
You are Cordially Invited to Our Scientific Symposium at Euroanaesthesia 2016 in London

The Future of Noninvasive Monitoring: 
Optimizing Fluid, Blood and Oxygen

Interactive Session, please ask any questions to our Faculty now! For more information, please stop 
by  Masimo, Stand G10. Register and ask your questions at www.masimo.com/thefuture

High-Risk Surgical Patients: Oxygen Delivery and 
Hemodynamic Strategies
Jean-Louis Vincent, MD, PhD
Professor of Intensive Care Medicine (Université Libre de Bruxelles)    
Department of Intensive Care, Erasme University Hospital      
President, World Federation of Intensive and Critical Care Societies (WFSICCM)

Oxygen Reserve Index (ORI™): Validation and 
Application of a New Variable
Thomas W.L. Scheeren, MD, PhD
Professor of Anaesthesiology, Head Cardiothoracic Anaesthesia     
Department of Anaesthesiology, University Medical Center Groningen    
Groningen, The Netherlands

Oxygen Delivery (DO2): An Oversimplified 
Concept?
Azriel Perel, MD
Professor of Anesthesiology and Intensive Care      
Sheba Medical Center, Tel Aviv University        
Tel Aviv, Israel

Space is Limited

RSVP 

Required

PL
C

O
-0

00
06

9/
PL

LT
-1

00
56

A-
04

16

Location:  N Hall 5, ExCel Congress Center, London 
Date and Time:  Sunday May 29th • 12:15pm - 1:45pm
  Lunch will be provided 
Chairperson:   Prof. Jean-Louis Vincent
Please register at www.masimo.com/thefuture

Presenters 

ICU MAGAZINE_OBC_ESA 2016.indd   1 17/05/16   16:17

ICU
MANAGEMENT & PRACTICE

icu-management.org Follow us on twitter @iCu_Management

Biomarkers for Acute Kidney 
Injury

Early Diagnosis and 
Prediction of AKI

Robots in Anaesthesia

Perioperative Respiratory 
Management of Morbidly 
Obese Patients

Chain of Survival after Out-of-
Hospital Cardiac Arrest

Potential Nutritional 
Strategies to Reduce Muscle 
Wasting in Early Critical 
Illness

The Future of ICU Prediction 
Scores in the Era of "Big 
Data"

Vodcasting

Podcasting

Resource Allocation in 
Healthcare

Interview: Prof. Sharon 
Einav, European Society of 
Anaesthesiology

Country Focus: Sri Lanka

Plus

THE OFFICIAL MANAGEMENT AND PRACTICE JOURNAL                                        VOLUME 15  - ISSUE 4 - WINTER 2015THE OFFICIAL MANAGEMENT JOURNAL OF ISICEM                                                  VOLUME 16  - ISSUE 2 - SUMMER 2016

Visit us at 
#ESALondon 

C140

©
Fo

r 
pe

rs
on

al
 a

nd
 p

ri
va

te
 u

se
 o

nl
y.

 R
ep

ro
du

ct
io

n 
m

us
t 

be
 p

er
m

it
te

d 
by

 t
he

 c
op

yr
ig

ht
 h

ol
de

r.
 E

m
ai

l t
o 

co
py

ri
g
ht

@
m

in
db

yt
e.

eu
.



MatRIX
96

ICU Management & Practice 2 - 2016

©
Fo

r 
pe

rs
on

al
 a

nd
 p

ri
va

te
 u

se
 o

nl
y.

 R
ep

ro
du

ct
io

n 
m

us
t 

be
 p

er
m

it
te

d 
by

 t
he

 c
op

yr
ig

ht
 h

ol
de

r.
 E

m
ai

l t
o 

co
py

ri
g
ht

@
m

in
db

yt
e.

eu
.

Background: the Rationale for Robots 
in Anaesthesia
The use of robots is part of the technological 
advancement in several aspects of our lives, 
from aviation to construction, from industry to 
medicine. Different definitions of robots have 
been presented (Hemmerling et al. 2011a). 
Automation, reproducibility and precision of 
an action are key elements of robots, which 
make their use advantageous. Recently this 
progress has involved the field of anaesthesia. 
The concepts of robotisation and automation 
have a potentially great impact on anaesthesia 
for different reasons. Essentially robots perform 
measurements, make decisions and perform 
actions accordingly, which represent what 
anaesthesiologists continuously do to main-
tain body homeostasis (Dumont and Anser-
mino 2013). The activity of anaesthesiologists is 
displayed in complex environments (operating 
room, intensive care unit) and requires techni-
cal and non-technical skills to be competently 
implemented (Smith and Greaves 2010). The 
repetitive implementation of technical and non-
technical tasks (e.g., manual tasks, decision-
making) during the day, or even in an emer-
gency, may negatively affect the performance of 
further tasks, due to the accumulation of fatigue 
and drop in alertness, factors exacerbated by 

ageing and possible coexisting issues, with a 
variable safety outcome for patients (Atcha-
bahian and Hemmerling 2014). Robots can 
eliminate the repetitive part of the workload, 
the acquisition of patient data, decision-making 
and manual tasks, and allow anaesthesiologists 
to efficiently focus on patients and the related 
perioperative issues (Cannesson and Rinehart 
2014). Consequently, the workload is ‘smartly' 
distributed and implemented as if the anaes-
thesiologist had a technological mental and 
physical ‘extension’. In addition, several physi-
ologic functions can be seen as a combination 
of automatic feedback circuitries, which can be 
controlled by robots in such terms. This change 
would mean the increase in accuracy and safety 
of the care being delivered, with robots assisting 
this process without replacing the conduct of 
anaesthesiologists. For these reasons, two main 
types of robots have been developed in anaes-
thesia: pharmacological robots and mechanical 
(or manual) robots (Hemmerling and Terrasini 
2012). A third category is represented by deci-
sion support systems: they can be regarded as 
precursors of robots by helping anaesthesiolo-
gists in decision-making through relevant and 
updated information. This article will present 
an overview on the application of robotisation 
in anaesthesia, focusing on the latest advances.

Pharmacological Robots
Pharmacological robots are designed to correctly 
titrate anaesthetic drugs (Hemmerling and Terra-
sini 2012) and control biological parameters 
of anaesthetic concern. Robots exert a control, 
meaning the regulation of the functioning of 
a system in drug administration (Dumont and 
Ansermino 2013), which is performed by a 
closed-loop modality. Closed-loop or feedback 
control means that in predetermined time inter-
vals a controller acquires measurements of a 
variable (controlled), which are compared to 
a desired target value (set point): if there is a 
difference, the controller modifies the manipu-
lated variable in order to restore the controlled 
variable to the set point (Dumont and Ansermino 
2013). On the basis of this model, three main 
elements are recognised: software (the control-
ler), an effector (e.g., drug delivery system, venti-
lator) and some variables (usually one controlled 
and one manipulated, deriving from either the 
patient or the effector). Robots continuously 
adjust the administration of drugs and main-
tain a biological target without manual input 
(Hemmerling and Terrasini 2012). To date the 
closed-loop control has been applied to the three 
components of anaesthesia: hypnosis, analgesia 
and neuromuscular block. Recently, new appli-
cations concerning ventilation, haemodynamic 
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Technological advancement has made robots an integral part of several 
fields, including medicine. This article provides an overview of the appli-
cation of robots to anaesthesia, highlighting recent developments. Phar-
macological robots are closed-loop systems, able to precisely titrate 
the dose of anaesthetic drugs to a preset value, concerning hypnosis, 
analgesia and neuromuscular block. New evidence shows the possibility 
to feasibly control haemodynamic, respiratory and metabolic parame-
ters. Mechanical robots automatically reproduce manual tasks, showing 
promising performance. Decision support systems and teleanaesthesia 
can improve clinical practice. The use of robots in anaesthesia shows 
the advantage of eliminating the repetitive part of the workload, allowing 
the anaesthesiologist to focus on patients. Additional studies will be 
addressed to test safety and refine algorithms of functioning, in order 
to maintain homeostasis through an automatic integrated control of all 
biological variables. 
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homeostasis, metabolism and temperature have 
been developed (Dumont and Ansermino 2013). 
These modern additions may allow anaesthesi-
ologists to have complete feedback control of all 
aspects of human homeostasis (Fig. 1).

Management of General Anaesthesia 
The idea of automation in anaesthesia is not 
new. The first trials date back to the 1950s when 
volatile anaesthetics were automatically admin-
istered using the electroencephalogram (EEG) 
(Bickford 1950). Schematically the relatively 
few works which followed were carried out 
on volatile anaesthetics using the EEG as input 
variable or on neuromuscular block. Limitations 
in the availability of means for monitoring, the 
advancement of systems for controlling (soft-
ware), as well as the development of intravenous 
anaesthesia explain the initial slow development 
of automation. An important step was the intro-
duction of the Bispectral Index (BIS) to objec-
tively measure the depth of anaesthesia. The BIS 
was initially applied to isoflurane (Gentilini et al. 
2001) or propofol general anaesthesia (Absalom 
and Kenny 2003). The closed loop was used for 
maintenance only in both cases, controlled by 
computer software. Other attempts at automation 
of anaesthesia were made, with more refined 
systems for control. A closed-loop anaesthesia 
delivery system (CLADS) has been successfully 
used for both induction and maintenance of total 
intravenous anaesthesia (TIVA), by intervening 
on the hypnotic component only (single loop) 
(Puri et al. 2007). The target BIS value was set at 
50 and measurements were acquired every five 
seconds; the control algorithm adjusted propo-
fol infusion according to these measurements 
and the last adjustments of dosing: the overall 
quantities of propofol were significantly lower in 
patients followed with CLADS than controls and 
these patients had a quicker recovery (Puri et al. 
2007). This system was shown to function also 
in difficult environments, such as high altitude 
(Puri et al. 2012). A new closed-loop system 
for propofol administration was demonstrated 
to perform better than manual administration 
(Hemmerling et al. 2010a). It has an adaptive, 
rule-based algorithm, meaning that the admin-
istration takes into account a set of rules applied 
to modify the drug dose to achieve the target 
effect. These rules include different factors, i.e., 
previous adjustments, BIS trend, BIS artefacts, 
maximum and minimum allowance of dosing, 
etc. (Hemmerling et al. 2010a). In another study 
(Liu et al. 2011) BIS monitoring was applied to 
the control of the administration of both propo-

fol and remifentanil. Due to the presence of two 
manipulated variables (dose of two drugs), the 
system is acknowledged to be dual loop, even if 
the controlled variable (depth of anaesthesia) is 
one, based on the assumption that painful opera-
tive stimuli cause cortical activation reflected 

by a reduction of the depth of hypnosis and 
analgesia and consequent increase of BIS. The 
control of hypnosis and analgesia was acceptable, 
with quicker extubation (Liu et al. 2011). This 
dual loop system was further refined by using 
the M-Entropy (GE Healthcare, Milwaukee, WI, 

table 1. 

Basic principles of the closed loops embedded in McSleepy. The AnalgoScore is calculated on the basis of an increase 
of MAP and HR due to pain, ranging from -9 (very profound analgesia) to +9 (very superficial analgesia), with an optimal 
range included between -3 and +3. The use of the system is facilitated by a user-friendly interface and voice commands. 
The anaesthesiologists can intervene at any moment. 
BIS bispectral index IR infusion rate MAP mean arterial pressure HR heart rate TOF train of four. 
Symbols: ↑ increase; ↓ decrease; ↔ unchanged; < less than. 
Source: Wehbe et al. 2014, with permission of Springer

Controlled 
variable

Monitoring Timing of 
measurement

Manipulated 
variable

Functioning Additional features

Depth of 
anaesthesia

BIS Every 5 seconds Dose of 
propofol

Change of 
propofol IR 
according to BIS 
values (target 
value: 50)

Recognition of artefacts 
and previous adjustments, 
possibility to stop the 
infusion or administration 
of boli according to BIS 
mean values

Depth of 
analgesia

AnalgoScore Every 2 seconds Dose of 
remifentanil

Change of 
remifentanil IR 
according to MAP 
and HR (target 
value: 0)

Administration of a 
preset minimal dose in 
case of hypovolaemia 
(↑HR, ↔MAP) and vagal 
reactions (↓HR, ↔MAP)

Depth of 
neuromuscular 
block

Phonomyog-
raphy/TOF

Every 15 minutes Dose of 
rocuronium

Administration 
of rocuronium 
boli according to 
TOF ratio (target 
values <25%)

No administration of 
rocuronium if BIS>60 at 
induction or ventilation 
not possible, lockout time 
between two boli of 5 
minutes, no administration 
20 minutes before the end 
of the surgery

Controlled variables
Depth of anaesthesia, arterial 
pressure & heart rate, lactate, 
blood glucose, O2 delivery, body 

temperature 
Patient 

homeostatis

Physiologic functions
level of consciousness, cardiac 
output, respiratory exchanges, 
tissue perfusion, temperature 

regulation

Manipulated variables
drug dosing (anaesthetics, 
vasopressors, insulin), fluid 
volume, FiO2, tidal volume, 

temperature program

Effectors
Infusion pumps, ventilator, 

warming systems

Controller 
Algorithms: on/off, 

proportional-integral-derivative 
(PID), rule-based, model-based, 

neural network, fuzzy logic

Figure 1. Functioning of closed-loop systems. The components of closed-loop systems are highlighted in bold 
on top of the boxes, below some examples. Note that the values of the controlled variables are acquired through 
monitoring, either noninvasive or invasive. To date, studies have mostly been based on noninvasive monitoring; 
elaboration of data deriving from invasive monitoring needs further study.
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USA) as monitoring: similar to BIS, it is derived 
from EEG and elaborates two components, state 
and response entropy, one for hypnosis and one 
for analgesia, respectively (Liu et al. 2012). The 
management of general anaesthesia was better 
than expert manual control (Liu et al. 2012). A 
new system called McSleepy was introduced as 
a pharmacological robot able to autonomously 
control hypnosis, analgesia and neuromuscular 
block at the same time, in regard to induction, 
maintenance and emergence (Hemmerling et 
al. 2010b). Each variable has specific monitor-
ing (BIS, AnalgoScore and train of four [TOF]/
phonomyography, respectively) (Table 1). 
Total intravenous anaesthesia was successfully 
administered to 30 adult patients by McSleepy 
(Hemmerling et al. 2010b). Significantly more 
time with excellent control of hypnosis and good 
control of analgesia was obtained in comparison 
to the control group. A trial on a larger number 
of patients (185 overall) confirmed these data, 
showing a performance better than manual 
administration (Hemmerling et al. 2013a). 
McSleepy has some additional and safety features 
which make it a real robot for anaesthesia (Table 
1) (Wehbe et al. 2014). The control of anaes-
thesia provided by McSleepy can be bypassed by 
the anaesthesiologist when needed (Wehbe et al. 
2014). Other research has used monitoring other 
than BIS (NeuroSENSE Monitor (NeuroWave 
Systems Inc, Cleveland Heights, OH, USA) to 
administer propofol for general anaesthesia 
in closed loop (Dumont et al. 2011). This has 

been safely and effectively applied to the deliv-
ery of general anaesthesia to children, for both 
induction and maintenance, using appropriate 
kinetic and dynamic models (West et al. 2013). 
Recently, systems integrated into the anaesthesia 
workstation have been introduced to automati-
cally adjust the fresh flow gas and the inspired 
concentration of inhaled anaesthetics to reach a 
set value of expired concentration (Singaravelu 
and Barclay 2013). A new trend is emerging 
in regard to closed-loop anaesthesia, which is 
the possibility to simulate the administration 
of anaesthetic drugs (in silico simulations). 
Computerised models have been developed to 
simulate patients and test closed-loop control 
of intravenous drugs, increasing the safety 
of the real administration (Fang et al. 2014; 
Liberman et al. 2013). This is now possible also 
for volatile anaesthetics, allowing a significant 
reduction of dosing by applying a low fresh gas 
flow (Luria et al. 2013). In addition, based on 
the precision of dosing, the use of closed-loop 
systems, unlike manual administration, allows 
performance of fine evaluations of the potency of 
drugs, for instance the comparison among three 
commercially available formulations of propofol 
(Le Guen et al. 2014). Recently the application 
of closed-loop systems has been extended to 
other components of the practice of anaesthe-
sia. In a population of preterm infants receiving 
either invasive or noninvasive respiratory support 
and supplemental oxygen, the manual control 
of the inspired fraction of oxygen (FiO

2
) was 

compared to the closed-loop control: with the 
closed loop, the percentage of time with the 
target arterial oxygen saturation was significantly 
higher than that with the manual control, achiev-
ing a reduced need for adjustments of FiO

2
, even 

if not significant, and so a reduced repetitive 
workload (Hallenberger et al. 2014). Despite the 
current absence of compelling evidence, stud-
ies are being carried out to apply closed-loop 
systems to the control of mechanical ventilation 
and the performance of spontaneous breathing 
trials for weaning in adults (Burns et al. 2014). 
The development of noninvasive and refined 
means of haemodynamic monitoring as well as 
the superiority of goal-directed fluid therapy has 
also led to automation in these fields. A recent 
in silico study (Rinehart et al. 2012) shows that 
closed-loop systems for fluid resuscitation are 
effective in the maintenance of cardiac output, 
stroke volume and arterial pressure to the targets, 
detecting the need for fluid adjustments and 
vasopressors before anaesthesiologists, with 
fewer variations, and working well regardless 
of weight, heart contractility and initial volaemic 
state (Rinehart et al. 2013a). An in vivo study 
in pigs confirms these results (Rinehart et al. 
2013b). For humans, closed-loop control of 
vasopressors (ephedrine and phenylephrine) was 
shown to perform better than manual control 
of hypotension in patients undergoing caesar-
ean section under spinal anaesthesia (Sng et al. 
2014). Closed-loop systems are also effective 
for controlling glycaemic levels in critically ill 

Figure 3. The Magellan System. Patient undergoing 
sciatic block at the popliteal fossa (posterior approach). 
The ultrasound images are transmitted to the cockpit 
(not shown) in real time to guide the robotic arm. 

Figure 2. The Kepler Intubation System. The robotic arm is able to move into the 3 spatial plans, imitating the 
movements of arms and wrists. A camera is placed on it for live video feeding. On the left: the joystick.
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simulated patients by adjusting the insulin deliv-
ery rate without significant fluctuations (Wang 
et al. 2014).

Management of Sedation
Sedasys® (Ethicon, Somerville, NJ, USA) is a 
computer-assisted personalised system intend-
ed for mild to moderate propofol sedation in 
healthy adults, managed by a non-anaesthetist 
member of staff (Banerjee et al. 2011). This 
device has been approved in Canada for colo-
noscopy (Banerjee et al. 2011) and in Australia, 
the European Union and the United States for 
colonoscopy and oesophagogastroduodenoscopy 
(Banerjee et al. 2011; Goudra et al. 2014). The 
system records patient data (e.g. arterial pres-
sure, saturation, respiratory rate), automatically 
adjusts propofol rate infusion, oxygen flow and 
also gives cues to optimise patient responsive-
ness (Banerjee et al. 2011). Another system is 
the hybrid closed-loop sedation system (HSS), 
defined as hybrid since it includes a decision 
support system and a closed-loop control for 
propofol administration (Hemmerling et al. 
2011b; Zaouter et al. 2016). It was tested in 
patients undergoing hip or knee arthroplasty 
under spinal anaesthesia and propofol sedation, 
monitored by the BIS. In the HSS group, the 
control of sedation showed more consistency and 
the control of adverse events (apnoea, hypoten-
sion) was more accurate than manual control 
(Hemmerling et al. 2011b).

Mechanical Robots
This kind of robot is designed to give support or 
replace manual gestures of anaesthesiologists. The 
two main fields of application are endotracheal 
intubation and regional anaesthesia. In regard to 
intubation, a first trial involved the use of the da 
Vinci® Surgical System (Intuitive Surgical, Inc., 
Sunnyvale, CA, USA) in the performance of two 
simulated fibreoptic intubations, which were 
both successful even if technically difficult due 
to the robot design with multiple robotic arms 
(Tighe et al. 2010). The Kepler Intubation System 
(KIS) (Hemmerling et al. 2012a) is composed of 
one robotic arm linked to a standard videolar-
yngoscope at one end, and remotely controlled 
by a joystick controlled in turn by a specific 
software and interface (Fig. 2). Intubations can 
be performed automatically or semiautomati-
cally, under direct vision or remotely: procedural 
time ranged overall from 40 to 60 seconds in 90 
simulated intubations, which were successful at 
the first attempt (Hemmerling et al. 2012a). In 
a trial in 12 patients, the KIS showed a success 

rate of 91% with a mean procedural time of 93 
seconds, without complications (Hemmerling et 
al. 2012b). In regard to regional anaesthesia, an 
attempt at ultrasound-guided nerve block and 
placement of a perineural catheter was carried 
out on a phantom using the DaVinci System, 
with the same constraints mentioned for intuba-
tions (Tighe et al. 2010). The Magellan system 
(Oceanic Medical Products, Inc., Atchison, KS, 
USA), has been developed to perform robot-
assisted, ultrasound-guided nerve blocks by the 
use of a robotic arm, with a nerve block needle 
at the end, guided by a joystick and controlled by 

a specific software and interface (Fig. 3) (Tighe 
et al. 2013). A success rate of 100% was achieved 
on a standard ultrasound phantom (Tighe et al. 
2013) and subsequently in 13 patients undergo-
ing popliteal block with a maximum procedural 
time of 4 minutes (Hemmerling et al. 2013b). 
This system could be integrated with software 
which allows for the automatic recognition of 
the nerve on the ultrasound image, without 
human search (Wehbe et al. 2012). It is still 
under development after the first promising 
results (Wehbe et al. 2012). In addition, it has 
been recently shown that the use of robots for 
ultrasound-guided nerve blocks is associated 
with faster learning and a lower inter-subject 
variability than manual performance in a simu-
lated setting (Morse et al. 2014).

Other Applications
Good clinical practice can be enhanced by the 
use of decision support systems (DSS) and tele-
medicine. Decision support systems are designed 
to provide the performer with updated clinical 
suggestions and options for treatment. They are 
precursors of robots, able to detect adverse events 
and enhance compliance with guidelines. It has 
been shown that DSS are effective in facilitating 
the achievement of haemodynamic (Sonder-
gaard et al. 2012) and ventilation (Blum et al. 
2013) set points, with a performance at least 
the same as the one of the anaesthesiologist. DSS 
improve the detection and the management of 

intraoperative hyper- and hypotension (Nair et 
al. 2014), critical events (respiratory and haemo-
dynamic) during sedation (Zaouter et al. 2014) 
and epidural haematoma in patients under anti-
coagulant or antiplatelet therapy (Gupta 2014). 
Telemedicine is a form of delivery of healthcare 
using information and communication tech-
nologies when distance between the providers is 
significant (Chatrath et al. 2010). Many applica-
tions in anaesthesia are currently under devel-
opment, ranging from pre- and intra- to post-
operative applications, with promising results 
(Chatrath et al. 2010; Galvez et al. 2011). This is 
highly advantageous for some rural areas of the 
world where there may be a paucity of physicians 
and healthcare facilities (Chatrath et al. 2010), 
as well as an additional opportunity for training 
and learning (Galvez et al. 2011). The remote 
control of general anaesthesia has been success-
fully performed between two different countries 
(Canada and Italy) by using robots (McSleepy) 
(Hemmerling et al. 2013c). This pilot study in 
20 patients undergoing thyroid surgery in Italy 
showed the feasibility of teleanaesthesia, with 
no additional risk of complications (Hemmer-
ling et al. 2013c). Remote preoperative airway 
assessment between the same two countries 
has been demonstrated to be feasible as well 
(unpublished data). 

Conclusions
Robots in anaesthesia are designed to eliminate 
the repetitive part of the workload. The objective 
is to safely and effectively deliver anaesthesia and 
have control of all biological variables involved 
in homeostasis, which is at the base of a good 
patient outcome. Robots can be helpful to exert 
this control continuously and simultaneously, 
with anaesthesiologists having the possibility 
to 'open the loop' when needed. The automatic 
management of general anaesthesia, sedation and 
manual tasks is not inferior to the conduct of 
anaesthesiologists, but can be even better. Deci-
sion support systems and teleanaesthesia can 
significantly improve the quality of care and the 
opportunity for training. Additional studies are 
needed to further test the safety of robots and 
to develop more refined systems of control and 
monitoring in order to integrate all components 
of the management of anaesthesia, augment-
ing their reliability and overcoming the possible 
limitations related to their use. 

for full references, please email editorial@icu 
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