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• Fluid Overload (FO) and glycocalyx dysfunction

• “Personalized” QUFNET

• The role of Lymphatic System
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Many studies in 
adult and pediatric 

patients who
required CRRT 
(or not) have

demonstrated a 
clear association

between fluid 
overload and 

mortality



• Positive fluid balance and venous congestion have been associated with poor
outcome in critically ill patients and in organ dysfunction (i.e. lung, kidney, liver,
and gut).

Legrand M et al. Critical Care (2013)

Malbrain MLNG et al. Ann. Intensive Care (2018)



• Cardiovascular
• Respiratory
• Renal
• Neurological
• Haematological
• Hepatic systems



Damage

Iba T M et al. Journal of Thrombosis and Hemostatsis (2019) 



Endothelial dysfunction

• The endothelium forms the inner cell layer of blood vessels and the lymphatics
and has a major role in controlling blood flow and vascular tone as well as being
involved in immune responses

Opal, S et al. J. Intern. Med. 277, 277–293 (2015).

Altered endothelial function
is common in all affected
organs in sepsis and has a
key role in the pathogenesis
of multiple organ failure.

disruption of normal cell–
cell connections, including 

adherens junctions

Oedema formation and reduced microvascular
perfusion



https://pulmccm.org/ards-review/revised-starling-principle-implications-rational-fluid-therapy/

transendothelial hydrostatic pressure (Pc-Pi) & colloid osmotic pressure difference (πc – πi)
(Alb)

Staverman's reflection coefficient (σ) = n.v. 1 
(glycocalyx layer is fully effective) 

Jv = [Pc – Pi] – σ[πc – πi]
Staverman's reflection
coefficient (σ) close to 1 

Pco (force opposing
filtration) =
σ[πc – πi] + Pi



https://pulmccm.org/ards-review/revised-starling-principle-implications-rational-fluid-therapy/

• Πi = High (16 mmHg)
• Pi = Low No absorption



Levick JR, Michel CC. Microvascular fluid exchange and revised Starling principle. Cardiovasc
Res. 2010;87:198–210.



https://pulmccm.org/ards-review/revised-starling-principle-implications-rational-fluid-therapy/

The revised Starling-Glycocalyx model



Aukland K et al. Physiol Rev (1993)



During times of health, the interstitial fluid
volume remains fairly constant with
estimated 8 to 20 L of fluid per day leaving
the capillaries and entering the interstitial
space where it exits through the lymphatics
or is reabsorbed at the venular-end of the
capillaries.

Wiig H et al. Physiol Rev (2012)
Renkin EM. Am J Physiol Heart Circ Physiol (1986)

In an average resting adult, the thoracic
duct returns about 100 mL/h of fluid.

Additional 25 mL/h from
the right lymphatic duct



Lymphatic smooth muscle basal tonicity, contraction amplitude,
and frequency are influenced by multiple stimuli including
neuronal, humoral, and cellular signaling

Chakraborty S et al. Semin Cell Dev Biol (2015)
Kurtz KH et al. Microcirculation (2014)

Scallan JP et al. J Physiol (2013)
McHale NG et al. J Physiol (1980)

SEPSIS (PAMS –LPS-, 
DAMS, CK….)



A number of studies have reported an association between a more
positive fluid balance and mortality risk in sepsis

Acheampong et al. Crit. Care 19, 251 (2015).
Brotfain, E. et al. Am. J. Emerg. Med.34, 2122–2126 (2016).

Sakr, Y. et al. Crit. Care Med. 45, 386–394 (2017).

Courtesy of Prof. C. Ronco



UFNET = net ultrafiltrate volume removed from 
the patient by the machine

Net ultrafiltration flowrate (Δ weight
flowrate) (weight loss flowrate)

ml/h

Net volume of fluid removed from the patient by
the machine per unit of time

Neri et al. Critical Care (2016) 20:318



AKI
Confusion
CVA
MOF
Hypotension
Tissue perfusion
Splanchnic ischemia
Anastomosis leakage
…

HYPOVOLEMIA

Edema
AKI

Respiratory failure
Impaired healing

Altered mobilisation
MOF
Ileus

Anastomosis leakage
Infections

Intraabdominal hypertension

…

FLUID OVERLOAD

FLUID BALANCE and MOF



Murugan R et al. Critical Care (2018)

We stratified UFNET as:
• Low (≤ 20 ml/kg/day)
• Moderate (> 20 to ≤ 25 ml/kg/day)
• High (> 25 ml/kg/day) intensity

Conclusions:
Among critically ill patients with ≥ 5% fluid overload and receiving
RRT, UFNET intensity > 25 ml/kg/day compared with ≤ 20
ml/kg/day was associated with lower 1-year risk-adjusted mortality.
Whether tolerating intensive UFNET is just a marker for
recovery or a mediator requires further research.



We (Murugan at al) asked a … question:
does UFNET intensity and a threshold “dose”
of UFNET matter in the treatment of FO
independent of fluid balance?

Murugan R et al. Critical Care (2018)



less
intensive 

UFNET

Slower rate or smaller
volume of fluid removed

may be associated with 
prolonged exposure to 
tissue and organ edema
and increased morbidity

and mortality!

Murugan R et al. Critical Care (2018)

MORE 
intensive 

UFNET

Faster rate or larger volume 
of fluid removed

may be associated with increased
hemodynamic and cardiovascular

stress!

Ischemic organ injury and 
mortality in critically ill patients



Lumlertgul et al. BMC Nephrology (2020)



• The survey was distributed to 23,009 practitioners from three societies
(16,360 from ESICM, 4649 from Italian Society of Intensive care, and 2000
from British Association of Critical Care Nurses).

• The most represented countries were the United Kingdom (UK) (37.3%), Italy
(16.1%), Spain (6.4%), Greece (5.0%), France (4.5%), Portugal (4.3%), and
Germany (3.5%);

Lumlertgul et al. BMC Nephrology (2020)

679 practitioners from 31 
European countries who
responded



Fluid removal practice

• IHD = median of 5.0% (IQR,0–25.0%)
• PIRRT = median of 1.0% (IQR, 0–20%)

IHD

Lumlertgul et al. BMC Nephrology (2020)

CRRT

• CRRT = 90.0% (IQR, 30.0–100.0%) as the first
modality for ultrafiltration.



Lumlertgul et al. BMC Nephrology (2020)

The median initial net ultrafiltration (UFNET) prescription in
hemodynamically stable patients = 149 mL/hr (IQR 100–200)

The median initial maximal rate of and 300 mL/hr (IQR 201–352)

The median UFNET in hemodynamically unstable patients rate = 98
mL/hr (IQR 51–108)

. . . and varied significantly between countries

CRRT



Lumlertgul et al. BMC Nephrology (2020)

When hemodynamic instability occurred, 70.1% of
practitioners reported decreasing the rate of fluid
removal, followed by starting or increasing the dose
of a vasopressor (51.3%).



Legrand M et al. Critical Care (2018)



• This strategy may, however, compromise venous return and
therefore cardiac output, which may impact organ perfusion and
organ function recovery.

Guyton AC et al. 
Am J Physiol (1957); 189:609-15



RVR

Pcf Pra
Venous Return = Cardiac Output

-
. . . 
- Sedation
- Analgesia
- Inflammation
- Sepsis . . . 



• Initiation of volume depletion should be associated with
haemodynamic monitoring in order to avoid either
under- or over-treatment with a risk of hypoperfusion.

Decreasing IV hydro.
pressure

Without decreasing
VRàCO



Indications and management of mechanical fluid removal
in critical illness
M. H. Rosner1†, M. Ostermann2†*, R. Murugan3, J. R. Prowle4, C. Ronco5, J. A. Kellum3, M. G. Mythen6

and A. D. Shaw7 for the ADQI XII Investigators Group

1 Division of Nephrology, University of Virginia Health System, Charlottesville, VA, USA
2 Department of Critical Care Medicine, King’s College London, King’s Health Partners, Guy’s and St Thomas’ Foundation Hospital, London SE1
7EH, UK
3 The Center for Critical CareNephrology, CRISMA, Department of Critical CareMedicine, University of Pittsburgh School ofMedicine, Pittsburgh,
PA, USA
4 Adult Critical Care Unit, The Royal London Hospital, Barts Health NHS Trust, London, UK
5 Department of Nephrology, Dialysis and Transplantation, International Renal Research Institute (IRRIV), San Bortolo Hospital, Vicenza, Italy
6 University College London Hospital and University College London NIHR Biomedical Research Centre, London, UK
7 Department of Anesthesiology and Critical Care Medicine, Duke University Medical Center/Durham VAMC, Durham, NC, USA

* Corresponding author. E-mail: marlies.ostermann@gstt.nhs.uk

Editor’s key points

† The authors provide
guidelines on the
mechanical management
of fluid overload based on
a Delphi analysis.

† Further work is needed on
the role and practice of
mechanical fluid removal
in critically ill patients not
meeting fluid balance
goals.

Background. The Acute Dialysis Quality Initiative (ADQI) dedicated its Twelfth Consensus
Conference (2013) to all aspects of fluid therapy, including the management of fluid
overload (FO). The aim of the working subgroup ‘Mechanical fluid removal’ was to review the
indications, prescription, and management of mechanical fluid removal within the broad
context of fluid management of critically ill patients.

Methods. The working group developed a list of preliminary questions and objectives and
performed a modified Delphi analysis of the existing literature. Relevant studies were
identified through a literature search using the MEDLINE database and bibliographies of
relevant research and review articles.

Results. After review of the existing literature, the group agreed the following consensus
statements: (i) in critically ill patients with FO and with failure of or inadequate response to
pharmacological therapy, mechanical fluid removal should be considered as a therapy to
optimize fluid balance. (ii) When using mechanical fluid removal or management, targets
for rate of fluid removal and net fluid removal should be based upon the overall fluid
balance of the patient and also physiological variables, individualized, and reassessed
frequently. (iii) More research on the role and practice of mechanical fluid removal in
critically ill patients not meeting fluid balance goals (including in children) is necessary.

Conclusion. Mechanical fluid removal should be considered as a therapy for FO, but more
research is necessary to determine its exact role and clinical application.

Keywords: fluid balance; fluid therapy; kidney failure

Accepted for publication: 15 March 2014

Volume overload or fluid overload (FO) (here defined as a posi-
tive value of the total input2total output/the initial body
weight) is a commonoccurrence in critically ill adult andpaedi-
atric patients and is associatedwith deleterious consequences
that worsen with increasing severity of FO.1–6 For instance, a
paediatric study found a 3% increase in mortality for every
1% increase in FO and children with more than 20% FO had
an odds ratio for mortality of 8.5 compared with ,20% FO.4

In particular, there appears to be a significant interaction
between FO and acute kidney injury (AKI) in determining
the risk of adverse outcomes. Positive fluid balance has been

associated with increased AKI incidence,7 and non-recovery
of renal function inAKI survivors.5 8 A largenumberof observa-
tional studies have associated FO in patients with AKI and
death in both adults9 10 and children,3 11 and FO remains inde-
pendently associated with adverse outcomes in AKI after
accounting for illness severity and haemodynamic instability
inmultivariate analyses.2 3 9 10–13 However, without prospect-
ive data, it is difficult formally to separate the effect of FO as a
marker of illness severity and its treatment, from a direct
causative role in outcomes thatmight bemodifiable bymech-
anical or pharmacological fluid removal.

† These authors contributed equally to the manuscript and fulfill criteria for first authorship.
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It is also important to establish whether fluid has accumu-
lated globally in the intra- and extravascular space or just in
a single compartment, for instance, in the pleural or peritoneal

space. In the case of localized fluid accumulation, symptoms
may be relieved by relatively simple techniques, that is, chest
drain insertion or paracentesis. These therapies should be con-
sidered, especially if therearenoother indications formechan-
ical fluid removal or renal replacement therapy (RRT).

Knowledgeofapatient’s acuteandchronic illnessandmon-
itoring of adequacy of cardiac output and tissue perfusion and
also dynamic indices suggestive of haemodynamic fluid re-
sponsiveness can help clinicians set safe rates for fluid
removal. These are likely to require regular reassessment, par-
ticularly when fluid removal is first attempted and in patients
who are more severely ill. Occasionally, these concerns may
be overridden by life-threatening consequences of FO, which
may dictate faster rates of fluid removal initially. Examples of
rates of fluid removal appropriate to differing clinical contexts
are shown in Figure 3.

Choosing a mechanical fluid removal modality
Thereareseveral formsofmechanicalfluid removal thatcanbe
effectively utilized in the therapy of the FO patient (Table 3).
Ultrafiltration is the primary modality for fluid removal in
these techniques. This process consists of the production of
plasma water from whole blood across a semi-permeable
membrane in response toa transmembranepressuregradient.
Because the semi-permeable membrane effectively sieves
largermolecules suchasplasmaproteins, theultrafiltrate is ef-
fectively an iso-osmotic crystalloid solution of plasma water
and electrolytes. Continuous veno-venous haemofiltration
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Fig 3 Rate of mechanical fluid removal. Examples of patients with
FOas a result of disease or fluid resuscitation requiringmechanical
fluidmanagement to illustrate how different rates of fluid removal
are appropriate to different clinical settings. Rapid early fluid
removal may be indicated in cardio-renal syndrome (A), but a
slower removal may be required for haemodynamic tolerability
after resolution of pulmonary oedema. Patients with single organ
renal failure (B) may tolerate more rapid fluid removal than those
with AKI complicating severe sepsis (C) or septic shock (D). In
septic shock, mechanical fluid removal may at first be targeted to
limit the accumulation of further fluid until clinical stabilization
allows slow resolution of accumulated fluid excess. Figure repro-
duced with permission fromADQI 12 (Acute Dialysis Quality Initia-
tive. http://www.adqi.org/).

Table 3 Mechanical fluid removal techniques. SCUF, slow continuous ultrafiltration; CVVH, continuous veno-venous haemofiltration

Modality Blood flow
rates
(ml min21)

Fluid removal
rates (ml h21)

Anti-coagulation Advantages Disadvantages

Intermittent
ultrafiltration

250–400 0–2000 Desirable Widely available Less effective in reaching
fluid balance goals
Can lead to haemodynamic
instability
Requires venous access

Continuous
ultrafiltration

50–100 0–300 Desirable Can be performed as either SCUF or
CVVH
Haemodynamically better tolerated
CVVHallows fora replacement solution
and dissociation of sodium and water
clearance

Requires venous access
Not as widely available

Peritoneal dialysis Not applicable 0–500 Not required Modality of choice for paediatrics
No venous access
Haemodynamically more stable

Cannot be used in patients
with abdominal surgery or
trauma
Not available at all sites
Requires technical expertise
to place catheters

Haemodialysis
(intermittent)

250–400 0–2000 Desirable Widely available
Adds clearance of solutes

Less effective in reaching
daily fluid balance goals
Can lead to haemodynamic
instability
Requires venous access

Haemodialysis
(continuous)

50–100 0–300 Desirable Adds clearance of solutes
Haemodynamically more stable

Requires venous access
Not as widely available

Indications and management of mechanical fluid removal BJA
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Rapid early fluid removal may be indicated in cardio-renal syndrome (A), but 
a slower removal may be required for haemodynamic tolerance after 
resolution of pulmonary oedema. Patients with single organ renal failure (B) 
may tolerate more rapid fluid removal than those with AKI complicating 
severe sepsis (C) or septic shock (D).

THE IMPORTANCE OF NET UF TRAJECTORY

Euvolemia
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Expanded INTRAVASCULAR Volume
Expanded INTERSTITIUM



Conclusions
ü UFNET is a key issue in ICU patients

ü Both excessive and insufficient UFNET eventually
lead to negative outcomes

ü Lymphatic drainage has in important role in
decreasing tissue edema and may be impaired in
septic patients.

ü Hemodynamic monitoring could be useful before
and during CRRT to set UFNET intensity!
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Stefano Romagnoli, MD, Ph.D



L’organismo umano interagisce continuamente con l’ambiente
esterno attraverso l’elaborazione di comportamenti adattativi, cioè di
meccanismi di autoregolazione che avvengono spesso
automaticamente e indipendentemente dalla consapevolezza della
persona, poiché sono regolati dai sistemi neurovegetativo, endocrino
ed immunitario.





Automazione
la tecnologia che usa sistemi di controllo (come circuiti logici o
elaboratori) per gestire macchine e processi, riducendo la necessità
dell'intervento umano, ovvero per l'esecuzione di operazioni
ripetitive o complesse, ma anche dove si richieda sicurezza o
certezza dell'azione o semplicemente per maggiore comodità.

L'origine del termine "automazione" risale
al 1952











L’uomo è per natura fallace. Ogni MEDICO, così come gli INFERMIERI e il
personale DI REPARTO, deve convivere e combattere questa debolezza.

Evitare del tutto la possibilità di commettere un errore sarebbe utopistico.

L’errore, oltre che intrinsecamente legato alla natura umana, è favorito da una
serie di fattori come ad esempio i carichi di lavoro, la time pressure etc.



L’uomo è per natura fallace. Ogni pilota, così come gli equipaggi e il
personale a terra, deve convivere e combattere questa debolezza.

Evitare del tutto la possibilità di commettere un errore sarebbe utopistico.

L’errore, oltre che intrinsecamente legato alla natura umana, è favorito da una
serie di fattori come ad esempio i carichi di lavoro, la time pressure etc.



BIF Mag-Giu 2001 - N. 3 99

BMJ Publications, 1995:31-54 (modif).



Technical   Complications of Continuous
Renal Replacement Therapy

« »

Contrib Nephrol (2018)







• The most frequent cause for the interruption of CRRT was clotting of the
extracorporeal circuit.

• The other common reason for interruption of CRRT was transport of patients to
various diagnostic and therapeutic procedures.

Venkataraman R et al. Journal of Critical Care, 2002:246-250



Venkataraman R et al. Journal of Critical Care, 2002:246-250

ü Pump‘s stop
ü Fluid Balance alarms
ü Bag / Syringe changes
ü Patient‘s mobilization
ü Bag‘s change anytime
ü Stop for diagnostics
üStop for surgical / internetional procedures

• The most frequent cause for the interruption of CRRT was clotting of the
extracorporeal circuit.

• The other common reason for interruption of CRRT was transport of patients to
various diagnostic and therapeutic procedures.



Dose
Dialitica e QNET

UF

mg/die

mg/Kg/die

mcg/Kg/min

. . . 



Previous studies of CRRT have shown that 
delivered dose is 68–89% of prescribed dose

Evanson, J. A. et al. Am. J. Kidney Dis. 32, 731–738 (1998).
Vesconi, S. et al. Crit. Care 13, R57 (2009).

In a study by Venkataraman et al. the lower delivered dose of CRRT was caused by
interruptions in the CRRT, which led to a total effluent volume over 24 h that was
lower than the prescribed dose.

In the RENAL trial, the actual effluent volume computed by the machine was used to
determine an estimated dialysis dose. The difference between the prescribed dose
and this estimated dose was 16% in the high-intensity dose group and 12% in the
low-intensity dose group

In the ATN study, the average daily duration of therapy was approximately 21 h in
both groups, allowing for 89% and 95% of the prescribed effluent volume to be
delivered to the intensive and less-intensive dose groups, respectively

Venkataraman, R et al. J. Crit. Care 17, 246–250 (2002)

Bellomo R et al. N. Engl. J. Med. 361, 1627–1638 (2009)

Palewsky PM et al. N. Engl. J. Med. 359, 7–20 (2008)



DOSE DIALITICA e QUF
NET



Compensazione 
automatica del volume di 

sostituzione

1





Cerdà J et al. Blood Purif (2016)

The role of prescription-delivery 
feedback loop during CRRT.



The role of prescription-delivery 
feedback loop during CRRT.

If a prescription delivery feedback loop is used (e.g., biofeedback), the
differences between the treatment delivery and patient’s physiologic
requirement might be instantaneously measured.



Prescribed Renal Dose

Real Renal Dose



Schlapfer P et al. Blood 
Purif 2017; 43:11-17



Schlapfer P et al. Blood Purif 2017; 43:11-17



Achieved renal dose = 94.9% of ta
rgeted dose

Schlapfer P et al. Blood Purif 2017; 43:11-17



Esclusione temporanea 
degli allarmi di pressione

2



L'apparecchiatura cerca di gestire automaticamente le
situazioni in cui gli allarmi relativi alla pressione arteriosa e
venosa possano essere causati dal movimento del paziente o
da temporanee strozzature delle linee di accesso che
provocano sbalzi pressori.



Curr Opin Crit Care 2018

Inflow pressure

Inflow pressure is an
indirect indicator of
the quality and
function of
the vascular access.
Acute drops in inflow
pressure may be
encountered during
patient’s mobilization,
coughing or other
instances, particularly
when the vascular
access is imperfectly
placed.

Such acute drops, even if reversible, should be prevented to optimize filter life.



Pressione arteriosa (AP) e/o
Pressione venosa (VP) 

• QB viene abbassato a 1 mL/min per 3 secondi per evitare il
blocco della pompa sangue e l'attivazione di allarmi non
necessari.



Lines kinked
During patient mobilization 



• Se la pressione arteriosa e venosa sono rientrate
nell'intervallo di normalità, il flusso sangue viene
incrementato progressivamente fino al valore impostato.

• Se la pressione arteriosa rimane al di sotto dei limiti o la
pressione venosa rimane al di sopra dei limiti, vengono
generati gli allarmi Pressione arteriosa bassa e
Pressione venosa elevata.



Conclusions
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Murugan R et al. Nature Reviews | Nephrology 2020
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