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Abstract
Next to unconsciousness, the suppression of nociception – i. e. the neuronal processing of
noxious stimuli – is a central component of general anaesthesia. While unconsciousness
can be monitored fairly accurately using electroencephalography (EEG)-derived measures, there is no reliable measure that allows quantifying the level of nociception in unconscious humans available to this day.
Therefore, this dissertation aimed at developing a multimodal measure of nociceptive
processing in humans and applying this measure to investigate the spinal and cerebral
processing of innocuous and noxious somatosensory stimuli during general anaesthesia.
Using a setup that combined functional magnetic resonance imaging (fMRI) with simultaneous EEG and spinal nociceptive reflex monitoring, we were able for the first time
to (i) concurrently investigate spinal and cerebral effects of general anaesthetics on the
processing of somatosensory stimuli and to (ii) investigate intense noxious stimuli at intensities comparable to surgical stimuli.
During unconsciousness, we found an anaesthetic dose-dependent change of nociceptive
processing in a variety of brain regions including higher-order association cortices. The
changes in processing were accompanied by changes in functional connectivity between
nociceptive brain regions, in accordance with the notion that general anaesthetics induce
unconsciousness by altering the information transfer patterns in the brain. We found
that profound spinal and cerebral nociceptive-evoked activation persisted even at levels
of general anaesthesia that are deeper than applied in clinical practice. Currently used
clinical indicators of analgesic efficacy (e. g. haemodynamic responses to noxious stimuli)
were absent at far lower levels of general anaesthesia, demonstrating that the absence of
these clinical responses is not indicative of absent nociceptive processing.
Due to the unavailability of reliable measures of intraoperative nociception, it is not
known whether persisting nociception during general anaesthesia contributes to adverse
effects on patient outcomes such as pain chronification. We therefore supplemented
the primary experimental research of this dissertation by a clinical study, in which we
showed that the level of intraoperative analgesia was related to persistent postoperative
pain. As the analgesic dosings were in the range in which we found profound persistent
nociceptive processing in our experimental studies, these results suggest that persistent
nociception during currently used levels of intraoperative analgesia indeed contributes
to long-term harm on patient outcomes.

7

Zusammenfassung
Neben der Bewusstlosigkeit ist die Unterdrückung von Nozizeption – also der neuronalen Verarbeitung von potenziell gewebeschädigenden Reizen – eine zentrale Komponente der Allgemeinanästhesie. Während Bewusstlosigkeit relativ genau mittels Elektroenzephalographie (EEG) überwacht werden kann, existiert bis heute kein zuverlässiges
Verfahren, um das Nozizeptionsniveau in bewusstlosen Menschen zu quantifizieren.
Ziel dieser Dissertation war es daher ein multimodales Maß der nozizeptiven Verarbeitung im Menschen zu entwickeln und dieses Maß zu verwenden, um die spinale und
zerebrale Verarbeitung von nozizeptiven Reizen unter Allgemeinanästhesie zu untersuchen. Durch Kombination von funktioneller Magnetresonanztomographie (fMRT) mit
simultaner EEG und spinalen nozizeptiven Reflexen waren wir erstmalig in der Lage
(i) gleichzeitig spinale und zerebrale Effekte von Allgemeinanästhetika auf die Verarbeitung somatosensorischer Reize zu untersuchen und (ii) sehr starke nozizeptive Reize,
deren Intensität vergleichbar mit der von chirurgischen Reizen ist, zu verwenden.
Unter Bewusstlosigkeit konnten wir eine dosisabhängige Veränderung der nozizeptiven
Verarbeitung in einer Reihe von Hirnarealen, darunter Assoziationsareale, mit einhergehender Modulation der funktionellen Konnektivität zwischen nozizeptions-assoziierten
Hirnarealen finden. Dies bestärkt die Vermutung, dass Allgemeinanästhetika Bewusstlosigkeit durch Veränderung der Informationsverbeitungspfade des Gehirns erzeugen.
Unter allen untersuchten Narkosetiefen bis hin zu tieferer Narkose als in der derzeitigen
klinischen Praxis verwendet konnten wir umfassende spinale und zerebrale nozizeptive
Aktivierungen nachweisen. Klinisch verwendete Indikatoren überschießender Nozizeption (bspw. hämodynamische Reaktionen auf nozizeptive Reize) waren bereits bei wesentlich geringeren Narkosetiefen nicht mehr nachweisbar. Das Ausbleiben dieser klinischen Reaktionen bedeutet daher nicht ein Ausbleiben von nozizeptiver Verarbeitung.
Aufgrund des Fehlens von zuverlässigen Maßen intraoperativer Nozizeption ist bisher
nicht bekannt, ob bestehende Nozizeption unter Allgemeinanästhesie zu klinisch relevanten Auswirkungen wie bspw. Schmerzchronifizierung beiträgt. In einer klinischen
Patientenstudie konnten wir zeigen, dass das Niveau der intraoperativen Analgesie mit
dem Auftreten von chronischen postoperativen Schmerzen assoziiert ist. Da die intraoperative Analgesie der Patienten in dem Bereich war, in dem wir noch umfassende nozizeptive Verarbeitung in den experimentellen Studien fanden, deuten diese Resultate darauf
hin, dass persistierende Nozizeption bei heute gebräuchlicher intraoperativer Analgesie
tatsächlich zu langfristigen Schäden von Patienten beitragen kann.
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1. Introduction
1.1. Clinical background
Pain is by definition a conscious experience, but the neuronal mechanisms that confer
the processing of noxious stimuli, summarised under the term nociception, are still active
during unconsciousness (Davis et al., 2017). And even without the conscious experience
of pain, nociception in unconscious humans can still trigger a variety of adverse reactions,
such as tachycardia (increased heart rate), hypertension (increased blood pressure), or
neuroendocrine and metabolic stress responses (Liu et al., 1995; Borsook et al., 2010).
Furthermore, high levels of nociception might lead to chronic pain through neuronal
learning processes called central sensitisation (Kehlet et al., 2006; Kuner and Flor, 2017).
Accordingly, the suppression of nociception is, next to unconsciousness, the second key
component of general anaesthesia (American Society of Anesthesiologists, 2002), deciding over the clinical outcome of hundreds of millions of patients undergoing surgical
procedures each year (Weiser et al., 2015). But owing to the lack of validated sensitive
and specific measures of nociception, anaesthesiologists commonly perform the dosing
of anti-nociceptive drugs such as opioids based on the patients’ clinical responses to noxious stimuli. These responses include blood pressure or heart rate elevations, movement
responses, or lacrimation (Borsook et al., 2010; Gruenewald and Ilies, 2013). Once none
of these clinical responses occur during interventions such as surgery, the depth of the
general anaesthesia is considered sufficient and, consequently, it is assumed that nociception does not cause any further detrimental effects. However, it is unknown whether
nociception persists despite the absence of these clinical responses as there is currently no
way to reliably assess nociception during unconsciousness. Furthermore, without a way
to reliably assess nociception during unconsciousness, it remains entirely uninvestigated
whether ongoing nociception in absence of clinical responses causes adverse effects on
patient outcomes such as acute or chronic postoperative pain.
However, simply increasing the dosing of anti-nociceptive drugs under the assumption
that this would suppress all potential adverse effects caused by persistent nociception
has significant side-effects on its own including bradycardia (low heart rate), hypotension (low blood pressure), nausea, opioid-induced hyperalgesia and prolonged time to
emerge from anaesthesia (Guignard et al., 2000). Therefore, an objective measure of no-
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ciception might improve patient outcomes across the board by allowing for the optimal
adjustment of anti-nociceptive dosing to prevent detrimental effects of both under- and
overdosing. Additionally, a comprehensive measure of nociception that comprises all
its components would allow insights into the spinal and brain neuronal mechanisms of
nociception and pain perception and could lead to new approaches for the treatment of
acute and chronic pain (Kragel et al., 2018).

1.2. Pain and nociception
Pain is defined by the International Association for the Study of Pain (IASP) as “an unpleasant
sensory and emotional experience associated with actual or potential tissue damage or described
in terms of such damage” (Loeser and Treede, 2008). The neuronal mechanisms that encode
and process noxious stimuli, which may ultimately lead to the perception of pain, are
called nociception. Pain is related to, but not entirely dependent on, nociception, as pain
can emerge without obvious nociceptive input, e. g. in chronic pain conditions (Reddan
and Wager, 2018). Conversely, nociceptive activation is not always accompanied by pain
perception, for instance during unconsciousness or at low levels of nociception (Baliki
and Apkarian, 2015). Thus, pain is not a direct readout of nociception (Wiech, 2016).

1.2.1. Physiological basis of nociception
The afferent neurons that respond to chemical, thermal or mechanical noxious stimuli
are called nociceptors (Garland, 2012). The cell bodies of these neurons are located in the
dorsal root ganglia (DRG) of the spinal cord for body nociceptors and in the trigeminal
ganglia for face nociceptors (Julius and Basbaum, 2001). From the cell body, an axonal
process bifurcates and one axonal branch enervates the peripheral target tissue whereas
the other branch projects to the spinal dorsal horn (Fig. 1.1). Different from the prototypic neuron, which possesses one axonal process through which signals are sent to
downstream cells and several dendritic processes via which the neuron receives input
from other neurons, nociceptors form a unique class of neurons called pseudo-unipolar
neurons, as both the peripheral and the central terminals of the axon branch are able to
send and receive information. However, only the peripheral endings respond to chemical, thermal or mechanical noxious stimuli (Basbaum et al., 2009).
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Figure 1.1: Human pain processing system. Peripheral nociceptive C- and Aδ-fibres (red) project to the
spinal dorsal horn, from where projection neurons relay nociceptive information via different tracts to the
brain, mainly to the thalamus, the periaqueductal grey (PAG) and the parabrachial nuclei (PB). From these
brain regions, information is relayed to higher-order cortical and subcortical regions. Descending connections from the brain to the dorsal horn neurons also exist, mainly via the PAG-rostral ventromedial medulla
(RVM) descending pain modulatory system (green). SMA, supplementary motor area; M1, primary motor
cortex; S1, primary somatosensory cortex; ACC, anterior cingulate cortex; PCC, posterior cingulate cortex;
PFC, prefrontal cortex; S2, secondary somatosensory cortex; BG, basal ganglia; PAG, periaqueductal grey;
PB, parabrachial nuclei; DRG, dorsal root ganglion. Figure adapted from Kuner and Flor (2017).

Two major classes of nociceptors exist: (i) The fast transmitting (12–30 m/s), medium
diameter (2–6 µm) myelinated Aδ-fibres that are responsible for the sharp and localized
“first pain” after noxious stimulation, and (ii) the slowly transmitting (0.5–2.0 m/s), small
diameter (0.4–1.2 µm) unmyelinated C-fibres that convey the less localized and longer
lasting “second pain” (West et al., 2015). The central axonal terminals of nociceptors
project to different laminae of the spinal dorsal horn. Specifically, Aδ-fibres project to
laminae I and V, while C-fibres project to laminae I and II (Basbaum et al., 2009; D’Mello
and Dickenson, 2008). In contrast, Aβ-fibres, which respond only to innocuous mechanical stimulation (i. e. touch), project to laminae III, IV and V. It follows that while neurons
in laminae I/II or III/IV are responsive to either noxious or innocuous stimuli, the neur-
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ons in lamina V are responsive to both stimulus modalities and are therefore called wide
dynamic range (WDR) neurons. Prolonged input to these neurons leads to an increase
of the magnitude of the output action potentials, a process called wind-up – a form of
spinal cord synaptic plasticity that might also contribute to the development of chronic
pain (Latremoliere and Woolf, 2009; West et al., 2015).
From the spinal dorsal horn, nociceptive information is relayed by projection neurons
to the brain via different tracts: Lamina I projection neurons innervate the parabrachial
nuclei (PB) in the pons via the spinobrachial (spinoreticular) tract and the periaqueductal
grey (PAG) via the spinomesencephalic tract (McMahon et al., 2013). Lamina V projection neurons mainly innervate different nuclei of the thalamus via the spinothalamic tract
(D’Mello and Dickenson, 2008). The thalamus is the central relay site for nociceptive information to cortical and subcortical structures (Tracey and Mantyh, 2007) and is connected to the amygdala, the hypothalamus, the PAG, the basal ganglia (BG) and cortical
regions, such as the anterior cingulate cortex (ACC) and the insula (Garland, 2012).
A variety of cortical and subcortical regions are implied in nociceptive processing and
have been historically summarised under the term “pain neuromatrix” or, more commonly today, under the term “pain matrix”. These regions include the primary somatosensory cortex (S1), the secondary somatosensory cortex (S2), the ACC, the insula, the
prefrontal cortex (PFC), and the thalamus (Apkarian et al., 2005). Several other regions
such as the posterior cingulate cortex (PCC), the BG, the amygdala, the hypothalamus
and the brainstem are also implicated in pain processing during different conditions
(Tracey and Mantyh, 2007; Reddan and Wager, 2018). However, neither any of these
regions alone nor the pain matrix as a whole is specific for pain or nociception (Legrain
et al., 2011). For example, the pain matrix was shown to be similarly activated by mechanical noxious stimulation in pain-free individuals (Salomons et al., 2016), by hypnoticallyinduced pain (Raij et al., 2005) or by observing others in pain (Cheng et al., 2010).
Historically, the pain matrix was divided into a lateral system, comprising the S1, the
S2, and lateral nuclei of the thalamus, which is attributed to the sensory-discriminative
component of pain (localization, intensity, quality) and a medial system, comprising the
ACC and the insular cortex, which is attributed to the cognitive-affective component of
pain (Fig. 1.2). However, these brain areas cannot be distinctly assigned to either component, as for instance the sensory-discriminative regions are modulated by cognitive
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processes (Wiech, 2016), and the cognitive-affective regions are responsive to moderate
noxious stimuli despite unconsciousness (Warnaby et al., 2016).
Sensorydiscriminatory
Affectivemotivational

Cognitive
control

dlPFC
vmPFC

S1

ACC
PtsIns
S2
AntIns
Thalamus

vlPFC
Amygdala

PAG
Brainstem
modulation

RVM

Figure 1.2: Pain components. Shown are the anatomical regions that are attributed to the different components of pain, the cognitive component (violet), the affective-motivational component (green) and the
sensory-discriminative component (blue), as well as the brainstem modulatory regions (“vegetative component”, red) according to Lee et al. (2014). dlPFC, dorsolateral prefrontal cortex; vmPFC, ventromedial
prefrontal cortex; vlPFC, ventrolateral prefrontal cortex; ACC, anterior cingulate cortex; AntIns, anterior insula; PtsIns, posterior insula; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; PAG,
periaqueductal grey; RVM, rostral ventromedial medulla.

1.2.2. Top-down modulation of pain and nociception
The PAG and the rostral ventromedial medulla (RVM) are at the core of the opioidergic
descending pain modulatory system that can exert both facilitating (pro-nociceptive) and
inhibiting (anti-nociceptive) effects on nociceptive processing (Fig. 1.3). The PAG receives
ascending inputs from the spinal cord and descending inputs from higher-order cortical
and subcortical structures including the rostral anterior cingulate cortex (rACC), the amygdala, the hypothalamus and the PFC (Bushnell et al., 2013). Direct electrical stimulation
of the PAG has been shown to produce anti-nociceptive effects in humans (Hosobuchi
et al., 1977), suggesting a direct involvement of PAG neurons in creating analgesia. The
PAG projects to the RVM, which additionally receives connections from subcortical regions such as the thalamus and locus coeruleus (Vanegas and Schaible, 2004).
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Figure 1.3: The descending pain modulatory system. Major descending pathways that modulate nociception in the human central nervous system (CNS) (Davis et al., 2017). ACC, anterior cingulate cortex; PFC,
prefrontal cortex; PAG, periaqueductal grey; RVM, rostral ventromedial medulla.

The RVM comprises so-called on- and off-cells – so named because they are either active
or inactive prior to the occurrence of nociceptive reflexes – that project to spinal dorsal
horn neurons (Mason, 2012). Opioids inhibit on-cells and activate off-cells and the latter
has been found to be critical to produce anti-nociceptive effects (Heinricher et al., 1994).
The descending pain control system exerts its function mainly through the release of
endogenous opioids (Eippert et al., 2009). As noted, the descending pain modulatory
system can also produce pro-nociceptive effects on spinal nociception (Gebhart, 2004),
which might contribute to the development of chronic pain (Porreca et al., 2002).

1.2.3. Experimental pain and nociception stimulation paradigms
Human and animal experimental pain research is commonly conducted using thermal
or electrical noxious stimulation. The most common thermal noxious stimulation paradigms are performed using laser-generated radiant heat pulses, contact heat stimulators
or warm/cold water baths (Arendt-Nielsen and Chen, 2003). Thermal stimulation paradigms are limited in their maximal intensity due to the risk of skin burns and thus cannot
be used to mimic the intense noxious stimuli that occur during surgical interventions.
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In contrast, transcutaneous or direct electrical stimulation of nociceptive nerve afferents
provides the possibility of very high pain intensities without the risk of tissue damage.
However, in contrast to the pure nociceptive thermal noxious stimuli that activate both
Aδ- and C-fibres via thermosensitive nociception-receptors, electrical noxious stimuli activate nerve fibres directly, synchronously and by bypassing the nociception-receptors
in the cells. Additionally, electrical stimuli activate different fibre types with different
preference depending on the stimulus characteristics (Merrill et al., 2005). Thus, electrical stimulation, in contrast to noxious thermal stimulation, is not a specific activator of
nociceptors (Disbrow et al., 1998; Reddy et al., 2012).
A particularly useful site for electrical stimulation is the sural nerve at the ankle, as its
painful stimulation evokes the nociceptive flexion reflex (NFR), a protective withdrawal
reflex that can be detected and quantified using electromyography (EMG) at the ipsilateral biceps femoris muscle of the thigh (Fig. 1.4; Lichtner et al., 2015). In contrast
to the withdrawal reflex of the upper extremities, stimulation of the purely sensory sural
nerve does not activate motoneurons directly, which would confound electromyographic
measurements of the spinally conferred motoneuronal activation. Two components of
the NFR can be distinguished in the EMG: The short latency RII-component (40-60 ms
after the stimulus) and the nociception-specific RIII-component (90-150 ms after the stimulus). The RII-component is attributed to the activation of non-nociceptive Aβ-fibres
and the RIII-component to the activation of Aδ-fibres (Sandrini et al., 2005). Thus, the
RIII-component compensates for the non-nociception specific activation of the electrical
stimulation paradigm. The RIII-component has two properties that make it particularly
suitable for pain research: First, its magnitude as quantified using EMG correlates with
the perceived pain intensity and second, the threshold current required to elicit the reflex
– the nociceptive flexion reflex threshold (NFRT) – correlates with the individual pain
threshold (Willer, 1977). Moreover, the NFRT has been shown to correlate with nociceptive responsiveness in unconscious humans during general anaesthesia (von Dincklage
et al., 2010a,b, 2012).
Besides the electrical stimulation of the sural nerve to elicit the NFR, a second commonly
used electrical stimulation paradigm is the tetanic (i. e. high frequency) stimulation of the
ulnar nerve at the upper extremities. This stimulation paradigm is the standard experimental paradigm for mimicking surgical stimuli in anaesthesiological research, as it has
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Figure 1.4: Experimental setting for the recording of the nociceptive flexion reflex. The nociceptive flexion
reflex is a polysynaptic spinal withdrawal reflex that can be elicited by transcutaneous electrical stimulation of the sural nerve at the ankle and quantified using electromyography of the ipsilateral biceps femoris
muscle. Inset: Occurrence and magnitude of the nociceptive flexion reflex are dependent on the stimulus
intensity. DRG, dorsal root ganglion.

been shown to evoke clinical responses (e. g. body movement) in a comparable fashion
to clinical noxious stimuli (e. g. skin incision; Rantanen et al., 2007). It is therefore used
as a standardised stimulus to determine the key figure that defines the potency of anaesthetic drugs, which is the concentration at which half of the patients respond to a defined
noxious stimulus and which is referred to as the half maximal effective concentration
(EC50 ) for intravenous anaesthetics or the minimum alveolar concentration (MAC) for
inhalational anaesthetics. Additionally, this stimulus paradigm is used for eliciting the
pupillary dilation reflex (PDR), which is another nociceptive reflex that can be utilised
for pain research (Larson, 2008; Guglielminotti et al., 2015). Similar to the NFR, the PDR
has been shown to correlate with the subjective pain intensity in awake subjects (Ellermeier and Westphal, 1995) and with intraoperative nociceptive responses during general
anaesthesia (Guglielminotti et al., 2015).

1.2.4. Pain and nociception assessment using functional neuroimaging
Pain has been a cognitive process of enormous interest for neuroimaging research ever
since the advent of functional magnetic resonance imaging (fMRI) and other imaging
modalities (Davis, 2011; Moayedi et al., 2018). Pain-related imaging studies have identified a set of brain regions that are activated during the processing of noxious stimuli
(the pain matrix; cf. Sec. 1.2.1). However, none of these regions are specific to pain and
activation of these areas is not exclusive to nociceptive processing. There are two reasons
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that might contribute to this non-specificity of activations seen in neuroimaging studies:
First, as there are indeed nociception-specific neurons in several brain regions (e. g. Shyu
et al., 2010) a problem might be the coarse spatial resolution of current neuroimaging
modalities, in which large voxel sizes in the millimetre range result in the averaging of
the signals of a high number of different neurons and/or anatomical regions, such that
the local specificity is masked by the spatial averaging. Second, rather than consisting
of locally distinct functional modules, the brain might encode and process in a distributed fashion, such that local brain activations are not specific for the process in question
(Kragel et al., 2018).
The latter assumption of a distributed representation of pain processing is supported by
the seminal work of Wager and colleagues, in which they used an approach called multivariate pattern analysis (MVPA) that uses a combination of the signals from multiple
voxels to fit an experimental model, rather than the classical mass-univariate approach,
in which a model is fit to the signal from each voxel independently (Wager et al., 2013).
By a combination of different techniques, Wager and colleagues created the neurologic
pain signature (NPS) that can be used to quite reliably predict individual pain ratings of
nociceptive evoked pain, including pain induced by thermal, electrical, mechanical and
visceral distension noxious stimuli. In contrast, the NPS is not responsive to socially
and emotionally induced pain, to vicarious pain, nor to placebo or cognitive modulation of pain perception (Reddan and Wager, 2018). Thus, the NPS seems to capture a
nociception-dependent component of pain but is clearly no comprehensive measure of
pain perception. Although further approaches were taken to create a neural signature
that better captures the self-regulation of pain (Woo et al., 2017), no comprehensive measure of nociception and pain perception exists to this day. Importantly, while the NPS was
shown to respond to opioid analgesia (Zunhammer et al., 2018), it is not known whether
the NPS could be a reliable measure of nociception in unconscious subjects such as during
general anaesthesia, as general anaesthetics might change the signal processing patterns
of the brain in a way that is not captured by the NPS.
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1.3. General Anaesthesia
A modern definition describes general anaesthesia as a state of reversible drug-induced
non-responsiveness to external stimuli (Shafer and Stanski, 2008). Following this definition, the clinical requirements of a general anaesthesia, which are unconsciousness, amnesia, immobility and vegetative stability are achieved by suppressing the responsiveness to both noxious and innocuous stimuli using anaesthetic drugs. While unconsciousness (suppressed purposeful responses) and amnesia (suppressed memory formation)
are achieved primarily through the effects of hypnotic drugs on the brain, immobility
(suppressed movement responses) and vegetative stability (suppressed responses of the
autonomic nerve system) are achieved primarily through the effects of analgesic drugs
on the spinal cord (Antognini and Carstens, 2002). However, each of these anaesthetic
requirements is also affected by secondary effects of the respective other drug class. For
instance, already low doses of analgesic drugs vastly reduce the required doses of hypnotic drugs to prevent arousal from unconsciousness due to noxious stimuli (Mertens
et al., 2003; Kern et al., 2004).
Analgesia if often included in the list of clinical requirements of general anaesthesia,
however, it is strictly speaking not a requirement, as analgesia refers to the absence of
pain, a conscious experience that is by definition absent during unconsciousness. Antinociception, on the other hand, is also not (yet) a clinical requirement per se, as it is
currently not known whether persistent nociception during general anaesthesia causes
adverse effects on patient outcomes other than by triggering movement or vegetative responses. Thus, to the current state of knowledge, anti-nociceptive drugs are used only to
prevent movement and haemodynamic or other vegetative responses to noxious stimuli
and not to prevent nociception per se.

1.3.1. Molecular targets of hypnotic drugs
Two major classes of hypnotic drugs exist: (i) intravenous drugs, such as propofol, barbiturates, or ketamine, and (ii) volatile (i. e. gaseous) drugs, such as sevoflurane, desflurane,
isoflurane, xenon, or nitrous oxide. How these drugs generate unconsciousness remains
one of the most important unresolved scientific questions (Kennedy and Norman, 2005).
With the advent of molecular biological and neuroimaging techniques, however, it is now
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well established that hypnotic drugs have specific molecular targets and act specifically
on distinct regions of the brain. While there are two main molecular targets of hypnotic
drugs (discussed below), the effects on brain activity patterns are diverse amongst different drugs, although eventually all generate the same state, which is unconsciousness.
The two most important molecular targets of hypnotic drugs are γ-aminobutyric acid
type A (GABAA )- and N-Methyl-D-aspartic acid (NMDA)-receptors in the cerebral cortex, the thalamus and the brainstem (MacDonald et al., 2015). Additionally, hypnotic
drugs show effects on several other ligand-gated ion channels (Rudolph and Antkowiak,
2004). GABAA -receptors are the main inhibitory receptors in the central nervous system (CNS). The binding of γ-aminobutyric acid (GABA) to these receptors results in the
influx of chloride anions that lead to a membrane hyperpolarisation, thereby reducing
the excitability of the neuron. Almost all hypnotic drugs have been shown to increase
GABA-mediated Cl- currents, and at high concentrations even directly activate GABAA receptors in the absence of GABA, except for small and apolar anaesthetics such as xenon
and nitrous oxide and the notable exception ketamine (Franks, 2008). These act on the
second main target of hypnotic drugs, NMDA-receptors. NMDA-receptors are one of the
main types of glutamate receptors, which are the main excitatory receptors of the CNS.
The binding of glutamate to an NMDA-receptor leads to the influx of calcium cations,
thereby depolarising the neuron and increasing the likelihood of evoking an action potential. NMDA-receptor antagonistic hypnotic drugs include xenon, nitrous oxide, and
ketamine.
In summary, it is assumed that the molecular action of hypnotic drugs that ultimately
leads to induced unconsciousness is the decrease of neuronal excitability, mainly by activating inhibitory GABAA -receptors or by inhibiting excitatory NMDA-type glutamate
receptors in the CNS.

1.3.2. Molecular targets of analgesic drugs
Although a wide range of analgesic drugs exist that can be used during general anaesthesia, strong opioids, such as fentanyl, sufentanil, alfentanil or remifentanil, are the most
used analgesic drugs for general anaesthesia (Brown et al., 2011; Sury et al., 2014). The
molecular targets for opioids are µ-, κ-, and δ-opioid receptors that are expressed in brain
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regions including the PAG, the RVM, the amygdala, the BG and the spinal cord (Brown
et al., 2011). Activation of all three types of opioid-receptors leads to the suppression of
Ca2+ influx, thereby decreasing the neuronal excitability. Opioid receptor binding also
leads to opening of G protein–coupled inwardly rectifying K2+ (GIRK) channels, thereby
inhibiting the generation and propagation of action potentials. Additionally, opioids
inhibit Na+ channels in DRG neurons and postsynaptic excitatory currents evoked by
glutamate receptors in the spinal cord (Stein, 2016). The result is a decreased transmission of nociceptive information at all levels of the nociceptive afferent system.

1.3.3. Possible mechanisms of drug-induced unconsciousness
Most general anaesthetics lead to an overall reduced neuronal activity of the brain and
it was early thought that this could be the mechanism of drug-induced unconsciousness.
However, different anaesthetics have different regional effects on the brain, and ketamine, for instance, even increases brain activation in certain areas such as the thalamus
(Långsjö et al., 2004), rendering the theory of global brain depression as a cause of unconsciousness unlikely.
Many neuroimaging studies showed that a drug-induced loss of consciousness leads
to a reduced activity in the thalamus (Alkire et al., 2008; with the notable exception
of ketamine-induced unconsciousness). It was therefore speculated that the thalamus,
which is a central relay site of ascending and descending information to and from the cortex, could be a prime target of general anaesthetics to induce unconsciousness. However,
several studies showed that the decrease of thalamic activity is preceded by a decrease
of cortical activity after drug-induced loss of consciousness (e. g. Velly et al., 2007). Thus,
the decrease of thalamic activity might rather be caused by a decrease of cortico-thalamic
input rather than by direct anaesthetic effects on the thalamus itself (Alkire et al., 2008).
More recent neuroimaging and EEG studies suggested instead that unconsciousness is
a consequence of reduced functional connectivity between brain networks and of diminished information integration capabilities of the brain (Hudetz and Mashour, 2016).
Light propofol-induced sedation before the loss of consciousness was found to impair the
connectivity of subcortical thalamo-regulating systems while leaving thalamo-cortical
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connectivity relatively intact (Ní Mhuircheartaigh et al., 2010). Propofol-induced unconsciousness was shown to reduce the activity within two important resting state networks, the default mode network (DMN) and the executive control network, and that
the anti-correlation between both networks, which is seen in awake subjects, was absent
(Boveroux et al., 2010). In contrast, functional connectivity in low-level sensory networks
was largely preserved, suggesting that a disruption of the interaction between low-level
and higher-level functional networks impairs the conscious experience of external stimuli
(Liu et al., 2012).
Parieto-frontal and occipito-frontal feedforward brain connectivities are thought to represent the transfer of primary sensory information to higher-order cortices and feedback
connections are thought to be responsible for selecting and interpreting this information
(Uhrig et al., 2014). Several neuroimaging studies found that loss of consciousness using
propofol, ketamine or sevoflurane reduces fronto-parietal and fronto-occipital feedback
connectivity, while leaving feedforward connections relatively preserved (Jordan et al.,
2013; Lee et al., 2013; Untergehrer et al., 2014), suggesting that the attenuation of feedback connectivity contributes to unconsciousness.
In summary, the current state of knowledge is the assumption that the breakdown of
within- and between-network functional connectivity between low-level sensory networks and higher-level association networks as well as the attenuation of feedback connectivity might prevent the integration of sensory information and thereby generate unconsciousness (Hudetz and Mashour, 2016).

1.3.4. Arousal reduction by general anaesthetics
Arousal describes the state of general cortical activation in response to sensory stimulation mediated via the ascending reticular activating system (Yeo et al., 2013; Satpute et al.,
2018). For example, a sleeping person may be aroused (and thereby awoken) by mild innocuous stimuli, while a person under shallow levels of general anaesthesia around the
loss of consciousness may be aroused only by a much stronger, usually noxious, stimulus,
as both hypnotic and analgesic drugs have attenuating effects on arousal (Fig. 1.5). The
GABA-agonist propofol inhibits arousal nuclei in the pons, midbrain, hypothalamus and
basal forebrain (Saper et al., 2005) as well as cortical pyramidal neurons by enhancing
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the activity of local GABAergic inhibitory interneurons. As local inhibitory interneurons
control a large number of cortical pyramidal neurons, propofol can effectively reduce activation of large cortical areas (Brown et al., 2011). However, although propofol reduces
brain metabolism globally (Alkire et al., 1995), the reduction is not uniform across brain
regions, with specific large decrease of cerebral blood flow in the thalamus, the cuneus
and precuneus, the PCC, in the orbitofrontal cortex and the right angular gyrus (Fiset
et al., 1999).
Inhibitory
interneuron

Propofol
Pyramidal
neuron

Thalamus
Basal forebrain HT

Opioids

PAG

LDT/PPT
RVM

DRG

Spinal cord

Projecting neuron

Figure 1.5: Effects of the hypnotic drug propofol and opioids on the central nervous system (CNS). Propofol (red) is a GABAA -receptor agonist that increases the activity of inhibitory interneurons (light blue),
thereby inhibiting pyramidal neurons (grey) in the cortex as well as inhibiting excitatory projections from
arousal nuclei in the basal forebrain, the hypothalamus, the PAG and in the reticular formation, including
the LDT and the PPT, amongst others (see Brown et al. (2010, 2011) for details). Opioids (blue), such as
remifentanil, reduce arousal by inhibiting nuclei of the ascending arousal system, as well as by attenuated
ascending nociceptive input in the PAG and the RVM and by binding to opioid receptors directly at synapses between peripheral afferent nociceptive neurons and projection neurons in the spinal dorsal horn (see
Brown et al. (2010, 2011) for details). HT, hypothalamus; PAG, periaqueductal grey; LDT, laterodorsal tegmental area; PPT, pedunculopontine tegmental area; RVM, rostral ventromedial medulla; DRG, dorsal root
ganglion.

Opioids reduce arousal by inhibiting ascending nociceptive signal transmission directly
at synapses in the spinal dorsal horn (Fig. 1.5). Additionally, they activate the descending pain modulatory system by binding to opioid receptors in the PAG and the RVM,
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resulting in an overall attenuation of nociceptive processing (Millan, 2002). They also
lead to the inhibition of arousal nuclei in the laterodorsal tegmental area (LDT), pedunculopontine tegmental area (PPT) and in the basal forebrain, which send excitatory
projections to the thalamus and the cortex (Brown et al., 2011).

1.3.5. Effects of general anaesthetics on nociceptive processing
The effects of general anaesthetics have been studied extensively using functional neuroimaging techniques, however, the focus of most – if not all – research was on changes
of brain activity around the loss of consciousness for hypnotic drugs or at low analgesic
dosages for analgesic drugs. An early study that investigated the effects of propofol on
the processing of thermal noxious stimuli of moderate intensity in the brain found at mild
propofol sedation before the loss of consciousness an increased pain-evoked activity in
the thalamus and the ACC compared to alert control condition and a complete suppression of activity in these regions after propofol-induced unconsciousness (Hofbauer et al.,
2004). However, pain-evoked activity was still found in the insular cortex in this condition. Interestingly, this study found increased subjective pain ratings at mild propofol
sedation compared to alert control, which was affirmed in later studies (Frölich et al.,
2005). Another study found that propofol reduced pain-evoked activity in the S2, the insula and the ACC after the loss of behavioural responses, defined as the loss of reactions
to verbal commands. After further increasing propofol dosage, a loss of responses to
painful stimulation in the thalamus and in the primary sensory cortex was found, while
activation in the precuneus, the PFC and parietal cortices persisted (Ní Mhuircheartaigh
et al., 2013). The same authors later concluded that the dorsal anterior insular cortex
might be a potential gate responsible for the loss of behavioural responses, as this region showed responses to both auditory and moderate noxious stimuli in the awake subjects and was specifically suppressed around the propofol-induced loss of behavioural
responses (Warnaby et al., 2016).
Neuroimaging studies of the effects of the opioid remifentanil have found a dose-dependent reduction of pain-related activations (Wise et al., 2002, 2004) along with a general
baseline activation of pain matrix regions (Petrovic et al., 2002). Pain-related activations
in the insular cortex were found to be particularly susceptible to remifentanil (Lee et al.,
2014). However, only the posterior insula, together with other brain regions that are
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attributed to the sensory-discriminative component of pain (Fig. 1.2), was found to be reduced dose-dependently with remifentanil. The anterior insula and other brain regions
attributed to the affective component of pain such as the ACC and the amygdala were
suppressed completely at low remifentanil doses (Oertel et al., 2008). A remifentanilinduced increase of pain-related activity was found in the cingulofrontal cortex and the
PAG, suggesting that remifentanil has an activating effect on the endogenous pain inhibitory system (Wagner et al., 2007).

1.4. Assessment of nociception during general anaesthesia
The current gold standard for the assessment of nociception in unconscious patients during general anaesthesia is the monitoring of physiological responses to noxious stimuli
(Guignard, 2006). These responses are conferred by nociceptive activation of projection
neurons in the spinal cord and include body movement, heart rate and blood pressure
increases, lacrimation, sweating and pupil dilation (Brown et al., 2010). In current clinical practice, these responses serve as indicators of insufficient anti-nociception during
general anaesthesia. Thus, nociceptive neuronal activation is not assessed directly in
current clinical practice, but instead indirectly through monitoring of the physiological
responses to these activations. This indirect monitoring has the drawback that all influences that modulate the efferent part of the response also confound the monitored quantity. For example, both muscle relaxants, which are often administered additionally during general anaesthesia, and the reduction of motoneuronal excitability caused by general anaesthetics attenuate body movement responses to noxious stimuli, although the
underlying afferent nociceptive activation might remain unchanged. Another problem
with physiological responses is that they are often not specific to nociceptive activation
but, in contrast, can likewise be triggered by a variety of other causes (Gruenewald and
Ilies, 2013). Therefore, monitoring of physiological responses as indicators of nociceptive
processing has an inherently limited sensitivity, specificity and reliability.
A variety of technical surrogate measures of nociception have been developed to improve
the measurement sensitivity (Cowen et al., 2015). However, all these surrogate measures
are validated against the gold standard, which are the above described physiological responses to noxious stimuli. As these responses are only indirect measures of nociception,
surrogate measures validated against them inherit the same inaccuracy. Consequently,

28

clinical responses and surrogate measures validated against them do not allow to determine whether nociception at a level that does not evoke these clinical responses persists during general anaesthesia.
Accordingly, the direct measurement of afferent nociceptive activation would be preferable over the measurement of efferent responses. Potential approaches for the direct
measurement include EEG-derived measures as well as neuroimaging techniques. Stimulus-free EEG measures are used in clinical practice to monitor general anaesthesia, however, they indicate the level of hypnosis rather than the level of (anti-)nociception (von
Dincklage et al., 2012). Stimulus-evoked EEG potentials scale with the intensity of the
applied stimulus, but they are generally not nociception-specific (Cowen et al., 2015).
Neuroimaging techniques such as fMRI, positron emission tomography (PET) and nearinfrared spectroscopy (NIRS) have been used extensively to study pain, and a rigorous
attempt was made by Wager and colleagues to develop a neurologic pain signature (NPS)
that can quite sensitively and specifically predict perceived acute, nociceptive-evoked
pain intensity of awake subjects (Wager et al., 2013). However, it is currently not known
whether the NPS is also a valid measure of nociception during general anaesthesia, as
general anaesthetics have already at low doses a profound impact on the activation patterns and the functional connectivity of the brain.
In summary, technical surrogate measures of nociceptive processing may be more sensitive than monitoring of clinical physiological responses but inherit the same fundamental
limitations of these responses as they are validated against them. Additionally, technical
surrogate measures of indirect responses to nociception (e. g. haemodynamic, movement
or reflex responses) are confounded by influences on the efferent part of the response. No
reliable sensitive and specific measure of nociception in humans currently exists.
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1.5. Aim of the thesis
The primary aim of this thesis was to develop a measure of spinal and cerebral nociception and apply it to advance the understanding of nociceptive processing in unconscious
humans during general anaesthesia. To this end, we devised and validated a multimodal
experimental setup that allows to simultaneously quantify both spinal and cerebral processing of nociception in unconscious humans using functional magnetic resonance imaging (fMRI), electroencephalography (EEG) and spinal nociceptive reflexes. In the first
main study of this dissertation, “Effects of propofol anesthesia on the processing of noxious stimuli in the spinal cord and the brain” (Study 1), it was tested whether this setup
was indeed able to reliably quantify spinal and cerebral nociceptive processing in awake
subjects and during general anaesthesia. We then applied this setup to investigate the hypothesis that the hypnotic drug propofol induces a gradual attenuation and disruption
of nociceptive processing as has been shown for other stimulus modalities.
Having established the experimental setup, we next investigated in the second main
study of this dissertation, “Nociceptive activation in spinal cord and brain persists during deep general anaesthesia” (Study 2), the hypotheses that (i) the opioid remifentanil
alters spinal and cerebral processing in a dose-dependent fashion and that (ii) noxious
stimuli at intensities comparable to surgical stimuli evoke cerebral responses despite a
general anaesthesia that is considered clinically sufficient, which would suggest that nociception persists in patients receiving a general anaesthesia that is in accordance with
current clinical practice. Persisting nociceptive processing during general anaesthesia
might in turn be associated with adverse effects on patient outcomes such as the development of chronic pain through neuronal learning processes. To the best of my knowledge,
this has never been investigated before, partly because there is currently no or few evidence that nociception during a general anaesthesia that is considered clinically sufficient
has clinically relevant effects on patient outcomes and partly due to the lack of technical
measures to quantify spinal and cerebral nociception during general anaesthesia – which,
in turn, precludes evidence for clinically relevant effects of possibly persisting nociception during general anaesthesia.
This main experimental line of research that intended to investigate the spinal and cerebral processing of noxious stimuli and their modulation by general anaesthetics was supplemented by clinical research on patient outcomes to investigate whether the levels of in-
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traoperative anti-nociception during general anaesthesia may be associated with adverse
patient outcomes. To that end, we investigated in “Higher doses of intraoperative analgesia are associated with lower levels of persistent pain and less analgesic consumption
six months after total hip arthroplasty” (Study 3) the hypothesis that low levels of intraoperative analgesia are associated with chronic postoperative pain six months after the
surgery.
As an fMRI-based measure of nociception is much too complex to be used in clinical practice, simpler surrogate measures have to be developed. Nociceptive reflexes such as the
nociceptive flexion reflex (NFR) and the pupillary dilation reflex (PDR) are among these
potential surrogate measures. So far it has only been shown that these reflexes correlate
with other surrogate markers of excessive nociception during general anaesthesia, but it
has neither been investigated whether the mechanisms underlying these reflexes during
general anaesthesia correspond to the mechanisms of subjective pain perception in awake
subjects nor whether these reflexes are also able to indicate excessive anti-nociceptive
drug dosing. We therefore investigated in “Intraoperative monitoring of analgesia using nociceptive reflexes correlates with delayed extubation and immediate postoperative
pain: A prospective observational study” (Study 4) the hypotheses that nociceptive reflexes during general anaesthesia correlate with immediate postoperative pain, which
would indicate that the mechanisms of these nociceptive reflexes during general anaesthesia correspond to the mechanisms that lead to pain perception in awake subjects and
that they correlate with the time to extubation after surgery as a surrogate marker of
excessive anti-nociception during surgery.
A weakness of the NFR that currently limits its clinical applicability as a technical surrogate measure of anti-nociception is the insufficient standardisation of its measurement procedure and the resulting inaccuracy of the reflex detection. In the last study of this work,
“Optimizing nociceptive flexion reflex (NFR) scoring criteria by adjusting for noise and
reflex properties and sampling rate” (Study 5), we therefore investigated the hypothesis
that machine learning techniques can help to build better reflex detection models.
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2. Summary and discussion of publications
This dissertation is based on a primary research part, in which a spinal and cerebral
measure of nociception in unconscious humans is developed and applied to investigate the spinal and cerebral mechanisms of nociceptive processing during general anaesthesia (Sec. 2.1) and a secondary research part, in which the effects of low levels of
anti-nociception during general anaesthesia on patient outcomes and the relationship
between surrogate markers of the level of anti-nociception and postoperative outcomes
as well as their standardisation are investigated (Sec. 2.2).

2.1. Primary research: Spinal and cerebral neuronal mechanisms of
sensory processing during general anaesthesia
In the primary research of this dissertation, we developed and validated an experimental
setup that allowed to simultaneously monitor spinal and cerebral nociceptive processing
and applied this setup to investigate the processing during clinically relevant general anaesthesia using the hypnotic drug propofol (Study 1, Sec. 2.1.1) and the analgesic drug
remifentanil (Study 2, Sec. 2.1.2). Different from previous work, we investigated (i) anaesthesia at clinically relevant depths and not only around the loss of consciousness,
(ii) spinal and cerebral processing simultaneously to be able to tell spinal and cerebral
effects of general anaesthetics apart and (iii) we applied intense noxious stimuli at intensities comparable to surgical stimuli – much more intense than the moderate noxious
stimuli used by previous studies.

2.1.1. Study 1: Effect of propofol anaesthesia on the processing of noxious
stimuli in the spinal cord and the brain
Drug-induced unconsciousness is an exquisite tool for the controlled manipulation of
consciousness in an experimental setting. A variety of neuroimaging studies thus have
investigated the effects of drug-induced unconsciousness on the cerebral processing of
sensory stimuli using hypnotic drugs like propofol to induce the loss of consciousness
(LOC). These studies have found as a general mechanism that propofol-induced sedation and unconsciousness first leads to the impairment of higher-order cortices that are
associated with complex signal processing (e. g. word processing for auditory stimuli)
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and, at deeper levels of anaesthesia, an attenuation or complete elimination of responses
in lower-order sensory cortices (Colon et al., 2017).
Different from other sensory modalities, responses to innocuous tactile and noxious stimuli were found to be already diminished or absent in primary and secondary somatosensory cortices at shallow levels of propofol-induced anaesthesia, while activations in
higher-order cortices persisted (Bonhomme et al., 2001; Hofbauer et al., 2004). However,
propofol (and other anaesthetics) exerts an inhibiting effect on the spinal processing of
innocuous and noxious somatosensory stimuli (Matute et al., 2004; Hudetz, 2012). Thus,
previous neuroimaging studies on the cerebral effects of propofol-induced unconsciousness are confounded by spinal inhibitory effects.
We therefore developed an experimental setup that allowed for the simultaneous measurement of both spinal and cerebral effects of drug-induced unconsciousness on the processing of noxious somatosensory stimuli (Fig. 2.1; Lichtner et al., 2018a). Using transcutaneous electrical stimulation of the sural nerve at the ankle, we could monitor spinal nociception through quantification of the amplitude of the NFR (cf. Sec. 1.2.3). To monitor
cerebral responses to innocuous and noxious stimulation, we used blood-oxygen-leveldependent (BOLD)-fMRI. To ensure that the effects observed using fMRI are indeed of
neuronal origin and not confounded by effects of the anaesthetics on the neurovascular
coupling, which is the basis of the BOLD-effect, we simultaneously recorded the electroencephalogram as a direct measure of neuronal activity.

EEG

Reflex EMG

fMRI

Figure 2.1: Experimental setup for the simultaneous measurement of spinal and cerebral nociception
during general anaesthesia. Electrical innocuous and noxious stimuli were applied transcutaneously to
the sural nerve at the ankle. Spinal nociception was assessed using reflex electromyography (EMG) at the
ipsilateral biceps femoris muscle. Cerebral nociception was assessed using simultaneous blood-oxygenlevel-dependent (BOLD)-fMRI and electroencephalography (EEG). Illustration of the spine: Designed by
Freepik.
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Research question 1.1: Is it possible to reliably and concomitantly detect spinal and cerebral
processing of noxious stimuli during general anaesthesia using a combined fMRI/EEG/EMG setup?
We showed that our highly complex setup could reliably differentiate innocuous from
moderate noxious stimuli in volunteer awake subjects, both in the spinal measure of
nociception (reflex EMG) as well as in the cerebral measures (somatosensory evoked
potentials (SSEPs) in the EEG and BOLD-fMRI activations). To test our setup during
drug-induced unconsciousness, we administered propofol to the subjects at a dose that
ensured stable unconsciousness. At that concentration level, a laryngeal mask airway
– a medical device to keep open the patients’ airway during anaesthesia – was inserted
to facilitate monitoring and assistance of ventilation, which is required as most general
anaesthetics including propofol and especially remifentanil have respiratory depressing
effects that would otherwise strongly affect the dynamics of the BOLD responses via
altered end-tidal CO2 concentration levels (Brown et al., 2011; Kemna and Posse, 2001).
During propofol-induced unconsciousness, we additionally administered intense noxious stimuli at intensities comparable to surgical stimuli to the subjects, which would
not have been endured by awake subjects. The possibility of using such intense noxious
stimuli is unique to the electrical stimulation paradigm because it does not have the risk
of tissue damage that is highly present with thermal or mechanical stimulation. To the
best of my knowledge, such intense noxious stimuli have not been used before in neuroimaging studies to investigate nociceptive processing during general anaesthesia.
We could show that during general anaesthesia our setup reliably differentiated intense
noxious from moderate noxious and innocuous stimuli in both the spinal and the cerebral
measures of nociception. Thus, our setup could reliably detect the processing of noxious
stimuli both in awake subjects and during general anaesthesia (Research question 1.1).
Research question 1.2: Does propofol alter the spinal transmission of nociceptive stimuli after
the loss of consciousness?
As propofol has been shown to inhibit spinal nociceptive transmission, we next investigated the dose-dependent effects of propofol on the spinal transmission of moderate and
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intense noxious stimuli. To that end, we increased the propofol dosage in a stepwise fashion and performed measurements at each predefined concentration level. We found that
propofol severely attenuated the spinal processing of moderate noxious stimuli already at
sub-hypnotic doses. In contrast, the spinal processing of intense noxious stimuli was not
dependent on the propofol concentration level after the loss of consciousness (Research
question 1.2). Intense noxious stimuli might therefore be a valid tool to investigate the
cerebral effects of propofol, as these stimuli are not confounded by further spinal effects
of propofol.
Research question 1.3: Does propofol dose-dependently induce a gradual attenuation and disruption of nociceptive processing?
We next used our setup to investigate the hypothesis that propofol induces a gradual
attenuation and disruption of the cerebral processing of noxious somatosensory stimuli as has been shown for other stimulus modalities, such as auditory, visual and tactile
stimuli (MacDonald et al., 2015). We found that cerebral responses to innocuous stimuli as measured by BOLD-fMRI were abolished already at sub-hypnotic propofol doses,
while responses to moderate noxious stimuli persisted in multiple brain regions including primary cortices at that concentration level. After the loss of consciousness, we could
not detect any cerebral responses to innocuous or moderate noxious stimuli using fMRI.
In contrast, significant SSEPs of the primary somatosensory cortex could still be detected at medium propofol concentration levels after the loss of consciousness, indicating
further sensory processing in the primary somatosensory cortex. As EEG is more sensitive than fMRI, the lack of significant activations in the latter modality might be a consequence of the rather small sample size in our study.
Using intense noxious stimulation at intensities comparable to surgical stimuli, we could
detect significant BOLD-fMRI activations in a variety of cortical and subcortical areas at
all propofol concentration levels, even at profound anaesthetic depth (Fig. 2.2). Based
on the dose-response characteristics and their functional connectivity, we identified four
groups of brain areas:
1. The temporal group consisted of areas in the right insular cortex, in the right S2 and
in the right middle temporal gyrus. These areas showed strong responses to intense
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Figure 2.2: FMRI activations triggered by the intense noxious stimuli in dependency of the propofol concentration. The figure shows the fMRI activations in all brain regions with significant differences in activity
between the intense noxious and the innocuous control stimuli during any propofol level after the loss of
consciousness, projected onto SPM’s glass brain. The graphs show the fMRI activations triggered by innocuous (dotted lines), moderate painful (dashed lines) and intense noxious stimuli (solid lines) in each brain
region quantified by the regression coefficient (“beta”) estimates of random-effects general linear models,
plotted against propofol effect-site concentrations. The brain regions are arranged in four groups (purple,
blue, red and green colour) based on the high levels of within-group functional connectivity throughout all
propofol levels. FMRI analysis methods are described in Lichtner et al. (2018a). Ce, effect-site concentration;
R, right; L, left.
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noxious stimulation at the lowest propofol concentration levels and decreasing response amplitudes with increasing propofol dosage until no responses could be
detected at the highest propofol concentration level investigated.
2. The anterior group consisted of areas in the bilateral putamen and in the orbitofrontal cortex (OFC)/ACC. Intriguingly, these areas showed no responses to intense
noxious stimulation after the loss of consciousness but increasing activations with
increasing propofol dosage.
3. The central group consisted of areas in the supplementary motor area (SMA) and in
the bilateral pre- and postcentral gyri. They showed profound deactivations following intense noxious stimuli during all levels of propofol anaesthesia, except for
the SMA, in which no activation/deactivation could be detected during the deepest
levels of anaesthesia.
4. The calcarine sulcus showed a dose-response relationship similar to that of the central group, but – in contrast to the other brain regions of that group – no consistent
within-group functional connectivity.
In conclusion, we found a gradual breakdown of the processing of intense noxious stimuli with increasing propofol dosage in the sense that deepening propofol-induced unconsciousness abolished nociceptive activations the S2 and the insular cortex and largely
rearranged the functional connectivity between nociceptive brain regions (Research question 1.3). However, in contrast to studies of other stimulus modalities that showed that
propofol preferentially reduced impaired activation of higher-order cortices, we found
that the ACC – a higher-order association cortex associated with the affective-motivational
component of pain – and the bilateral putamen were not activated by intense noxious
stimuli after the loss of consciousness, but were profoundly activated at the highest
propofol concentration levels investigated.
Research question 1.4: Is EEG burst suppression associated with an abolished cerebral processing of noxious stimuli?
The highest propofol dosage that we applied in our study caused profound EEG burst
suppression, which corresponds to the deepest levels of anaesthesia that are reached in
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clinical practice. Burst suppression is commonly attributed to an inactivated brain (Purdon et al., 2015). Despite this deep level of anaesthesia, we could still detect profound
cerebral responses to intense noxious stimuli even in higher-order cortices. This is in
accordance with the notion that burst suppression is not really associated with an inactive brain (Pilge et al., 2014). EEG burst suppression might therefore be only the epiphenomenon of an altered cerebral functional circuitry, as it occurs in the same propofol
concentration range as the profound changes in functional connectivity that accompany
the vastly altered noxious stimuli-induced activation patterns. In conclusion, EEG burst
suppression does not preclude the cerebral processing of noxious stimuli (Research question 1.4).

2.1.2. Study 2: Nociceptive activation in the spinal cord and the brain during
general anaesthesia
Using the setup established in study 1, we next aimed to investigate the responses to noxious stimuli in the spinal cord and the brain during general anaesthesia at clinically relevant depths, which is performed using a hypnotic drug, such as propofol, and a strong
analgesic, such as remifentanil. We therefore investigated nociceptive processing in ten
volunteer subjects during general anaesthesia (Lichtner et al., 2018b). Like in study 1, we
first performed a propofol mono-anaesthesia at a propofol concentration level that ensured stable unconsciousness during assisted ventilation using a laryngeal mask airway.
We then additionally administered the opioid remifentanil in a stepwise fashion and performed measurements using innocuous, moderate noxious and intense noxious electrical
stimulation at an intensity that is comparable to surgical stimuli.
Research question 2.1: Does remifentanil alter spinal and cerebral processing in a dose-dependent fashion?
Spinal nociceptive responses to intense noxious stimuli as assessed by the amplitude of
the NFR slightly decreased with increasing remifentanil concentration, but were significantly detected throughout all concentration levels, indicating that even very high doses
of remifentanil (higher than usually used in clinical practice; cf. von Dincklage et al.,
2018) do not completely block spinal nociceptive processing. Responses to moderate and
intense noxious stimuli quantified by the SSEPs of the primary somatosensory cortex in

39

the EEG were also detected through most (moderate noxious) or all concentration levels
(intense noxious) of remifentanil, showing a persistent primary cortical responsiveness to
noxious stimuli. While we could not detect subcortical or cortical responses to moderate
noxious stimuli in the BOLD-fMRI, intense noxious stimuli evoked significant responses
even at the highest remifentanil concentration levels in a variety of brain regions including the putamen, the bilateral insular cortex, the S2 and the ACC. We found a significant
remifentanil-induced reduction of responses to intense noxious stimuli only in frontal
brain regions. However, due to our limited sample size, negative findings such as nonsignificant decreases of activations have to be interpreted with caution.
Consistent with the dose-dependent attenuation of cerebral responses in multiple brain
areas, we found a significant dose-dependent decrease of functional connectivity between all brain regions that were activated by intense noxious stimuli during unconsciousness. This could indicate that reduced connectivity between brain areas causes
reduced processing of noxious information. However, from our data we cannot conclude
whether the reduced functional connectivity causes the reduced processing or the other
way round, or whether both effects are generated through the action of remifentanil on
an underlying common process.
In conclusion, remifentanil dose-dependently attenuates spinal and cerebral responses
but does not completely suppress them – even not at the highest investigated dose of
remifentanil, which is above the highest commonly used doses in clinical practice (Research question 2.1).
Research question 2.2: Do noxious stimuli evoke cerebral responses despite a general anaesthesia that is considered clinically sufficient?
During surgical and other noxious procedures, anaesthesiologists monitor the anaesthetised patients for clinical responses to noxious stimuli (e. g. movement, blood pressure or
heart rate elevations). The occurrence of such responses indicates an insufficient antinociceptive component of the general anaesthesia, requiring intervention by the anaesthesiologist. Once none of these responses can be observed during noxious procedures,
the level of anti-nociception of the general anaesthesia is considered clinically sufficient.
We therefore aimed to relate our findings to these clinical indicators of insufficient antinociception during general anaesthesia. To that end, we tested for clinical responsiveness
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to a noxious stimulus that is comparable to a surgical stimulus (tetanic stimulation of the
ulnar nerve; cf. Sec. 1.2.3) before and after the series of measurements at each remifentanil
concentration level. During and after administration of that stimulus, we closely monitored the subjects for any observable arm, leg, body or head movement, and for heart
rate or blood pressure increases. We found that blood pressure and heart rate elevations
were already abolished at the lowest dose of remifentanil applied and that body movement responses could not be detected at medium doses of remifentanil, similar to those
used in clinical practice. In contrast, as described above, spinal and cerebral measures
showed profound responses to intense noxious stimulation even at much deeper levels
of general anaesthesia despite the complete suppression of clinical responses (Research
question 2.2).

2.2. Secondary research: Studies on the association of intraoperative
anti-nociception with postoperative outcomes and on nociception
assessment
In the secondary research part of this dissertation, the possible association between the
level of intraoperative anti-nociception during general anaesthesia and persistent effects
on patient outcomes is explored. To that end, we performed a clinical study on patients undergoing surgery, where we assessed surrogate markers of intraoperative antinociception and their relationship to persistent postoperative pain (Study 3, Sec. 2.2.1).
To validate nociceptive reflexes as surrogate measures of intraoperative nociception, we
additionally assessed intraoperative nociceptive reflexes in the aforementioned study
and examined their relationship to immediate postoperative pain and delayed extubation as surrogate markers of low and high levels of intraoperative anti-nociception, respectively (Study 4, Sec. 2.2.2).
Furthermore, we investigated whether we could improve the precision of one of these
surrogate markers of intraoperative anti-nociception, the nociceptive flexion reflex threshold (NFRT), by application of supervised machine learning techniques for signal detection (Study 5, Sec. 2.2.3).
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2.2.1. Study 3: Association between intraoperative anti-nociceptive dosing and
persistent postoperative pain
Chronic postoperative pain is a major health problem that affects up to 50% of all surgical
patients (Kehlet et al., 2006) and up to 30% of all patients undergoing total hip arthroplasty (Nikolajsen et al., 2006). While it has been shown that immediate postoperative
pain is associated with pain chronification, it has so far not been investigated whether
the level of intraoperative anti-nociception is related to the development of chronic pain
– which is, at least partly, a consequence of the lack of reliable measures of nociception in
unconscious humans.
Excessive activity of neurons in nociceptive pathways is known to lead to increased excitability of these neurons, a process called central sensitisation, resulting in changes of
cerebral activity and contributing to the development of chronic pain (Woolf, 2011). It
is possible that persistent nociception that is not suppressed by anti-nociceptive dosing during general anaesthesia triggers the same neuronal learning processes, which can
then facilitate the development of chronic pain. We thus aimed to investigate whether the
level of intraoperative anti-nociceptive dosing is associated with persistent postoperative
pain.
Research question 3.1: Does anti-nociceptive dosing during general anaesthesia relate to persistent postoperative pain?
To that end, we performed a clinical prospective observational study in 110 patients undergoing primary hip arthroplasty, a highly standardised surgical procedure (von Dincklage et al., 2018). During the surgery, we monitored the anti-nociceptive dosings as a surrogate measure of intraoperative anti-nociceptive levels. We then contacted the patients
six months after their surgery and asked them to report their currently perceived pain
intensity on a numerical rating scale (NRS) from 0–10 as well as to indicate whether they
used pain medication on a regular basis. Using univariate correlations and multivariate
models that adjusted for a variety of possible confounding variables, we found that the
average intraoperative opioid administration rate as a surrogate measure of the intraoperative anti-nociceptive level correlated negatively with both the pain intensity and the
use of pain medication six months after surgery (Research question 3.1). To the best of
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our knowledge, this was the first study to investigate the association between intraoperative anti-nociceptive dosing and persistent postoperative pain. These results suggest
that persisting nociception during general anaesthesia that is not sufficiently suppressed
by anti-nociceptive dosing contributes, at least partly, to the development of chronic postoperative pain.

2.2.2. Study 4: Validation of nociceptive reflexes as measures of intraoperative
anti-nociceptive levels
Nociceptive reflexes such as the NFR and the pupillary dilation reflex (PDR) are potential surrogate measures of the level of the intraoperative nociception/anti-nociception
balance, as they have been shown to correlate with physiological responses to noxious
stimuli during general anaesthesia (cf. Sec. 1.2.3). However, it is not known whether the
mechanisms underlying the nociceptive reflexes during general anaesthesia correspond
to the mechanisms that lead to pain perception in awake subjects.
Additionally, the correlation between nociceptive reflexes and physiological responses to
excessive intraoperative nociception might support the use of these reflexes as measures
of insufficient anti-nociception but does not imply their applicability as measures of excessive anti-nociception. Excessive anti-nociception during general anaesthesia causes
adverse effects on patient outcomes on its own, including opioid-induced hyperalgesia
(Kim et al., 2014), nausea (Apfel et al., 2012) and prolonged time to emergence from anaesthesia (Macintyre et al., 2011).
Research question 4.1: Does the level of intraoperative anti-nociception during general anaesthesia relate to immediate postoperative pain?
We aimed to investigate whether nociceptive reflex thresholds as surrogate markers of the
level of intraoperative anti-nociception are related to immediate postoperative pain. To
that end, we assessed the intraoperative nociceptive flexion reflex threshold (NFRT) and
the pupillary dilation reflex threshold (PDRT) of the patients who participated in study 3
at the end of the surgical procedure while the patients were still anaesthetised (Jakuscheit
et al., 2017). Immediately after anaesthesia emergence, the patients were asked to indicate their currently perceived pain intensity on a numerical rating scale (NRS) from 0–10.
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We found that the PDRT measured at the end of the surgery correlated with the immediate postoperative pain, which suggests that the mechanisms underlying this nociceptive
reflex correspond to the mechanism that leads to pain perception in awake subjects.
Research question 4.2: Is the level of intraoperative anti-nociception during general anaesthesia
associated with delayed extubation?
We additionally assessed the time between the end of the surgical procedure and extubation of the patients as a surrogate indicator of anti-nociceptive overdosing, as this
is known to delay the emergence from anaesthesia (Macintyre et al., 2011). We found
that both the NFRT and the PDRT correlated with the time to extubation, suggesting
that nociceptive reflexes are indeed able to indicate excessive levels of anti-nociception in
unconscious humans.
In conclusion, our study was the first to show that nociceptive reflexes measured during general anaesthesia indeed correlate with immediate postoperative pain, which suggests that the pathways of nociceptive reflexes during general anaesthesia and subjective
pain perception during wakefulness are similarly affected by anti-nociceptive drugs and
which, in turn, might suggest that both pathways at least partly coincide (Research question 4.1). Additionally, adding to previous studies, we validated nociceptive reflexes
as indicators of excessive anti-nociceptive dosing during general anaesthesia (Research
question 4.2).

2.2.3. Study 5: Optimising nociceptive flexion reflex scoring criteria
The nociceptive flexion reflex threshold (NFRT) is a potential tool to assess the level of nociceptive processing in unconscious humans during general anaesthesia. No such measure that is sufficiently validated and reliable currently exists, but it would allow for the
patient- and stimulus-specific titration of anti-nociceptive drugs, thereby potentially improving patient outcomes across the board.
One problem of the NFRT is that its measurement has not been sufficiently standardised
(Cowen et al., 2015). The NFR is evoked experimentally by electrical stimulation over the
sural nerve and quantified using EMG recordings at the ipsilateral biceps femoris muscle
(Lichtner et al., 2015; cf. Sec. 1.2.3). The threshold is then defined as the stimulus intensity
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that evokes a reflex response with 50% probability. However, the gold standard to decide
whether an EMG recording contains a reflex response or not is the manual analysis by
an expert (Rhudy and France, 2007). Previous studies have tried to derive automated
scoring parameters for whether an EMG recording contains a reflex or not (Rhudy and
France, 2007; France et al., 2009), but these were biased towards large reflex responses,
did not take into account the technical variability of measurement setups (e. g. noise level
and sampling rate) and did not explore multivariate models of their predefined features.
We thus aimed to investigate whether we can improve the classification accuracy of reflex
responses from EMG recordings (Lichtner et al., 2016).
Research question 5.1: Can currently used detection criteria for nociceptive flexion reflex responses be improved using machine learning techniques?
To that end, a total of 5400 EMG recordings of NFR stimuli from two studies (3600 recordings in the training dataset and 1800 recordings in the test dataset) were presented to
each of four experts familiar with the NFR measurement procedure. Logistic regression
models and support vector machines were then trained on a set of manually engineered
features and validated on the test dataset (the latter were not shown in the publication
due to their inferior performance). We found that for our dataset multiple logistic regression models performed superior to all other used methods and could reduce the number
of wrongly classified recordings by 25%–37% compared to the previous standard model
for automatic classification by Rhudy and France (2007). I have additionally used convolutional neural networks trained directly on the raw EMG recordings (as opposed to
training on manually engineered features) using a variety of architectures and data augmentation strategies (not shown in the publication), but could not achieve a higher accuracy compared to the multiple logistic regression models, which might be due to the
rather small dataset for a convolutional neural network or because the expert raters unintentionally focussed on rating the recordings in accordance with the same features that
were used for the multivariate logistic regression models.
In summary, we could significantly improve the classification accuracy of nociceptive
flexion reflex responses from EMG recordings using supervised machine learning techniques (Research question 5.1). This should help to reduce the variability of NFRT measurements and improve its applicability in both the clinical and experimental context.
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3. General discussion
Our studies were the first to investigate spinal and cerebral nociceptive processing concomitantly during deep general anaesthesia and using intense noxious stimuli at intensities comparable to surgical stimuli. Using a multimodal measurement setup that combined spinal nociceptive reflexes with simultaneous fMRI and EEG, we could reliably
detect spinal and cerebral nociceptive responses in awake subjects and during general
anaesthesia. We found that despite drug-induced unconsciousness at clinically relevant
levels using the hypnotic drug propofol, intense noxious stimuli evoked profound cerebral responses in a variety of regions including higher-order association cortices. As we
identified groups of brain regions that showed similar dose-response relationships to increasing hypnotic drug doses and consistent within-group functional connectivity but
changing between-group functional connectivity, we concluded that the altered cerebral
processing of noxious stimuli during propofol-induced unconsciousness might be related
to changes in functional connectivity between these brain regions (study 1). Using propofol in combination with the opioid remifentanil to induce a clinical general anaesthesia
and analgesia, we could show that intense noxious stimuli evoked profound cerebral responses despite a deep general anaesthesia that is considered clinically sufficient. Surrogate markers of nociception that are used by anaesthesiologists as indicators of insufficient
analgesia during general anaesthesia were already abolished at far lower doses and seem
therefore not indicative of nociceptive cerebral processing (study 2).
As cerebral nociceptive activations do not imply any clinically relevant effects per se, we
performed a clinical observational study, in which we could show for the first time that
the level of intraoperative anti-nociception is associated with the development of persistent postoperative pain six months after the surgery (study 3). Thus, an insufficient
nociception/anti-nociception balance during general anaesthesia seems to indeed influence patient outcomes through a mechanism for which we provided a pathophysiological
foundation in our experimental studies. Consequently, the current practice of adjusting the depth of general anaesthesia according to clinical surrogate markers – which we
found to be not indicative of cerebral nociceptive processing in our experimental study
– might result in analgesic underdosing leading to persistent nociception that causes adverse patient outcomes.
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As a measurement setup for nociception assessment that includes fMRI is much too complex to be used in clinical routine, simpler surrogate measures have to be developed that
allow to investigate the relationship between anti-nociception and patient outcomes in
detail as well as to titrate anti-nociceptive dosings individually to prevent adverse patient
outcomes. We therefore aimed to validate nociceptive reflexes as surrogate measures of
the intraoperative nociception/anti-nociception balance. To that end, we demonstrated
that the intraoperative reflex thresholds correlated with immediate postoperative pain,
suggesting a correspondence between nociceptive reflex pathways during general anaesthesia and pain perception during wakefulness, and with delayed extubation, suggesting
that the reflexes are not only able to indicate anti-nociceptive under- but also overdosing
(study 4).
One of these nociceptive reflexes, the nociceptive flexion reflex (NFR), is at its current
stage of development too inaccurate to be used to predict clinical events. We therefore
investigated in the last study of this work whether we could improve the measurement
procedure of the NFR. Using supervised machine learning techniques, we could profoundly increase the detection accuracy of the NFR, which should help to enhance its
applicability in clinical and experimental research (study 5).
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3.1. Altered nociceptive processing during general anaesthesia
3.1.1. Dose-dependent effects of propofol
In study 1 we found that propofol-induced sedation before the loss of consciousness reduced the cerebral responses to moderate noxious stimuli compared to the fully awake
subjects. After propofol-induced loss of consciousness, innocuous and moderate noxious
stimuli did not evoke any significant cerebral responses as measured by BOLD-fMRI.
Overall, these results are consistent with findings from previous studies which showed
that propofol dose-dependently decreased cerebral responses to such stimuli (Hofbauer
et al., 2004; Ní Mhuircheartaigh et al., 2010, 2013). However, in contrast to previous studies, we concurrently monitored the spinal nociceptive responsiveness by quantification
of the NFR amplitude and found that propofol profoundly attenuated nociceptive processing already at the spinal level. Therefore, the changes in cerebral processing cannot
be ascribed to cerebral effects of propofol alone and thus results from the previous studies are severely confounded by the spinal inhibitory effect of propofol. In contrast to
the innocuous and moderate noxious stimuli, which were used by previous studies, we
found that spinal processing of intense noxious stimuli was not significantly affected by
propofol after the loss of consciousness. Intense noxious stimuli seem therefore suitable
to investigate dose-dependent effects of propofol on cerebral nociceptive processing after
the loss of consciousness.
Using stimulus-evoked BOLD-fMRI responses and functional connectivity analyses, we
identified four groups of brain areas related to nociceptive processing during general anaesthesia (cf. Sec. 2.1.1). We found that the level of stimulus-evoked activity of two of
these groups – the “anterior group”, comprising the OFC/ACC and the bilateral putamen, and the “temporal group”, comprising the right S2 and the right insular cortex –
correlated with their functional connectivity to the “central group”, comprising the preand postcentral gyri (including the S1) and the SMA. As the central group includes the
primary areas of cerebral nociceptive processing, we speculate that under increasing anaesthetic depths the nociceptive information is directed away from the temporal areas
and towards anterior areas. Interestingly, the S2 and the insular cortex that are part of the
“temporal group” have been previously suggested to be downstream recipients of somatosensory information from the primary somatosensory cortex in a ventral pathway
of somatosensory processing (Preusser et al., 2015). This would suggest that increas-

49

ing depth of propofol-induced anaesthesia is associated with a breakdown of the ventral
pathway of nociceptive somatosensory processing and a subsequent establishment of a
more anterior pathway. However, the hypothesis that the altered functional connectivity
is responsible for the altered pattern of evoked brain activity is speculative at the moment, as from our data we cannot conclude whether the altered functional connectivity
drives the changes of altered evoked activity or the other way round, or whether both are
the epiphenomenon of an underlying process.
Increasing propofol doses have been described to cause a gradual attenuation and disruption of the processing of other sensory modalities such as auditory, visual and tactile stimuli (MacDonald et al., 2015), first affecting higher-order cortices associated with
more complex integrative processing and at higher doses resulting in the impairment of
primary sensory cortices. We found a gradual breakdown of functional connectivity between nociceptive regions and an accompanying dose-dependent disruption of evoked
activity patterns. However, we additionally found that high doses of propofol recruited
the ACC, a brain region implicated in higher-order cognitive processes and part of the
aforementioned anterior group, to the processing of intense noxious stimuli. As the dosedependent activation of the ACC was concordant with an increasing EEG burst suppression ratio – an indicator of the deepest levels of anaesthesia reached in clinical practice
and traditionally seen as a sign of an inactived brain – the nociceptive activation of the
ACC as observed in BOLD-fMRI might rather be a consequence of the breakdown of
physiological nociceptive processing pathways and consolidation of the aforementioned
potential “anterior pathway”, than a reintegration of the ACC in the standard pathway.
We therefore argue that despite the nociceptive activation of the ACC at deep anaesthesia,
propofol induces a gradual breakdown of nociceptive processing as has been shown for
other stimulus modalities.
In conclusion, propofol dose-dependently induces a gradual attenuation and disruption
of the processing of noxious stimuli. As propofol has a strong attenuating effect on spinal
nociceptive processing, moderate noxious stimuli, as have been used by previous studies, are not appropriate for the investigation of cerebral effects of propofol. In contrast,
intense noxious stimuli are not further attenuated at the spinal level during unconsciousness and evoke profound cerebral activations even during very deep anaesthesia.
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3.1.2. Dose-dependent effects of remifentanil
Using the opioid remifentanil in addition to propofol (study 2), we observed a gradual
decrease of nociceptive-evoked activity in the spinal cord and the brain, including a decreased functional connectivity between areas responsive to noxious stimuli, but not a
restructured cerebral pattern of nociceptive processing as in deepening levels of propofol
anaesthesia. It has to be noted that a parametric contrast across remifentanil concentration levels showed significant decreases of cerebral responses to noxious stimuli only in
frontal brain regions. However, the lack of statistically significant decreases in the other
nociceptive brain regions might be due to our rather small sample sizes and must therefore be interpreted cautiously.
The dose-dependent reduction of cortical activity is consistent with the inhibitory action
of remifentanil on both spinal cord neurons and on arousal-promoting nuclei that send
excitatory projections to the thalamus and the cortex (cf. Sec. 1.3.4). Our findings are also
in line with previous studies using low-dose remifentanil in conscious subjects that found
a dose-dependent reduction of nociceptive activation (Wise et al., 2002, 2004). However,
different from previous findings that showed that responses in the anterior insula are
absent already at low doses of remifentanil while responses in the posterior insula were
dose-dependently attenuated (Oertel et al., 2008), we could detect significant responses
in the anterior insula even at high doses of remifentanil. This might be again attributed to
different stimulus intensities, as moderate noxious stimuli (as were used by Oertel et al.)
are attenuated already at the spinal level, while the intense noxious stimuli at intensities
comparable to surgical stimuli that we used were intense enough to evoke responses in
higher-order cerebral areas.
As remifentanil dose-dependently also attenuated the spinal processing of intense noxious stimuli, we cannot conclude whether attenuated cerebral nociceptive processing is
caused by cerebral effects of remifentanil or by reduced spinal input. As it was suggested
that remifentanil activates the endogenous pain inhibitory system, the reduction of spinal
nociceptive processing could be the effect of both direct spinal and indirect cerebral effects of remifentanil (cf. Sec. 1.2.2). However, our finding that the functional connectivity
between brain areas responsive to noxious stimuli was also reduced dose-dependently
advocates for a cerebral effect of remifentanil, as the stimulus-independent functional
connectivity should not be affected by spinal inhibitory effects of remifentanil.
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3.1.3. Comparison of the effects of propofol and remifentanil
We found distinct dose-dependent effects of propofol and remifentanil on cerebral nociceptive processing. Increasing doses of propofol changed the cerebral response patterns
to noxious stimuli, revealing distinct groups of brain regions in which the responses
to noxious stimuli either increased, decreased or remained unchanged with increasing
propofol concentration. This is consistent with the notion that unconsciousness, which is
the main effect of the hypnotic drug propofol, is induced by altered information transfer
and integration pathways of the brain (cf. Sec. 1.3.3). In contrast, increasing remifentanil
doses primarily attenuated the cerebral responses of noxious stimuli in all nociceptive
brain regions and did not seem to recruit other brain regions to nociceptive processing at
increasing doses as was the case for propofol.
A key difference between our findings from propofol mono-anaesthesia and joint propofol/remifentanil general anaesthesia was the profound activation of the anterior cingulate cortex (ACC) at higher levels of propofol anaesthesia, but not during any level of
remifentanil analgesia. Activation of the ACC during deep propofol anaesthesia is intriguing as the ACC is a higher-order cortex that is – in addition to its known role in
pain processing – associated with cognitive processes such as memory, attention, cognitive control and emotion (Wager et al., 2016) and is generally considered to function in an
affective component of pain perception (Rainville et al., 1997; Wiech, 2016). Although it
is not possible to deduce any precise cognitive process from activation of the ACC – as
due to its described non-specificity this reverse inference is invalid – and despite our lack
of certainty whether activation during deep general anaesthesia even indicates any kind
of directed information processing towards a specific goal, it is still an unusual finding to
see an association cortex activated by noxious stimulation during such deep anaesthesia.
Even more so as the ACC is known to play an important role in chronic pain through
synaptic learning processes called long-term potentiation (LTP). A special form of LTP is
also implied in the generation and maintenance of pain-related anxiety and fear memory
(Bliss et al., 2016). Persistent nociceptive activation during general anaesthesia could
trigger the same learning processes and thereby contribute to the development of chronic
pain (cf. Sec. 3.2.1). However, it has to be noted that propofol and other GABAA -agonistic
anaesthetics have been shown to inhibit LTP, which might attenuate nociception-induced
synaptic learning processes (Nagashima et al., 2005).
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3.1.4. The nociception matrix
The “pain matrix” is defined as a variety of brain regions that are consistently activated
by noxious stimuli in awake subjects (cf. Sec. 1.2.1; Fig. 3.1, top row). As during general
anaesthesia the nociceptive-evoked activation patterns changed dose-dependently and
were different from the pain matrix of awake subjects, we generated an analogous “nociception matrix” from our data, consisting of all regions that were activated by intense
noxious stimuli vs innocuous stimuli during any concentration level of general anaesthesia using propofol and remifentanil (Fig. 3.1, middle row). In this way, we intended to
generate a single nociception matrix that captures all brain regions activated during any
concentration level of propofol and remifentanil, instead of generating separate differential nociception matrices for every concentration level of propofol and remifentanil.
Pain matrix

Nociception matrix

Nociception matrix masked by Neurosynth pain mask

-28

-14
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+24
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Figure 3.1: Nociceptive brain activations in awake subjects and during general anaesthesia. Shown are the
brain activations by moderate noxious vs innocuous stimuli in awake subjects (“pain matrix”; top row), the
average activations by intense noxious vs innocuous stimuli during general anaesthesia at all remifentanil
concentration levels (“nociception matrix”, middle row) and the nociception matrix masked by the Neurosynth pain mask derived from a search for the term “pain” in the Neurosynth meta-analytic database
(www.neurosynth.org; corrected at an FDR of 0.01; Yarkoni et al., 2011). Pain and nociception matrices
are thresholded using an uncorrected voxel threshold of p < 0.001 and a family-wise error corrected cluster
threshold of p < 0.05 (two-sided). Analyses were performed as described in Lichtner et al. (2018b).
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The pain matrix and the nociception matrix from our data are not directly comparable,
as the former was generated using moderate noxious stimuli while the latter was generated using intense noxious stimuli, which were not administered to the awake subjects
as they would not have been endurable. Indeed, the activation from both conditions
shows little overlap with each other, which could be caused either by the difference of
mental states (awake vs general anaesthesia) or stimulus intensity (moderate vs intense
noxious) or a synergistic combination of both. When comparing the nociception matrix
with a mask derived from the Neurosynth meta-analytic database using the search term
“pain” (Yarkoni et al., 2011), it can be seen that several areas of the nociception matrix are
commonly found activated in pain-related studies (Fig. 3.1, bottom row). These areas include the insular cortices, the putamen, the S2 and the pre/-postcentral gyri including S1.
Overall, the overlap between the nociception matrix and the meta-analytic “pain mask”
reinforces the validity of the concept of the nociception matrix.
The Neurosynth meta-analytic pain mask was also used by Wager and colleagues to
define the brain regions from which they generated the neurologic pain signature (NPS).
The NPS is essentially a vector that defines a weight for each voxel within the pain
mask. The scalar product between this weight vector and the voxel activation vector
yields a single number (the NPS response) that correlates with perceived pain intensity
in awake subjects (cf. Sec. 1.2.4). Although the NPS has been shown to be modulated
by remifentanil at a concentration similar to the lowest that we used in our study (Zunhammer et al., 2018), it is not known whether this way of condensing BOLD-fMRI data
into a single number is also indicative of nociception during general anaesthesia. I have
therefore determined the responses to the innocuous and noxious stimuli from our studies using the NPS weight vector kindly provided by Tor Wager (Fig. 3.2). It can be seen
that the NPS reliably separated innocuous from moderate noxious stimuli in awake subjects and at mild propofol-induced sedation (p<0.0001 for each; Dunnett’s post hoc tests
to a 2 × 5 (stimulus intensities × propofol concentration level) repeated measures analysis of variance (RM-ANOVA)). After the loss of consciousness, no significant responses
to either the moderate noxious or the intense noxious stimuli compared to the innocuous control stimuli can be detected for any level of propofol or remifentanil anaesthesia
(p>0.05 for each; Dunnett’s post hoc tests to RM-ANOVAs). However, the intense noxious
stimuli consistently resulted in higher NPS responses than the innocuous or moderate
noxious stimuli during all levels of propofol and remifentanil anaesthesia.
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Figure 3.2: The neurologic pain signature during general anaesthesia. Shown are the responses of the neurologic pain signature (NPS) to innocuous (green), moderate noxious (yellow) and intense noxious (stimuli)
during the propofol mono-anaesthesia (left) and the propofol-remifentanil anaesthesia runs (right). Asterisks indicate significant differences between noxious stimuli and innocuous control stimuli (***: p < 0.0001;
Dunnett’s post hoc tests to a 2 × 5 (stimulus intensities × propofol concentration level) RM-ANOVA). au,
arbitrary units; Ce, effect-site concentration.

In contrast to our analysis from study 2, in which we quantified nociceptive cerebral activation by unweighted averaging of the BOLD-fMRI voxel responses in the brain regions
of the nociception matrix, the NPS uses a weighted averaging of voxel responses within
the pain mask. Thus, the statistically not significant discrimination between noxious and
innocuous stimuli of the NPS response might be caused either (i) by the a priori exclusion
of brain areas that are not associated with pain processing in awake subjects, but that are
activated by noxious stimuli during general anaesthesia (i. e. those regions of the nociception matrix that are excluded by the pain mask; cf. Fig. 3.1 middle and bottom row), or
(ii) because nociceptive cerebral connectivity and processing is largely altered by general
anaesthetics in a way that is not anymore captured by the NPS weights or (iii) because
the NPS captures the conscious integration of nociceptive activation that forms the perception of pain and that is therefore not present during unconsciousness. Nevertheless,
the correspondence between the NPS responses and the amplitude of the spinal measure
of nociception (the NFR), as well as the stronger NPS responses to intense noxious compared to moderate noxious or innocuous stimuli during general anaesthesia – although
not statistically significant – are evidence that the NPS might be a measure of cerebral
nociception even during unconsciousness. Additionally, it reinforces the notion that a
cerebral neural signature of nociception during general anaesthesia can be established.
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3.1.5. Differences between the pain matrix and the nociception matrix
Several brain regions that we identified in the nociception matrix are not usually part of
the pain matrix of conscious subjects. The orbitofrontal cortex (OFC) that we have seen
profoundly activated in our nociception matrix in the propofol/remifentanil anaesthesia
data and also during higher levels of propofol mono-anaesthesia, is not usually implied
in pain processing. However, it has been shown that the responses to noxious stimuli
in the OFC and other areas that are associated with reward processing are predictive of
the magnitude of opioid analgesia (Wanigasekera et al., 2012). Thus, the OFC, which
is also densely populated by opioid receptors (Rabiner et al., 2011), may play a role in
endogenous opioidergic modulation of nociceptive processing (Lee et al., 2014), which
might still be its function during general anaesthesia. Interestingly, the OFC together
with another region of the nociception matrix, the right angular gyrus, is part of the
default mode resting state network (Raichle et al., 2001), which has been suggested to
be disrupted during acute pain stimulation (Alshelh et al., 2018) as well as functionally
reorganised in chronic pain conditions (Baliki et al., 2014).
In addition to cerebral activations by noxious stimuli, we also found profound deactivations during general anaesthesia, mainly in the calcarine sulcus and in the bilateral
pre- and postcentral gyri. Deactivations are not often investigated in pain-related studies and their interpretation is difficult (Kong et al., 2010). However, they might indicate
increased propofol-induced inhibition in these regions mediated by local GABAergic inhibitory neurons (Gómez et al., 2013), or reduced task-related activation due to decreased
inputs from distant projection neurons (Gusnard and Raichle, 2001).
The calcarine sulcus of the occipital cortex is usually not reported in pain-evoked brain
activations or deactivations and thus its role remains elusive. However, it has been previously shown to be deactivated (Iannetti et al., 2005) or activated (Kong et al., 2010) by
painful stimuli, and its activation was found in one study to correlate negatively with
pain intensity ratings (Coghill et al., 1999). Additionally, propofol has been shown to selectively decrease cerebral blood flow in the occipital cortex (Fiset et al., 1999). Thus, the
propofol-induced blood flow decreases of this area might, at least in part, contribute to
the stimulus-evoked profound reductions seen in our data.
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3.2. Persistent nociception during general anaesthesia
In the main experimental part of this thesis, we have established that cerebral nociceptive
processing persists even during a general anaesthesia that is deeper than used in current
clinical practice. This was not obvious prior to our study, as there has not been any other
study before which investigated nociceptive processing during deep general anaesthesia
– mimicking both clinical anaesthetic depth and surgical noxious stimuli. This immediately raises the question of whether the nociceptive cerebral processing that we have
detected has any relevant effects on patient outcomes, such as the development of chronic
pain. As BOLD-fMRI is an indirect measure of neuronal activity, the activations detected
by this method, especially during pharmacological modulation, do not imply any form of
(higher) cognitive processing. Indeed, it is possible that only the different brain regions
acting in concert give rise to purposeful physiological effects and that it is precisely this
integrative action of the brain that is disrupted during drug-induced unconsciousness.
We therefore investigated whether the level of intraoperative anti-nociception induced
by analgesic drug doses comparable to those used in our experimental study was associated with persistent postoperative pain in a clinical study. As this was indeed the case,
persistent intraoperative nociception seems to influence patient outcomes adversely. In
this section, it will therefore be discussed by which neuronal, physiological and psychological mechanisms nociception actually or potentially contributes to adverse patient
outcomes such as chronic pain.

3.2.1. Effects on patient outcomes
Preoperative and acute postoperative pain is associated with pain chronification (Kehlet
et al., 2006), but it remains unclear whether intraoperative nociception also contributes
to the development of chronic pain. To explore this hypothesis, we performed a clinical study in 110 patients undergoing major surgery and indeed found evidence that the
levels of intraoperative analgesia are associated with persistent pain six months after
the surgery (study 3). The main reason why this potential association remains largely
uninvestigated is that there exists no validated measure to quantify intraoperative nociception (Borsook et al., 2010). However, the lack of experimental and observational
evidence for adverse effects of intraoperative nociception cannot be taken as evidence
against these effects. In contrast, it can be reasonably assumed that excessive intraoper-
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ative nociception leads to adverse effects that range from the molecular to the network
level of the CNS. Perioperative nociception is known to cause rapid neuronal sensitisation and altered gene expression (Latremoliere and Woolf, 2009; Borsook et al., 2010),
leading to damages in the central nervous system (Costigan et al., 2009) as well as behavioural changes (Besson, 1999). The well investigated direct neuronal effects of sustained
nociceptive stimulation that lead to a persistent, but usually fully reversible, facilitation
and increased nociceptive sensitivity are called central sensitisation. Central sensitisation
can result in the modulation of every aspect of pain perception (e. g. intensity, location,
spatial extent), without actually reflecting a noxious input, but rather reflecting the functional efficacy of the central nociceptive pathways (Woolf, 2011). Thus, it might well be
that central sensitisation contributes to the development of chronic pain. Accordingly,
central sensitisation has been associated with clinical syndromes such as fibromyalgia,
headache, neuropathic pain, postoperative pain and arthritis (Woolf, 2011).
Apart from these direct neuronal effects, intraoperative nociception also triggers the surgical stress response, which is a general activation of sympathetic/endocrine systems
through afferent nociceptive inputs to the hypothalamus (Finnerty et al., 2013). The resulting elicitation of endocrine, metabolic and inflammatory responses regulates a variety
of essential physiological systems in order to prevent damage, but maladaptive responses
may lead to both short- and long-term harm (McEwen, 2000). These deleterious effects include impairment of wound healing (Akca et al., 1999) and immune function (Salo, 1992)
and altered autoregulation of visceral organs (Liu et al., 1995). Stress responses may also
lead to effects on the brain (Rodrigues et al., 2009) in areas such as the insula, the PFC
and the rACC (Liberzon et al., 2007) and may ultimately result in psychiatric disorders
such as depression (Vermetten and Bremner, 2002).
In conclusion, so far there has been little research on the association between the intraoperative nociception/anti-nociception balance and postoperative deleterious effects,
which is a consequence of the unavailability of reliable measures for the nociception/
anti-nociception balance during general anaesthesia. Nevertheless, as discussed above,
a profound and plausible basis for deleterious outcome effects caused by intraoperative
nociception exists. Accordingly, we could show in our clinical studies for the first time,
to the best of our knowledge, that the intraoperative anti-nociceptive level is associated
with persistent postoperative pain.
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3.2.2. Chronic pain as a consequence of intraoperative nociception
Chronic pain is a major clinical and economic problem affecting a substantial proportion
of the population (Breivik et al., 2006; Nahin, 2015; Fayaz et al., 2016). Pain chronification involves all levels of the nociceptive circuitry from the molecular up to the network
level (Sandkühler, 2009; Prescott et al., 2014). In the spinal cord, synaptic plasticity in
the form of LTP contributes to chronic pain (Sandkühler and Liu, 1998). In the brain,
enhanced nociceptive neurotransmission mediated via synaptic plasticity was found in
the thalamus (Zhao et al., 2006), the amygdala (Ikeda et al., 2007), the insula (Qiu et al.,
2013), in the S1/S2 (Eto et al., 2011), in the PFC (Metz et al., 2009) and in the ACC (Bliss
et al., 2016). On the cerebral level, changes within multiple brain regions are associated
with chronic pain, including the anterior insula, the ACC, the BG, the thalamus, the PAG
and the pre- and postcentral gyri (Cauda et al., 2014). Intriguingly, these affected regions
overlap with the regions that we found responsive to intense noxious during general anaesthesia. On the network level, pain chronification was shown to be associated with a
shift of the cerebral representation of pain from areas related to acute pain processing to
areas implied in emotional processing (Hashmi et al., 2013).
Chronic pain is characterised by the detachment of pain perception from obvious nociceptive stimuli. It is commonly assumed that pain perception in this case is mediated
through enhanced excitability of the nociceptive circuitry. However, leveraging contemporary theories of perception – the Bayesian perspective of predictive coding – it
is conceivable that pain perception in the presence of innocuous stimuli is the result of
a higher expectancy of pain (i. e. prior probability of pain) in conjunction with a previously learned association that pain perception involves the respective innocuous stimuli
(i. e. likelihood, the probability of the innocuous stimulus given pain; Wiech et al., 2014;
Hechler et al., 2016). As the resultant expected pain (i. e. the posterior probability of pain
given the innocuous stimulus) does not match the actual sensory processing, it was hypothesised that chronic pain patients bring expectation and sensation into accordance by
initiating actions that increase the sensory input, thereby actively creating the perception
of pain – a mechanism called active inference (Hechler et al., 2016).
In conclusion, chronic pain is accompanied by changes in both the spinal and cerebral
nociceptive circuitry ranging from the synaptic up to the cerebral network level. Additionally, maladaptive perceptual decision making might contribute to pain persistence.
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3.2.3. Clinical surrogate measures of intraoperative nociception
In the experimental part of the thesis, we have successfully used a multimodal setup to
assess nociception during general anaesthesia in an experimental setting. However, for
clinical practice, a much simpler measure of nociception has to be developed that can
be used to adjust anaesthetic and analgesic dosing in unconscious patients in order to
improve the patient outcomes. An fMRI-based method is much too complex to be used
in clinical practice and can only be used to validate such simpler measures of the nociception/anti-nociception balance. No such measure that can be reliably used in clinical
practice exists to this day (Gruenewald and Ilies, 2013; von Dincklage, 2015).
Therefore, we have investigated as a supplementary work whether two nociceptive reflexes – the nociceptive flexion reflex (NFR) and the pupillary dilation reflex (PDR) –
are valid measures of the nociception/anti-nociception balance, in the sense that they
can indicate both anti-nociceptive under- as well as overdosing (study 4). While antinociceptive underdosing can be, at least to some extent, detected by the currently used
clinical indicators of nociception (e. g. haemodynamic and body movement responses to
noxious stimuli), no validated measure for detection of excessive anti-nociceptive dosing exists. We found that the PDR was associated with both anti-nociceptive under- and
overdosing, while the NFR, at least in our setting, was only significantly associated with
anti-nociceptive overdosing. As we have shown that the detection accuracy of the NFR
can be greatly increased (study 5), one reason that might have contributed to the rather
poor performance of the NFR in this study might be the application of the traditional,
less accurate reflex detection procedure (Lichtner et al., 2015). In any case, both reflexes
showed only a relatively low correlation with the surrogate measures of anti-nociceptive
under- and overdosing.
In conclusion, although we could strengthen the notion that nociceptive reflexes are
potential surrogate measures of the nociception/anti-nociception balance, their current
stage of development does not commend their use in clinical routine. Importantly, as
no better gold standard to assess nociception during general anaesthesia than clinical responses exists, the development of a comprehensive and reliable measure of nociception
is required in order to (i) validate simpler surrogate measures and (ii) to investigate the
clinical significance of persistent nociception on patient outcomes in the first place, which
could then potentially be prevented by guided anti-nociceptive dosing.
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3.3. Limitations
Several caveats have to be considered when interpreting the results from the studies on
which this dissertation is based. Regarding the experimental studies on volunteer subjects using fMRI, EEG and spinal nociceptive reflexes, our sample size of ten subjects was
relatively small. The sample size was based on previous studies that investigated nociception during general anaesthesia, but a formal sample size calculation could not be
performed, as ours was the first study to investigate intense noxious stimuli at intensities
comparable to noxious stimuli during deep general anaesthesia. Thus, we had to weigh
the risk of performing measurements with potentially no information value against the
not negligible risk for each volunteer participant, as each volunteer received an otherwise not necessary general anaesthesia in a highly complex setup with EEG, EMG, and
electrical noxious stimulation inside the magnetic resonance imaging (MRI) scanner. It
has to be kept in mind that the MRI scanner is a highly challenging site to perform a
general anaesthesia due to the magnetic field prohibiting the use of many devices and
the difficulties to reach the subject inside the scanner. However, the sample size was
sufficiently large to investigate our main research hypothesis regarding the processing
of intense noxious stimuli during different levels of general anaesthesia with statistical
significance. Additionally, explicit reliability analyses of the random-effects model and
fixed-effect analyses have shown strong evidence for the robustness of our reported results (Lichtner et al., 2018b).
Another limitation regarding the generalisability of the results from the experimental
study is that we investigated only healthy young subjects who are not representative
of the population. Thus, our results will have to be reproduced in follow-up studies in
a clinical population in order to be generalised to all patients receiving general anaesthesia.
In our studies, we used transcutaneous electrical stimulation to deliver noxious stimuli
to the subjects. In contrast to purely nociceptive stimuli such as painful heat, electrical
stimuli also activate non-nociceptive nerve fibres and are thus not nociception-specific.
However, real life noxious stimuli, such as those occurring during surgical interventions,
are usually accompanied by non-nociceptive activations as well, potentially making electrical stimulation a more realistic model of those stimuli compared to pure noxious stimuli such as thermal stimuli.
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In pharmacological fMRI studies such as ours, it has to be ensured that BOLD-fMRI activations are not confounded by pharmacological effects on the neurovascular-coupling,
which is the physiologic basis of the BOLD-effect (Iannetti and Wise, 2007), especially as
both propofol and remifentanil have been shown to influence the regional cerebral blood
flow (Fiset et al., 1999; Wagner et al., 2001). In our study, we additionally recorded the
EEG as a direct measure of cerebral nociceptive processing and the NFR as a measure of
spinal nociception. The concordant dose-response characteristics in all measures of nociception during propofol/remifentanil general anaesthesia as well as the regional specificity of effects during different levels of propofol anaesthesia advocate for a common
underlying effect rather than pharmacological effects on the BOLD-effect alone.

3.4. Towards a comprehensive measure of nociception in humans
Nociception is the neuronal processing of noxious stimuli that involves a plethora of
neurons on several levels, ranging from the primary afferent neurons (the nociceptors)
over the first interconnecting neurons in the spinal dorsal horn to the brainstem and to
subcortical and cortical areas and even to downstream pathways emanating from cerebral areas. At each level, the processing and the transmission can be modulated by numerous influencing factors (e. g. sensitisation of peripheral neurons due to inflammation,
anaesthetic drugs, differences in attention and mood). Thus, a truly complete measure of
nociception would require to capture the neuronal activity at all of these levels.
As measuring neuronal activity in vivo is difficult, most of the currently available measures of nociception are not direct measures, but only surrogates of physiological responses to nociception. Such responses are conveyed at each level of nociceptive processing (e. g. nociceptive reflexes in the spinal cord, haemodynamic responses in the
brainstem and in sympathetic ganglia, pain sensation in the brain). However, each of
these responses are in turn susceptible to their own numerous influencing factors that
can completely differ from those factors modulating the interneuronal transmission of
noxious stimuli. Therefore, a truly comprehensive measure of nociception cannot be
based solely on measures of physiological responses but requires measuring the actual
neuronal activity. The most reliable and precise way of measuring neuronal activity is
intracellular recording, which is clearly not feasible in humans. Therefore, non-invasive
electrophysiological and neuroimaging techniques are the only available techniques.
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In the experimental part of this thesis, we have developed and applied the first measure of nociceptive processing that is designed to measure neuronal activation instead
of physiological responses and that included both spinal and cerebral measures. It can
therefore be regarded as the currently most precise and comprehensive method of assessing spinal and cerebral nociception in humans that is technically and ethically feasible.
Using our setup, we have investigated the mechanisms of nociceptive processing during drug-induced general anaesthesia at different levels. We found that the hypnotic
drug propofol and the analgesic drug remifentanil induced differential effects on different parts of the nociceptive pathway (Fig. 3.3). Propofol attenuated the processing of
moderate noxious stimuli already at the spinal level but did not dose-dependently reduce spinal responses to intense noxious stimuli after the loss of consciousness. This can
be explained by a threshold-increasing action of propofol at the spinal cord, whereby the
intensity of the noxious stimuli that is required to elicit spinal and cerebral processing
is increased by propofol. The intensity of the moderate noxious stimuli used in our experimental setup did not suffice to exceed that elevated threshold, while intense noxious stimuli were well beyond the threshold intensity and could therefore activate downstream recipients in the nociceptive pathway. On the cerebral level, increasing propofol
concentration levels differentially changed the response amplitudes and the functional
connectivity between nociceptive-processing cerebral regions. We hypothesise that during increasing anaesthetic depth, the processing of nociceptive information is directed
away from temporal brain areas (ventral pathway) to more anterior brain areas (anterior
pathway), which might contribute to the establishment and maintenance of a stable and
deep unconsciousness (Fig. 3.3).
The opioid remifentanil induced a general but slight attenuation of spinal and cerebral responses to intense noxious stimuli. As a reduction on an upstream level of the nociceptive
pathway (the spinal cord) can be expected to also reduce responses of downstream recipients (the brain), the attenuating action of remifentanil on the spinal level could contribute
to the cerebral attenuation. However, we also found that remifentanil reduced the functional connectivity between nociceptive brain regions, which advocates for an additional
direct cerebral effect of remifentanil on the reduction of brain connectivity. However, this
might also be a consequence of an inhibiting effect of remifentanil on arousal-promoting
nuclei in the brain and therefore not a direct effect of remifentanil on cortical regions.
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Figure 3.3: Putative mechanisms of propofol- and remifentanil-induced changes of nociceptive processing during general anaesthesia. Shown are the four groups of brain regions that we identified by their
common within-group dose-response relationships and functional connectivities: The anterior group (blue),
the central group (green), the temporal group (red) and the calcarine cortex (purple). Black arrows indicate
the flow of nociceptive information. Plus and minus signs indicate an enhancing or attenuating effect induced by increasing doses of propofol (red) or remifentanil (blue). OFC, orbitofrontal cortex; ACC, anterior
cingulate cortex; SMA, supplementary motor area; S2, secondary somatosensory cortex; PreCG, precentral
gyrus; PostCG, postcentral gyrus.

Our findings of differential actions of hypnotic and analgesic drugs on the spinal cord
and on different brain regions reiterate the aforementioned characteristics of the nociceptive system that all levels of nociceptive processing can be modulated differently by different influencing factors. In conclusion, we believe that our setup that combines fMRI,
EEG and spinal reflex responses is a valid, reliable and the currently most precise measure for the measurement of nociceptive neuronal activity in humans.
Using our measurement setup to investigate mechanisms of nociceptive processing during general anaesthesia by assessment of nociceptive neuronal activation is of high scientific value. However, from a clinical standpoint, nociceptive neuronal activity alone has
no clinical significance if it does not evoke any physiological responses that cause adverse
effects in individuals. For instance, as during general anaesthesia the loss of consciousness precludes the perception of pain, nociceptive neuronal activation could be seen as
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any other sensory stimulus modality (e. g. touch) unless it causes any further adverse effects. Thus, in the clinical context, only a measure of nociception that is able to indicate
adverse patient outcomes caused by physiological responses to noxious stimuli has any
relevance. In current clinical practice, body movement responses to noxious stimuli are
the gold standard to indicate insufficient anti-nociception, which, as we have shown in
our studies, are not indicative of persisting spinal and cerebral nociceptive processing at
clinically relevant anaesthetic depths. As we could show in our clinical study that the
level of intraoperative anti-nociception correlates with persistent postoperative pain, we
believe that persisting intraoperative nociception that does not evoke acute clinically visible responses might foster the development of chronic pain through neuronal learning
processes in the spinal cord in the brain such as central sensitisation and long-term potentiation. The nociceptive activation that might cause these direct neuronal effects cannot
be indicated by current clinical measures of insufficient anti-nociception but might well
be assessable using the setup developed and validated in this work. In conclusion, our
setup allows to extend the diagnostic spread of nociceptive responses in humans and
might allow to accurately assess nociceptive activation that causes adverse effects on patient outcomes (Fig. 3.4).
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Figure 3.4: The effect of the anaesthetic depth on the probability of responses to noxious stimulation.
Shown are the probabilities of well-known responses to noxious stimulation in dependence of the level of
anaesthesia and anti-nociception (verbal, memory, haemodynamic and movement; solid purple lines) and
their dependence on the hypnotic (red arrow) or anti-nociceptive (blue arrow) drug dose. Also displayed is
the putative central neuronal sensitisation response (dashed orange line) to persisting nociception at levels
that do not trigger any clinical responses and can therefore not be detected using current clinical indicators.
However, these levels of persisting nociceptive processing might be detectable using the measurement setup
developed in this work. fMRI, functional magnetic resonance imaging; EEG, electroencephalography; NFR,
nociceptive flexion reflex.
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3.5. Conclusion and outlook
In this work, we have demonstrated that a setup that combines fMRI, EEG and spinal nociceptive reflexes can be used to assess nociceptive processing during drug-induced unconsciousness. Using this setup, we could show for the first time that cerebral responses
to noxious stimuli persist despite deep general anaesthesia that is considered clinically
sufficient. Whether this level of persistent intra-anaesthetic nociception causes relevant
effects on patient outcomes has not been investigated before. However, we have found
evidence in our clinical study that low levels of anti-nociceptive dosing during general
are indeed associated with high levels of persistent postoperative pain. This suggests
that insufficiently suppressed nociception during general anaesthesia could give rise to
the development of chronic pain.
To investigate this hypothesis – which has not been done so far due to the lack of validated assessment methods for nociception during unconsciousness – we plan to use our
experimental setup to assess intraoperative nociception in patients immediately after actual surgery while they remain anaesthetised at the same level as during surgery and
correlate these findings with immediate and persistent postoperative pain. The aim of
that study is to investigate the possibility of generating a neurologic signature of nociception, by using machine learning techniques on intraoperative noxious stimulus-evoked
fMRI, EEG and spinal reflex responses to develop a predictive model of immediate and
persistent postoperative pain, similar to what has been done for acute pain perception
(Wager et al., 2013). The development of such a signature would have multiple exquisite
implications: (i) the possibility of generating this signature would provide a direct link
between intraoperative nociceptive processing and postoperative pain, which has not yet
been established, (ii) the signature itself would allow insights into the neural basis of that
link via the weights that connect the single features (e. g. fMRI voxel activity, EEG and
NFR amplitudes) with the prediction output of the signature, (iii) it would allow validating simpler surrogate measures of the signature response that can be actually applied
in clinical practice and (iv) these surrogate measures would then allow to carefully titrate anti-nociceptive dosing during general anaesthesia, thereby potentially improving
patient outcomes across the board. Additionally, assessing spinal intraoperative nociception via spinal fMRI could be used to unravel the spinal contribution to nociception
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and its interplay with cerebral processing during general anaesthesia (Wheeler-Kingshott
et al., 2014; Paquette et al., 2018).
This clinical line of research aiming at investigating the external validity of our findings
would ideally be supplemented by an animal line of research in rodents, in which the
nociception-specificity of brain activation during general anaesthesia can be validated by
simultaneous fMRI and electrophysiological measurements of nociception-specific neurons (Jonckers et al., 2015). And even simpler model organisms could be used for investigating the genetic and molecular constituents and mechanisms of nociception during
general anaesthesia (Tracey et al., 2003; Karunanithi et al., 2018).
In conclusion, our studies have paved the way for the investigation and generation of
assessment measures of nociception during unconsciousness, showing for the first time
that intraoperative cerebral nociceptive processing persists and might be associated with
postoperative pain. Future studies will have to closely investigate this potential association and the possibility of preventing adverse effects of patient outcomes through
patient- and stimulus-adjusted anti-nociceptive dosing that is based on a surrogate measure of the intraoperative nociception/anti-nociception balance validated by a comprehensive neuroimaging-based measure of nociception.
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List of abbreviations
ACC

Anterior cingulate cortex

BG

Basal ganglia

BOLD

Blood-oxygen-level-dependent

CNS

Central nervous system

DRG

Dorsal root ganglion

EEG

Electroencephalography

EMG

Electromyography

fMRI

Functional magnetic resonance imaging

GABA

γ-aminobutyric acid

GABAA

γ-aminobutyric acid type A

LTP

Long-term potentiation

MRI

Magnetic resonance imaging

NFR

Nociceptive flexion reflex

NFRT

Nociceptive flexion reflex threshold

NMDA

N-Methyl-D-aspartic acid

NPS

Neurologic pain signature

NRS

Numerical rating scale

OFC

Orbitofrontal cortex

PAG

Periaqueductal grey

PCC

Posterior cingulate cortex

PDR

Pupillary dilation reflex

PDRT

Pupillary dilation reflex threshold

PFC

Prefrontal cortex

rACC

Rostral anterior cingulate cortex

RM-ANOVA

Repeated measures analysis of variance

RVM

Rostral ventromedial medulla

S1

Primary somatosensory cortex

S2

Secondary somatosensory cortex

SMA

Supplementary motor area

SSEP

Somatosensory evoked potential
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