s

51 Ratuonaleaid objetivelcuaunmmmmmns s s s s O
52 Malenalsand methods. . ununmansmnmsnm i b w i 55
521  Paiicakand ethics wmissnsasnmnasssrmnnasrsimianmnnisna DD
5.2.2  Hemodynamic parameters MEaSUICIMENLS .uee..eersvveesiversreeesisnesvsnssessessnesressass 99
523 Study Protocol .....occeieeeieericieeiiee et s ene e DO
5.24  Statistical analyses......ccccceerecrrnrimniinensionniinnneemsisisnnsssesssessisssns emsessesssesses e 30
5.3 R ESTIES ettt nn e e nne s 57
5.3.1  Baseline status and the response to norepinephrine decrease .........coceevvviivienne.. 58
5.3.2  Hemodynamic response to fluid expansion after norepinephrine decrease.......62
5.3.3  Hemodynamic interventions impact on ventriculo-arterial coupling................ 65
54 DRI sssasnaEmm TR B

5.4.1 533511 1 oo S 68



6  Study no III. The potential of the new parameters in hemodynamic de-escalation: early

diuretic initiation was associated with cardiac index and ventriculo-arterial coupling

improvement in resuscitated CONeStiVE PAtIENTS ....oveviveeeiieere et e e sesae e
0.1  BAaliOrales At OB OOTIVES s somsmsssssmsomsmssss s s s o s
6:2 Matenals and Wethols - cocmmmnasmss R

o R e T DS U
622 BdyPIOIOE0L s S R R
6.2.3  Hemodynamic MeasUTEMENES. .......ccce.ieeeesriueresriermessicneesiensesseseesesesssssesesssenenes
624 IStatistieal SUAlYEEE s s A R S
0.3 RESUIES ..ttt e e
B3] BEIRTITR SRR omcusromsammass mmssinstan s s 0 S A R B 5 S A
6.3.2  Hemodynamic effects of diuretic depletion .......ccceveeeriieeerieveeriieeee e,
6.3.3  Correlations between the cardiac index change and baseline variables .......
G4 DISCUSSION...c.crrmimssnssessnssmssssrasensmnsssassssnsssissssss satase niam s smsp sy £omsEs AR BRL LT REAR AR ISR LRSS A
o]l Clucal selevanceand POrSPOTIIVES o e i ss s s aswes

7  Study no IV. New echographic parameters and diuretic treatment monitoring: Doppler

69
69
70
70
70
71
71
72
72
76
77
78
80
80

evaluation of portal and renal veins predicts the adequate response to diuretics in ICU......... 82

7.1, Rationale and objechiVes s i ety misisis
7.2 Materials and methods ...
7.2.1  Patients and €ThiCs .......c..ioveieeiiieere e e e e
7.2.2  Ultrasound MEASUIEIMEIIS ... veereriiceriiierensieseesimenesresmene s eseesssees e ssens s snsaenseenens
7.2.3  Doppler evaluationt of hepatic, portal and renal veins............cccoooveiieeen
724  Scores and deHNITIONS . uuwssimmsiscommsessimss s s i st ot
RS B THOIRI] «onsnsmsnsnnssnanssrmmnsonssiss i oo o A SRS AR OR
F2E  BUISTICH] ARAIVEES o oconsnmmomomms s i s A s e
Tl BB wcorumsmmmsimismmmsmeoomiems e s ooy S8 0 a0 e A s 8 VR S e RS 0
731  Cohbrt CharaterIStics uvmimiamnmsiismmimans i R s asis S

7.3.2  Comparisons between the responders and non-responders to diuretic.........

7.3.3  The relationship between portal and renal veins flow, VEXUS score and the
posttive clinical fesponse todinfetic reatiiiehit cusivmuamsam sz

.96

Tl DISCHERION oo s T e R e S P S T B

32
83
&3
84
84
85
86
86
87

89

94

99



8 Study no V. Role of ultrasound femoral vein evaluation: a pulsatile Doppler flow pattern
15 assoeiated with cotigestion’itt JCU patienlslv s amimnnn s s v et

&1  Rationale and Objectives. ...uvimmmisnmpmmmis i i s i

8.2 Materials and MEthodS ... it et e e et e eees b mreeteaeee e s senan s nnes

8.2.1
8.2.2
8.2.3
8.24
8.2.5

Patients and ethics ...
Uhtrasaitid SIS uFIABATE woummmmanisas s aaa Ga EAR AT SRAaTS
Blndy Bolott] iR R
Data COIECHION ... i iereeti ettt et es e ene st s eanen e sn e ene s

CEE AT | By (D 2 S O S SO S

EE R TR 2 =S 1 1~

8.3.1
8.3.2

Patients” chatactefistics oo aimmmunsmmusammusannsmsmmssay

Determinants of femoral venous pulsatile flow pattern .........ccooeeerveenrienenns.

o S B 3 o1 1 (13 (0 ) o KOTSRS

8.4.1

9  Personal contributions and CONCIUSIONS ...ooo.ovoeerie oo

R T IICES oot ieee ettt s ettt ee e tes et eeaes s seaa st aenas e aaneseeaan s senans b meeasteeaan s sanans s mnnneeneness

100
100
101
101
102
102
103
104
104
104
108
110
111
113
117



1 Introduction

The critically ill patient admitted to the intensive care unit requires a multidimensional
therapeutic approach and comprehensive monitoring (1-2). All hemodynamically-targeted
therapies that may be administered to the critically ill patient carry potential serious adverse
effects (3). Therefore, careful selection of patients who may benefit from a particular
therapeutic intervention is necessary (4). Hemodynamic monitoring methods should be

capable of accurately addressing this question.

The overall objective of this work is to explore and evaluate new hemodynamic
parameters of interest in the hemodynamic monitoring of critically ill patients. This research
endeavor will rely on minimally or non-invasive hemodynamic evaluation methods (such as
echocardiography) to minimize the iatrogenic impact on patients who are already in a critical
state. The clinical interest would be to describe relatively simple parameters that can be used

in day-to-day practice.

In addition to the traditional cardio-centric approach, other parameters of circulatory
energetics (the integrative concept of ventriculo-arterial coupling) or venous circulation may
be of interest by exploring new hemodynamic models and paradigms in cardiology or sports
medicine. This could contribute to better patient selection for those who would benefit from

hemodynamic treatment, while avoiding its undesirable effects (e.g. venous congestion).

Another objective of this work is to individualize appropriate temporal moments for the
utilization of these parameters, with studies so far traditionally focusing on the acute phase of
hemodynamic treatment. The hemodynamic de-escalation phase is less studied, and it is
uncertain whether data from the acute phase can be extrapolated. Withdrawal of inotropic-
vasopressor support, initiation and continuation of diuretic treatment for the purpose of
volume depletion require attention and monitoring. Additionally, early identification of
patients who may be suitable for hemodynamic de-escalation could reduce the duration of
intensive care unit hospitalization (faster vasopressor weaning, accelerated recovery, earlier

intensive care unit discharge).



2 General part

2.1 Problems and perspectives in hemodynamic monitoring of the critically ill patient

The current approach in intensive care medicine is towards reducing the use of invasive
procedures and devices and simplifying patient management (5). There is a preference for a
dynamic and multimodal approach (6-7). The historical gold-standard method, represented by
the pulmonary artery catheter - Swan-Ganz, has gradually fallen out of use in the last decade
due to associated complications and even suspected increased mortality(8-9). At the same
time, general ultrasound and transthoracic and transesophageal echocardiography have gained
an increasingly important role in the critically ill patient (10). Interest is given to its
diagnostic role, less invasive character, but also the possibility of evaluating therapeutic
means dynamically: titration of intravenous fluid administration, introduction of vasopressors

and/or inotropes, being a complementary method to other devices (10-11).

Hemodynamic treatments are not without undesirable effects. The use of inotropic and
vasopressor medications may be associated with the onset of arrhythmias or microcirculatory
dysfunction, and should be used with caution, for a specific purpose, and for a well-defined
duration (3). Excessive intravenous fluid administration can also lead to congestion,
respiratory dysfunction, and is a known negative prognostic factor for mortality (12).
Additionally, while diuretics cannot be used liberally in hemodynamically unstable patients,
they may have a benefit if introduced early in patients with volume excess in stabilized

patients (13).

In recent years, there has been a growing scientific interest in the diagnosis and
treatment of hypervolemia and congestion in critically ill patients (14-15). Venous
congestion and hypervolemia are important factors with an impact on morbidity and mortality
in intensive care (16-17), but the diagnosis remains challenging. While there is ample data on
the acute management of shock, the therapeutic de-escalation phase of hemodynamic support
is much less studied and is beginning to be increasingly discussed (18-19). Although it is
believed that hemodynamic therapeutic interventions should be administered titrated and for
the minimum necessary time, it is not precisely known when to switch to the opposite

approach, especially regarding the initiation of depletion (20).



Several echo(cardio)graphic parameters, studied in sports medicine or in cardiac
patients, may be of interest in optimizing the hemodynamic evaluation of critically ill

patients, both in the acute phase and during de-escalation(6),(21-22).

2.2 The clinical utility of measuring and monitoring ventriculo-arterial coupling for

anaesthesia and ICU patients (23)

Within these parameters of interest, ventriculo-arterial coupling holds a special place,
as it has been studied in cardiology for over 30 years. Ventriculo-arterial coupling is a
physiological concept that presupposes the cardiac pump and arterial system function in an
integrated manner. Ventriculo-arterial coupling is described by the pressure-volume
relationship between the left ventricle and the arterial vascular system (24-25). The heart and
arteries adapt to each other throughout the cardiac cycle to optimize cardiac output, cardiac

performance and efficiency (23).

Ventriculo-arterial coupling is defined as the ratio of two elastances, arterial elastance
(Ea) and ventricular elastance (Ev) (23) (Ventriculo-arterial coupling = Ea/Ev). Ev is a
characteristic of cardiac function (contractility and morphology), independent of preload and
afterload, and can be derived from the pressure-volume ventricular curve (26). Ea represents
a cumulative parameter of the entire arterial system, a representation of arterial function,
which can be assimilated to net arterial load, characterized by total peripheral resistance,
specific impedance, and systolic and diastolic time intervals (26-27). For the human heart, the
normal value of Ey is 2.3 +/- | mmHg.ml"!, of Ea is 2.2 +/- 0.8 mmHg.ml"!, and the mean
value of the Ea/Ey ratio 14+/-0.36 (23). The energetic balance of cardiovascular function is
optimal when the Ea/Ev ratio is 1, and the maximum cardiac efficiency is achieved when the
EA/Ev ratio is 0.5 (28). The alteration of this ratio is both a severity indicator and an

independent predictor of worse outcomes in cardiovascular diseases (29).

Several non-invasive methods have been proposed and validated compared to the
standard invasive method, making it possible to evaluate ventriculo-arterial coupling in daily
clinical practice (30). Some studies have already suggested the potential of monitoring

ventriculo-arterial coupling in the acute phase of circulatory failure (23),(31-32).



3  Special part

3.1 Study no. I. New ultrasound parameters in patients’ selection and hemodynamic
interventions titration: the role of the evaluation of the electro-mechanical
dyssynchrony in acute circulatory failure and its relation to ventriculo-arterial

coupling (33)

Among the determinants of ventriculo-arterial coupling, Ev is closely correlated with
various time periods of the cardiac cycle (34). A correlation between cardiac time intervals
and systolic function indicators has been documented in patients admitted to cardiovascular
ICU (35). Another indicator of cardiac time efficiency (an indirect indicator of
electromechanical efficiency), which is correlated with cardiac performance, is the total
isovolumic time (t-TIV) (36). Increased t-TIV is predictive of subsequent cardiac events after
cardiac surgery (37), while reducing t-TIV has led to increased cardiac output and improved
cardiac energetics (38-39). A t-TIV greater than 12 s/min has been considered as systolic
electromechanical inefficiency (intraventricular dyssynchrony) (35). However, the clinical
role of intraventricular dyssynchrony is not known in polyvalent intensive care patients,
although it may have therapeutic interest (38). This opens an interesting research niche in
the direction of investigating the relationship between ventriculo-arterial coupling and
electromechanical coupling, a parallel paradigm in hemodynamic research that has not been

studied in intensive care patients before.

The primary objective of this study was to investigate the relationship between
electromechanical dyssynchrony and acute circulatory failure, depending on the administered
hemodynamic treatment. The secondary objective was to evaluate the relationship between

electromechanical coupling and ventriculo-arterial coupling.

3.1.1 Methods

This study conducted a retrospective analysis of a prospectively collected database
from a cardiovascular intensive care unit. Adult patients with hemodynamic instability who
were deemed to require hemodynamic treatment (intravenous fluids, noradrenaline or
dobutamine infusions) by the ICU physician were included. Exclusion criteria were low
echogenicity, pacemaker presence, bundle branch block, permanent atrial fibrillation,
moderate or severe valvulopathy, and right-sided heart dysfunction. Hemodynamic data

(including echocardiography) were collected before and after treatment. The relationship
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between electromechanical dyssynchrony (defined as t-TIV > 12 s) and hemodynamic
parameters in acute circulatory failure before and after treatment was analyzed, including
ventriculo-arterial coupling determined by the Chen method (34)). T-TIV was calculated
using the formula t-TIV = 60 - (t-TE + t-TF), where t-TE is the total ejection time and t-TF is
the total filling time (36).

3.1.2 Results

Fifty-four patients were included in the study. The mean age was 66 + 12 years,
predominantly male (78%), with a mean SAPS II severity score at admission of 42 + 14. The
median length of stay in the intensive care unit was 3 [2-6] days, and the mortality rate was
6/54 (11.1%). The most common type of surgical intervention was valve surgery (52%),
followed by aorto-coronary bypass surgery (19%). Approximately 43% of patients received

fluid expansion, 37% received norepinephrine, and 20% received dobutamine.

Thirty-nine (72%) of the 54 patients had a t-TIV above 12 s, being classified as
having intraventricular dyssynchrony. Logistic regression analyses did not find an association
between demographic or initial hemodynamic data, type of circulatory failure (hypovolemia,

vasoplegia, cardiogenic), and intraventricular dyssynchrony.

Patients with intraventricular dyssynchrony at baseline improved their t-TIV from 18
t4stold+6s(p=0.001), Ey from 1.1 (0.72-1.52) to 1.33 (0.84-1.67) mmHg mL™! (p =
0.001), and ventriculo-arterial coupling from 2 (1.67-2.59) to 1.80 (1.40-2.21) (p = 0.001). In
contrast, patients without intraventricular dyssynchrony at baseline showed an increase in t-
TIV after hemodynamic treatment, with no statistically significant change in the other

parameters. The type of hemodynamic treatment showed no effect on t-TIV changes (p =

0.906).

3.2 Study no II. Challenges in monitoring hemodynamic de-escalation and congestion
prevention: arterial hypotension following norepinephrine decrease in septic

shock patients is not related to preload dependence (40)

Due to its action on two types of adrenergic receptors, alpha and beta adrenergic
receptors, norepinephrine can modulate several components of the cardiovascular
equilibrium, including venous return, cardiac preload, inotropism, and afterload (41).

Because of these effects, the intuitive but still incompletely demonstrated corollary would be

9



that reducing the dose of norepinephrine during de-escalation would lead to a decrease in
venous return and cardiac preload, and therefore cardiac output (42),(43). As acute
circulatory failure is frequently associated with altered preload and vasomotor tone, and
because norepinephrine can have effects similar to volume expansion (through
venoconstriction), clinicians may decide to administer fluids haphazardly to wean off
norepinephrine in order to improve or expedite this process. The main objective of this study
was to evaluate the association between preexisting preload dependence and the decrease in

arterial pressure after norepinephrine withdrawal.

3.2.1 Methods

This prospective observational study included adult patients diagnosed with septic
shock and treated with continuous noradrenaline infusion, for whom the treating physician
decided to decrease the noradrenaline dose, and who were monitored using a PiCCO®
device. Patients treated with adrenaline and/or dobutamine, patients with arrhythmias and

intra-abdominal hypertension were excluded.

The included patients were hemodynamically evaluated in three consecutive stages:
(1) at the initial time point; (ii) after reducing the noradrenaline dose by 0.04 ug kg-1 min-1;
patients were classified as responsive if they recorded a decrease of more than 10% in mean
arterial pressure (MAP) after the reduction of noradrenaline dose. (iii) the third set of
measurements was performed after achieving volume expansion with 500 ml of saline
solution administered intravenously over a period of 10 minutes; patients were classified as

responsive if they recorded an increase of more than 10% in MAP.

3.2.2 Results

Forty-five patients were included in the study. The median age was 67 [60-78] years,
36% were female, and the SAPS II score at admission had a median of 55 [45-63]. At the
initial hemodynamic evaluation, 6/45 (13%) patients had a positive passive leg raising (PLR)
test (preload dependence). No statistically significant association was found between the
initial positive PLR test and pressure responsiveness after weaning from noradrenaline
(p=1.0). With an AUC of 0.42 (95% CI 0.25-0.59, p=0.395), the change in stroke volume
variation during PLR did not demonstrate adequate predictive ability for pressure response
after noradrenaline weaning.

The prevalence of positive PLR was not different between the two subgroups of

responsive and non-responsive patients (14% versus 13%, p=1) after IV fluid administration.
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Pressure responsiveness after reducing the dose of noradrenaline was not associated with

pressure responsiveness after volume repletion (14 (40%) versus 8 patients (23%), p=0.211).

Ventriculo-arterial coupling values (determined by PiICCO®) were not statistically
significantly different between responsive and non-responsive patients, either at the initial
evaluation (3.39 [2.99-4.75] versus 4.19 [3.42-5.69], p=0.197), after reducing the dose of
noradrenaline (3.49 [3.00-4.65] versus 4.07 [3.47-5.36], p=0.252), or after volume repletion
(3.15[2.71-4.6] versus 3.93 [3.4-5.6], p=0.145).

3.3 Study no III. The potential of the new parameters in hemodynamic de-escalation:
early diuretic initiation was associated with cardiac index and ventriculo-arterial

coupling improvement in resuscitated congestive patients

Venous congestion is commonly treated with diuretics, which are an important part of
the therapeutic de-escalation phase in intensive care (12). Several clinical studies have
demonstrated the benefits of volume depletion in mechanically ventilated patients, but have
excluded patients on vasopressor treatment or in the initial acute phase of shock (13),(44). In
clinical practice, early administration of diuretics is not a straightforward decision,
considering the risks of hemodynamic instability and impaired renal function (45). More data
is needed on the macro- and microcirculatory effects of volume depletion in congestive

patients in intensive care, especially in the initial phases of therapeutic de-escalation.

The primary objective of this study was to describe the hemodynamic effects of volume
depletion (on cardiac index and ventriculo-arterial coupling) with diuretic treatment in the de-

escalation phase of acute circulatory shock in ICU patients.

3.3.1 Methods

This study is a post-hoc analysis of a prospectively collected database from a
cardiovascular intensive care unit in a university hospital. Inclusion criteria were consecutive
adult patients for whom the attending physician decided to administer a loop diuretic. The
indication for diuretic administration was at the discretion of the attending physician (clinical
signs of hypervolemia, congestion, oliguria in the context of positive fluid balance). In the
intensive care unit where the data were collected, diuretic treatment is standardized in
accordance with international guidelines (46). Exclusion criteria were diuretic treatment

administered in the intensive care unit prior to study inclusion, permanent arrhythmia, renal

11



replacement therapy, patients with hemodynamic instability (variation in arterial pressure
>10% despite hemodynamic treatment and/or need for increased hemodynamic support), and
incomplete echocardiographic data. Patients were evaluated clinically and hemodynamically
immediately before the initiation of diuretic treatment (baseline) and 24 hours later. Patients

with a central venous pressure (CVP) greater than 12 mmHg were classified as congestive

(17).

3.3.2 Results

Seventy patients were included in this study, with a median age of 71 [63-76] years
and a severity score at admission (Simplified Acute Physiology Score II) of 46 [33-58], of
whom 43/70 (61%) were male. 26/70 (37%) patients were admitted to the intensive care unit
for non-surgical causes. The median length of stay in the intensive care unit prior to diuretic
administration was 2 [1-3] days. At baseline, 51/70 (73%) patients were classified as
congestive. 19 congestive patients (27%) and 4 non-congestive patients (21%) were under
treatment with norepinephrine. The norepinephrine dose was 0.13 [0.06-0.31] mcg kg'! min’!
in the congestive group and 0.09 [0.03-0.33] mcg kg! min™! in the non-congestive group
(p=0.596). Following diuretic administration, the cardiac index increased in the congestive
group from 2.5+ 0.82.5+ 0.8 L min” m 2 t0 2.7 £ 0.8 L min' m 2 (p=0.042), but not in the
non-congestive group (from 2.7 + 0.8 L min' m 2 to 2.7 + 0.7 L min' m 2 | p=0.968). A
decrease in arterial lactate was observed in the congestive group (from 2.1 £ 2 mmol L' to
1.3 £ 0.6 mmol L', p=<0.001), but not in the non-congestive group (1.2 = 0. mmol L™ vs 1.1
+ 0.4 mmol L', p= 0.444). Diuretic treatment was also associated with an improvement in
ventricular-arterial coupling compared to baseline values in the congestive patient group
(from 1.92 £ 1.5 to 1.69 = 1, p=0.031), without significant effects for the other group (1.28 +
0.8 vs 1.23 + 0.6, p=0.937).

3.4 Study no IV. New echographic parameters and diuretic treatment monitoring:
Doppler evaluation of portal and renal veins predicts the adequate response to

diuretics in ICU (47)

Monitoring diuretic treatment is challenging in practice, as the natriuretic response to a
standard diuretic test dose, as suggested in the literature, may not always adequately predict
decongestion due to intra- and inter-individual variability (48). Among the novel parameters
proposed in studies, portal pulsatility index appears to be the most promising, as it is

12



associated with venous congestion and hypervolemia (49). Case studies have suggested an
association between portal pulsatility index and renal venous impedance and clinical response
to diuretic-induced volume depletion (50). However, there are no studies in intensive care
regarding the usefulness of portal pulsatility index in identifying patients who will respond to

volume depletion with diuretic administration.

The primary objective of this study was to evaluate the ability of portal pulsatility index

to detect an adequate response to diuretic-induced volume depletion.

3.4.1 Methods

We conducted a prospective, observational, single-center study in a cardiovascular
mixed ICU. Consecutive adult patients with clinical signs of hypervolemia without preload
dependence (negative passive leg raising test) and for whom the intensivist decided to
introduce furosemide treatment for several days were included. Exclusion criteria were
diuretic treatment in the immediate period prior to study inclusion, permanent atrial
fibrillation, renal replacement therapy, and unstable hemodynamic shock. Patients were
evaluated immediately before diuretic treatment, after 2 hours, after 24 hours, and on the last
day of intensive care. The portal pulsatility index was determined by evaluating PW Doppler

of the portal vein at the hepatic hilum (51).

Taking into account published literature, a congestion score was constructed based on
various clinical and paraclinical indicators of congestion(52-54). Adequate volume depletion
under diuretic therapy was considered achieved if the congestion score decreased to below 3
at the end of the study, for patients with significant clinical congestion at the initial time point

(54).

3.4.2 Results

81 patients were included. In this study cohort, the mean age was 68 + 11 years, 51
(63%) were male, and the mean SAPS II score was 46 + 18. 43 (53%) patients had an initial
congestion score > 3. 34 patients (42%) had an adequate response to diuretics. Left and right

cardiac echocardiographic parameters were similar between the two response groups.

The portal pulsatility index at the initial time point demonstrated a very good ability to
predict an adequate response to diuretic treatment (AUC = 0.80, 95%CI 0.70-0.92, p =
0.001). In multivariate logistic regression analysis, the portal pulsatility index (OR = 20.9,
95%CI 2.8-158.9, p = 0.003), cardiac index (OR = 6.9, 95%CI 17-28.5), and renal venous
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impedance pattern (OR = 6.3, 95%CI 2.2-18.2) were statistically significantly associated with

an adequate response to diuretics.

3.5 Study no V. Role of ultrasound femoral vein evaluation: a pulsatile Doppler flow

pattern is associated with congestion in ICU patients

Diagnosis of venous congestion is difficult in critically ill patients due to false positive
signs. Recent case studies have observed a pulsatile pattern of femoral venous flow in right
heart failure (55), severe ARDS patients (56), as well as in non-pathological contexts (57).
These observations suggest that pulsatility of femoral venous flow may be associated with
venous congestion in cases of heart failure and problematic cardio-respiratory interactions in
critically ill patients. To date, no study has evaluated the association between pulsatility of
femoral venous flow and cardio-respiratory variables in critically ill patients. Pulsatile
femoral venous flow may be an independent indicator of venous congestion. The objective of
this study was to evaluate the association between pulsatile pattern of femoral venous flow

and ultrasound indicators of venous congestion.

3.5.1 Methods

The study had a retrospective design, analyzing an ultrasound database from three
medical-surgical intensive care units. Patients who were evaluated by ultrasound at multiple
time points during their intensive care unit stay were included: at baseline (within the first 24
hours of intensive care unit admission) and/or daily during intensive care unit stay (day 1, day
2, day 5, and/or in the last 24 hours before intensive care unit discharge). The common
femoral vein was evaluated with Doppler at the femoral triangle level, using a high-frequency
(5-13 MHz) vascular mode transducer. Venous flow was considered pulsatile when it showed

cyclic retrograde increase and decrease, inversely correlated with the cardiac cycle(58).

3.5.2 Results

A total of 108 patients who underwent a total of 400 ultrasound evaluations, with an
average of 3.7 + 1 ultrasound evaluations per patient during their stay in the intensive care
unit, were included in the study. A pulsatile femoral venous flow was observed at least once

in 79/108 (73%) of patients.

Multivariate logistic regression analysis with mixed effects demonstrated an association

between pulsatile femoral venous flow and body mass index (OR 0.91, 95%CI 0.85-0.96,
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p=0.002), inferior vena cava diameter (OR 2.35, 95%CI 1.18-4.66, p=0.014), portal venous
pulsatility (OR 2.3, 95%CI 1.2-4.4, p=0.012), and renal venous pulsatility (OR 4.02, 95%CI
2.01-8.03, p<0.001).

3.6 Conclusions and personal contributions

The study no. I established, for the first time, a link between patients with
intraventricular dyssynchrony (prolonged total isovolumic time, an indicator of
electromechanical coupling inefficiency) and those with ventriculo-arterial decoupling,
determined by ultrasound. The results suggest that patients with intraventricular d
dyssynchrony and ventriculo-arterial coupling impairment may specifically benefit from
hemodynamic treatment (intravenous fluid administration, vasopressor support, or inotropic

support).

The study no. II focused on the hemodynamic peculiarities of the hemodynamic de-
escalation phase (vasopressor weaning). Contrary to intuition, no association was found
between the hypotension induced by the decrease in norepinephrine dose and the previous
preload dependency. Additionally, the intravenous fluid administration to hypotensive
patients after the decrease in norepinephrine dose did not lead to an increase in arterial
pressure. This study suggests caution in the use of hemodynamic parameters validated in the
acute phase during the de-escalation phase and provides important data against the liberal

administration of intravenous fluids in this context.

The study no. III analyzed the hemodynamic response to early diuretic treatment in the
therapeutic de-escalation phase (some patients were still under vasopressor support and with
abnormal arterial lactate levels). Congestive patients recorded a marked hemodynamic
response towards normalization of hemodynamic parameters, including ventriculo-arterial
coupling, regardless of the presence or absence of vasopressor support. The results suggest
that in selected patients, hemodynamic de-escalation could be initiated even earlier than

previously believed.

The study no. IV presented original data in favor of the portal pulsatility index in
predicting a positive response to volemic depletion during the therapeutic de-escalation
phase, compared to other echocardiographic indices. The results suggest that the portal

pulsatility index could be successfully used to guide diuretic treatment.
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The study no. V showed the important association between venous congestion and a

pulsatile femoral vein flow pattern, for the first time in a general population of ICU patients.

The results suggest that ultrasound evaluation of the femoral vein could be useful in

diagnosing venous congestion.

The results of this thesis demonstrated in a multifaceted approach the importance of

ultrasound evaluation for the hemodynamic monitoring in ICU. The evaluation of peripheral

and splanchnic venous circulation, integrative quantification of the relationship between the

heart and the arterial system (by determining ventriculo-arterial coupling), can be useful

approaches in identifying congestive patients and guiding decongestive diuretic or other

hemodynamic treatments, as suggested by the results of this thesis.
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