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ABSTRACT

In anesthesia automation, one of the main important issues is the
availability of a reliable measurement of the depth of consciousness
level (hypnosis) of the patient. According to this value, the hypnotic

drug dosage can be adequately calculated. One of the most studied hypnosis
indexes is the Bispectral Index (BIS). In this dissertation an alternative
called the Patient State Index (PSI) is analyzed. The objective of this study is
to model the relationship between effect-site concentration (Ce) of propofol
and PSI values of SEDline monitor. Our study was aimed to validate
accuracy of the PSI describing the hypnosis level during the maintenance
phase of general anesthesia. The study includes both the modelling of the
PSI variable and the comparison with BIS values. For this, real data from
patients undergoing general anesthesia simultaneously monitored with
both BIS and PSI signals was used. Results obtained are interesting for a
correct interpretation of PSI signal in clinical practice. Neural networks
were also used as a tool forecasting the values of the BIS and PSI indexes
using the infusion rate of propofol as an input (as well as lag terms). The
results suggest that neural network might be a suitable tool for modeling
this type of processes. The results for the BIS and PSI simulations were
comparable.
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RESUMEN

En el ámbito de la automatización de la anestesia es de gran importancia la
disponibilidad de una medida fiable de la profundidad del nivel de conciencia
(hipnosis) del paciente. Según este valor, la dosis hipnótica del medicamento
se puede calcular adecuadamente. Uno de los índices de hipnosis más estu-
diados es el índice bispectral (BIS). En este tesis analizamos una alternativa
llamada Patient State Index (PSI). El objetivo de este estudio es modelar la
relación entre la concentración efecto-sitio (Ce) de los valores de propofol
y PSI del monitor SEDline. Esta tesis tiene como objetivo validar la pre-
cisión describiendo el nivel de hipnosis durante la fase de mantenimiento
de la anestesia general del PSI. El estudio incluye tanto el modelado de la
variable PSI como la comparación con los valores BIS. Para ello, se utiliza-
ron datos reales de pacientes sometidos a anestesia general monitoreados
simultáneamente con señales BIS y PSI. Los resultados obtenidos son in-
teresantes para una correcta interpretación de la señal PSI en la práctica
clínica. Las redes neuronales también se utilizaron como una herramienta
que pronosticó los valores de los índices BIS y PSI utilizando la velocidad
de la perfusión como entrada (así como términos de retraso). Los resultados
sugieren que la red neuronal podría ser una herramienta adecuada para
modelar este tipo de procesos. Los resultados de las simulaciones BIS y PSI
fueron comparables.
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1
INTRODUCTION

G
eneral anesthesia has enabled surgeons to perform surgeries

on patients that would be challenging or impossible without it.

There has been many techniques used throughout the history

to decrease pain for patients. [5] mentioned than, in its modern setting,

one of the first works in this field was carried out by Humphrey Davis and

its experiments using nitrous dioxide as pain management tool. Another

of the authors mentioned by [5] was Michael Faraday and its research

on ether. Faraday compared ether with nitrous dioxide and describe the

“lethargic condition“ that patients remained in after being exposed to such

vapor. Another author cited by [5] was Horace Wells. Horace Wells worked

as a dentist. One of his field of research was trying to find techniques to

reduce the pain during tooth extraction. He successfully experimented on

himself using nitrous dioxide for a tooth extraction. The first public use

1
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CHAPTER 1. INTRODUCTION

of anesthesia was in 1846 with the usage of diethyl ether for anesthesia

purposes during surgery in the Massachusetts General Hospital by William

T. G. Morton [55], [77]. Morton studied under Horace Wells.

Anesthesia is a field which has developed rather rapidly with safety for

the patients clearly being one of the main concerns. According to [38] the

death rate related to anesthesia, for the 1999 to 200 period, was estimated

to be 1.1 per million in the U.S. and 8.2 per million surgical discharges.

Reflecting that the anesthesiology is currently a well-developed field with

efficient safety procedures. [38] also identified overdose as the main cause

of death, accounting for 46.6%, closely followed by adverse reaction to the

drugs accounting for 42.5%. [14] highlighted the reduction on claims related

to anesthesia related death and brain damage for the 1975 to 2000 period.

[12] in his seminal 1956 paper defined the concepts of triad in anesthesia

including the following three concepts:

• Hypnosis

• Muscular relaxation

• Analgesia

Hypnosis in this context refers to the level of unconsciousness of the

patient undergoing a surgery. Analgesia is another important factor of

the anesthesia process and refers to the attempt to eliminate pain during

surgery. Finally, the concept of muscular relaxation is also clearly of im-

2
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1.1. AUTOMATION

portance as movement during surgery could clearly have a significantly

negative impact on the outcome of the procedure. These three terms are

interrelated as for instance an increase in the perception of pain by the

patient could have an impact on the level of hypnosis.

1.1 Automation

Increasing the level of automation of the hypnosis component of anaesthe-

sia of patients undergoing surgical procedures is an ongoing trend. The

anesthetic depth adjustment is a function traditionally performed manually

by a specialized medical professional (anesthesiologist). A large part of

this manual control process can be automated, giving anesthesiologists

more time to perform more value-added tasks, such as be ready for unusual

complications or emergency procedures, while the more routine ones could

be done by automated techniques. An automated feedback control could

deal with interindividual pharmacokinetic / pharmacodynamic (PK/PD)

variability, optimizing the workload of the anesthesiologist and improving

the safety and quality of patient care [58, 62]. In order to have a robust

and dependable automated system, one of the key components is having a

reliable monitoring system of the level of sedation/hypnosis of the patient.

Electroencephalogram (EEG) is a currently well developed technique. It is

for instance trivial to see from the EEG if the patient has the eyes closed

or opened. EEG can detect changes in brain electrical activity caused by

incremental doses of anesthetics that correlates with different states of

3
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CHAPTER 1. INTRODUCTION

consciousness. One of the most frequently used techniques to measure deep

of anesthesia during a surgical procedure is the processed EEG monitor

Bispectral Index (BIS). BIS is a time-tested approach commonly used in

hospitals across the world in surgical procedures such as cardiac surgery

[34]. This technique is based on using electrodes to detect electrical signal

coming from the brain. It is a noninvasive monitoring that needs a sensor

typically placed in the forehead or in the scalp without the need for inci-

sions or surgery. Another similar, but less frequently used monitor is the

SEDLine™ (Masimo Corporation, Irvine, CA, USA) that uses a proprietary

algorithm to analyze the raw EEG signal and displays the Patient State

Index (PSI) values. Similarly to the BIS the PSI is noninvasive measure

of the electrical activity of the brain with disposable sensors. The PSI is a

processed EEG parameter that is related to the effect of anesthetic agents,

and takes into consideration, among other factors, changes in power in

various EEG frequency bands, changes in symmetry and synchronization

between critical brain regions and the inhibition of regions of the frontal

cortex. It has been reported that the PSI can predict the arousal level at

various stages of the anaesthetic delivery [61].

Both the BIS and the PSI use a numerical scale ranging from 0 to 100.

A level of 100 means that the patient is fully awake while a level of 0

means that there is no detectable electrical activity in the brain. For the

BIS a range between 40-60 is considered adequate for surgical procedures.

However, for PSI the range of 25-50 indicates an optimal hypnotic state for

general anesthesia. The level of sedation/hypnosis depends on many factors

4
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1.1. AUTOMATION

such as the drug used that in turn will depend on the patient and the type

of procedure. Both indices are based on the spectral analysis of the raw

EEG but apply proprietary empirical different algorithms.

All the patients that we analyzed in this dissertation were anesthetized

with propofol and remifentanil, which is one of the most frequently used

drug combinations for total intravenous anesthesia (TIVA) [2, 44, 45, 49, 51].

Data collected and analyzed were obtained from patients in the operating

theatre. The main objective of this study was to model the relationship

between effect-site concentration (Ce) of propofol according to a PSI PK-PD

model [66] and PSI index of SEDline monitor. Also, the possible influence

of gender on modelling and the correlation between the BIS index and PSI

will be studied.

Which drug to use depends on many factors, being the type of surgery one

of the most important. For instance, in [26] it mentions that propofol is the

favored drug for colonoscopies done in ambulatory settings but that other

drugs are favored when used in high risk populations.

Propofol is an alkylphenol [43] widely used in surgical settings. Propo-

fol has several interesting properties which are among the reasons why it is

so frequently used on surgical interventions. For instance, its effect, after it

stops being infused, is very short lived allowing for a rapid recovery of the

patient. Another interesting property is that it does not appear to alter the

hepatic or renal functions. Propofol does however impact breathing and can

cause apnea and hence should only be used by professional familiar with

5
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CHAPTER 1. INTRODUCTION

this drug [26].

Interest in TIVA has increased considerably in the past decades due to

many factors. The pharmacokinetic (PK) and pharmacodynamic (PD) prop-

erties of propofol and the short-acting opioid remifentanil make them very

suitable for administration by continuous infusion. Advances in computer

technology potentiated the development of sophisticated delivery systems

with mathematical models implemented in programmable syringe pumps.

Three-compartmental PK models are used for calculating the infusion rates

of the drugs for targeting plasma concentration. So, control of anesthesia

delivery by the intravenous route can be as easy and user friendly as conven-

tional volatile delivery systems. Furthermore, there is no risk of ambient

pollution or exposure of operating theatre staff to volatile anesthetics. There

are several advantages of the use of propofol, reduced emergence delirium,

less postoperative nausea and vomiting (PONV), reduced airway reactivity

or preserved hypoxic pulmonary vasoconstriction[24].

In this dissertation I focus on the analysis of the PSI index as a mea-

sured of the sedation/hypnosis level. I also compared it to the BIS index.

These two indexes can be comparable as they are intended for a similar use.

The BIS index has received much more coverage in the existing literature.

6
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1.2. HYPOTHESIS

1.2 Hypothesis

There are several hypothesis in this dissertation. At the core of these hypo-

thesis is the idea that increased automation in anesthesia can be beneficial

for patients undergoing surgeries. It is also implicit in this dissertation that

in the future the anesthesiologists will have more and more interaction with

technology, such as for instance, more advanced and efficient hypnosis level

monitors. More specifically the main hypothesis of this dissertation are as

follows:

• The level of hypnosis of a patient can be measured accurately

• It is possible to establish a relationship between the analgesic state

and the BIS and PSI values

• There is a measurable relationship between the amount of drugs a

patient received during surgery (continuous mode) and the BIS and

PSI levels

7
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CHAPTER 1. INTRODUCTION

1.3 Objectives

This dissertation has several objectives. As previously mentioned, one of the

basic ideas of this dissertation is increasing the level of automation of anes-

thesia in surgery. It should be mentioned that the basic objective is helping

the anesthesiologist doing his/her work in a more efficient way rather than

replacing the anesthesiologist role. More specifically the objectives are:

• Collect PSI data from patients undergoing surgery across multiple

different types of surgeries. Patients should represent different demo-

graphics (gender, weight and age)

• Assess PSI viability as a tool to increase automation in surgical pro-

ceeding

• Compare the performance of PSI and BIS indexes as measures of the

sedation of a patient across a reasonably high number of patients

• Find tools to increase the automation of the anesthesia process. In

this way the anesthesiologist will spend less time doing routine tasks

and can use more of his/her time to perform more value added tasks

such as emergency procedures.

8
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2
DESCRIPTION OF THE ANESTHETIC PROCESS

Anesthesia is a complex and vast field involving several fields such as or-

ganic chemistry and medicine. In the context of general anesthesia chemical

compounds need to be valuated across three main characteristics [20]:

1. How fast does it act?

2. How long does it effect last?

3. How strong is the impact, i.e., level of anesthesia

Ideally a chemical compound should be fact acting, the effect should

dissipate soon after the compound is taken and the level of anesthesia

caused should be within therapeutic levels. The first point (fast acting) it is

self-explanatory. A chemical compound should act fast to avoid unnecessary

delays within the anesthesia and the start of the actual surgical procedure.

The second point (how long the effect last) is also important. Ideally the

9
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

patient will recover from the anesthesia as soon as the surgical procedure is

over without unnecessary delays. Keeping the patient under anesthesia for

long periods could increase risks. The third point (level of anesthesia) is also

very important. The level of anesthesia should be within therapeutically

levels. Too little anesthesia could defeat the purpose, making the patient

aware of the situation. Too much anesthesia could put the patient life at

risk. Hence, it is crucial to maintain it within an appropriate range.

Anesthesia can be divided, according to how it is administrated, into two ma-

jor groups [20]: 1) volatile (inhaled) and 2) intravenous anesthesia. Volatile

anesthesia was developed first but intravenous anesthesia is currently, by

far, the most common type for general anesthesia purposes.

There have been some discussion in the existing literature regarding volatile

anesthesia providing some benefits, particularly in areas such as myocardial

protection on cardiac surgery. While there is no strong consensus in the

literature the current view seems to be that volatile anesthesia does not

provide significant protection. For instance, in a well-known paper [37]

concluded that there are no statistically significant benefits using volatile

anesthesia compared to intravenous anesthesia for patients undergoing

cardiac surgery. This paper analyzed data from cardiac surgeries in 36

different hospitals in 13 different countries with the main indicator being

mortality after a one year period (regardless of the cause).

10
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2.1. VOLATILE ANESTHESIA

2.1 Volatile anesthesia

Volatile (inhaled) anesthesia was the first type of anesthesia used and

remained popular for a long period of time. Its use has however significantly

declined due to several drawbacks and the easier applications of intravenous

anesthesia in a surgical setting. According to [20] there are four main phases

that a patient using volatile anesthesia can experience:

• Phase 1. Analgesia. In this initial phase the patient remains conscious

and responding to external stimuli.

• Phase 2. Excitation. In this phase the patient experiences several

unwanted reactions including increased motility, occasional vomiting

and irregular breathing.

• Phase 3. Proper surgical anesthesia.

• Phase 4. Bulbar paralysis

There is a relatively large amount of chemical compounds that can be

used as volatile anesthesia [20] (see list below). One of the disadvantages

of volatile anesthesia is that the infusion rate with volatile chemical com-

pounds might be less accurate than in intravenous chemical compounds and

that they can take longer to take effect in the body. In some cases they are

also linked to more, or more acute, side effects. Some of these compounds

are also notoriously dangerous such as for instance Chloroform that can

be lethal even at relatively low dosages. Because of these issues volatile

anesthesia is in relatively disuse compared to intravenous anesthesia.

11
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

• Nitrous oxide

• Halothane

• Isoflurane

• Sevoflurane

• Enflurane

• Ethyl ether (Diethyl ether)

• Chloroform

2.1.1 Ethyl ether (Diethyl ether)

As previously mentioned, ethyl ether was one of the first chemical com-

pounds used is anesthesia with many of the first applications related to

the dentistry field. Diethyl ether is composed of two alkyl groups and an

oxygen [73]. Its chemical formula can be seen in figure 2.1. Ether has a few

drawbacks such as the potential to produce laryngospasms [29], frequent

post-operative nausea and vomiting (PONV) [29] and the fact that it is

highly flammable and explosive [29].

Figure 2.1: DiethylEther

12
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2.1. VOLATILE ANESTHESIA

2.1.2 Nitrous oxide

Nitrous oxide, popularly known as laughing gas, was also extensively used

for a long period of time but several contraindications have been found such

as immune depression and frequent PONV [35]. While it remains as one of

the most frequently used inhaled anesthetics its use for general anesthetic

has decreased. Some of the most frequent uses are for dentistry purposes

as well as in an emergency and ambulatory settings. Nitrous oxide by itself

cannot produce general anesthesia [6] and needs to be combined with other

drugs. [6] highlighted its strong safety record and its usefulness when only

moderate anesthesia is required such as for some dentistry applications.

2.1.3 Chloroform

Together with Ethyl Ether, Chloroform is one of the chemical compounds

first used for anesthesia. [4] dates its first use in the field of anesthesia

back to 1847. Chloroform is a alkyl halide of formula CHCL3 (see figure

2.2). One of the main issues mentioned in the existing literature regarding

Chloroform is safety as it requires significant experience by the practitioner

on its use [3]. One of the frequently mentioned risk concerns is the potential,

similar to other anesthetic drugs, to produce hepatic damage. In this regard,

[3] concluded that while applied properly the risk for hepatic damage when

using chloroform is no higher than those of similar drugs. Nevertheless,

chloroform is no longer a drug commonly used on a surgical setting for

general anesthesia [20].
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

Figure 2.2: Chloroform

2.1.4 Halothane

Halothane is an alkane (see figure 2.3) and is another volatile anesthetic.

There are concerns about the safety of halothane as a general anesthetic

as it can cause cardiorespiratory issues [16]. [16] also mentions the risk

when halothane is used in neonates as it can significantly impact their blood

pressure. Halothane is chemically related to chloroform [3]. In fact, [3]

mentioned than when halothane and chloroform are applied carefully their

safety records are similar with no statistically significant advantage, from a

safety point of view, of using one of those two chemicals over the other one.

From a practical use point of view one of the advantages of halothane is

that it is non flammable [73].

Figure 2.3: Halothane
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2.1. VOLATILE ANESTHESIA

2.1.5 Isoflurane

Isoflurane is another common anesthetic (figure 2.4). Its pungent odor is

mentioned in the literature as an issue for its application as of a starting

general anesthetic [28]. It is closely related to enflurane and desflurane

that are two other frequent anesthetics. One of the risk associated with the

use of isoflurane is the occurrence of myocardial ischemia [20].

Figure 2.4: Isoflurane

2.1.6 Enflurane

Enflurane is closely related to the previously mentioned isoflurane. One

of the main drawbacks of its use is that in can induce convulsions in the

patient [20]. [20] mentioned that this side effect can be controlled by using

some additional drugs before the anesthesia. There have been cases of renal

failure of patients apparently caused by the enflurane [19].

Figure 2.5: Enflurane
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

2.1.7 Desflurane

Desflurane (figure 2.6) is chemically related to enflurane and isoflurane.

One of the major drawbacks is that the desflurane is an irritant of the respi-

ratory track and hence it makes it difficult its use as a starting anesthetic

another drawback is that it can significantly increase the heart rate of the

patient [17]. One of the main difference between desflurane and isoflurane

is its lower solubility in that can potentially improve its infusion control

[17].

Figure 2.6: Desflurane
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2.2. INTRAVENOUS ANESTHESIA

2.2 Intravenous anesthesia

As previously mentioned intravenous anesthesia has gradually become more

prevalent than volatile anesthesia as it tends to be faster acting and its

infusion rate can be controlled more accurately. In some cases there are

also less side effects. There has been great advances in the field of phar-

macology with the current chemical compounds used offering good safety

records while providing stable levels of anesthesia. Propofol is currently

one of the most frequently used drugs for sedation purposes and is the drug

used by the patients undergoing surgery in this dissertation. Opioids have

also many applications, particularly as pain management drugs. These

chemical compounds should clearly be used with caution as there is an

ongoing epidemic of dependency to some of these compounds particularly

when used outside of the surgery itself for instance for pain management

during the recovery phase after the patient has left the hospital.

One of the factors to take into consideration, mainly when used outside of

a controlled surgical setting, is that opioids can, and frequently do, result

in tolerance building with the patient require increasingly large amounts

to achieve the same desired effect as the body get used to that chemical

compound which can be indirectly related to addiction issues.

In a purely surgical setting there are several factors to take into account

when choosing between the different chemical compounds available. Ideally

the compound should be fast acting, no toxic, with minimal or no side effects
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

a with a fast recovery period. There are drugs that have very limited surgi-

cal applications such as Ketamine because it induces involuntary movement

(among several other side effects). Clearly, involuntary movement during a

surgery can be life threatening.

Another factor to take into account is the specific surgery that it is going

to take place with some important factors such as the amount of physical

stimulation that the patient is going to experience. For instance there is

significant amount of physical stimulation in procedures such as hip re-

placements in which part of a bone has to be removed and replaced by a

prosthetic hip. There are many surgery specific considerations to take into

account. For instance, [36] mentioned that propofol based anesthesia has a

lower mortality rate in patients undergoing pancreatic cancer surgery than

those using desflurane.

Several chemical compounds can be used for general anesthesia [20] in-

cluding:

• Propofol

• Opioids

– Morphine

– Fentanyl

– Sufentanyl

– Alfentanyl

18
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2.2. INTRAVENOUS ANESTHESIA

– Remifentanyl

• Ketamine

• Thiopental

• Benzodiazepines

• Etomidate

Typical concentrations for some of these chemical compounds can be seen in

table 2.1 (source: [20]).

Chemical compounds Typical anesthetic concentration
Propofol 2-2.5 mg/kg
Morphine 1-6 mg/kg
Fentanyl 50-150 µg/kg
Sufentanyl 5-20 µg/kg
Alfentanyl 100-250 µg/kg
Remifentanyl 0.5-1 µg/kg/min

Table 2.1: Typical concentrations of anesthetics. Source: [20]

2.2.1 Propofol

Propofol (see figure 2.7) is currently one of the most prevalent chemical com-

pounds used in general anesthesia. It is fast acting and its effect dissipates

quickly, enabling a rapid recovery. Propofol is an alkylphenol [20]. Many

side effect have been identified in the literature including lower arterial

pressure and heart rate [8] and there are reported cases of supraventricular
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

tachyarrhythmias (SVT) [74]. Propofol also can cause amnesia in a com-

parable degree to other anesthetics such as benzodiazepines [20]. Despite

these risks, which in some cases can be controlled by using complimentary

drugs, propofol have a strong safety record [2]. While [2] concluded that

propofol had a strong safety record the paper did identify some risk areas:

• Risk of infection

• Risk for patients with egg or soy allergies

• Propofol infusion syndrome

• Risk for pediatric use

There has been some cases of infections but most of the source of most of

those cases have been identified as equipment contamination [2]. Allergies

of egg and soy are also identified as risk, even if considered small by [2],

and it is related to the manufacturing process of propofol. Propofol infusion

syndrome (PRIS) is a severe condition with significant mortality but it

typically associated only with prolonged used of propofol, in excess of 48

hours, and at relatively high concentrations. Propofol for pediatric use

is another risk area with several pediatric reported deaths which in the

majority of the cases were related to the above mentioned PRIS. [2] conclude

that pediatric patients with prolonged exposure to propofol are more likely

to develop PRIS than adults. All the patients analyzed in this dissertation

had surgeries in which intravenous propofol was administered.
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2.2. INTRAVENOUS ANESTHESIA

Figure 2.7: Propofol

2.2.2 Opioids

There is a relatively large amount of opioids that have been used for anes-

thetic purposes including morphine, fentanyl, sufentanyl, alfentanyl and

remifentanil as they are very effective as a pain management tool. These

are clearly all highly regulated substances that need to be administer with

upmost care and diligence. One of the advantages of opioids in the context

of anesthesia is that the cardiovascular function remains largely unaffected

[2]. However, high doses of morphine and some other opioids can produce

bradycardia [20]. Most opioids create tolerance, i.e., effect is shortened or

the intensity of the effect is lower [20]. In addition, many opioids can create

dependency.
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

2.2.2.1 Morphine

Morphine is an alkaloid, see figure 2.8. Its main clinical application is a

very strong pain killer. It should be noted that pain induced by some types

of neuralgias are not treatable with morphine [20]. As previously mentioned

morphine, at typical clinical concentrations, does not significantly impact

the cardiovascular system but it does depress the respiratory system. It can

also induce hypothermia, vomiting, and urinary retention. As many other

opioids, tolerance can be quickly developed when using morphine and there

is the risk of creating dependency.

Figure 2.8: Morphine
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2.2. INTRAVENOUS ANESTHESIA

2.2.2.2 Fentanyl

Fentanyl is a frequently used anesthetic (figure 2.9). Fentayl is approxi-

mately 100 times stronger than morphine and it has very low toxicity [20].

It has high liposolubility making it a very fast acting drug. [20] described

it as a fast acting and deep analgesic. In surgical settings it is frequently

combined with desflurane. Sufentanyl, alfentanyl, remifentanil are chemi-

cal compounds derived from fentanyl and they are also frequently used in

anesthesia. All these compounds have a shorter impact on the patient than

morphine, enabling a faster recovery.

Figure 2.9: Fentanyl
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

2.2.2.3 Sufentanyl

As previously mentioned sufentanyl (figure 2.10) is a chemical compound

related to fentanyl. It is more liposoluble than fentanyl, making it fast

acting, and it is at least 500 times stronger than morphine and its main use

is as an anhestetic [20]. Similarly to fentanyl, the impact of sufentanyl is

relatively short compared with morphine, which is a significant advantage

when used in surgeries.

Figure 2.10: Sufentanyl
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2.2. INTRAVENOUS ANESTHESIA

2.2.2.4 Alfentanil

Alfentanyl (figure 2.11) is another chemical compound related to fentanyl. It

is less liposiluble than sufentanil [20]. It is eliminated by the body quicker

than fentanyl. It induces analgesia and at higher concentrations loss of

consciousness. Some papers, such as [7] have mentioned that alfentanil is a

less suitable anesthetic than other fentanyl derivatives such as for instance

remifentanil.

Figure 2.11: Alfentanil
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

2.2.2.5 Remifentani

Remifentanil (figure 2.12) is currently one of the most commonly used drugs

in general anesthesia. Remifentanil is fast acting and its effect is short

lived which are advantages form a surgical application point of view. The

elimination half-life is in the range of 3 to 10 minutes ([20]). Remifentanil

appears not to accumulate in the body of the patient [59].

Several articles have described advantages of using remifentanil over

other anesthetic compounds. For instance, [18] experimentally compared

remifentanil with alfentanil concluding that they have similar effects but

with remifentanil having the advantage that its effect is shorter lived than

the one for alfentanil.

Figure 2.12: Remifentanil
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2.2. INTRAVENOUS ANESTHESIA

2.2.3 Ketamine

Ketamine (figure 2.13) is another anesthetic. It has several side effects that

has limited its use in surgical settings such as inducing involuntary move-

ments. It also increases the heart rate and arterial pressure and frequent

causes delirium and dissociative stages [20]. Its psychiatric consequences

are frequently cited in the existing literature also contributing to the decline

in its use. When ketamine is administer it is relatively common to use it in

combination to benzodiazepines to mitigate some of its psychiatric impact.

Figure 2.13: Ketamine

27



52 / 218

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

2.2.4 Benzodiazepines

Benzodiazepines have a long half-life and hence can accumulate in the body.

It requires a high level of concentration to produce anesthesia and tends to

be used more for sedation purposes. Benzodiazepines are frequently used

as anxiolytics. There are several chemical compounds in the family of the

benzodiazepines as a result of attempt to emphasize some of their multiple

applications. For instance, midazolam is one of the few benzodiazepines

that it is soluble in water, reducing some unwanted side effects of using

additional solvents [20].

Figure 2.14: Diazepan
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2.2. INTRAVENOUS ANESTHESIA

2.2.5 Etomidate

Another frequently used anesthetic is etomidate (see figure 2.15). While

it can produce nausea and vomiting the recovery from etomidate seems to

be better than from other anesthetics [20]. Oxygen consumption by the

brain is reduced when using etomidate. Opposite to some other anesthetic

the arterial pressure does not seem to be significantly affected. Sustained

infusion (during days) of etomidate increases mortality [20].

Figure 2.15: Etomidate
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CHAPTER 2. DESCRIPTION OF THE ANESTHETIC PROCESS

2.2.6 Thiopental

Thiopental is another fast acting anesthetic. One of its side effect is a sud-

den initial reduction in arterial pressure. This initial effect typically last

for a short amount of time with rapid recovery [20]. There is no significant

analgesic effect and should not be administered to patients suffering from

some metabolic illnesses such as porphyria [20].

Figure 2.16: Thiopental
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LITERATURE REVIEW

3.1 Introduction

I
n this chapter a deep review of the aspects related with the moni-

toring of the hypnosis level of patients undergoing surgical interven-

tions is carried out. Having accurate tools to determine the level of

hypnosis of a patient undergoing a surgical procedure is of clear importance.

A patient regaining consciousness before the end of the procedure could pro-

duce adverse results for the well-being of the patient both physically as well

as physiologically. Some of the best known techniques for the monitoring of

the sedation level of patients are based on using electroencephalographic

techniques to measure the electric activity of the brain and then to process

this information to give an indication of the level of hypnosis of the patient.
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CHAPTER 3. LITERATURE REVIEW

Two currently available techniques are the Bispectral Electroencephalo-

graphic EEG technique (BIS) and the Patient State Index monitor (PSI).

The processing of the electrical information generated by the brain is im-

portant as well as a complex task with both the BIS and PSI techniques

transforming those electrical signals into a numerical values representing

different levels of consciousness. While these scales are different they both

range from 0 to a 100. Translating the electrical signals into this type of nu-

merical scale makes it simpler to interpret by the anesthesiologist in charge

of monitoring the patient. Both of these techniques have the advantage that

the sensors are placed externally (in the forehead of the patient) and hence

no incisions are required to place them.

Glass et al., [25] reported that the BIS correlated well with the level of

responsiveness and also provided an excellent prediction of the loss of

consciousness, indicating a very high predictive performance for correctly

indicating probability of loss of consciousness. These results imply that BIS

may be a valuable monitor of the level of sedation and loss of consciousness

for propofol, midazolam, and isoflurane.

Another frequently cited article supporting the usefulness of the BIS index

[32] focuses on the response to commands of the patients. Some other arti-

cles such as [39] have also found the BIS index useful in different sedation

medical setting applications. While there are numerous articles supporting

the use of the BIS index there are also some articles that have found some

issues. For instance, [42] find the BIS index a useful tool for the optimization
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3.2. MONITORING DEPTH OF HYPNOSIS WITH THE BIS INDEX

of dosage in trauma patients. In this article the authors found that a series

of external factors, such as changes in temperature of the patient, did have

an impact on the accuracy of the BIS method.

3.2 Monitoring depth of hypnosis with the

BIS index

One of the issues in anaesthesiology is that the level of hypnosis cannot be

measured directly. A way of going around this problem is finding indirect

measures to quantify the level of hypnosis. This is done in practice by using

techniques such as Bispectral Electroencephalographic EEG techniques

(BIS) [15, 45, 54, 68]. These are typically non-invasive techniques that rely

on electrodes placed in the head (no surgery required).

These electrodes are able to detect the electrical signals generated by the

brain, which have been shown to correlate well with the level of hypnosis of

a patient. In this topic there is ample literature. For instance, [72] funded

that “BIS monitor may be a valid and useful monitor of the level of sedation

of children”. An index (BIS) is created with the signal obtained. This index

range is from 0 to 100 with the 100 level representing fully awake person

while a 0 level representing no signal received. A typical BIS level for a

patient undergoing surgery is in the 40 to 60 range.

The BIS technique is a commercially available and was first introduced
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CHAPTER 3. LITERATURE REVIEW

Figure 3.1: BIS Monitor

and manufactured by Aspect Medical System (US). The company was then

acquired by Covidien which was then recently acquired by Medtronic re-

sulting in the Aspect BIS technology currently being marketed under the

Medtronic brand. In figures 3.1 and 3.1 it can be seen a BIS monitor and

a screen shoot of its main interface where the value of the BIS is clearly

visible. Figure 3.3 shows the sensors for the BIS monitor. THE BIS systems

is one of the most frequently used for hypnosis monitoring during surgical

procedures and has been in the market since 1994.
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3.2. MONITORING DEPTH OF HYPNOSIS WITH THE BIS INDEX

Figure 3.2: BIS Monitor interface

Figure 3.3: BIS sensor
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CHAPTER 3. LITERATURE REVIEW

3.3 Monitoring depth of hypnosis with the

PSI index

The Patient State Index monitor was approved by the FDA and has been

commercialized in Spain and Europe with CE mark since 2011. The monitor

features a numeric PSI color coded icon. Green indicates that the PSI is

within the range set by the user (the default is 25-50), yellow indicates that

the PSI is above the default value defined (51-99), the violet color indicates

on the contrary that the PSI is below the default value defined (0-24). It

also shows the percentage of the suppression ratio and frontal electromyo-

gram activity. The PSI monitor is based on a quantitative analysis of the

classical frequency bands (α,β,Υ,δ,γ, and θ) after being submitted to a fast

Fourier transformation. Both temporal and spatial gradients occur within

the frequency bands during different phases of anesthesia. Four channels

are recorded by the PSI monitor to assess such spatial gradients.

One of the advantages of the monitor is that it features four EEG channels

which collect information from both sides of the brain. This allows to detect,

for example, asymmetry in the electrical activity of the patient. The sen-

sor for SEDLine EEG consist of 6 electrodes: 4 channels (R2, R1, L1 and

L2), one reference channel (CT) and 1 channel ground (CB). It has artifact

function (white) that detects physiological noise unrelated with brain and

environmental activity.

As previously mentioned, there is less existing academic literature cov-
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3.3. MONITORING DEPTH OF HYPNOSIS WITH THE PSI INDEX

ering the PSI index. In this regard [10] the PSI was tested for guiding

conscious sedation for periodontal surgical procedures and found that PSI

had inherent inaccuracies due to EMG activity during oral surgery. The

authors concluded that the PSI is a promising tool to use for depth of hypno-

sis monitoring purposes on surgical settings. An observational, descriptive

and cross-sectional study suggested that an average PSI value during in-

duction very close to 50 (specifically above 39) is related to the possibility

of remembering dreams during surgery [23]. In [65] the authors analyzed

patients that were receiving propofol/sufentanil sedation in Intensive Care

Unit (ICU) and reported that analyzing the high prediction probability and

paired comparisons, PSI may be used to quantify the level sedation.

3.3.1 SEDLine Monitor

The SEDLine monitor, see figure 3.4, is manufactured by the American

company Masimo. The company describes SEDline as a processed 4-channel

electroencephalograph [46]. SEDline is intended for surgical an intensive

care purposes and it is distributed globally to hospitals. The SEDline equip-

ment in the context of this dissertation was used mainly to obtain the PSI

levels in real time of patients undergoing surgeries. SEDLine has two main

components: 1) EEG sensors (figure 3.5) and 2) Computer that analyzes the

signal.

The EEG sensors are placed in the forehead of the patient and are used to

detect electrical signals from the brain. There are a series of built in safety

37



62 / 218

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

CHAPTER 3. LITERATURE REVIEW

Figure 3.4: SEDLine. Source:[46]

features monitoring the signal read by the sensors (figures 3.7 and 3.8). The

computer then analyzes those electrical signals generating several outputs

such as the PSI index, EEG waves, and the Density Spectral Array (DSA).

The display of the SEDLine (figure 3.6), shows some of the outputs that are

visible to the surgeon during the procedure.

The data can be saved and store for analysis after the surgery is over.

SEDLine has six electrodes composed of the above mentioned four active

channels (R1, R2, L1 and L2) as well as a reference electrode (T1) and a

land electrode (CB). One of the advantages of having four active channels

is that both dies of the brain can be monitored. The data obtained using

SEDLine can be saved and stored for analysis once the surgery is over.
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3.3. MONITORING DEPTH OF HYPNOSIS WITH THE PSI INDEX

Figure 3.5: SEDLine Sensors. Source:[46]

Figure 3.6: SEDLine Sensors. Source:[46]
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CHAPTER 3. LITERATURE REVIEW

Figure 3.7: SEDLine Sensors - Color code. Source:[46]

Figure 3.8: SEDLine Sensors - Display. Source:[46]
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4
METHODS ON ANESTHETIC PROCESS

4.1 Modelling the anesthetic process

T
he anesthesic process can be divided into three main steps. In the

first phase the anesthesiologist injects a relatively large amount

of propofol in the patient, in what is commonly referred as the

induction phase. The purpose of this bolus is bringing the patient from the

initial conscious state, with typical values for the PSI and BIS index close

to 100, to a PSI values between 25-50 or a BIS level in a desired range of

40-60, which is the typical threshold considered for surgical anaesthesia.

The second part or maintenance phase starts from the end of the induction

until the point in which the procedure is over. At this moment the surgeons

start to perform the required procedures. During this phase the anesthe-
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

siologist monitors the degree of hypnosis of the patient to maintain it at a

stable level and adjust the infusion rate accordingly. The level of hypnosis

can be affected by both the intrinsic characteristics of the patient such as

weight, height or age as well as the characteristics of the procedure such

as bleeding and length of the procedure. The emergence phase starts at

the patient’s awakening and ends when the patient is transferred to the

Post Anesthesia Care Unit (PACU). When the procedure is completed, the

anesthesiologist will discontinue the administration of anaesthetic drugs

and monitor the recovery of the patient.

4.1.1 Pharmacokinetics (PK) of propofol

Pharmacokinetics has been described as "what the body does to a drug" [75].

Pharmacokinetics can also be understood as the analysis of the "concentra-

tion versus time relationship" of the drug administered [60]. One of the key

medical issues when administering drugs is to achieve the right concentra-

tion. Westhouse and Care [60] defined three different zones according to the

concentration of the drug: subtherapeutic, optimal and toxic. In the subther-

apeutic zone the concentration of the drug is too low and there is little or no

medical benefit. In the optimal region the drug is accomplishing its desired

medical function while toxicity remaining within acceptable levels. On the

toxic zone the drug is having significant toxic effects on the body. Clearly,

determining the appropriate concentration of a drug potentially depends on

a large number of factors such as age, weight and gender. It is also clearly

crucial understanding the temporal evolution of the concentration of a drug
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4.1. MODELLING THE ANESTHETIC PROCESS

in the body with pharmacokinetics models trying to explain this process.

PK models are hypothetical structures that are used to describe the fate of

a drug in a biological system following its administration. There are many

different types of pharmacokinetics models but they can be categorized into

two main groups [69]: one-compartment and multi-compartment models.

Intuitively, these models can be understood as simplifications of the process

of what happens with the drug after it enters the body, particularly with

matters related to drug concentration. A one-compartment model simplifies

the entire body into a single compartment, hence the name. These one-

compartment models do not assume that the concentration of the drug is

the same across different tissues [69].

Multi compartment models on the other hand use a combination of mod-

els, each one representing different tissues. Pharmacokinetics behaviour

of propofol is well described by a three-compartments linear model. The

compartments represent the plasma, rapidly equilibrating and slowly equi-

librating tissues. After an intravenous bolus, plasma levels initially decline

rapidly by distribution and metabolic clearance. Distribution decreases as

body tissues equilibrate with plasma and become saturated. In the equilib-

rium phase there is no drug passage between compartments.

In this dissertation the well-known three-compartment model, with the

addition of an extra effect-site compartment [30, 65], is used for PSI phar-

macokinetics (see figure 4.1), in the same way that in [30] was applied to
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

model the BIS pharmacokinetics. The state space model [22, 65] is shown

on equations 4.1 and 4.2.

(4.1)



Ċ1

Ċ2

Ċ3

Ċe


=



−(k10 +k12 +k13) k21
V2
V1

k31
V3
V1

0

k12
V1
V2

−k21 0 0

k13
V1
V3

0 −k31 0

ke0 0 0 −ke0





C1

C2

C3

Ce


+



1
V1

0

0

0


u(t)

(4.2) y(t)=
(
0 0 0 1

)


C1

C2

C3

Ce


being Ci [µg/mL] the propofol concentration in compartment i, Ce [µg/mL]

the propofol concentration in effect compartment, Vi [L] the volume of com-

partment i, u(t) [µg/min] the infusion rate, y(t) is the concentration in the

effect compartment, which is one of the main variables of interest in this

analysis, with units of [µg/mL] and ki j [min−1] some constant parameters

that represent the transfer rate [22]. The resultant equations, extracted

from [22, 30], on the model can be expressed as a system of differential

equations (equations 4.3 to 4.6).

(4.3)
dC1

dt
= k21V2C2(t)

V1
+ k31V3C3(t)

V1
− (k10 +k12 +k13)C1(t)+ u(t)

V1

(4.4)
dC2

dt
= k12V1C1(t)

V2
−k21C2(t)
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4.1. MODELLING THE ANESTHETIC PROCESS

(4.5)
dC3

dt
= k13V1C1(t)

V3
−k31C3(t)

(4.6)
dCe

dt
= ke0C1(t)−ke0Ce(t)

Compartment 2
Peripheral rapid

C2

Compartment 1
Plasma

C1

Compartment 3
Peripheral slow

C3

Infusion 
U(t)

k12

k21

k13

k31

k10 ke0

Elimination Effect site
Ce

ke0

PSI

Ce50, ϒ

Figure 4.1: PSI PK-PD Model: Three compartments model of the pharma-
cokinematics of a patient, with the addition of a fourth compartment, effect
site, which concentration Ce will be used to obtain the PSI index using the
pharmacodynamics equations.

45



70 / 218

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

CHAPTER 4. METHODS ON ANESTHETIC PROCESS

4.1.2 Pharmacodynamics (PD) of propofol

Pharmacodynamics could be defined as the study of "what a drug does to the

body" [60]. While pharmacokinetics tries to explain the temporal evolution

of the concentration of the drug in the body, pharmacodynamics focuses on

how such concentration of the drug affects the body of the patient. They are

related disciplines but clearly differentiable. One of the key issues in this

regard is the interaction between the ligand and the receptor.

The factors affecting pharmacodynamics are similar to those of pharma-

cokinetics. They are studied artificially separately for didactic purposes

but are closely related and are constantly interacting. As it was mentioned

before, to introduce the pharmacodynamics in the patient model, a fourth

compartment is added to the three compartments model (see figure 4.1) to

determine the drug concentration Ce affecting the brain (effect site). The

index PSI is obtained by applying a nonlinear function on this concentration.

Following [45], the PSI index can be modelled as follows (equation 4.7):

(4.7) PSI = f (Ce)

where the function f is a sigmoid Emax that can be expressed as follows

(equation 4.8):

(4.8) PSI = PSI0 − (PSI0 −PSImin)
Cγ

e

EC50γ+Cγ
e

PSI0 is the PSI value in the fully awake state (sometimes it is assumed

to be 100), PSImin is the PSI level in the deepest sedation state, γ is the

sensibility of the patient to small changes in the concentration in the effect
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4.2. CLINICAL PROTOCOL

compartment and EC50 is the concentration in the effect compartment for

which the effect is half from the maximum value.

4.2 Clinical protocol

The appropriate authorization for the study presented in this dissertation

was obtained from the Ethical and Research Committee at the Hospital

Universitario de Canarias (Spain). The consent, after informing the patient

of the characteristics of the research, was obtained for each patient the day

before surgery. In this observational study, all the patients were above 18

years old with a wide range of ages. PSI and BIS data were collected from

27 patients undergoing scheduled surgery. The patients analyzed in this

article had different types of surgeries including gynecologic, urologic and

digestive track surgeries. Exclusion criteria included patients with neuro-

logical pathologies, such as epilepsy, as well as patients with preexisting

pharmacologic treatment that can alter the efficiency of EEG processed

monitors. The layout of the BIS and PSI equipment can be seen in figure

4.2 and 4.3.

The anesthetic technique used was a standard total intravenous anes-

thesia (TIVA) with propofol and remifentanil. Propofol was administered

through a Graseby 9300 syringe pump (see figure 4.4). The infusion rate

could be adjusted by the anesthesiologist according to clinical criteria. The

effect of propofol in the hypnosis sedation level of the patient was continu-

ously monitored with a SEDline monitor with a disposable sensor placed
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

Figure 4.2: Surgical setting with BIS and PSI equipment. Source: [50]

Figure 4.3: Sensor placed in patient forehead. Source: [50]
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4.2. CLINICAL PROTOCOL

Figure 4.4: Graseby syringe pump

on the forehead. It integrates four active EEG leads that collect data in the

frontal lobe. The optimal range defined by the manufacturer is from 25 to

50. Furthermore, a BIS sensor was placed simultaneously in the forehead.

Remifentanil was used in all the surgeries and was administered via a Tar-

get Controlled Infusion (TCI) with a regulated concentration in effect-site

Ce of 6 ng ml−1. The objective was to maintain that concentration without

variations if the hemodynamic conditions of the patient would allow it. The

rescue analgesic drugs used were fentanyl (3 mcg k−1) and paracetamol 1g,

which were administered 15 minutes before the end of the surgery.
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

The data and graph representing the infusion rate of propofol (mL h−1)

and the PSI and BIS values were shown simultaneously on the screen of

laptop computer, once obtained via a serial port RS-232. A numerical code

was assigned to each patient. The data exported from the SEDLine monitor

was stored maintaining the confidentiality of the patient. The data was

divided into two phases. The phase one which consists of the initial bolus of

1.7-2 mg kg−1 of propofol at the maximum rate (1200 mL h−1). The second

phase contains the maintenance period of anesthesia where the surgery

took place. During this second phase the medical team had discretion to

alter the infusion rate of propofol with the aim to maintain PSI values from

25 to 50. After the surgery finishes the infusion of propofol was stopped and

the recovery phase was analyzed. The time until the patient can open the

eyes to order was measured as well as the time until the endotracheal tube

was removed.

The clinical history of each patient as well as the pre-anesthesia consulta-

tion were recorded. The following variables were registered: age, gender,

weight, height and ASA classification. The duration of the anesthesia, the

type of intervention, the average consumption of propofol and remifentanil,

the recovery time (until the patient can open the eyes) and the time until

the endotracheal tube was removed were recorded. Additionally, the medical

team kept a log with negative incidences, if any, during the surgeries in-

cluding hypertension, hypotension, bradycardia, movements and sweating.

Communication issues between the different machines were also recorded.
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4.3. STATISTICAL ANALYSIS

4.3 Statistical analysis

There are several options to compare the BIS and PSI signals. One of them

is linear regression. Let’s be y1 = BIS and y2 = PSI. In this work a PSI

PK-PD model is used in order to calculate a theoretical PSI value which

we denoted as ŷi. In this way the error, between the theoretical PSI value

obtained and the actual PSI value measured can be expressed as shown in

equation 4.9, where ŷi = Modelled PSI:

(4.9) e i = yi − ŷi

The values of parameters EC50, γ, and delay are estimated using the PSI

PK-PD model. The mean values, using the arithmetic mean, for these terms

are also estimated. The Mean Square Error (MSE) of the PSI estimation

is computed by using 4.10. In addition, a time weighted mean is also

calculated. To do this, the value of the weighted mean for each patient is

weighted by a factor proportional to the length of the surgery using equation

4.11.

(4.10) MSE =
√

1
n

∑
e2

i

(4.11) TWx = Lx∑n
i=1(L i)

Where TWX is the time weighted for patient x and Lx and L i are the length
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

of the surgery for patient x and patient i respectively.

The linear correlation between the BIS and PSI signals is estimated by

using equation 4.12.

(4.12) ρ = n(
∑

y1 y2)− (
∑

y1)(
∑

y2)√
(n

∑
y2

1 − (
∑

y1)2)(n
∑

y2
2 − (

∑
y2)2)

Linear regression analysis is also performed to compare the BIS and PSI

signals. The R-squared of the regression is obtained by using equation 4.13.

(4.13) R2 = 1−
∑

(yi − ŷi)2∑
(yi − ȳi)2

4.4 Neural network approach

4.4.1 Introduction

A potential approach for modelling is the use of machine learning techniques,

such as for instance artificial neural networks (NN). Neural networks are

a well-known set of tools that has been used in many applications. They

are biologically inspired and adapt to a large number of forecasting and

classification tasks. A neural network can be considered as a set of transfer

functions (artificial neurons) that generate an output after receiving a given

input. Each neuron has an associated weight. Supervised learning is the

process of adjusting the weights for each neuron until the overall output

generated by the neural network reaches some predefined criteria.

The standard approach is comparing the output generated by the neural
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4.4. NEURAL NETWORK APPROACH

network with the actual values that it is trying to simulate and adjusting

the weights accordingly using a learning algorithm such as backpropagation.

This step is typically called “training”. The learning algorithm allows the

network to learn from the data through a processed called supervised learn-

ing. The learning algorithm iteratively adjust the weights of the neurons

in an attempt to minimize the difference between the estimated output

generated by the neural network and the actual target values.

An important fact to take into consideration is the issue of overfitting

the neural network. Overfitting is a frequent issue that causes the neural

network to generate accurate forecast when using the training data set, but

with poor forecasting accuracy when applied to new data. In order to avoid

this type of issues it is customary to divide the data into two subsets: 1)

training data and 2) testing data. These two subsets are used independently

with the training data set only used during the training phase and the

testing data only used during the testing phase. Using the testing data,

previously unseen by the neural network, to test the network generated

using the training data helps minimizing the risk of overfitting.

Neural networks are a flexible tool capable to model highly complex pro-

cesses without having a detailed understanding of the underlying process.

This present some advantages and some disadvantages over traditional

modelling. One of the advantages is the previously mentioned flexibility

that enables the researcher to estimate in manty cases the response of a

system even if the underlying process is not well understood or too complex
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

to model such as some non-linear processes. There are many applications

in the existing literature of neural networks to nonlinear processes such as

for instance [71] in nonlinear time series. There are some papers, such as

[27], applying neural networks to the monitoring and control of the sedation

level in patients undergoing surgeries. In this paper the authors followed

a Lyapunov approach. Nevertheless there is limited existing literature in

the application of neural networks to the monitoring of sedation during

surgeries.

4.4.2 Neural network background

Neural networks are a biologically inspired algorithm which attempts to

replicate the way in which a human brain works. The basic components of a

neural network is an artificial neuron, which is nothing else than a transfer

function with an associated weight. This transfer function takes an input,

applies a mathematical function to such input generating an output that

it is weighted according to the previously mentioned weight factor. These

neurons are arranged in layers. Another important component of a neural

network is the learning algorithm.

The concept of an artificial neural network is not a new one. One of the

first articles discussing the concept of an artificial neural network was

written by McCulloch and Pitts [48] back in 1943. That occurred before

the development of the modern computer and perhaps for this reason this

very important paper did not appear to have a significant impact at the
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4.4. NEURAL NETWORK APPROACH

time of publishing. Almost a decade after the publishing of this paper

the first neural network was created by Minsk and Edmund [31]. One of

the key developments in the field of neural networks was the discovery

of backpropagation techniques that use a gradient descent approach for

the minimization of the error of the forecasts. One of the first papers to

mention this approach was [33]. The rapid development of increasingly

more powerful computer is one of the factors behind the rapid increase in

application of neural networks in many fields. Neural networks can be

very computationally demanding and some of their applications have only

been feasible for the last few decades. According to the Moore’s Law the

number of transistors in microchips doubles each two years. This increased

in computational power is rather remarkable and if it continues it will likely

translate into more practical applications in the field of neural networks

which, as previously mentioned, is highly dependent on having enough

computational capacity.

A typical neural network is composed of neurons, arranged in layers. There

are several possible layer network architecture. For instance, in figures 4.5

and 4.6 it is shown a multi-input multi-output neural network with one

and two hidden layers respectively. Clearly a general version with multiple

hidden layers it is also possible (see figure 4.7). Many problems require the

modelling of a single output variable given multiple inputs. An example

of this type of structure with a single hidden layer and a single output is

shown in figure 4.8.
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

There are many different types of artificial neural networks that are

just basically a mathematical function converting some input data into an

output, which is weighted by a transfer function. One of the simplest neural

networks is a linear neuron that takes any input and generates an output

ranging in a straight line from -1 to 1. There are many other alternatives

such as for example a sigmoid function that generates an output ranging

from 0 to 1 in the shape showed in figure 4.9.

Figure 4.9: Sigmoid neural network

4.4.2.1 Learning algorithm

The learning algorithm, such as the previously mentioned backpropagation

algorithm, iteratively modify those weights in an attempt to minimize

the error rate between the actual and the modeled targets. There are
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4.4. NEURAL NETWORK APPROACH

large amount of training alogorithm such as for instance the Levenberg-

Marquardt, which uses an approach similar to backpropagation to calculate

the jacobian of the transformation. The Levenberg Marquardt algorithm

has been successfully applied to many applications in fields as diverse as

the pharmaceutical industry [76] and aeronautics [80].Some of the most

frequently cited learning algorithm in the literature [1] are:

• Levenberg-Marquardt.

The LM is a very frequently used learning algorithm and it is based

on the Gauss-Newton method [64]. Some authors, such as [78], have

mentioned that the LM algorithm offers a combination of the speed

of the Gauss-Newton method with the assured convergence of the

steepest descent. Using Lourakis [40] notation a function can be

approximated as follows:

(4.14) F(ξ+δ+ξ)= F(ξ)+ Jδξ

Where J is the Jacobian.

• Bayesian regularization

Bayesian regularization is another frequently used algorithm. In

this case the Jacobian is calculated using backpropagation. Following

Mackay notation [41] the probability of the parameters of the model

is given by Bayes’ rule and can be expressed as:

(4.15) P(w|Y , Mi)= P(w∗|Y , Mi)e
−δwT Aδw

2
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

where:

Mi = Model

Y = Delta

w = Weight

w∗ = Most likely weight

A = Hessian

• Scaled Conjugate Gradient The scaled conjugate gradient algorithm

is an algorithm of the family of the conjugate gradient. It requires the

existence of the derivative of the transfer functions and introduces a

scale factor S [52]. Following Moller notation [52] the scale factor can

be approximated as follows:

(4.16) S = η′(w+ap)−η′(w)
a

where:

η = Error function

w = weights

p =Search direction

a = constant (0< a < 1)

• Powell-Beale Gradient

The Powell-Beale method is another conjugate gradient method. One

of the main differences with other conjugate gradient approaches is

that the Powell-Beale algorithm resets periodically its search direction
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4.4. NEURAL NETWORK APPROACH

if there is little orthogonality between two consecutive gradients [47].

• Polak-Ribiere Gradient

The Polak-Ribiere algorithm is similar to some of the previously men-

tioned gradient algorithms but in this case the search direction is

dictated by the following [11, 47]:

(4.17) βk =
(gT

k − gT
k−1)gk

gT
k−1 gk−1

where gk is the gradient.

These learning algorithms try to accomplish a similar objective of attempt-

ing to minimize the error obtained when comparing the actual target value

y with the estimated value ŷ. Several of these learning algorithms tech-

niques are based on variations of the gradient descent approach [79]. These

techniques have been applied to many different areas. For instance, [67]

applied the scaled conjugate gradient approach to the prediction of diabetes

mellitus. [56] followed a similar approach applying it to the multifacility

location problem. Bayesian regularization is another frequently used learn-

ing algorithm with [21] using it for feature estimation. The Powel-Beale

method has been used, among many other applications, for face recognition

[53]. Another learning algorithm that has attracted significant academic

interest is the Polak-Ribiere algorithm that has been applied in fields such

as identifying emotions in facial expressions [9].
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CHAPTER 4. METHODS ON ANESTHETIC PROCESS

4.4.3 Neural network implementation

The neural network used for this application consisted of one hidden layer

with 10 neurons (sigmoid) and one linear neuron in the output layer. As

usual 15% of the data will be set aside and use for testing purposes only.

This testing data will not be used during training. The input data is the

infusion rate of propofol and the output are the indexes PSI and BIS. The

neural network will generate estimated values (�PSI and �BIS) for those

indexes. The learning algorithm was the previously mentioned Levenberg-

Marquardt algorithm and the implementation was carried out in Matlab.

The current state (t) of hypnosis can be impacted by the state in previous

steps, such as for instance (t-1) or (t-2), with the resulting problem being

hence a time series analysis. This will be the approach followed in the

modelling. i.e., lag term will be included in the modelling. It will be showed

in the results chapter that this type of neural network is able to generate

accurate forecasts for the indexes PSI and BIS using as independent vari-

able only the infusion rate of propofol.

The neural network was trained in a dynamic way. This can be seen in

figure 4.10. The neural network is first trained with the first minute of

infusion rate (input data) and PSI or BIS as the output. Regardless of the

time window selected, such as in this example 1 minute, the frequency of

the data is every 5 seconds. The neural network is trained with this data

(time T) and used to forecast the PSI (or BIS) index in the next minute (time

T+1) using the infusion rate at T+1. Then the process is iteratively repeated
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4.4. NEURAL NETWORK APPROACH

including the new (actual) information of the infusion rate and PSI (or BIS)

index in period (T+1) to train the network and generate forecast for the

PSI (or BIS) for the next time interval (T+2). The training dataset is hence

gradually increased as more data, both input and output, is added in each

step and used to train the network. The process is repeated until there is a

forecast for all the time intervals. As previously mentioned the frequency

of the data is every 5 seconds and hence if the time window selected is 1

minute then there are 12 forecasted values of the output variable in each

step. Four different time windows were used: 0.5, 1, 1.5 and 2 minutes.

This dynamic approach was followed in order to make the analysis as

realistic as possible. In a surgical environment information of the infusion

rate and PSI (or BIS) becomes gradually available as the surgery progresses

and hence other approaches, such as for instance using the entire time

series and then randomly divided the data into training and testing data is

not a realistic approach.
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5
RESULTS

5.1 Compartmental modelling

F
ollowing the protocol described in previous section a study was

done on a 27 patient population. The study included data record-

ing and pre-processing and PSI PK model synthesis [66]. The key

descriptive statistics of the patients is shown in table 5.1. As observed, the

study included 14 males and 13 females. The age average is 54, weight

average is 82Kg and height average is 169cm.
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CHAPTER 5. RESULTS

Statistics Length (minutes)* Age Weight Height
Average 137 54 82 169
Median 118 54 85 170
Max 292 74 115 185
Min 26 27 60 155
StDEV 81 13 18 9
Male 14
Female 13

Table 5.1: Descriptive statistics of the patients. *Procedure length (minutes)
- From bolus to recovery.

As commented, the model considered to model drug distribution was a

PSI PK-PD model [66]. Table 5.2 summarises the results obtained for the

adjustment of the EC50 and γ parameters. As observed, the mean squared

error (MSE) of the proposed model in the whole population was 75.64. The

MSE results were slightly smaller when using the time weighted average.

The MSE calculated in this way was 66.95 with the minimum and maximum

MSE values being respectively 30.98 and 211.38. The correlation coefficient

between modelled and real data was >0.63. The mean EC50 value was 1.00

while the mean γ value was 0.67. No significant differences were observed

between males and females.

Figure 5.1 shows the evolution of the PSI signal for one patient together

with the evolution of the modelled signal. As can be seen, the accuracy of

the PSI model is high. For instance, in the case of the patient in figure

5.1 the RMSE was only 30.98. The mean RMSE for the whole population

is below 76. The errors for the PSI PK-PD model for each of the patients,

calculated by subtracting the output of the PSI PK-PD model from the PSI

value, can be seen in figure 5.2.
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5.1. COMPARTMENTAL MODELLING

Patient EC50 Gamma MSE
1 1.56 0.84 170.20
2 0.70 0.97 42.17
3 0.32 0.32 81.80
4 0.93 1.29 55.81
5 1.04 1.11 97.06
6 1.40 0.86 35.55
7 1.86 0.38 35.06
8 1.35 1.26 41.92
9 1.90 0.82 35.48

10 1.71 1.63 62.23
11 0.01 0.01 211.38
12 0.45 0.46 56.68
13 1.70 1.85 51.89
14 1.34 1.44 54.73
15 0.71 0.70 52.16
16 0.49 0.69 45.25
17 0.32 0.25 115.06
18 0.88 0.68 70.71
19 2.31 0.84 64.74
20 2.54 0.18 91.42
21 0.01 0.20 146.15
22 0.51 0.15 54.77
23 1.03 0.48 190.43
24 0.41 0.21 30.98
25 1.50 0.29 44.64
26 0.01 0.06 66.88
27 0.02 0.06 37.25

Mean 1.00 0.67 75.64
Time weighted mean 1.01 0.62 66.95

Table 5.2: PSI model results
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CHAPTER 5. RESULTS

Figure 5.1: Patient 24 - PSI, PSI PK-PD and BIS. BIS-PSI correlation of
0.8455

Figure 5.2: Errors for each patient. Error = PSI - PSI PK-PD Output
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5.1. COMPARTMENTAL MODELLING

5.1.1 BIS and PSI comparison

The study also included a comparison of the PSI evolution with the BIS

signal. Although they can not be directly compared as the target area is

numerically different, the study focuses on the analysis of the percentage

of time within the target area (25-50 for PSI and 40-60 for BIS) to check

the coherence of the recorded data. The first analysis was to compute the

correlation index between both signals.

As expected, in most of cases the value of the PSI index has lower val-

ues than the BIS signal. In figure 5.1 a typical evolution is presented for

both signals in one of the patients. The mean correlation between the BIS

and PSI index was 0.65±0.05(95%confidence) (table 5.3). The mean correla-

tion was also calculated using a time weighted average (with the weighting

factor being the length of the surgical procedure). The time weighted aver-

age correlation was 0.63±0.05(95% confidence).

Another way of comparing the two indexes is calculating the mean value

of the difference between the two indexes. The mean value obtained for

the combined signal (BIS-PIS) was 8.49±2.06(95% confidence) and the

time weighted value 9.72±2.06(95% confidence). An alternative way of

comparing the indexes is doing a simple linear regression (tables 5.3 and

5.4). The average R-squared was 0.4330 suggesting that the two signals are

not, at least linearly, equivalent.
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CHAPTER 5. RESULTS

Figure 5.3: Mean percentage within optimal operating values for the BIS
(40-60) and PSI (25-50) indexes and error bars at a 95% confidence level

5.1.2 Optimal bands

As previously mentioned the optimal bands for the BIS and PSI indexes are

40 to 60 and 25 to 50 respectively, see figure 5.3. The average percentage

time for the BIS within these values was 0.77 with a 95% confidence interval

of [0.72, 0.81] and a standard deviation of 0.13. In the case of the PSI the

mean was 0.82 with a 95% confidence interval of [0.78, 0.86] and a standard

deviation of 0.11.
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5.2. NEURAL NETWORKS MODELLING

5.2 Neural networks modelling

5.2.1 Problem definition

The main objective is to model the temporal evolution of the PSI and BIS in-

dexes during surgical procedures using the infusion rate of propofol as input.

The main variable driving the level of sedation during the analyzed

surgeries is the infusion rate of propofol and it is a variable over which the

medical team carrying out the surgery has complete control over.Therefore,

it seems reasonable to use the infusion rate of propofol as the independent

variable for modelling process. The dependent variables in this context,

representing the level of sedation of the patient, are the BIS and PSI indexes.

• Input variable: Infusion Rate of propofol infusion

• Output variable (to be modeled): BIS and PSI indexes

Therefore, the modelling tool selected should be able to take the infusion

rate of propofol as an input and generate theoretical outputs for the values of

the PIS and BIS indexes.The general expression for the modelled variables

will be:

1. �BIS=f(U(t))

2. �PSI=f(U(t))
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CHAPTER 5. RESULTS

where:

�BIS=Predicted BIS values

�PSI=Predicted PSI values

U(t)= Infusion rate

The accuracy of these forecasts can be then estimated comparing the es-

timated values of PSI and BIS indexes with the actual values for those

indexes. This was done by running a linear regression between the esti-

mated �PSI and the actual PSI as well as between the estimated �BIS and

the actual BIS and using the obtained R-squared value from the linear

regression as an indication of the accuracy of the model.

In figure 5.4 it can be seen an example of the input and output variables.

In the upper side of the figure a graph of the PSI (blue) and BIS (red) can

be seen.These are the output values that we are modelling. As previously

mentioned, some lag values of the PSI and BIS indexes were used as inde-

pendent variables (input variables). In the lower part of the figure it can be

seen the infusion rate of propofol. All the variables showed in the figure are

actual variables measured while a patient was undergoing surgery.
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5.2. NEURAL NETWORKS MODELLING

Figure 5.4: Sample input and output variables

5.2.2 Hypothesis

There are two main underlying assumptions

1. The PSI and BIS indexes can be accurately modeled using only the

infusion rate of propofol as input variable and neural networks as the

model.

2. Intelligent systems, such as neural networks, are capable of general-

izing, when faced with new data, in the context of surgical hypnosis.
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CHAPTER 5. RESULTS

5.2.3 Neural network setup

Neural networks using the backpropagation algorithm based on Leven-

berger Marquardt optimization were used in ths section. The structure of

the networks consisted in one hidden layer and one output layer. The hid-

den layer was composed by 10 neurons while the output layer had a single

neuron. The neurons in the hidden layer are sigmoid while the neuron in

the output layer is linear. As mentioned in previous section, the level of

sedation of the patient at time t is impacted by several factors including

the level of sedation of the patient at previous times, such as for instance

(t-1). Therefore, it is a time series problem. The neural network includes

two lag terms. The structure used in the neural network is described by

equation (5.1). The neural network was constructed and trained using

Matlab software.

(5.1) y(t)= f (y(t−1), y(t−2), x(t−1), x(t−2))

One of the advantages of using neural networks for modelling is that it

is not required to have a detailed model of the underlying process as it

only requires input and output data. This also comes with some issues as

the criticism that neural networks are effectively black boxes that do not

attempt to describe that underlying process accurately with the target from

neural networks being on generating an estimated output as close as the

actual output as possible. In this regard, NN are a good complement of the

previously used PD-PK models.
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5.2. NEURAL NETWORKS MODELLING

5.2.4 Experimental data obtained from patients

during surgical interventions

The input data consisted of the infusion rate of propofol of 27 different

patients undergoing different types of surgeries at the Hospital Univesitario

de Canarias. The output data were the PSI and the BIS indexes measured

during those same surgical interventions. As previously mentioned the

neural network was applied dynamically with for instance 1 minute of data

(time T) used to build the network which is then used to forecast the output

in the following minute (T+1). This process was repeated for every minute.

The variables used are hence:

1. BIS index - Output and also used as an input lag term.

2. PSI index - Output and also used as an input lag term.

3. infusion rate - Input

The data used to build the network was divided into three sets (training,

validation and testing). The training and validation data contained 70%

and 15% of the data while the testing set contained the remaining 15%. The

allocation of data to the different sets was done randomly to try to avoid

biases. The validation test is used to check for the error rate during the

training phase. The 15% of the data contained in the testing set was not

used during the training of the neural network. The testing phase is an

important step as in intended to avoid the issue of overfitting. Overfitting

occurs when the models adjust with high level of precision to the data used

during the training phase but generates inaccurate estimations when deal-
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CHAPTER 5. RESULTS

ing with new data. This has been attributed to the issue of local minima.

In this situation the algorithm gets stuck in local minima, which generates

good results for the training data, but it stops trying to find a global minima,

which can generate better forecasts for new data.

The neural network was used to forecast the values of the PSI and the

BIS in the following period. Hence it is always an out of sample forecast.

For instance, at time T the network is trained, as mentioned above, with

all the PSI and infusion rate available at that time T. After the network is

trained a forecast for the value of the PSI index is obtained using the neural

network and the infusion rates at time T+1 as well as lag terms of the PSI

value (in previous periods) as inputs.

It should be noted that the BIS and PSI data are measured using slightly

different time intervals. In order to make it comparable a 5 second time

interval between measures was used as it is the smallest time interval that

has both PSI and BIS data. Hence the actual time different between the

period T and the period T+1 is of 5 seconds.
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5.2. NEURAL NETWORKS MODELLING

5.2.5 Results of the neural network modelling

The graph for the individual patients can be seen in Appendix B. Tables

5.5 and 5.6 show the R-squared values of the regressions comparing the

actual and modeled values. The independent variable is the infusion rate of

propofol, including a lag (x(t-1) and x(t-2)). The independent variable (Y(t))

is the BIS level. Lag terms of this variable were used as dependent variables

(y(t-1) and y(t-2)). As previously mentioned the analysis was repeated using

forecasting time windows of 0.5, 1, 1.5 and 2 minutes. As the forecasting

time window increases the accuracy of the forecast appears to decrease. A

similar modelling approach was used for the modelling of �PSI = f (U(t)).

For all the models analyzed the R-squared value, representing the good-

ness of the fit between the modeled and actual value were relatively high,

with a mean R-squared value in the case of the �PSI = f (U(t)), for the 0.5

minute forecasting time window, of approximately 0.820. The time weighted

average was 0.821. The modelling results for the BIS as a function of the

infusion rate of propofol (combined with some lag terms) and using neural

networks were also relatively accurate. The mean R-squared obtained, com-

paring the output of the model with the actual BIS value, for the case of a

30 seconds forecasting time window was 0.752. The time weighted average

was slightly lower coming at 0.739. In figures 5.5 and 5.6 it can be seen the

results for two cases, one modelling the PSI index and one modelling the BIS

index using the infusion rate of propofol as an input and the neural network

with two lag terms as a modelling tool usinf the previously mentioned four
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CHAPTER 5. RESULTS

Figure 5.5: Patient 15 - Forecast PSI (NN)

forecasting time windows. The graphs for the other cases can be seen in

the Appendix. A sample of the performance validation, during the training

phase, for a specific patient can be seen in figure 5.7.

The results sustain the hypothesis that neural networks are an appro-

priate tool for the modelling of the PSI and BIS indexes during surgical

procedures using as an input the infusion rate of propofol. This type of tech-

nique can potentially we used in the future to developed closed loop system

in which the infusion rate of propofol is controlled using a neural network

similar to the one proposed in this chapter. As previously mentioned the

objective of this research it is not to replace the doctor carrying out the
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5.2. NEURAL NETWORKS MODELLING

R-Squared
Patient 0.5 min. 1 min. 1.5 min. 2.0 min.

1 0.7660 0.7350 0.6090 0.5800
2 0.7630 0.7440 0.7190 0.6720
3 0.7060 0.6790 0.6400 0.6130
4 0.8900 0.8630 0.8210 0.7780
5 0.8990 0.8860 0.8350 0.6880
6 0.8110 0.7860 0.7450 0.7360
7 0.7150 0.6710 0.6630 0.5650
8 0.7820 0.6780 0.5680 0.5370
9 0.8740 0.8260 0.7330 0.6140

10 0.9060 0.8870 0.8590 0.7713
11 0.7400 0.7080 0.6680 0.5680
12 0.6290 0.5960 0.5750 0.5120
13 0.8780 0.8700 0.8450 0.7790
14 0.8400 0.8280 0.7600 0.7000
15 0.8850 0.8500 0.8280 0.7370
16 0.8110 0.7840 0.6950 0.6330
17 0.8020 0.7780 0.7050 0.6100
18 0.8530 0.8110 0.7580 0.5870
19 0.8010 0.7760 0.6970 0.6230
20 0.8070 0.7770 0.7400 0.6960
21 0.8810 0.8460 0.8060 0.7770
22 0.7590 0.7470 0.6470 0.5680
23 0.8750 0.8440 0.7880 0.7790
24 0.8200 0.7910 0.6420 0.7320
25 0.8740 0.8440 0.8050 0.7200
26 0.8770 0.8650 0.7970 0.7350
27 0.8850 0.8800 0.8370 0.8060

Average 0.8196 0.7907 0.7328 0.6710
Time weighted ave. 0.8209 0.7927 0.7312 0.6675

Table 5.5: R-Squared results using neural networks as modelling tool (time
series) for the PSI
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CHAPTER 5. RESULTS

R-Squared
Patient 0.5 min. 1 min. 1.5 min. 2.0 min.

1 0.8850 0.8680 0.8230 0.7760
2 0.8600 0.8300 0.8240 0.7650
3 0.6950 0.6650 0.6170 0.5950
4 0.8370 0.8250 0.7790 0.5850
5 0.8460 0.8190 0.7130 0.7030
6 0.7670 0.7290 0.6690 0.5710
7 0.6080 0.5750 0.5450 0.5000
8 0.8100 0.7680 0.7420 0.6910
9 0.6640 0.6390 0.6080 0.5370

10 0.7950 0.7670 0.6630 0.5360
11 0.6630 0.6470 0.6330 0.5400
12 0.7170 0.6510 0.6110 0.5040
13 0.6840 0.6470 0.6040 0.5600
14 0.8490 0.8380 0.7630 0.7220
15 0.8680 0.8580 0.8340 0.7850
16 0.6120 0.5110 0.5330 0.5110
17 0.7270 0.7010 0.6850 0.6500
18 0.7150 0.6820 0.6510 0.6000
19 0.6250 0.5910 0.5490 0.5040
20 0.5540 0.5280 0.5120 0.5010
21 0.8680 0.8510 0.8140 0.7730
22 0.7540 0.7210 0.6210 0.5620
23 0.8400 0.7990 0.8560 0.7630
24 0.7830 0.7310 0.6530 0.6340
25 0.6710 0.6610 0.5440 0.5240
26 0.7630 0.7490 0.7120 0.6850
27 0.8490 0.8260 0.8030 0.7610

Average 0.7522 0.7214 0.6797 0.6221
Time weighted ave. 0.7393 0.7087 0.6635 0.6030

Table 5.6: R-Squared results using neural networks as modelling tool (time
series) for the BIS
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5.2. NEURAL NETWORKS MODELLING

Figure 5.6: Patient 15 - Forecast BIS (NN)

anesthesia but to provide the person carrying out this job with tools saving

time from repetitive tasks. The time saved through automation might be

use to carry out other tasks such as emergency procedures. This type of

process in which the output, i.e., the BIS or PSI index, can be measured

relatively accurate and fast and that has basically one independent vari-

able (the infusion rate of propofol) appears to be a perfect candidate for an

increase in automation.
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Figure 5.7: Patient 13 - Performance Validation
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DISCUSSION

T
he interest in TIVA has grown greatly in last years for many

reasons, for example in patients with high risk of postoperative

nausea and vomiting, malignant hyperthermia or when intra-

operative neurophysiological monitoring is necessary [57]. The development

of automatic delivery systems is an ongoing trend. To have a reliable mea-

surement of the hypnosis level can contribute to a better adjustment of drug

dose, avoiding the risk of awareness during anesthesia with subsequent

explicit recall if the dose is insufficient. By the other hand, a relative over-

dosing of propofol is not recommended.

The current data suggests that the anesthetic per se may contribute as

an important factor to the development of adverse cognitive outcome after

surgery [70]. BIS-guided anesthesia reduced anesthetic exposure and de-
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CHAPTER 6. DISCUSSION

creased the risk of postoperative cognitive dysfunction (POCD) at 3 months

after surgery. Anesthetic delivery titrated to a range of BIS between 40 and

60 would prevent from POCD and postoperative delirium [13]. Therefore,

automated feedback control can limit the effects on performance of individ-

ual patient variability. Closed loop control can optimize the workload of the

anesthesiologist and finally improving the safety and quality of anesthesia

care.

The availability of a PK/PD model is crucial to perform simulations that can

be implemented in various control algorithm strategies. The originality of

this study is that it has been possible to obtain a PK/PD model of propofol

and PSI from SEDline monitor. We used a PSI PK-PD [66] model of propo-

fol for pharmacodynamic modelling. Nowadays, it is the most universally

accepted for its predictability. It was obtained from a combined pharmacoki-

netic and pharmacodynamic study in a single set of 24 volunteers. Unlike

Mars model for propofol who only considers the patient’s weight, the PSI

PK-PD model incorporates total body weight, age, height, and lean body

mass (LBM) as co-variates. The PK/PK models for propofol has been classi-

cally modelled with a sigmoid Emax model for other EEG processed monitor

like BIS [63]. The equation relating PSI to Ce contains four parameters that

define the output curve in terms of Ce: PSI0; PSImin; gamma and Ce50

(where Ce50 is Ce associated with 50% maximal drug effect, and gamma is

the slope of the sigmoidal function).

Data from our patients during TIVA were analyzed and PSI parameters
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Ce50 and Gamma were estimated during the maintenance phase of anes-

thesia. To our knowledge is the first report about modelling propofol phar-

macodynamics using SEDline. The study has some limitations. Some of

the cases analyzed had disconnection issues that might have caused the

correlation values to decrease. This can be seen in some of the graphs with

the indexes momentary going to zero.

In this study, I also compared the PSI and the BIS, to assess the depth

of propofol anesthesia. While the correlation obtained between the BIS and

the PSI index, on average 0.65, was not too high the PSI index seems to

be a reasonable tool for hypnosis monitoring purposes. Nevertheless, the

PSI index seems to do reasonably well when used for hypnosis monitoring

purposes. Regarding the gender and PK/PD modelling, there was no sta-

tistically significant difference between the accuracy of the PSI technique

when comparing the results between the male and female groups. More

research is clearly needed to establish if it can be used as an alternative to

the frequently used BIS index.

In conclusion, our study shown that it has been possible to obtain a PK/PD

model of propofol and PSI index and can be used as an alternative to the

BIS index for modelling proposes.In addition it was also shown that neural

networks are a feasible tool for the modelling of this type of processes using

the infusion rate of propofol as an input and the PIS and/or BIS indexes as

an output. The results were consistent among patients.

89



114 / 218

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

CHAPTER 6. DISCUSSION
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7
FUTURE WORK

There are several areas of future work. One area of clear interest would be

the incorporation of closed-loop techniques in the sedation process in sur-

gical settings. This will clearly require having reliable sedation measures

such as the BIS and the PSI, a robust control process and automated tool

for the infusion rate of propofol.

The control process could potentially be done using linear techniques or

machine learning techniques such as for instance neural networks that

were analyzed in this dissertation. It should also be noted that there exist

programmable electronic syringes that are adapt for this type of automated

sedation. This is a promising area which could free a significant amount

of time for the anesthesiologist during surgery. This time could be used in

more value added tasks.
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CHAPTER 7. FUTURE WORK

There are however several challenges to be overcome such as having re-

dundancies and determining the best control system. The issue of having

redundancies is particularly important because there were some disconnec-

tions, for both the BIS and PSI signals, for some of the patients analyzed

that could make a fully automated closed-loop control approach challeng-

ing. Determining the best control tool is also critical important with linear

methods and neural networks being two alternatives with advantages and

disadvantages. For example, neural networks can be used for construct-

ing very sophisticated models but at the same time they likely required a

training phase for each patient, which might require a longer time under

anesthesia for the patient. It is therefore non-trivial to identify the best

models ensuring patient safety and an optimal sedation level.
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8
PUBLICATIONS AND ARTICLE PROOF

These are the directly related publications with this dissertation:

• Modelling the PSI response in general anesthesia. Journal of Clinical

Monitoring and Computing (JCMC). JCR. Impact Factor 2.179 (2018).

SJR 0.77. Q1 (2018). Anesthesiology and pain medicine.

• Estudio comparativo de la evolucion de los valores del BIS y del PSI

en AIVT con propofol. 2019. XXXIV Congreso nacional de la SEDAR.

Sociedad espanol de anestesiologia.

• Control Predictivo basado en Modelo Borroso con EKF para el control

de anestesia. XII Simposio CEA de control inteligente.

• Experimental techniques to measure hypnotic levels during surgery.

XXXVII Jornadas de automatica 2016.
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CHAPTER 8. PUBLICATIONS AND ARTICLE PROOF

Figure 8.1: Modelling the PSI response in general anesthesia
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Figure 8.2: Estudio comparativo de la evolucion de los valores del BIS y PSI
en AVIT con propofol y remifentanilo
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CHAPTER 8. PUBLICATIONS AND ARTICLE PROOF

Figure 8.3: Control predictivo basado en modelo borroso con EKF papa el
control de anestesia
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Figure 8.4: Experimental techniques to measure hypnotic levels during
surgery
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CHAPTER 8. PUBLICATIONS AND ARTICLE PROOF

Figure 8.5: Experimental techniques to measure hypnotic levels during
surgery
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MODELLED PSI: GRAPHIC RESULTS

A
ll the cases not shown on the main body of the dissertation are

shown in this appendix. In total 27 cases were analyzed.
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.1: Patient 1 - Modelled PSI vs. infusion rate
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Figure A.2: Patient 2 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.3: Patient 3 - Modelled PSI vs. infusion rate
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Figure A.4: Patient 4 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.5: Patient 5 - Modelled PSI vs. infusion rate
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Figure A.6: Patient 6 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.7: Patient 7 - Modelled PSI vs. infusion rate
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Figure A.8: Patient 8 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.9: Patient 9 - Modelled PSI vs. infusion rate
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Figure A.10: Patient 10 - Modelled PSI vs. infusion rate
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Figure A.11: Patient 11 - Modelled PSI vs. infusion rate
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Figure A.12: Patient 12 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.13: Patient 13 - Modelled PSI vs. infusion rate
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Figure A.14: Patient 14 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.15: Patient 15 - Modelled PSI vs. infusion rate
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Figure A.16: Patient 16 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.17: Patient 17 - Modelled PSI vs. infusion rate
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Figure A.18: Patient 18 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.19: Patient 19 - Modelled PSI vs. infusion rate
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Figure A.20: Patient 20 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.21: Patient 21 - Modelled PSI vs. infusion rate
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Figure A.22: Patient 22 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.23: Patient 23 - Modelled PSI vs. infusion rate
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Figure A.24: Patient 24 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.25: Patient 25 - Modelled PSI vs. infusion rate
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Figure A.26: Patient 26 - Modelled PSI vs. infusion rate
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APPENDIX A. MODELLED PSI: GRAPHIC RESULTS

Figure A.27: Patient 27 - Modelled PSI vs. infusion rate
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NEURAL NETWORK: GRAPHIC RESULTS

The results for each of the patient, using neural networks as a modelling

tool are shown below.
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.1: Patient 1 - Forecasted BIS (NN)
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Figure B.2: Patient 1 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.3: Patient 2 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.4: Patient 2 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.5: Patient 3 - Forecasted BIS (NN)

132



157 / 218

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.6: Patient 3 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.7: Patient 4 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.8: Patient 4 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.9: Patient 5 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.10: Patient 5 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.11: Patient 6 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.12: Patient 6 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.13: Patient 7 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.14: Patient 7 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.15: Patient 8 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.16: Patient 8 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.17: Patient 9 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.18: Patient 9 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.19: Patient 10 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.20: Patient 10 - Forecasted PSI (NN)

147



172 / 218

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.21: Patient 11 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.22: Patient 11 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.23: Patient 12 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

Figure B.24: Patient 12 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA
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Figure B.25: Patient 13 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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Figure B.26: Patient 13 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 2864829				Código de verificación: VZdViOU2

Firmado por: Gerardo Alfonso Pérez Fecha: 28/09/2020 10:24:39
UNIVERSIDAD DE LA LAGUNA

Santiago Torres Álvarez 28/09/2020 11:00:32
UNIVERSIDAD DE LA LAGUNA

Juan Albino Méndez Pérez 28/09/2020 11:46:36
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 28/10/2020 15:26:58
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/89726

Nº reg. oficina:  OF002/2020/88687
Fecha:  28/09/2020 13:52:34

APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.27: Patient 14 - Forecasted BIS (NN)
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Figure B.28: Patient 14 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.29: Patient 15 - Forecasted BIS (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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Figure B.30: Patient 15 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.31: Patient 16 - Forecasted BIS (NN)
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Figure B.32: Patient 16 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.33: Patient 17 - Forecasted BIS (NN)
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Figure B.34: Patient 17 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.35: Patient 18 - Forecasted BIS (NN)
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Figure B.36: Patient 18 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.37: Patient 19 - Forecasted BIS (NN)
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Figure B.38: Patient 19 - Forecasted PSI (NN)
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Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.39: Patient 20 - Forecasted BIS (NN)
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Figure B.40: Patient 20 - Forecasted PSI (NN)
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.41: Patient 21 - Forecasted BIS (NN)
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Figure B.42: Patient 21 - Forecasted PSI (NN)
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.43: Patient 22 - Forecasted BIS (NN)
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Figure B.44: Patient 22 - Forecasted PSI (NN)
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.45: Patient 23 - Forecasted BIS (NN)
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Figure B.46: Patient 23 - Forecasted PSI (NN)
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.47: Patient 24 - Forecasted BIS (NN)
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Figure B.48: Patient 24 - Forecasted PSI (NN)
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.49: Patient 25 - Forecasted BIS (NN)
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Figure B.50: Patient 25 - Forecasted PSI (NN)
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.51: Patient 26 - Forecasted BIS (NN)
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Figure B.52: Patient 26 - Forecasted PSI (NN)
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APPENDIX B. NEURAL NETWORK: GRAPHIC RESULTS

Figure B.53: Patient 27 - Forecasted BIS (NN)
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Figure B.54: Patient 27 - Forecasted PSI (NN)
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