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7. Summary, discussion and future perspective

General aim
This thesis describes the importance of anaesthetic drug dose optimization and the means that 
anaesthetists have to achieve this. Two main subjects were addressed. First the in�uence of frontal 
brain tumour on pharmacokinetics and pharmacodynamics of propofol was explored in patients 
undergoing craniotomy. Second the e�cacy of hypnotic and analgesic EEG derived drug e�ect 
measures to improve drug dosing was investigated.

Summary of clinical studies
Chapter 1 comprises the introduction and background. In the introduction we described, 
in short, the previous publications in these research �elds and we delineated the aims of our 
thesis. In chapter 2 we gave a more extensive review of the literature and addressed the main 
outstanding issues.

In chapters 3 and 4 we addressed two commonly held perceptions among anaesthetists. First 
perception is that patients with brain tumours are more susceptible to the hypnotic e�ects of 
propofol. The second one is that the presence of pathological brain mass in the frontal lobe 
in�uences the output of a Bispectral (BIS) monitor thus rendering it unreliable for propofol dose 
titration. In chapter 3 we focused our investigations on transition periods between responsiveness 
and unresponsiveness during propofol anaesthesia. In chapter 4 we performed a more detailed 
analysis of the available data. We developed a pharmacological model of propofol for both patients 
with and without brain tumour in order to accurately investigate di�erences in pharmacology.

After carrying out this prospective observational study in 20 patients with frontal brain tumour 
and 20 patients without this pathology we concluded that the aforementioned perceptions were 
more based on impressions than on facts.

Patients with brain tumour are not more sensitive to the hypnotic e�ects of propofol. They do have 
a higher metabolic clearance of propofol and as a consequence they require higher continuous 
�maintenance� propofol dose in order to maintain the same plasma propofol concentration 
compared to the control patients. The BIS monitor output values at transitions of responsiveness 
were equivalent. Thus the presence of a frontal brain tumour should not prompt a modi�cation 
of induction dose of propofol, nor should it deter the anaesthetist from using the BIS-monitor for 
propofol dose optimization.

While the focus of chapters 3 and 4 lies more on investigating the monitoring and drug dosing in 
a speci�c patient group (namely those with brain tumours), chapters 5 and 6 describe the utility 
of newly developed EEG based drug e�ect monitors in the general population.

In chapter 5 we investigated the Composite Variability Index (CVI) monitor. In chapter 6 we 
focused our attention on the Cortical Input (CI) and Cortical State (CS) .
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CVI was developed to serve as a nociception/anti-nociception (N/AN) balance monitor. It is 
composed of the weighted sum of BIS and electromyogram (EMG) values and their variability. 
While CVI depends on a heuristic and proprietary algorithm for data processing, CI and CS do not. 
Their algorithms and theoretical background are published and thus open to scrutiny. They are 
based on a mathematical theory of human electroencephalogram (EEG) generation developed 
by Liley and colleagues1 2. CS is supposed to re�ect the current responsiveness of the EEG to 
an arbitrary stimulus. Thus it is designed to be a mathematical and theoretical analogue of the 
hypnotic component of anaesthesia. CI on the other hand is supposed to re�ect the magnitude 
of cortical input from subcortical structures and thereby re�ect the N/AN part of the equation.

It is well described in the literature that hypnotic and analgesic drugs show extensive 
pharmacokinetic and pharmacodynamic interactions. In order to assess their in�uence on 
monitor performance we tested both monitors under varied hypnotic and analgesic drug e�ect 
combinations. We thus randomised all patients to one of 12 di�erent hypnotic and analgesic drug 
dose combinations. The hypnotic drug e�ects varied from light sedation to deep anaesthesia 
while analgesic dose varied from no analgesia at all to near overdose conditions. After achieving 
a stable drug e�ect, noxious and non-noxious stimuli were applied and responses were noted. 
The e�ectiveness of the monitors to detect stimulation and predict movement to stimulation 
was compared to hemodynamic and hypnotic measures currently used to optimize drug dosing 
namely Heart Rate (HR), Mean Arterial Pressure (MAP) and BIS index, respectively. Finally the 
combined ability of kindred monitors, namely BIS-CVI and CI-CS, to assess �adequacy of balanced 
anaesthesia�, was assessed.

The results were promising. Both CI and CVI, as well as combination of CI-CS and CVI-BIS 
allowed for better detection of the arousal secondary to noxious stimulation and prediction of 
movement when compared to the hemodynamic variable. In that respect they both represent 
progress compared to the current state of a�airs. However neither CI nor CVI were purely related 
to analgesic drug dose or the nociception intensity. They both showed extensive in�uence of 
hypnotic drug dose. Thus it cannot be concluded that these monitors are purely N/AN balance 
monitors. They are more �arousal monitors�, representing the e�ect of hypnotic and analgesic 
drug interaction more than anything else.

The ultimate goal
�In somno securitas Groningen�� is the inscription on a bust every resident receives once he 
or she completes their anaesthesia core training (�gure 1) at the University Medical Center 
Groningen (UMCG). This is not without a reason. This inscription reminds us of, and emphasizes, 
the most important of core values in anaesthesia, that is to �keep the patient safe�. We achieve this 
by mitigating the risks posed to the patients either by surgeons, their own comorbidity or both. 
Thus it bothers us, that no matter how hard we try we cannot always deliver the standard of care 
we would like to. We cannot always keep them safe.
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We do not understand what to look for in the EEG. Neither the neural correlates 
consciousness/anaesthesia nor the mechanism of �anaesthetic� drug e�ect(s) are yet entirely 
elucidated. Current monitors handle this problem by constructing heuristic algorithms 
calibrated to clinical/pharmacological drug e�ects.
There are no clinical surrogates which quantify the full spectrum of anaesthetic drug e�ect. 
Beyond the loss of responsiveness (LOR) we have no clinical measures (of unconsciousness/
anaesthesia) to calibrate the heuristic algorithms, except perhaps the isolated forearm 
technique.
Calibration of the EEG monitors to clinical surrogates does not guarantee correlation with 
anaesthesia. For example, eyelash re�ex, while commonly used in clinical practice to detect 
LOR is a brainstem re�ex while neural structures responsible for consciousness are (probably) 
cortical and subcortical.

Another important topic amendable for improvement is the prediction of drug dose. No matter 
how hard we try we cannot always adequately predict the drug dose patients will need.

Although the abovementioned drug e�ect monitoring helps us �ne tune the eventual drug dose 
by informing us of the achieved drug e�ect, it does not prevent drug overdose in general or 
predict the inter-patient pharmacokinetic and pharmacodynamic variability. Although we have 
come a long way since the -one size �ts all- practice of standard drug dosing guidelines and 
manual infusion schemes there is still a way to go.

Development of target controlled infusion (TCI) models and pumps was an important step 
forwards. This drug infusion technology has had a long history.6 Nowadays it is a safe7 and 
mature8 technology which allows us to target the optimal drug concentration in di�erent bodily 
compartments taking into account and getting to grips with inter-patient kinetic variability. But 
still every model is -by de�nition- a simpli�ed re�ection of reality and thus has its limits. Using the 
model in a population it has not been validated in, can result in serious errors. Because our patients 
are not always young, healthy, volunteers -as generally used in the modelling studies- much work 
has been done to develop more widely applicable and validated models, not only for propofol 
but also for other drugs. Eleveld et al. have developed a �general purpose� TCI model for propofol 
to address this problem.9 Hannivoort et al.10 are developing a TCI model for dexmedetomedine, a 
powerful drug often used in sedation.

Because we rarely administer a single drug to achieve optimal operating conditions, taking into 
account drug interactions is also very important. Steps in that direction were taken by Luginbuhl 
and Vereecke et al.11 by developing population based drug interaction models for hypnotics and 
analgesics most often used in clinical practice, i.e. propofol-sevo�urane-remifentanil.

The ultimate goal would be the development of a closed loop anaesthesia drug delivery system12, 
in other words a system designed to automatically dose drugs to a predetermined clinical (or 
monitor based) end point. For a schematic representation of a �closed loop system� (�gure 2).
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Figure 2.

Such a system would use PK/PD and their interaction models for hypnotic and analgesic drugs 
in order to optimize their infusion. By using hypnotic and analgesic drug e� ect monitors it would 
� ne-tune the drug delivery in order to optimize the patient anaesthetic state and operating
condition. A big advantage of such a system would be that it would be able to deliver a 
consistently high standard of care to patients without fault or getting tired. But in order to achieve 
that we would have to take the art out of anaesthesia. And even though we are making progress 
we are not able to achieve that, yet. Neither the drug interaction models nor clinical drug e� ect 
monitoring is robust enough to be used in this system in clinical practice.

In conclusion, we cannot fully comply with the core value �In somno securitas�. Does this make 
us deceitful? In my opinion not, especially if we provide an honest account of anaesthesia related 
risks to our patients. After all, recognising the problem is the � rst step in forming a solution. And 
our awareness of our limitations only highlights our will and determination to improve our clinical 
practice. We are aware of the magnitude of a challenge -de� ning biological basis of consciousness 
has been stated as one of the big unsolved challenges of this century by the science magazine- 
but even �a journey of a thousand miles starts with a single step�. And my hope is that this thesis 
contributes just another step in our journey.

7. Summary, discussion and future perspective
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