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CHAPTER 1

General Introduction




Chapter 1

Music in therapeutic healthcare: a historic perspective

Music is an universal form of communication and part of human nature. Important
elements of music consist of melody, harmony and rhythm. Music may serve as a
means of communication and is even used for therapeutic health care purposes. (1)
The oldest musical instruments discovered so far are around 30,000—-40,000 years
old, but it is likely that the first Homo sapiens already made music. (2) Only humans
learn to play musical instruments, and only humans play instruments cooperatively
together in groups. It is assumed by some that human musical abilities played a role
in the evolution of language, and that music-making behavior engaged and promoted

evolutionarily important social functions. (3)

The history of music as medicine goes back cutting across time, languages, and
cultures. Back in Biblical times, string instruments were applied to liberate kings from
bad spirits. (4) Hippocrates (460-370 BC), the father of Greek medicine, was known
to play music for his patients, while Aristotle described music as a force that purified
the emotions. (1) Early documented cases of music in the context of surgery occurred
in 1914 when Evan O’Neal Kane, a surgeon famous for conducting operations on
himself such as the auto-appendectomy, published his report in JAMA on the use of
the phonograph within the operating room as a means of calming and distracting his

patients from the ‘horror of the surgery’. (5, 6)

The underlying beneficial mechanism of music is based on the decoding of acoustic
information. Acoustic information is translated into neural activity in the cochlea,
and transmitted towards the auditory brainstem through the 8th cranial nerve (i.e. the
nervus vestibulocochlearis). Neural impulses are mainly sent towards the colliculus
inferior, which is the principal midbrain nucleus of the auditory pathway, and involves
the primary auditory cortex, which transforms acoustic features (such as frequency
information) into percepts (such as pitch height). Parallel to this signaling, the
mesolimbic dopaminergic system is activated which is active during reward. (7, 8)
Besides giving rise to subjective reports of ““thrills”” and “chills”, the hypothalamic-
pituitary-adrenal axis attenuates stress signals, mediated through the adrenal gland,

and the inflammatory response. (8, 9)

Application of music in medicine has been increasingly described in scientific
literature for a variety of indications either within or outside the field of surgery.

Music in medicine is appealing, as it is pleasant for the patient and it is an easy
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applicable intervention which can be applied effectively throughout the entire
perioperative process. Several studies investigated the role of music, played through
head phones, musical pillows, or background sound systems on patients’ emotions
and neurophysiology. (10, 11) Inspired by these studies, well-designed clinical
randomized controlled trials in the surgical population have been published on the

effects of music on patients in the surgical setting.

An emerging number of randomized controlled trials and meta-analyses show
convincing evidence of music lowering pain, stress and anxiety in surgical patients.
(12-20) These results have clinical implications. A recent published study found that
the analgesic effect of perioperative music reduced opioid consumption up to 9.82mg
ME and lowered the patients intraoperative propofol and midazolam requirement
significantly. (15) As we are currently in an “opioid epidemic”, with increased opioid-
related deaths and a substantial financial burden, interest in these nonpharmacological
interventions that can reduce both postoperative pain and opioid consumption is
growing. (21) However, these clinical studies are characterized by a large variation in
type of surgical procedures and patient characteristics which hinders a firm conclusion
on the quantitative analgesic effect of peri-operative music. (16) Moreover, it is
unclear whether this decrease in pain perception leads to a larger endurance of pain
and through which underlying mechanisms this is achieved. We therefore evaluated

the effect of music on pain endurance in an experimental randomized controlled trial.

Evolution of brain surgery

Trepanation, also referred to as craniotomy, is considered the oldest surgical procedure
known to be practiced since the Stone Age. When it comes to the motivation behind
the ancient practices of trepanation, there are more questions than answers: it seemed
to vary from ritual / spiritual purposes or for medical indications. Inca doctors, dating
back to A.D. 1000, appeared to be ‘skilled’ neurosurgeons applying trepanation to
treat injuries suffered during combat. (22) But it was not until the late 19th century,
that some general surgeons started to perform trepanations in order to try to alleviate
high intracranial pressure caused by tumors, abscesses or bleeds. However, due to
lack of physiological knowledge and means to control brain swelling, it lasted until
the first half of the 20" century that brain surgery could be performed with acceptable
mortality rates. Hereafter, a greater understanding of cerebral localization, antisepsis,

anesthesia, hemostasis, and pre- and peroperative visualization led to an era of great
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expansion in neurosurgical approaches. Large advancements have been made in the
last five to six decades, referred to as modern neurosurgery with the development of
tools such the operating microscope, pre-operative brain imaging, neuro-navigation
and intra-operative monitoring of brain functions.

Nowadays neurosurgeons are able to treat a wide variety of diseases inferring on the
brain by performing craniotomies and resecting, securing or correcting the pathological
condition, such as tumors, hematomas, aneurysms and vascular anomalies. The goal
of the surgeon is to limit or restore functional deterioration by removing space-
occupying lesions, to reduce mass effect on the brain and to improve the patient’s
prognosis. Especially in neuro-oncological surgery, number and extent of surgical
resections have increased due technical improvements of the last decades. (23) Limits
of safe surgery, in other words maximal resection of the lesion without causing
neurologic deficits, are being pushed further in recent years resulting in craniotomy
being a safe, fast and routinely applied surgical procedure.

Music and delirium

Delirium is arelative frequently observed post-operative complication in neurosurgery.
It is a psychiatric disorder affecting attention and cognition resulting in symptoms
such as hallucinations, restlessness, somnolence or agitation. Delirium is often
multifactorial in etiology and can be influenced by a number of predisposing (e.g.
older age, cognitive impairment, multiple comorbidities) and precipitating factors (eg,
anxiety, stress, pain, medications) factors. (24) Therefore, the treatment for delirium

often relies on tackling these underlying eliciting factors.

Delirium most often occurs in the elderly when they are admitted to the hospital,
undergo a surgical procedure or having an infection. However, after intracranial surgery
the incidence of delirium seems to be higher than after general surgical procedures,
its occurrence being reported in 4 to 44% of patients. This may be explained by the
fact that in the pathophysiology of delirium neuro-inflammatory processes are thought
to play a significant role, whereby intracranial surgery induces brain inflammation.
Unfortunately, delirium in the neurosurgical population is under-investigated. One
of the reasons being the lack of consensus on definition of delirium and therefore the
challenge for an early and accurate diagnosis. Delirium is a severe disease since it not

only causes a traumatic experience for the patient and his or her relatives and long-
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term cognitive decline but also leads to prolonged length of stay in hospital, intensity
of nursing hours, and increased number of re-operations. (25)

There is no good treatment for delirium. Results of pharmacologic treatments are
inconsistent and often accompanied with unacceptable side effects. (26-28) Non-
pharmacologic multi-component approaches for primary prevention, such as
reorientation, early mobilization, hydration, nutrition and sleep strategies are effective
but labor intensive. Therefore, streamlined implementation is not always feasible in
the hospital setting. Although the use of volunteers or non-licensed professionals
enhance feasibility of these approaches, in clinical practice they remain difficult to
implement structurally. (29) Therefore the search of, easy to implement, preventive
therapies of post-operative delirium in neurosurgical patients remains warranted.

Studies suggest a positive effect of music in preventing post-operative delirium. (30)
However, whether this preventing effect can be achieved in patients undergoing brain
surgery remains unclear. As peri-operative listening to recorded music has been proven
to lower delirium-eliciting factors in the surgical population, especially anxiety, pain
and stress, we evaluated the preventive effects of listening to music on delirium after

brain surgery in a randomized controlled study.

Music and musicality and the relation with language function and
recovery in neurosurgery.

One neurosurgical tool to preserve brain functions during neurosurgical procedures is
the use of awake brain surgery during which brain functions are real time monitored.
(31) Tumor may be extremely hard to discern from normal brain tissue during a
neurosurgical procedure. During awake surgery, tumorous tissue can be identified
from functional relevant brain tissue, by having the patient executing tasks and the
surgeon electrically stimulating the presumed abnormal tissue. When functional tasks
performed by the patient are not interrupted by the electrical stimulation this tissue
maybe resected. This allows the surgeon to make an informed decision about which

parts of the tumor should or should not be resected.

Despite these techniques, intraoperative mapping and language testing do not
ensure complete maintenance of the patient’s linguistic abilities. Patients’ language
processing brain maybe damaged, resulting in often temporary speech disorders also
called aphasia. It is important to have an increased knowledge on factors contributing
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to language recovery, as these can be used in clinical practice to inform the patients on
their prognosis and could even aid in the final decision-making when considering to
perform a surgical resection of a tumor in that specific area of the brain. Studies have
shown that musical training positively affects the course of post-operative language
recovery. (32) Both language and music require complex processing systems that share
features, such as pitch, rhythm, timbre, and syntactic structure. (33) Recent fMRI
data suggested that some brain regions that are associated with language functioning
(e.g., Broca and Wernicke’s areas) are also activated during music processing. (34-
36) Furthermore, experimental evidence suggests that musical training can improve
language function (in a so-called transfer of learning). (33) However, there is
currently no evidence in the literature to support the hypothesis that training-related
brain changes might also have a beneficial effect on language (-recovery) following
neurosurgery. (37) In this thesis we therefore evaluate the effect of musicality on
language recovery after awake glioma surgery.

Musicians occasionally have to undergo craniotomy, during which their musical ability
is at stake. (38) Examples of famous musicians undergoing craniotomy are George
Gershwin, famous for his work on Rhapsody in Blue who was operated on a glioblastoma
multiforme, and Maurice Ravel a music composer of expressionism who underwent an
exploratory craniotomy after a car accident. (38) But also less famous musical patients,
in whom preservation of musical function was at stake, underwent craniotomies. (39,
40) Monitoring brain areas responsible for musicality by electrophysiological mapping
during the awake surgical procedure, additional to speech/language and motor function,
might be valuable when musicality determines quality of life. We therefore evaluated

the feasibility and added value of mapping musicality during awake craniotomy.

Thesis outline

In Chapter 1 we describe a short history of the therapeutic use of music, the appealing
effect of this intervention, and hypothesize how music might aid in preventing
delirium after brain surgery as it has been proven effective in lowering delirium-
eliciting factors.

The first part of this thesis concerns the effect of music on delirium in brain surgery.
Delirium is a complication which might affect recovery after brain surgery, hence we

focus on delirium in Chapter 2 by describing a systematic review which focuses on how
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delirium is defined in the neurosurgical literature. Delirium is a neuropsychiatric clinical
syndrome with overlapping symptoms with the neurologic primary disease, which is
why delirium is such a difficult and under-exposed topic in neurosurgical literature.
We therefore summarize and quantify the methods of diagnosis and discuss the factors

contributing to delirium and the impact for the neurosurgical patients’ recovery.

The review on delirium definition is followed by a large retrospective cohort study in
Chapter 3 in which we further evaluate the impact of delirium in our own center. It
is not fully clear what the impact of delirium is on neurosurgical patients’ recovery,
as delirium is a temporary and often self-limiting complication. We therefore evaluate
the influence of delirium on length of stay, discharge location and mortality. Moreover,
it is important to be able to predict which patients develop delirium, as currently
no effective treatment exists. We addressed this issue by identifying risk factors and

building prediction models.

As listening to recorded music has been proven to lower delirium-eliciting factors
in the surgical population, such as anxiety, pain and stress, we were interested in the
size of analgesic effect and its underlying mechanism before applying this into our
clinical setting. In Chapter 4 we describe the results of an experimental randomized
controlled trial in healthy volunteers, which was based on a unique pain model and

discuss the clinical implications.

As our prior chapters increased our knowledge on the significance of delirium on
the post-operative recovery after brain surgery and the possible beneficial effects of
music, we decided to design a randomized controlled trial. In Chapter S we describe
the protocol for this randomized controlled trial. Besides the preventive effects on
delirium, we also describe other secondary outcomes which substantiate the effect of
music or which correlate with post-operative recovery, such as hospitalization length

or discharge location.

The results of this randomized controlled trial are described in Chapter 6, in which
we describe the results during hospitalization. We discuss the clinical implications for

patient recovery and the further steps that should be taken.

In the second part of this thesis the focus swifts towards maintaining musicality and
language functions around awake craniotomy. Intra-operative mapping of language

does not ensure complete maintenance with often temporary deteriorating language
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functions after tumor resection. Most patients recover to their baseline whereas
others remain to suffer from aphasia affecting their quality of life. In Chapter 7 we
evaluate the effect of musicality on language recovery after awake glioma surgery
in a cohort study. Moreover, occasionally musicians undergo awake craniotomy and
musicality may determine their quality of life. Therefore, we evaluate in Chapter 8 in
a systematic review whether it is feasible and what the additional value is of mapping

musicality during awake craniotomy.

The third part of this thesis concludes with Chapter 9 which presents a general
discussion and a vision for future research options. Chapter 10 summarizes the main

findings presented in this thesis in English and Dutch.
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Abstract

Delirium is a frequent occurring complication in surgical patients. Nevertheless, a
scientific work-up of the clinical relevance of delirium after intracranial surgery is

lacking.

We conducted a systematic review (CRD42020166656) to evaluate the current
diagnostic work-up, incidence, risk factors and health outcomes of delirium in this
population. Five databases (Embase, Medline, Web of Science, PsycINFO, Cochrane
Central) were searched from inception through March 31% 2021. Twenty-four studies
(5589 patients) were included for qualitative analysis and twenty-one studies for
quantitative analysis (5083 patients). Validated delirium screening tools were used in
70% of the studies, consisting of the Confusion Assessment Method (- Intensive Care
Unit) (45%), Delirium Observation Screening Scale (5%), Intensive Care Delirium
Screening Checklist (10%), Neelon and Champagne Confusion Scale (5%), and
Nursing Delirium Screening Scale (5%). Incidence of post-operative delirium after
intracranial surgery was 19%, ranging from 12 — 26% caused by variation in clinical
features and delirium assessment methods. Meta-regression for age and gender did
not show a correlation with delirium. We present an overview of risk factors and
health outcomes associated with the onset of delirium. Our review highlights the need
of future research on delirium in neurosurgery, which should focus on optimizing

diagnosis, and assessing prognostic significance and management.
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Delirium in Neurosurgery: a systematic review and meta-analysis

Introduction

Delirium is characterized by a temporary decline in the patient’s mental status
affecting attention, awareness, cognition, language, and/or visuospatial ability,' caused
by dysregulation of neuronal activity.? Intracranial surgery evokes a parenchymal
inflammatory reaction resulting in oxidative stress, which is subsequently aggravated
by impaired oxygenation of the surrounding tissue due to the formation of edema.
Hypotheses describing the pathophysiology of delirium include neuro-inflammatory
and oxidative reactions within the brain. Considering this, neurosurgical patients are

vulnerable to delirium.?

Unfortunately, delirium in the neurosurgical population has been under-investigated.
This may be explained by the lack of consensus on definition and challenge with
respect to its diagnosis.’>* Therefore, reported incidences vary, especially in case
of hypoactive delirium.® Delirium is considered a severe complication in other
populations, being a traumatic experience for patients and contributing to prolonged
hospital stay, higher risk for re-operation, mortality, and cognitive decline.”!° These
consequences of delirium led to increased research on delirium, including in the

neurosurgical population.> 7% 1!

In order to assess the current knowledge regarding the diagnostic work-up, incidence,
risk factors, and health outcomes associated with post-operative delirium in
hospitalized neurosurgical patients with primary brain pathologies, we conducted a

systematic review and meta-analysis.

Methods

Protocol and registration

This study follows the guideline from Meta-Analysis of Observational Studies
in Epidemiology (MOOSE) !> and is registered in the PROSPERO database
(CRD42020166656).

Search strategy

The literature search was conducted with a dedicated biomedical information specialist.
The electronic databases Embase, Medline, Web of Science, PsycINFO, and Cochrane
Central were searched from date of inception through March 31 2021.

23
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Study selection and eligibility criteria

Two reviewers (PK/EK) independently screened title/abstract according to a
standardized protocol.”* Of note, we have decided to only include patients that
underwent intracranial surgery (with and/or without requirement of bone-flap removal)
to assess delirium as a post-operative complication to improve the uniformity of the
study population, which is a minor adaptation from the original protocol as registered
in PROSPERO. Prospective, retrospective cohort studies and randomized controlled
trials (RCTs) were included. Exclusion criteria were; extra-cranial neurosurgical
procedures, case-series with a sample size of <10 patients and English full text not
available. Full-text screening required a clear number of patients that underwent
intracranial surgery and reproducible diagnosis of delirium, with or without the use of
a validated tool (e.g. just mentioning delirium without detail on diagnostic assessment

would lead to exclusion).

Data extraction and data items

Data, including author name, year of publication, study design, baseline characteristics,
method of delirium assessment, cohort size (including incidence of delirium), risk
factors and health outcomes, were extracted independently by the same two reviewers
(PK/EK). The primary outcome was method of delirium assessment (validated vs
non-validated tools, daily frequency, and follow-up). Secondary outcomes included
the incidence, risk factors and delirium-related health outcomes associated with post-
operative delirium. In case of a RCT only data of the control group were used. Risk
factors and health-related outcomes were evaluated in studies using validated delirium
assessment tools (i.e. delirium assessment tools validated within any hospital based

population).'

Risk of bias assessment

The same two reviewers (PK/EK) independently evaluated the risk of bias. For RCTs
the Cochrane Collaboration’s Risk of Bias tool was used.'> Non-randomized trials were
evaluated using the Newcastle-Ottawa Scale (NOS). The NOS’s was adapted, after
individually appraising the first five articles, due to its poor inter-observer reliability
(Cohen’s Kappa =0.29, appendix B).'®!” The grade of certainty across studies was
assessed using the Grading of Recommendations Assessment, Development and
Evaluation (GRADE) approach.
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Statistical analysis

Descriptive statistics were presented as counts (n, %) and means (standard deviation
(SD)). Medians, in case of skewed variables, were used as approximation of the mean.
Inter quartile ranges (IQR) were divided by 1.35 as approximation of the SD. Reported
confidence intervals (95%CI) were used to approximate the SD (=((CI upper limit—CI
lower 1limit)/3.92)*(root square of the cohort size)). The widths of reported ranges

were divided by four as approximation of the SD.

Meta-analysis of proportions was performed using the random effects model with
the restricted maximum likelihood method, since within and between-study variance
was expected. Proportions were defined as the fraction of patients with delirium.
Before pooling, all data were transformed, using the Freeman-Tukey double arcsine
transformation, to correct for extreme proportions (e.g. <0.2 and >0.8) and small sample
sizes.'® Heterogeneity was assessed using the I? statistics. Outliers were identified by
screening for externally studentized residuals of >3 and excluded if the outlier caused
significant changes in the meta-analysis.!” Subgroup analysis was performed based
on clinical features and delirium diagnosis method. Delirium-associated significant
multi-variate risk factors and health outcomes were presented as odds ratio’s (ORs)
with Cls. Meta-regression was performed for risk factors if >8 studies were available.
We did qualitative analysis for delirium —related risk factors and health outcomes,
when studies reported multivariable associations. Data were analyzed using R version

4.0.0 and a p-value of <0.05 was considered statistically significant.

Results

Systematic search

Our search, last update conducted the 31% of March 2021, yielded 6974 studies
(Appendix B). A total of 4290 studies were screened on title/abstract. Eventually,
47 studies were assessed full text, of which 27 excluded: delirium diagnosis not
reproducible (n (number of studies)=9),”*** full text not found (n, =3),' duplicate
(n, =3),'"% % pediatric patients (n, =1)*, overlapping populations (n, =3),**** no
delirium assessment (n_=1),’ no original data (n, =2)*"*¥ and an unclear number of
patients undergoing intracranial surgery (n, =5)*** Finally, 20 paper were included
in the qualitative analysis and 18 papers in the quantitative analysis (np (number of
patients) = 5083).
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Study and patient characteristics

Table 1 describes the study and patient characteristics. Two RCTs, seven prospective,
and eleven retrospective cohort studies were included. Disease type for patients
undergoing intracranial surgery were categorized in: mixed (33.9%, np=1478),4* 10,21,
32.39. 4148 fyunctional neurosurgery (26.8%, np:552),”‘ 46,4951 peurovascular (10.5%, n
=145),5>4 neuro-oncology (18.4%, n =1969)>7-, traumatic brain injury (TBI: 4.3%,
n =27 ),>*57 and microvascular decompression (MVD: 6.2%, n = 912).° The mixed
group included neurovascular, neuro-oncologic, TBI or hydrocephalus operations,
and functional neurosurgery (solely deep brain stimulation (DBS) in patients with
Parkinson’s disease). Twelve studies assessed delirium in neurosurgical patients in
the nursing Ward,7’ 9-11, 23, 39, 41-43, 45, 46, 49-52, 56, 57 SiX Studies in the ICU’4, 32, 46-48, 53, 54 and
two studes in both.* % Six studies did not specify the number of patients undergoing
craniotomy (i.e. requiring bone-flap removal).!® 2! 3% 44. 46-48.52.54.56.57 Gix studies did
not report age and seven studies did not report gender within the intracranial operated
cohort.*> #7453 Pooled age in years (mean/SD, n = 14)* > 7 %11, 32,44.46.4551 35,3 apd
percentage of males (n = 13)*7%11,3244,46.50,51.55.56 of the remaining studies was 60.32
(4.47), respectively 49.6%.

Delirium diagnosis

Fourteen (70.0%) studies used validated delirium assessment tools (Table 2). One
(5.0%) study confirmed delirium, in patients using Delirium Observation Screening
Scale (DOS) scores >2, in combination with the Diagnostic and Statistical Manual of
Mental Disorders (DSM) criteria.”** Most studies (n, =9 (45.0%)) used the Confusion
Assessment Method (CAM) or the modified version for the Intensive Care Unit
(CAM-ICU) as a diagnostic or screening tool. The CAM (-ICU) in all studies was
defined as positive for delirium when three out of four items were scored positive.* 73>
42,43-48,51.53,55 Two (10.0%) studies assessed delirium using the Intensive Care Delirium
Screening Checklist (ICDSC).!%-3%41-54 One (5.0%) study, assessed delirium using the
Neelon and Champagne (NEECHAM) Confusion Scale, defined delirium as positive
in case of once a score of <24 or a score of <27 for two consecutive days.*> One (5.0%)
study used the Nursing Delirium Screening Scale (Nu-DESC), as an alternative for
the CAM-ICU, and considered delirium positive in case of a score >2.*

Six (30.0%) studies used non-validated, but reproducible, screening tools for delirium.

One study, assessing delirium with either the Mini-Mental State Examination (MMSE)
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or CAM-ICU did not separately report values for the CAM-ICU, and was therefore
considered non-validated.*” The remaining studies predefined their tools based on

own defined criteria.'! 21495056

A follow-up period for delirium assessment was reported in all but one study*®, which
varied from 24 hours to 30 days. Frequency of daily delirium screening was specified
in eight (40.0%) studies: three times per day (n=2),’>*>* > twice per day (n=4)""*

48,53 —") 4,46,51,57
, and once per day (n =2).

Incidence of delirium

One study did not report the incidence of delirium within the operated population.*
Meta-analysis was conducted for 18 studies, after excluding one outlying study
(Appendix C),** resulting in a pooled incidence of post-operative delirium after
intracranial surgery of 19.0% (n =5083; 0.19; CI 0.12-0.26, Figure 1/2).% 711324447
49-53,55.56 The mean/SD of onset in days, reported in three studies, was 2.8/0.6.% 433
Four studies, distinguishing the delirium subtypes, reported the hypoactive form in
38.9—-68.1%, hyperactive form in 17.2-50.8%, and the mixed form in 7.57-29.6% of

the patients. %5

Study Cases Total Proportion 95%-Cl Weight
Budenas, 2018 22 522 @ : 0.04 [0.03;0.06] 54%
Carlson, 2013 13 59 —a— 0.22 [0.12;0.34] 4.9%
Cinar, 2019 9 3 — 0.29 [0.14;0.46] 4.4%
Flanigan, 2017 38 554 ® 0.07 [0.05;0.09] 5.4%
Greenberg, 2017 0 65m : 0.00 [0.00;0.03] 4.9%
Harasawa, 2014 38 122 = - 0.31 [0.23;0.40] 5.2%
He, 2019 221 912 = 0.24 [0.22;0.27] 54%
Lange, 2015 1 38& 0.03 [0.00;0.11] 4.6%
Maneewong, 2017 25 54 P —a— 0.46 [0.33;0.60] 4.8%
Matano, 2017 10 65 —&— 0.15 [0.07;0.25] 4.9%
Mokhtari, 2020 8 20 . 040 [0.19;0.63] 4.0%
Morshed, 2019 52 235 - 0.22 [0.17;0.28] 5.3%
Ogasawara, 2000 5 27 —&— 0.19 [0.06; 0.36] 4.3%
Oh, 2008 14 75 —&— 0.19 [0.11;0.28] 5.0%
Tanaka, 2018 26 61 Po— 0.43 [0.30;0.55] 4.9%
Wang, 2020 (A) 157 800 L 0.20 [0.17;0.22] 5.4%
Wang, 2017 54 128 e 042 [0.34;051] 5.2%
Wang, 2019 32 165 - 0.19 [0.14;0.26] 5.2%
Wang, 2020 (B) 118 310 ;- 0.38 [0.33;0.44] 54%
Zipser, 2019 307 949 = 0.32 [0.29;0.35] 5.5%
Random effects model 5192 —— : 0.21 [0.15; 0.29] 100.0%

Heterogeneity: 1# = 96%, ©° = 0.0318, p=< dot ! T ‘ !
0 02 04 06 08 1
Incidence delirium

Figure 1. Pooled incidence delirium in neurosurgery
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Figure 2. Funnel plot pooled incidence delirium in neurosurgery

Subgroup analysis

Delirium assessment tools

The incidence of delirium in studies using validated tools and non-validated tools was
20.0% (n, =4269; 0.20; CI 0.14-0.27)7%:10.32.44.46.47.51.52.55 gnd 17.0% respectively (n,
=814; 0.17; CI 0.07-0.30, figure 3).> 1:45.4%.50.56.57 The delirium incidence rates were
19.0%, 15.0%, 24.0%, and 30.0% when using the CAM(-ICU),* 7- 32 44. 46-48. 51, 53. 55
ICDSC,'** DOS,** and NEECHAM?™ respectively.
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Study Cases Total Proportion 95%-Cl Weight
validated = Yes

Budenas, 2018 2 52 B 0.04 [0.03;006] 6.1%
Chen 2020 132 893 | § 0.15 [0.13;0.17] 62%
Greenberg, 2017 0 658 0.00 [0.00;0.06] 52%
Harasawa, 2014 29 98 —— 0.30 [0.21,040] 55%
He, 2019 221 912 R 024 [021;027] 62%
Matano, 2017 10 65 —=®— 0.15 [0.08;0.26] 52%
Morshed, 2019 52 235 - 022 [0.17,0.28] 59%
Wang, 2020 (A) 157 800 - 020 [0.17;023] 62%
Wang, 2017 26 47 i = 055 [0.40;0.70] 49%
Wang, 2019 32 165 - 0.19 [0.14,0.26] 58%
Wang, 2020 (B) 98 238 — 041 [0.35;048] 59%
Zhan, 2020 47 229 - 021 [0.15;0.26] 59%

e o 0.20 [0.14; 0.27] 69.2

Random effects model 4269

validated = No
Carlson, 2013 13 59 —— 022 [0.12,035] 52%

Flanigan, 2017 38 554 m | 0.07 [0.05;0.09] 6.1%
Lange, 2015 1 38 m— | 003 [0.00;0.14] 47%
Ogasawara, 2000 5 2T —8— 0.19 [0.06;0.38] 4.3%
Oh, 2008 14 75 — 0.19 [0.11,029] 54%
Tanaka, 2018 26 61 . 043 [0.30,0.56] 52%
Random effects model 814 ——=pm— 0.17 [0.07; 0.30] 30.8

Random effects model 5083 - 0.19 [0.14; 0.25] 100.0%

Heterogeneity: /° = 95%, «* = 0.0199, p < 0.01 ' ! J y ! J
0 02 04 06 08 1
Incidence delirium

Figure 3. Subgroup analysis validated vs. non-validated screening tools.

Frequency and follow up of daily delirium assessment

Pooled analysis of studies which did not report frequency of delirium assesssment
resulted in an incidence of 18.0% (N =2746; 0.18; CI 0.11-0.25),% 7 % 1. 23, 44-46, 49, 50,
5256 20.0% (n, =1029; 0.20; CI 0.17-0.22)%- 475157 in case of screening once per
day, 36.0% (N =350; 0.36; CI 0.17-0.57)'-464%.53 in case of screening twice per day
and 5.0% (n, =958; 0.05; CI 0.00-0.28)% 32 in case of screening three times per day.
Pooled analysis of studies assessing delirium during <3 days resulted in an incidence
0f 18.0% (n =3775; 0.18; C1 0.12-0.24)> 7% 11. 3244469952565 and in 21.0% (n, =1308;
0.21; CI 0.07-0.40) in case of >3 days. 79113239, 4345, 47:50, 52,53, 55

Clinical features

The pooled analysis of patients undergoing craniotomy (i.e. requiring boneflap
removal) led to an delirium incidence of 15.0% (np =2954; 0.15; CI 0.04-0.32).7-% 2
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32.52.53,55 The incidence of delirium varied per type of neurosurgical disease; incidence
of 8.0% in neuro-oncologic patients (np = 1969; 0.08; CI 0.03-0.15)” 2355, 20% in
functional neurosurgical patients (n = 552; 0.20; 0.12-0.30), 24.0% in microvascular
decompression patients (np =912 0.24; CI 0.22-0.27),° 19.0% in TBI patients (np
= 27;0.19; CI 0.06-0.36),°%57 42.0% in neurovascular patients (np = 145; 0.42; CI
0.18-0.67),*>* and 17.0% in the mixed neurosurgical population (n =1478; 0.17; CI
0.09-0.28).% 10.32.39.43-45.47.48 Delirium incidence in patients admitted to the ICU, ward
or both were respectively 24.0% (np =1150; 0.24; CI 0.08-0.46),* 3 7-9-11.32,39,43,45, 47, 49,
0323536357, 17.0% (n, =2805; 0.17; 0.11-0.25).7> 112345408525 and 18.0% (n = 1128;
0. 1 9’0 1 1_0.26).4, 32,44, 47,48,53,55

Risk factors and health outcome

Risk factors
Independent risk factors from eight studies presented in Table 3A. Age was reported

as significant risk factor in four,”** 43 male gender in three,”>" > sleep disturbances®
% and longer surgery duration in two studies.* > All other risk factors were each

described in only one study.

Meta-regression

Meta-regression was performed for age and gender (from baseline characteristics),
for which no significant correlation was found with delirium occurrence (p =0.91,
respectively p =0.37, Figure 4/5).% 79 10.32.43.44,46-48, 51-53, 55
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Figure 5. Meta-regression: gender and incidence delirium
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Health outcomes

Health outcomes were assessed in four studies. Table 3B illustrates health outcomes
related to delirium. Delirium was significantly associated with restraint/fixation of
patients in three studies!® >*3%3¢ and with an unfavorable Glasgow Outcome Scale at

discharge’, increased length of ICU, catheterization, and disease in one study.™

Risk of Bias

An overview of the risk of bias assessment is presented in Appendix D. The quality of
evidence was considered poor to moderate. The risk of bias in the study of Greenberg
et al.*> was considered with “some concerns” due to unclear allocation concealment
and missing data. The risk of bias in the study of Mokhtari et al.* was considered
high due to incomplete data and exclusion of patients admitted to the ICU after

randomization.

The quality of evidence in the cohort studies was poor in 11 (55.0%) studies, fair in
three (15.0%) studies, and good in six (30.0%) studies. Only three studies assessed
delirium at baseline.?- 3> %56 Inter-observer reliability between the two researchers
(PK/EK) for the NOS was “moderate” (Cohen’s Kappa (range); 0.62(0.50-0.73)).1¢

GRADE certainty rating

The quality of evidence was moderate for the studies included in the meta-analysis.
Imprecision was considered moderate since the 95%CI was wide. Inconsistency was
considered high since the 95%CI of the individual studies in the meta-analysis did not
all overlap, which is confirmed by the heterogeneity test (I* =95.0%, p <0.01). The risk
for indirectness was considered moderate, although the type of neurosurgical patients
included (neuro-oncology, neurovascular etc.) did differ, delirium was investigated in
the population of interest. The risk for publication bias is considered high illustrated
by the asymmetrical scattering in the funnel plot (Figure 2). Based on the previous,

the GRADE certainty rating is low to moderate.

Discussion

To our knowledge this is the first systematic review and meta-analysis studying
delirium in patients undergoing intracranial surgery. We found an overall incidence

of 19%, but the diagnostic method to assess the presence of delirium and the type of
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neurosurgical patients were highly variable. Although the incidence rate is significant,
the current evidence is too limited to draw firm conclusions on risk factors and health

outcomes associated with delirium in this specific group of patients.

In this review it was not possible to investigate which delirium assessment tool was
most suitable for the neurosurgical population, since diagnostic accuracy was not
determined in any of the included studies and no specific reference standard exists for
this population, apart from the DSM-criteria. The CAM was mostly used as a screening
tool, which is considered a reliable assessment instrument for delirium in postsurgical
patients.” The second most used assessment tool in this review was the ICDSC, a
tool primarily developed for the ICU.®° The CAM-ICU has a higher sensitivity and
specificity compared to the ICDSC (80% and 96%, respectively 74% and 82%) in
critically ill patients®', which might explain the slightly higher incidence (CAM-ICU;
19%, ICDSC; 15%). Future studies should further validate these screening tools as
certain symptoms specific to the neurosurgical patient overlap with diagnostic criteria
of delirium.

A considerable proportion of the studies in our review used non-validated tools.> 2!
45.49.50.36.57 Most of these studies were retrospective with delirium assessment based on
‘positive’ symptoms .!! These assessments might fail to recognizing delirium, especially
the hypoactive type which compromises 26—58% of delirium in this population.* >
33 Structured screening done once vs twice per day increased the incidence (20.0 vs
36.0%) but in studies screening three times per day incidence surprisingy decreased
(5.0%). This might have been caused by one study, which screened three times per
day, reporting 0% incidence with short follow-up time (within 24 hours). * Still, future
studies should assess delirium at several moments per day, as delirium fluctuates and

infrequent assessments might falsely decrease delirium detection. !

In our study, post-operative delirium after intracranial surgery occurred in 19%
(range 5%—37%), comparable to the pooled incidence (12-43%) reported by Patel et
al., evaluating delirium in neurocritical care patients.®* The difference in incidence
between the ICU compared to the ward was not as large as we expected (24.0 vs
17.0%). Explanations for this might include: all ICU patients were diagnosed with a
valid delirium assessment tool, as opposed to only half of the patients on the ward.
The clear criteria of validated delirium screening tools compared to the more loose

non-validated criteria in many other studies might have affected these incidence rates.
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Moreover, use of sedatives might artificially decrease the incidence of delirium since

delirium is by definition undetectable in a drug-induced coma.

The highest incidence of delirium was found in patients undergoing neurovascular
surgery (42%).5%33 A possible explanation for this may be cerebral ischemia, hypoxia
and oxidative stress, induced by e.g. temporary clipping and bypass techniques,
which are described as mechanisms in the pathophysiology of delirium.> Moreover,
neurovascular procedures are often characterized by a relative long duration of
anesthesia and require frequent postoperative sedation and mechanical ventilation.*
# A relatively lower incidence was observed in the TBI study, possibly caused by
the low surgical invasiveness in this cohort, as only patients undergoing burr hole

drainage without craniotomy (i.e. requiring boneflap removal) were included. *

We did not find a correlation between age and delirium, in contrary to literature in
other populations.® An explanation might be the relatively low range in age (47.8—
64.1 years) of the patients in the studies, which is representative of the neurosurgical
population. Moreover, the metaregression analysis might have been underpowered
due to high heterogeneity.** On the other hand, age might be a less relevant factor
after intractanial surgery as it was only described as a risk factor for delirium in four
studies 7 #4655 and not confirmed in the other five studies.” '* 384

Limitations

The most important limitation in our study is the high heterogeinity of our included
studies caused by the differences in delirium assessment methods and clinical
differences. Moreover scattering in the funnel plot indicates a high probability of
publication bias. Hence the findings, especially the quantitative analysis, of this

review should be interpreted carefully and be regarded as hypothesis-generating.

Future research

Future research should assess delirium at several moments per day, focus on the
validation of structural delirium assessment tools and the prognostic relevance of
delirium for clinical outcomes and surgical complications in neurosurgical patients. This
is desirable before interventional trials are undertaken to assess optimal management.
Furthermore, our analyses indicate that the definition of delirium after intracranial

surgery requires consensus to enhance further research. Further, details on depth
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and length of anesthesia for surgical procedures and timing of delirium assessments
relative to the surgery should be taken into account, to distinguish anesthesia effects

from the impact of structural cerebral pathologies on the phenomenology of delirium.

Conclusion

This is the first systematic review and meta-analysis on delirium after intracranial
surgery in neurosurgical patients. Delirium is frequently occurring adverse event
in the neurosurgical clinical practice but limited consensus exists on the diagnostic
criteria. Future research should focus on validating delirium assessment methods in

the neurosurgical population and define the prognostic impact of delirium
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Table 2. Delirium diagnosis

Author Definition delirium Instrument Validated' Period delirium Frequency

diagnosis screening’  screening’
Budenas,  One positive CAM-ICU: 3 CAM-ICU Y Day2 -7 NR
2018 out of 4 positive features
Carlson, Occurrences of any Own N Until discharge NR
2013 event of hallucinations, definition

delusions or disorientation

to circumstance, even if

apparently benign.
Flanigan,  Acute state of confusion ~Own N Within 72h NR
2017 and disorientation with ~ definition

changes in arousal/

attention. Confusion

without changes in arousal

was considered mutually

exclusive with delirium.
Greenberg, Positive CAM-ICU CAM - ICU Y Within 24h  Three times
2017
Harasawa, Neecham (0-30) with NEECHAM Y Day 1-3 NR
2014 cut-off 24 or less OR 27

two consecutive days
He, 2019 DOS (three or greater)  DOS Y Day2 -5 NR

confirmed with DSM-5

by psychiatrist
Hosoya, ICDSC 4 or higher ICDSC Y Until discharge NR
2018
Lange, 2015 Altered mental state of  Own N Day 1-30 NR

reduced cooperation due definition

to fear, psycho-motor

agitation and impaired or

lost orientation.
Matano, ICDSC 4 or higher ICDSC Y Day1-7 Two times
2017
Mokhtari, Positive CAM-ICU CAM-ICU Y Day1-7 Two times
2020
Morshed, Either CAM-ICU (1 and CAM-ICU / Y Until discharge NR
2019 2 and 3 and/of 4) or Nu-DESC

Nu-DESC (2 or higher)

once positive
Ogasawara, Vivid hallucination, Own N NR NR
2000 delusion, extreme definition

agitation, irritability and
signs of over activity in
the autonomic nervous
system.
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Author

Definition delirium Instrument Validated' Period delirium Frequency
diagnosis screening”  screening’

Oh, 2008

Tanaka,
2018

Wang,
2020A

Wang, 2017

Wang, 2019

Wang,
2020B

Positive for delirium MMSE / N Day 1-3 NR
when MMSE less than 23 CAM-ICU

OR positive CAM-ICU (1

and 2 and 3 and/of 4)

Any event involving Own N Day1-14 NR
hallucinations, delusions, definition

or disorientation to

circumstance including

any attempt to remove

the urinary catheter or

peripheral venous catheter.

Positive CAM-ICU CAM-ICU Y Day 1 -3 One time
(either 1 and 2 with 3

and/or 4)

Positive CAM-ICU CAM-ICU Y Until discharge Two times
(either 1 and 2 with 3

and/or 4)

Positive CAM-ICU CAM-ICU Y Day 1 NR
(either 1 and 2 with 3

and/or 4)

According to guidelines: CAM-ICU Y Until discharge Two times
ICU guidelines

1. Validated tools for delirium screening. 2. Follow-up duration for delirium screening. 3. Daily
frequency of delirium screening, NR; not reported
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Table 3A. Risk factors

Risk factors Author Odd’s ratio (OR) 95% CI P value
Budenas, 2018 4.6 1.7-12.1 0.002
Age Morshed, 2019 1.05 1.01-1.08 0.006
Wang (A) 2020 1.0 1.02-1.06 <0.001
Sleep disturbance He, 2019 4.95 2.95-8.29 <0.001
Wang 2019 0.058 0.051-0.067 0.021
Cerebrovascular disease Wang 2020A 32 1.57-6.53  0.001
Lesser than secondary education Budenas, 2018 3.5 1.3-9.1 0.011
Poor functional status 4.7 1.9-11.8 0.001
Low haemoglobin 5 1.1-225  0.036
Male sex He, 2019 2.66 1.91-3.71 <0.001
Hypertension 2.25 1.53-3.30 <0.001
Mount Fuji sign 3.24 2.10-4.99 <0.001
Severe white matter lesions Matano, 2017 15 2-134 0.001
(Fazekas classification 2 and 3)
Surrounding monitor 6 1 tot 32 0.001
Surrounding delirium patients 14 2-75 0.026
Presence neurologic deficit Morshed, 2019 5.31 1.87-15.11 0.002
Length of ICU stay 1.23 1.07-1.43  0.004
Benign tumour! Wang, 2020A
Malignant tumour! 2.82 1.52-4.88 <0.001
Frontal approach craniotomy 3.01 1.79-5.05 <0.001
Duration surgery 1.00 1.00-1.01 0.016
Episode of Sp0O2<90% at ICU 8.22 1.38-48.92 0.021
admission
Emergence delirium: inadequate’ 11.15 4.8-25.88 <0.001
Emergence delirium: hyperactive’ 14.60 54-3945 <0.001
Emergence delirium: hypoactive’ 11.64 7.75-20.10 <0.001
NRS for pain 1.19 1.02-1.38 0.028
Immobilising factor 1.64 1.3-2.08 <0.001
Non-motor symptoms scale of  Wang, 2019 8.191 5.629-11.917 0.002
PD (NMSS)
Unified Parkinson’s disease 2.284 1.614 - 3.232  0.047
rating scale (UPDRS I1I)
Preoperative length of stay 1.230 1.053 - 1.437 0.009
Preoperative brain atrophy 3.912 3.597 -4.255 0.038
1. Compared to benign tumour. 2. Compared to none emergence delirium.
Table 3B. Health outcomes
Health outcome Author Odd’s ratio (OR) 95% CI P value
Unfavourable functional outcome Budenas, 2018 5.3 2.1-13.4 0.0005
Patient restraint/fixation Matano, 2017 8 1-75 0.001
Wang 2017 22.51 5.25-96.49 0.000
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Appendix A: the Newcastle-Ottawa Scale criteria.

Criteria! Acceptable? (star awarded): Unacceptable? (star not
awarded):
Selection: Entire study must represent Neurosurgical cohort mixed with

representativeness of
exposed cohort

Selection:
representativeness of
non-exposed cohort

Selection:
ascertainment of
exposure

Selection:
demonstration
outcome interest not
present at start study

Comparability

Exposure:
follow up duration

Exposure:
adequacy follow-up

Exposure:
non-response rate

neurosurgical cohort or adequately other types of patients, not further

specify in case of mixed group.

Same setting as exposed
(delirium) cohort.

specified.

Different setting from exposed
(delirium) cohort.

Ascertainment of delirium must be Delirium assessment definition
through a completely clear scoring without clear scoring system.

system (i.e. three out of four CAM

features).

Must be stated that delirium
was excluded at baseline/before
operation.

Type of neurosurgical intervention
must be described and comparable
between delirium and
non-delirium group.

Timing of delirium assessment
must be similar between delirium
and non-delirium group.

Delirium assessment procedure:
validated delirium screening +
DSM criteria by two independent
and blinded researchers.

Follow-up of delirium from date
of craniotomy up to least 3 days.

In case of missing data: amount
of missed data must be similar
between the delirium and non-
delirium group.

No exclusion of delirium at
baseline (or before operation) or
no statement on this.

Type of neurosurgical intervention
undefined or incomparable
between delirium and non-
delirium group.

Different timing of delirium
assessment between groups or no
clear definition/statement on this.

Delirium definition procedure
otherwise.

Shorter follow-up delirium.

Significant difference in missing
data between the delirium and
non-delirium group or more than
10% of the entire sample size.

1. Criteria of the Newcastle Ottawa Scale. 2. Adaption of the criteria for quality appraisal of the included

studies in this review.
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Appendix B. PRISMA Flowchart

46

] [ Identification ]

[

)

Eligibili

[

)

Included

Records identified through
database searching
(ns = 6974)

\4

Records after duplicates removed

(ns = 4290)

Screening

\ 4

Records screened on
title/abstract
(n<=4290)

Records excluded

I

(ns = 4243)

Full-text articles
assessed for eligibility
(ns=47

Studies included in
qualitative synthesis
(n«=20)

}

Studies included in
quantitative synthesis
(meta-analysis)
(ns=18)

Full-text articles excluded, with reasons
(ns=27)
- Not reproducible delirium definition (ns = 9)
- Abstract only (ns = 3)
- Additional duplicate (ns = 3)
- Pediatric patient in cohort (ns = 1)
- Overlapping population with an included study
(ns=3)
- No assessment of delirium (ns =1)
- No original data (ns = 2)
- Unclear number of intracranial surgery (ns = 5)
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Appendix C. identifying outlying and influential studies.

. Budenas, 2018

. Carlson, 2013

. Chen, 2020

. Flanigan, 2017

. Greenberg, 2017
. Harasawa, 2014

. He, 2019

. Hosoya, 2018

. Lange, 2015

10. Matano, 2017
11. Morshed, 2019
12. Ogasawara, 2000
13. Oh, 2008

14. Tanaka, 2018
15. Wang, 2020 (A)
16. Wang, 2017

17. Wang, 2019

18. Wang, 2020 (B)
19. Zhan, 2020
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Z value above 3 indicates a statistical outlier (in red):

resid se z
8 0.6979 0.2039 3.4229
5 -0.4477 0.2257 -1.9831

16 0.3696 0.2373 1.5574

-0.2940 0.2326 -1.2639
9 -0.3072  0.2459 -1.2495

-0.2331 0.2373 -0.9826
14 0.2380 0.2445 0.9734
18 0.2223 0.2389 0.9308
3 -0.0971 0.2433 -0.3993

0.0955 0.2475 0.3858
10 -0.0810 0.2504 -0.3235
13 -0.0370 0.2501 -0.1478
17 -0.0303 0.2468 -0.1228
7 0.0296 0.2444 0.1213
15 -0.0292  0.2445 -0.1194
12 -0.0296 0.2608 -0.1136
19 -0.0161 0.2460 -0.0656
2 0.0075 0.2519 0.0299
11 0.0044 0.2460 0.0178
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Leaving study 8 (Hosoya, 2018) out reveals the largest change in incidence (illustrated in red
and with a red dot in the graph):

estimate zval pval cilb ciub Q Qp tau2 12 H2

0.2291 9.2120 0.0000 0.1445 0.3260 326.9867 0.0000 0.0506 97.9407 48.5597
0.2153 8.5153 0.0000 0.1295 0.3153 440.3039 0.0000 0.0560 98.3251 59.7059
0.2201 8.6236 0.0000 0.1336 0.3206 435.8726 0.0000 0.0556 97.9727 49.3278
0.2263 8.9777 0.0000 0.1407 0.3249 374.3800 0.0000 0.0527 98.0072 50.1799
0.2346 9.9355 0.0000 0.1540 0.3260 405.1772 0.0000 0.0445 97.8997 47.6123
0.2114 8.4617 0.0000 0.1266 0.3106 432.6104 0.0000 0.0555 98.2947 58.6418
02143  8.4649 0.0000 0.1284 0.3145 409.5760 0.0000 0.0562 97.9837 49.5953
0.1877 10.3372 0.0000 0.1243 0.2603 373.4364 0.0000 0.0320 97.1216 34.7421
0.2282 9.1912 0.0000 0.1438 0.3251 432.6441 0.0000 0.0510 98.1736 54.7519
0.2191 8.6173 0.0000 0.1329 0.3194 441.1688 0.0000 0.0557 98.3132 59.2828
0.2154 8.4915 0.0000 0.1294 0.3158 437.6484 0.0000 0.0562 98.2588 57.4324
0.2168 8.5849 0.0000 0.1311 0.3166 441.1904 0.0000 0.0557 98.3297 59.8679
0.2173 8.5530 0.0000 0.1311 0.3176 441.1376 0.0000 0.0560 98.3184 59.4664
0.2053 8.5509 0.0000 0.1235 0.3010 421.4747 0.0000 0.0526 98.2198 56.1743
0.2170 8.5200 0.0000 0.1306 0.3176 438.1105 0.0000 0.0562 98.0273 50.6917
0.1999 8.7943 0.0000 0.1221 0.2908 409.5013 0.0000 0.0482 98.0671 51.7357
0.2170 8.5311 0.0000 0.1307 0.3175 440.7493 0.0000 0.0561 98.2855 58.3258
0.2055 8.5201 0.0000 0.1233 0.3016 370.1912 0.0000 0.0529 98.1522 54.1179
0.2164 8.5117 0.0000 0.1302 0.3169 439.6458 0.0000 0.0562 98.2610 57.5052
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Chapter 3

Abstract

Introduction

The clinical relevance of post-operative delirium (POD) in neurosurgery remains
unclear and should be investigated as these patients are vulnerable. Hence we
investigated the impact of POD, by means of incidence and health outcomes, and

identified independent risk factors.

Methods

Adult patients undergoing an intracranial surgical procedure in the Erasmus MC
Rotterdam between June 2017 and September 2020 were retrospectively included.
POD incidence, defined in case of a Delirium Observation Screening Scale (DOSS)>3
or antipsychotic treatment for delirium within 5 days after surgery, was calculated.
Logistic regression analysis on the full data set was conducted for the multivariable

risk factor and health outcome analyses.

Results

After including 2901 intracranial surgical procedures, POD was present in 19.4%
with a mean (SD) onset in days of 2.62 (1.22) and associated with more Intensive
Care Unit (ICU) admissions and more discharge towards residential care. Onset of
POD was not associated with increased length of hospitalization or mortality. We
identified several independent non-modifiable risk factors such as age, pre-existing
memory problems, emergency operations, craniotomy compared to burr-hole surgery
and severe blood loss. Moreover, we identified modifiable risk factors such as low

pre-operative potassium and opioid and dexamethasone administration.

Conclusions

Our POD incidence rates and correlation with more ICU admission and discharge
towards residential care suggest a significant impact of POD on neurosurgical patients.
We identified several modifiable and non-modifiable risk factors, which shed light on
the pathophysiologic mechanisms of POD in this cohort and could be targeted for
future intervention studies.
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Introduction

Delirium is a neurocognitive disorder characterized by an acute disruption of attention
and/or awareness, accompanied with other cognitive deficits, with fluctuating severity
during the course of a day.(1) Its occurrence is common after surgery, especially
in elderly patients, with an incidence between 5.1% and 52.2%.(2-4) Moreover,
postoperative delirium (POD) is a serious complication, as it is associated with

increased risk for re-surgery and mortality.(5)

Hypotheses for the pathophysiology of POD propose neuroinflammatory and
oxidative reactions, resulting in acute encephalopathy.(6) Similar reactions, including
inflammation, formation of edema and oxidative stress, are evoked after brain operations.
Patients undergoing intracranial surgery could therefore be particularly vulnerable to the
development of POD. This is confirmed in studies reporting incidence rates between 7
- 31%.(7-9) Moreover, POD after intracranial surgery is associated with an unfavorable
functional outcome at discharge and increased length of admission.(5) These data

suggest a clinically relevant impact of POD in neurosurgical patients.

Current management of POD is focused on pre-operative counseling and preventive

therapies, as currently no effective treatment exists for POD in any surgical population.

(10)

Hence, identifying modifiable risk factors, and being able to predict POD, play a
crucial role in lowering the incidence after intracranial surgery. However, literature on
this topic is limited with small sample sizes, unclear definition of investigated cohort

and limitary statistical analysis. (5)

We therefore conducted this retrospective study in a large cohort to assess the impact
of POD, by means of incidence and delirium-related health outcomes. Second,
we identified independent risk factors and developed a prediction model for risk

assessment in future patients.

Methods

Availability of data and material

Data cannot be shared publicly because of the privacy legislation our research project
adheres to. However, data are available for researchers who meet the criteria for

access to confidential data.
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Study design

This retrospective cohort study was conducted in a single academic medical center
in the Erasmus Medical Center Rotterdam (Erasmus MC). The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) Statement and the
Transparent Reporting of a multivariable prediction model for Individual Prognosis or
Diagnosis (TRIPOD) was followed for the reporting of this study. (11, 12)

Eligibility criteria and delirium definition

All data from electronic patient files in the Erasmus MC are stored and managed by
the Competence Center Business Intelligence (CCBI) since June 2017. Hence all adult
neurosurgical patients (i.e. age > 18 years) undergoing intracranial surgery between
June 2017 and September 2020 in the Erasmus MC were included.

Post-operative delirium (POD) was defined in case of a Delirium Observation Screening
Scale (DOSS) score > 3 or newly prescribed antipsychotic medication (i.e. Haloperidol)
within 5 days after the intracranial procedure. The DOSS, a standardized delirium-
screening tool validated in the hospital-wide population, was chosen as it is currently
standard of clinical care at the neurosurgical ward of the Erasmus MC. (13) A score of
> 3 suggests delirium and is reported with high sensitivity (90%) and specificity (92%)
in non-neurosurgical cohorts. (14-16) DOSS was not systematically assessed in alle
admitted patients but applied in case of a clinical suspicion by the nurse or treating
physician, so we added newly prescribed antipsychotic medication to our definition;
although we acknowledge that this is no formal DSM criteria for POD, it does reflect the
likelihood of POD in clinical practice. The 5 days window was chosen as the onset of

post-operative delirium after intra-cranial surgery has been reported on 2.8/0.6 days.(5)

Data extraction

The CCBI manages and disseminates all data hospital broad for qualitative and
scientific purposes. We requested the data, relevant for our research question, from
the CCBI to assure a large cohort size. We first validated this CCBI data by separately
extracting a random sample within this cohort by an independent researcher (T.L.).
Second, inter-observer reliability from both datasets was calculated with respect to the
diagnosis of POD using Cohen’s kappa (K) coefficient and deemed valid in case of a K
> (.81 (i.e. almost perfect agreement). (17) (18)
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Subsequently, preoperative data including baseline characteristics (demographic
data, nutritional status, patient functionality, prior delirium, cognitive function), pre-
operative hospital data (lab results, medication use, prior neurosurgical interventions),
surgical details (type of disease operated, craniotomy / requirement of bone flap
removal, emergency category, duration and blood loss) and post-operative hospital
data (admission length, intensive care unit/ICU admission, discharge location and
mortality) were extracted based on relevant delirium-related factors identified from
other published studies. (5, 9, 19)

Statistical analysis
All statistical analysis was conducted using R (version 4.1.1).

Missing data were imputed by means of a random forest algorithm using the missForest
package (see appendix A for a more detailed description on imputation steps). (20-22) We
evaluated whether our missing data were at random by observing the missing rates per
group (POD vs. non-POD) and ran all analyses again, after excluding covariates with large

missing rates, to investigate whether the missing values would influence the outcomes.

The incidence of POD for all included patients was calculated and expressed with
a 95% confidence interval (95%CI). A sub-analysis of incidence was conducted for
only those patients with a DOSS. For risk factor and health outcome identification
a multivariable analysis was conducted by including all covariates within a logistic
regression analysis on the full dataset. Odds ratios (ORs) and their 95% ClIs were
used to assess the independent contribution of significant factors. A Cox proportional
hazard regression was conducted to analyze the influence of delirium on survival. We
included covariates which we expected to influence survival, and the proportional

hazard assumption was tested with the Schoenfeld Individual test (appendix B).

A recent systematic review reported that machine learning algorithms outperformed
regression analyses in neurosurgical literature.(41) Motivated by this research, we
also investigated machine learning approaches (Support Vector Machine, Gradient
Boosting Machine and Artificial Neural Network) and compared these with two
regression techniques (Logistic Regression and Lasso and Elastic-Regularized
Generalized Linear Models). All predictive models were optimized using the exact
same steps with the Caret package from R, to assure fair comparison. The total cohort

was randomly split into a training and hold-out test set based on an 75/25 ratio. All
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covariates, whether significant or not on the basis of the univariate analysis, were
included in the predictive analysis. Five-fold cross-validation was ten times repeated
over the training set for parameter optimization and hyperparameter tuning. Each
algorithm, either regression and machine learning, was then trained based on a range
of model specific hyperparameters. To investigate the predictive performance of
the models we assumed the Area Under the Curve (AUC) measure. To correct for
optimism, we performed a cross validation procedure (see appendix C for a more

detailed description on pre-processing of our prediction models).

Results

Data inclusion and preparation

A total of 4344 neurosurgical procedures were consecutively conducted between
June 2017 and September 2019 at the Erasmus MC. Neurosurgical interventions not
performed in the operation room (n =52) or solely spinal surgeries (n = 1391) were
excluded resulting in 2901 intracranial surgeries included in the dataset. Comparison
with an independently extracted dataset, of 270 intracranial surgeries between
June 2018 and September 2018, resulted in an agreement of 96% (kappa = 0.81).
We therefore deemed the dataset of 2901 surgeries valid and continued for analysis

(appendix D).

Missing data (%) were imputed ten times for prior delirium (38.5%), need of daily
assistance (38.4%), memory problems (38.3%), sodium (15.8%), potassium (18.3%)
levels, duration of surgery (10.3%), obesity (4.4%), admitted from residential care
(0.5%) and gender (0.3%).

Impact of POD: incidence and health-related outcomes

POD was found in 19.3% (n = 561, 95% CI; 0.18 — 0.21) as determined by an
increased DOSS (n =481, 16.7%) and/or Haldol treatment (n =203, 6.9%). Incidence
was 44.1% (95%CI: 0.41-0.47) in those patients with DOSS assessment (n = 1105).
We found patients with DOSS assessment and Haldol in 4.3% (95%CI; 0.04-0.05).
The mean (SD) onset of POD was 2.62 (1.22) days. Incidence and distribution of the
included covariates between the POD and non-POD groups are illustrated in table 1.

Multivariable analyses showed that onset of POD was correlated (OR/95%CI) with
intensive care unit admission (ICU, 1.795, 1.447-2.226, p<0.001) and discharge to

58



Post-operative Delirium after Intracranial Surgery: a retrospective cohort study

residential care (2.553, 2.059-3.163, p<0.001) after correcting for age, obesity and
gender (table 2). POD was not correlated with length of hospitalization (15.0 vs 18.0
days, p=0.165) or thirty-day mortality (10.5 vs 8.7%, p = 0.640). No correlation
was found between POD (p=0.464) on the length of survival after correcting for age
(p<0.001), gender (p<0.001) and obesity (p=0.112, figure 1).

Strata = No delifium == Delirium within & days

075~

Survival probability

0 500 1000 1500
Time

Figure 1. Cox Proportional Hazard Survival Curve: Kaplan Meier Survival Curve

Legend: survival non-delirium (in red, non-POD) vs. delirium (in blue, POD) group after
intracranial surgery. Onset of POD did not significantly change length of survival (p = 0.464)
after correcting for female gender (p<0.001), age (p<0.001) and obesity (p=0.112).

Risk factor identification

All extracted covariates, illustrated in table 1, were used for multivariable risk factor
identification which can be found in table 3. Independent risk factors (OR / 95% CI)
associated with increased risk for POD included the following: age (1.028 / 1.021
— 1.035, p < 0.001), admitted from residential care (1.519/1.197-1.927, p<0.001),
need for daily assistance (1.833/ 1.368-2.457, p < 0.001), memory problems (1.772/
1.335-2.351, p = 0.001), post-operative opioid administration (1.499/1.147-1.961, p
= 0.003), dexamethasone administration (1.308/1.024-1.671, p 0.031), emergency
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operations (2.102/1.606-2.75, p<0.001), craniotomy (1.928/1.370- 2.713, p < 0.001)
and blood loss (1.000/1.000-1.001, p<0.001)

Independent risk factors associated with decreased risk for POD included the
following: female gender (0.798/0.649-0.982, p=0.033), increased body mass index
(BMI, 0.973/ 0.952-0.995, p=0.018) and potassium levels (0.682/0.537-0.864,
p=0.002), oncologic (0.252/0.092-1.690, p = 0.007) and trauma (0.223/0.079-0.625,
p=0.004) surgeries.

The performance (AUC) of the prediction models was between 0.64 — 0.78. We found
no difference in our prediction models between the machine learning and regression

algorithms with respect to the discrimination and calibration properties (appendix E).

Discussion

Our incidence rates of 19.3%, with more ICU admission and admission towards
residential care suggests an impact of POD after intracranial surgery. We were able to
identify several modifiable and non-modifiable risk factors. Clinical implications and
limitations are discussed below.

Incidence and definition

Until present several studies have been published on risk factors for POD in
intracranial surgery but these studies vary between each other in delirium definition
as different types of screening instruments were used. (5) Neurosurgical studies
on delirium defined by the DOSS, a widely validated instrument developed in the
Netherlands, has only been published once and determining the clinical relevance
and risk factors of delirium diagnosed with this definition might aid in neurosurgical
practices handling DOSS. Our incidence rates are in line with a recent systematic
review showing a pooled estimate of 19%.(5) This high incidence is plausible, as
intracranial surgery encompasses high risk interventions in patients with vulnerable
brains.(23) This percentage incidence also confirms a recent published prospective
intracranial surgery cohort describing emergence delirium (ED) in 22% of the cases.
(24) Although ED and POD overlap in symptomatology and are correlated with each
other, the entity of these diseases is considered differently. POD is associated with
worse outcomes such as longer hospital stays, higher costs and lowered quality of

life and, in contrast, ED is likely related to the effects of residual general anesthetics
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and is “self-limiting” without sequelae.(25) Antipsychotic treatment was only
administered in 36.2% of our POD population, which could have several reasons:
it could be a delirium without psychotic features, as in the current guideline in the
Netherlands the use of antipsychotics in delirium is debated and not stimulated.
Moreover, it could be delirium without any problematic behavior on the ward. Last,
perhaps a contradiction (i.e. challenge of external drain at that time, which mandates
observation of the awareness / prolonged cardiac QT interval) could have intervened
with antipsychotic treatment. Whilst we selected only patients undergoing intracranial
surgery for our study, it should not be forgotten, that also cervical spinal procedures
can cause intracranial complications presenting themselves with delirium as one of
the symptoms.(26) Although we did not analyze this, we expect a different incidence
in spinal surgeries as the pathophysiology of POD relies on neuroinflammatory and
oxidative reactions, resulting in acute encephalopathy. Similar reactions, including
inflammation, formation of edema and oxidative stress, are evoked after brain
operations which intuitively leads to higher incidence rates in cranial rather than
spinal surgery cohort populations. (6) Moreover, the definition in spinal surgery is
less complex as the criteria of delirium do not overlap with the primary neurologic

symptoms as opposed to intracranial surgery patients.

Clinical relevance

Onset of delirium did not independently correlate with hospitalization length or
mortality. Although many studies suggest an increased mortality in patients with
delirium, this is not found when controlling for pre-specified confounders in either the
neurosurgical or non-neurosurgical literature. (5, 27) We did find that POD patients
were more often discharged towards residential care and more often admitted to the
ICU. Causation remains unclear, since it could be argued that ICU admission led to
POD, instead of the other way around. We do not suspect this as DOSS is not used as

a screening instrument on our ICU.

Underlying mechanisms and risk factors

It could be argued that all the different pathways, varying from demographic variation
to type of surgery, hinders an overall conclusion on this population. However, we
state that POD is defined by its phenomenologic presentation in which the etiology
is nearly always multifactorial. Shedding light on which factors contribute to this
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clinical presentation could aid in the pre-operative decision-making and create
targets for future intervention studies (28) Older age and memory problems seemed
to be risk factors for the development of POD. This was not surprising as older
age, associated with neuro-inflammatory induced degeneration, is associated with
less cognitive resilience. Signaling of inflammation by the operation in these older
patients induces acute encephalopathy, rather than just fever and sickness behavior.
(28) Moreover, admission from residential care and pre-operatively needing daily
assistance were independent risk factors for delirium. This was suspected, as early
mobilization has proven to decrease the onset of delirium on the ICU and is currently
an element in advised multi-component strategies. (29) Strikingly, neurovascular was
no independent factor for delirium development, which we did not expect as clipping

procedure compromises brain oxygenation inducing the onset of POD. (28)

Although dexamethasone does reduce the inflammatory response, which subsequently
could have led to a decrease of delirium, it resulted in more delirium in our cohort. It
is common lore that steroids can induce neuropsychiatric manifestations but no cohort
studies up to date supported this assertion, which was based on case reports. (30, 31)
Lowering dexamethasone dosages around intracranial surgeries could be considered
when high risk of POD development is suspected. Pre-operative low potassium was
a risk factor for the development of POD. Poor nutritional status, associated with low
potassium, might have increased the frailty and therefore POD incidence in these
patients. (32) Indeed higher BMI seemed protective for the development of delirium
in our cohort. Hence, correcting pre-operative potassium and improving nutritional
status could be a target for the prevention of POD. (33) Strikingly, the protective
function of BMI was even present when comparing the healthy (BMI: 20-25)
range with the severe obesity (BMI>30) range (incidence 22.9 vs. 13.2%). A recent
published study showed BMI to be protective to POD through several cerebrospinal
fluid biomarkers, confirming the ‘obesity paradox’. (34) As the negative effects of
obesity are obvious such as increasing risk on cardiovascular events, for which we
did not correct, it remains to be determined whether the impact of higher BMI on

neurosurgical patients will be more beneficial or harmful. (35)

Post-operative opioids were independently associated with onset of POD. Morphine
which is widely used in our unit, has anticholinergic properties, that may favor the
development of delirium. (36) However, it could be debated whether opioid could be

an epiphenomenon of more postoperative pain and more complications resulting in

62



Post-operative Delirium after Intracranial Surgery: a retrospective cohort study

more delirium. Moreover, opioids are used for pain treatment as increase in pain level
after surgery also is a significant risk factor for postoperative delirium.(37) Therefore,
other analgesic treatment, such as scalp blocks or non-pharmacologic alternatives,
may be considered as both treatment with opioids and under-treatment of pain may
initiate delirium. (38, 39)

Prediction models

Being able to predict POD, for pre-operative counseling and preventive measures, is
of crucial importance as currently no treatment exists for POD. Our prediction models
were able to correctly identify which patient develop POD in 65 — 78% of the cases.
(40) Moreover, we did not find machine learning to perform better than regression
algorithms, in contrast to a recent systematic review, which found an overall better
performance of machine learning compared to traditional regression statistics
in neurosurgical studies. (41) This difference might have been caused as we took
identical steps for all algorithms, in contrast to other papers adjusting pre-processing
and parameter tuning to enhance the machine learning algorithms performances.(41)
Our prediction model should be validated on an external cohort to assess its true

predictive performance.

Limitations

It could be debated that our definition of delirium overestimates the POD incidence as
DOSS is a screening tool which should be confirmed by the DSM-5 criteria to diagnose
POD. Besides the argument that we were limited by our study design, we argue that
the DOS-scale was only applied in case of a clinical suspicion of POD and potentially
treated with antipsychotic drugs in case of psychotic symptoms. Our definition
therefore does reflect the clinical suspicion of POD at that time and might therefore
also have contributed to under estimation of POD incidence rates: this is substantiated
by our sub-analysis which showed a significant increase of POD incidence in only
those patients who underwent a DOSS screening. (7, 42, 43) (44) Moreover, the
fact that some items in the DOSS could also reflect the primary symptoms of the
neurosurgical patient, stresses the clinical relevance of delirium in this population.
However, this is refuted by the patients not showing delirium-like symptoms and
makes the analyses between POD and non-POD on the health-outcomes clinically

relevant. Last, we did not analyze post-operative imaging features and therefore do
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not know whether a bleeding, ischemia or hydrocephalus could have been a cause of
POD in our cohort. We chose not to analyze this, as most of the included studies in
our previous published review did not describe radiologic features to be predictive for
the onset of delirium. (5, 9)

Conclusion

Our incidence rates and correlation with more ICU admission and discharge towards
residential care suggests an impact of POD after intracranial surgery. However, no
correlation was found of POD on length of hospitalization and mortality. Moreover,
we identified several modifiable risk factors, such as dexamethasone, opioid
administration and low pre-operative potassium, which can be used for future
intervention studies. We built a prediction model, after comparing regression with
machine learning algorithms, which should be validated on an external cohort to

assess its true predictive value.

Key points

e We report an incidence rate of 19.3% after intracranial surgery.

*  Animpact of POD after intracranial surgery is suggested as it is associated
with more ICU admission and more discharge towards residential care but
not with length of hospitalization or mortality.

*  Opioid and dexamethasone administration and low pre-operative potassium
are modifiable risk factors associated with the onset of POD.

*  We build a prediction model, with similar performance of regression vs.

machine learning algorithms.
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Table 1. Baseline characteristics

Variables' POD - POD + Overall
(n =2340) (n=561) (n=2901)
Pre-hospital demographics
Age in years 53.7 (16.8) 62.7 (14.8) 55.5(16.8)
Female gender 1212 (51.8%) 267 (47.6%) 1479 (51.0%)
BMI? 26.4 (5.10) 25.7 (4.56) 26.3 (5.01)
Admitted from residential care® 597 (25.5%) 259 (46.2%) 856 (29.5%)
Daily assistance* 290 (12.4%) 167 (29.8%) 457 (15.8%)

Prior delirium 130 (5.6%)

Memory problems’ 353 (15.1%)

In-hospital data

Medication®
Antithrombotic 56 (2.4%)
Dexamethasone 1366 (58.4%)
Benzodiazepine 66 (2.8%)
Opioid 402 (17.2%)

Prior neurosurgery 645 (27.6%

Lab results’

Sodium level 140 (3.86)
Potassium level 4.11(0.423)
Surgical details
Type of surgery
Functional 17 (0.7%)
Hydrocephalus 661 (28.2%)
Infection 21 (0.9%)
Oncologic 1000 (42.7%)
Trauma 465 (19.9%)
Vascular 176 (7.5%)

Emergency operation® 976 (41.7%)

Craniotomy” 1197 (51.2%)
Duration surgery' 287 (294)
Blood loss!! 166 (479)

71 (12.7%)
168 (29.9%)

19 (3.4%)
354 (63.1%)
17 (3.0%)
103 (18.4%)
128 (22.8%)

139 (4.23)
4.02 (0.519)

6 (1.1%)
153 (27.3%)
6 (1.1%)
166 (29.6%)
130 (23.2%)
100 (17.8%)
345 (61.5%)
304 (54.2%)
280 (292)
232 (640)

201 (6.9%)
521 (18.0%)

75 (2.6%)
1720 (59.3%)
83 (2.9%)
505 (17.4%)
773 (26.6%)

140 (3.94)
4.10 (0.444)

23.0 (0.8%)
814 (28.1%)
27.0 (0.9%)
1166 (40.2%)
595 (20.5%)
276 (9.5%)
1321 (45.5%)
1501 (51.7%)
286 (294)
179 (515)

POD; post-operative delirium 1. All continuous variables are in mean/SD. 2. Body mass index
3. Admitted from other than own or family home such as residential care, other hospital or
nursing place 4. Need of daily assistance in the last 24 hours before surgery. 5. Anamnestic
reports of memory problems 6. Perioperative dexamethasone and antithrombotic agents (i.e.
vitamin K antagonist, DOAC or thrombocyte aggregation inhibitors): 5 days before until 5 days
after surgery and post-operative opioid and benzodiazepine: day 1 until day 5 after surgery.
7. Pre-operative sodium and potassium in milli-equivalents per liter (mEq/L) 8. Emergency
operation in case of indication to operate within 72 hours. 9. Intracranial surgery requiring
bone-flap removal. 10. Duration surgery in minutes 11. Amount of blood loss in milliliters.
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Table 2. Delirium-related health outcomes

Variables POD - POD + Adjusted Odds 95%CI  P-value
Ratio (OR)

Admission days hospital' 15.0 (30.0) 18.0(26.1) 0.675 0.456 - 0.969 0.165

ICU admission? 593 (25.3%) 232 (41.4%) 1.795 1.447 -2.226 <0.001

Discharge to residential care® 788 (33.7%) 363 (64.7%) 2.553 2.059 -3.163 <0.001

Thirty day mortality 203 (8.7%) 59 (10.5%) 1.085 0.770 - 1.528 0.640

POD; post-operative delirium. All outcomes were corrected for covariates which were
expected to influence health outcomes: age, gender, obesity. 1. Mean / SD hospitalization days.
2. Admitted to the ICU during hospitalization. 3. Discharged towards residential care, other
hospital or nursing place.

Table 3. Multivariable risk factor analysis

Variables! Adjusted odds ratio (OR) 95% confidence P value
interval (CI)

Pre-hospital demographics

Age in years 1.033 1.025-1.041 <0.001
Female gender 0.798 0.649-0.982 0.033
BMI 0.973 0.952-0.995 0.018
Admission from residential care 1.519 1.197-1.927 <0.001
Daily assistance 1.833 1.368-2.457 <0.001
Prior delirium 1.076 0.729-1.589 0.711
Memory problems 1.772 1.335-2.351 <0.001
In-hospital data
Medication
Antithrombotic 0.871 0.487-1.555 0.639
Benzodiazepine 1.336 0.743-2.403 0.333
Opioid 1.499 1.147-1.961 0.003
Dexamethasone 1.308 1.024-1.671 0.031
Prior neurosurgery 0.862 0.667-1.114 0.257
Lab results
Sodium levels 0.986 0.963-1.011 0.294
Potassium levels 0.682 0.537-0.864 0.002
Surgical details
Emergency operation 2.102 1.606-2.75 <0.001
Type of surgery?
Hydrocephalus 0.497 0.176-1.405 0.188
Infection 0.442 0.107-1.826 0.259
Oncologic 0.252 0.092-0.690 0.007
Trauma 0.223 0.079-0.625 0.004
Vascular 0.735 0.262-2.063 0.559
Craniotomy 1.928 1.370- 2.713 <0.001
Duration surgery 0.999 0.999-1.001 0.786
Blood loss 1.000 1.000-1.001 <0.001

1. All the covariates from the baseline table were included in the multivariable analysis, see
table 1 for description of each covariable. 2. All the types of operations were compared to
functional surgery, hence not illustrated in this table..
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Appendix A. MissForest imputation steps

Missing data were imputed by means of a random forest algorithm, using the

missForest package.

The missForest method divides the dataset into two parts according to whether the
variable is observed or missing in the original dataset. The observed observations
are used as the training set, and the missing observations are used as the prediction
set. The missing part of the variable is replaced under imputation by prediction
from the random forest algorithms. This imputation process is iteratively repeated
until the Normalized Root Mean Square Error (NMRSE), or proportion of falsely
classified entries for categorical variables (FPC), between the current and the previous
imputation result increases and missForest outputs the previous imputation as the final

result.

Table. Error-rate imputation

Imputationround Number iterations' NRMSE FPC
1 9 0.00006576 0.06136555
2% 4 0.00006560 0.06061277
3 4 0.00006580 0.06182948
4 5 0.00006585 0.06057829
5 10 0.00006614 0.06197665
6 10 0.00006579 0.06131717
7 4 0.00006607 0.06158825
8 9 0.00006597 0.06174034
9 5 0.00006626 0.06137780
10 8 0.00006646 0.06038606

NRMSE; normalized root mean squared error, FPC; proportion of falsely classified *imputation
round with least error-rate as determined by NMRSE and FPC was chosen for further analysis.

This procedure was ten times repeated, and a single imputed dataset with the least
imputed error was chosen, as machine learning algorithms do not incorporate

uncertainty into their parameter estimates (see table).
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Appendix B. Cox Proportional Hazard Ratio assumption
We included the following covariates — additional to onset of delirium - in the
proportional hazard ratio, as we expected these variables to influence health outcome:

age, gender, obesity.

Before inspecting our model, we tested the proportional hazard assumption, with the

Schoenfeld Individual test (see below).

Global Schoenfeld Test p: 0.02231

Schoenfeld Individual Test p: 0.0606 Schoenfeld Individual Test p: 0.8125

Beta(t) for gender
Beta(t) for age
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Although we do see that the test is significant for delirium (p=0.0127), we do not
observe any deviation from the midline. Hence, we attribute the significance to the
skewed distribution between delirium (0.19) and no delirium (0.81) and suspect no

violation of the proportional hazard assumption.
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Appendix C. Method prediction model
Types of algorithms

For our prediction model we used five algorithms; two regression and three machine
learning algorithms.

Regression algorithms

The regression techniques included standard logistic regression (LR), which uses a
logistic function to model a binary dependent variable, and also penalized regression:
Lasso and Elastic-Regularized Generalized Linear Models (GLMNET) which has two
parameters to interpolate between Ridge and Lasso, both logistic regression analyses
with additional regularization by punishing less relevant predictors, based on optimal

values.

Machine learning algorithms

The machine learning algorithms included were Support Vector Machine (SVM),
Gradient Boosting Machine (GBM) and Artificial Neural Network (aNN). SVM
classify data points by selecting the “separating hyperplane” that maximize the
distance from the 2 closes points on either side. GBM are decision trees, which make
predictions or classifications based on several input features using bifurcation, but
with a large number of trees and start the combining process at the beginning, instead
of at the end (such as random forests). ANN are multilayer perceptrons starting with an
input layer (containing predictors), and output layer to generate predictions, and then
one or more hidden layers in between (referred to as hidden neurons). The networks
can be built with different gradients of complexity.

Pre-processing and training

All predictive models were optimized using the exact same steps with the Caret
package from R, to assure fair comparison. The total cohort was randomly split
into a training and hold-out test set based on an 75/25 ratio. All covariates,
whether significant or not on the basis of the univariate analysis, were included in
the predictive analysis. Five-fold cross-validation was ten times repeated over the
training set for parameter optimization and hyperparameter tuning. Each algorithm,

either regression and machine learning, was then trained based on a range of model
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specific hyperparameters (such as the number of trees in the GBM and the number of

middle neurons in aNN, see table below).

Algorithm Parameters [range] Optimal hyper parameter settings*
LR - -
GLMNET Alpha [0.10 — 1.00] Alpha=0.1
Lambda [0.00-0.017] Lambda=0.017
SVM Sigma constant [0.00 — 0.900] Sigma = 0.1
Cost [0.00 - 5.00] Cost=0.01
GBM N trees [50 — 1500] N. trees = 50
Interaction depth [1 — 9] Interaction depth =5
Shrinkage [0.1] Shrinkage = 0.1
n.minobsinnode = 20
NN Hidden neurons [2-25] Hidden neurons = 2
Decay [10° —1.0] Decay = 1.0

LR; logistic regression, GLMNET; lasso and ridge elastic-net, SVM; support vector machines,
GBM, gradient boosting machine, aNN; artificial neural network. *hyper parameter specific
to each algorithm

The trained model with optimized hyperparameter setting were then evaluated on
the hold-out test set, which had not been used for preprocessing and hyper parameter
tuning in any form. This process was ten-times repeated and the results with its

confidence intervals were illustrated in a boxplot.
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Appendix E. Results of prediction models

See figure below for the discrimination performance of each algorithm presented in
a boxplot.

L]
0.76 -
frame
072- * ann_AUC
BES gbm_Auc

BS gim_Auc
B3 gimnet AUC

‘ svm_AUC

auc

0.68-

ann:AUC gbm:AUC g\m”.AUC glmne’lﬁAUC svm:AUC
frame

Figure. Performance prediction model - discrimination Legend: AUC = Area Under the
Curve. Regression techniques;, GLMNET = Lasso and Elastic-Regularized Generalized Linear
Models, glm = logistic regression analysis. Machine learning techniques; ANN = artificial
neural networks, GBM = Gradient Boosting Machine, SVM = Support Vector Machines.
Overall a performance of 0.65 — 0.78.
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See figure below the calibration performance of each prediction model.
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Figure. Performance prediction model — calibration slope Legend: the Y axis corresponds
to the observed events and the X-axis to the predicted event of each algorithm. The ideal
line is the 45-degree straight line. Each colored lines corresponds to an algorithm. | Glm;
logistic regression, ann, artificial neural networks, svm; support vector machines, gbm;
gradient boosting machine, glmnet; Lasso and Elastic-Regularized Generalized Linear Models
Calibration. | Calibration plot demonstrates an over-estimation of POD in low-risk patients by
glm, gbm, ann and an under-estimation of svm and glmnet for either low and high-risk patients.
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Abstract

Introduction

Clarifying the effect of music on pain endurance in an experimental design could aid in
how music should be applied during both surgical and non-surgical interventions. This
study aims to investigate the effect of music on pain endurance and the involvement
of the sympathetic adrenomedullary axis (SAM) and the hypothalamic-pituitary-
adrenocortical axis (HPA).

Materials and methods

In this randomized controlled trial all participants received increasing electric stimuli
through their non-dominant index finger. Participants were randomly assigned to
the music group (M) receiving a 20-minute music intervention or control group (C)
receiving a 20-minute resting period. The primary outcome was pain endurance,
defined as amount milliampere tolerated. Secondary outcomes included anxiety level,
SAM-axis based on heart rate variability (HRV) and salivary alpha-amylase, and
HPA-axis activity based on salivary cortisol.

Results

In the intention-to-treat analysis, the effect of music on pain tolerance did not
statistically differ between the M (n =35) and C (n = 35) group. A significant positive
effect of music on pain endurance was noted after excluding participants with a high
skinimpedance (p=0.013, CI0.35;2.85). Increased HRV was observed in the M-group
compared to the C-group for SDNN (B/95%CI:13.80/2.22;25.39, p=0.022), RMSSD
(B/95%CI1:15.97/1.64;30.31, p=0.032), VLF (B/95%CI:212.08/60.49;363.67,
p=0.008) and HF (B/95%CI:821.15/150.78;1491.52, p=0.0190). No statistical
significance was observed in other secondary outcomes.

Conclusions

The effect of the music intervention on pain endurance was not statistically significant
in the intention-to-treat analysis. The subgroup analyses revealed an increase in pain
endurance in the music group after correcting for skin impedance, which could be
attributed to increased parasympathetic activation.
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Introduction

Accumulating literature is available regarding the positive effects of music on pain
reduction predominantly performed in surgical patients.(1-5) The strongest decrease
in pain perception is suggested in self-selected or preferred music. (6-9) The non-
invasive nature of this intervention invites to offer music throughout all sorts of
painful procedures and painful medical conditions. The clinical studies on this topic
however, are characterized by a large variation of patients and thus medical conditions,
which hinders a firm conclusion on the quantitative analgesic effect of music.(6, 10,
11) Moreover, it is unclear whether this decrease in pain perception leads to a better
endurance of pain. Clarifying these matters may expand the analgesic indications for
music in clinical care. This could be tackled in experimental studies, as these allow for

controlling the amount of pain.

Current experimental studies on the effect of music on pain tolerance are scarce
and only involve the cold pressure test (thermal stimulation). These studies showed
a significant increase in pain tolerance when listening to preferred music.(12, 13)
These studies may show promising results, but the evidence remains limited due to
small sample sizes and a large heterogeneity in study arms, making it hard to draw
definite conclusions. Additionally, using electrical stimulation instead of thermal
stimulation allows studying objective outcome measurements (amperage), rather
than depending solely on subjective outcome measurements for pain, such as the

Visual Analogue Scale.

Furthermore, multiple studies showed that listening to preferred music act as an
inducer of emotion by activating the anterior cingulate region, part of the limbic
system responsible for emotional modulation, rather than in the operculum/insular
region, which is responsible for pain processing (14, 15) This emotional aspect
of pain is a sensory response accompanied by a fast autonomic response via the
sympathetic-adrenomedullary (SAM) axis and a delayed neuroendocrine response
via the hypothalamic-pituitary-adrenocortical (HPA) axis, implying that music could
influence the SAM and HPA-axis.(16-19)

We therefore performed a randomized controlled trial in an experimental setting using
electrical stimuli investigating the effect of recorded music on pain endurance and the
involvement of the SAM and HPA-axis.
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Materials and methods
Study and design

This trial was an experimental, single-center randomized controlled trial comparing
the effect of a music intervention (M-group) with that of a control (C-group) on healthy
adult participants’ pain endurance. This study was performed at the outpatient clinic
of the Center for Pain Medicine. Reporting followed the CONSORT (Consolidated
Standards of Reporting Trials) guidelines for non-pharmacological treatments.(23,
24) The study was approved by the Erasmus MC Medical Ethics Committee (MEC-
2020-0559) and registered in the Dutch Trial Register (Identifier: NL8859).

Participants

Healthy adults were encouraged to sign up to participate through communication
strategies of the Communication Department of Erasmus MC. Inclusion criteria
were age >18 years and < 70 years (considering that people aged 70 years and older
show a significant reduced responsiveness in autonomic activity)(25), and sufficient
knowledge of the Dutch language. The following criteria were reason for exclusion:
significant hearing impairments, impeding listening to music; tinnitus; current use of
analgesic, anti-depressant, anti-anxiety medication, antihypertensive medication or
corticosteroids; current treatment by a medical specialist or general practitioner; self-
reported (suspected) pregnancy; self-reported severe mental or psychiatric disorder;
presence of acute pain or chronic pain syndromes (defined as ongoing pain lasting

longer than 3 months), or an history of cardiac rhythm disorders.

Procedure

All study procedures were conducted between 12:00 PM and 5:15 PM in order to
control for cortisol fluctuations during the day (Appendix A). To ensure quality of
saliva and avoid temporary elevation of cortisol levels, participants were instructed
to refrain from eating, smoking, consuming caffeine, drinking beverages other than
water, brushing their teeth, or vigorously exercising in the 30 minutes before arriving
for the study. (26, 27) At the start of the study, the participant was randomized to either
the music group or the control group, see statistical paragraph 2.6), received a heart-
rate variability (HRV) chest strap and salivary swab samples were taken. Furthermore,
all participants were connected to a STIMUSOL (version MA 5.3.0) device in which
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two electrodes were placed on the index finger of the non-dominant hand: at the
moment the participant presses the button, an increasing electric stimulus is delivered
(0.5mA/second) with a maximum of 30 milliampere (mA).(28) The participant feels
the electric stimulation, but is blinded for the amperage.

This study was then divided into three phases: detection, tolerance, and experimental
phase. Standardized instructions were given to all participants during each phase.
Instructions differed per phase and each phase was repeated three consecutive times:

During the detection phase, the participants were instructed to press and hold the
button until the moment any stimulus was detected. This phase was meant to assure
that the STIMUSOL device was working properly.

During the tolerance phase, the participants were instructed to hold the button down

as long as possible (aiming at numeric rating scale/NRS pain of >8).

The researcher then left the room. Participants in the C-group rested for 20 minutes.
Participants in the M-group chose from the available playlists and listened to preferred
music for 20 minutes, which continued throughout the experimental phase.(6) During
the experimental phase, participants in both groups were again encouraged to hold the

button down as long as possible (aiming at NRS pain >8).

At the end of the study, salivary swab samples were again taken (at 10 and 30 minutes
after the experimental phase) and participants in both group filled out a questionnaire

on their baseline characteristics.

Outcome measurements

The primary outcome was average pain endurance (expressed in mA) assessed during
the experimental study phase. The average pain endurance was also calculated during

the detection and tolerance phases.

Secondary outcomes — assessed to substantiate the effects of music on pain endurance
— included anxiety level before each phase (self-reported using the 11-point VAS-A
scale in which 0 implies no anxiety and 10 the worst anxiety possible), the sympathetic-
adrenomedullary axis activity (SAM) (measured using HRV(29-31) and salivary
alpha-amylase (sAA)(18). Continuous HRV measurements were conducted by using
a validated BMI Acentas Chest Strap provided by BioCheck® and the following HRV
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parameters were extracted: standard deviation of normal sinus beats (SDNN), root
mean square of successive differences between normal heartbeats (RMSSD), high
frequency (HF), low frequency (LF), and very low frequency (VLF). (32) SAA
samples (U/ml) from oral mucosa using Salivettes were collected at baseline, 10 and
30 minutes after the experimental electric stimulus, as the peak increase of sAA is 5
-10 minutes after stress induction.(33) Salivary cortisol (sCortisol, mcg/dL) samples
were collected at baseline and 30 minutes after the experimental electric stimulus, as
the peak increase of sCortisol occurs 20-40 minutes after stress induction. (34)

Additional baseline characteristics were assessed: sex, age, highest level of education,
hand dominance, medication use, use of oral contraceptives, smoking, use of drugs,
use of alcohol, and importance of music using a questionnaire based on prior clinical
music studies. (35)

Statistical analysis

Sample size and randomization

A recent meta-analysis, which investigated effects of music interventions on pain in
surgical patients, found an overall effect size of Cohen’s d=0.54 (CI 0.15; 0.93).(36)
We assumed a slightly larger effect (Cohen’s d of 0.60) on amperage tolerance, due
to the controlled setting. Our sample size calculation was based on a power analysis
using an analysis of covariance (ANCOVA) model with adjustment for baseline value
(measured in the tolerance phase) and treatment arm. A moderate correlation (0.5)
was assumed. The sample size was calculated at 33 participants per study arm (power:
80%, two-sided significance level: 5%). To account for possible dropouts, the sample
size was chosen to be 35 participants per study arm, resulting in a total sample size of
70 participants. Randomization was performed using blocked randomization with in
a 1:1 ratio, by a secured online software program (ALEA; FormVision, Abcoude, the
Netherlands) and stratified by sex, as studies suggest females to be more sensitive to
electric stimuli.(37) Variable block sizes were used for both groups and were equally

represented in each block.

Analysis of outcome parameters

The main analysis was based on the intention-to-treat principle. Pain endurance (mA)

during the experimental phase was compared between the M-group and C-group
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by using an analysis of covariance (ANCOVA) model, with adjustment for sex and
endurance (mA) during the tolerance phase. Subsequently, statistical outliers were
detected using boxplots and Q-Q plots. Subgroup analyses on the primary outcome
were performed on the following instances: after identification and exclusion of
statistical outliers using the Q-Q plots, non-adherence to protocol (determined in case
of mean NRS of <8 over the phases), increased skin impedance (identified and defined
as >2mA during the detection phase), and in those who reported music to be important

in their life (reported score of >7 on the music importance questionnaire).

An ANCOVA model was utilized to analyze the following secondary outcomes:
anxiety level before the experimental phase adjusted for sex and baseline anxiety, and
sAA-10 and 30 minutes and sCortisol-30 minutes adjusted for baseline measurements.
Five-minute samples of the continuous HRV values were assigned to different time
points (see Figure 4). Subsequently, a linear mixed model was run, as within-subject
variability in this continuous outcome was suspected (38), with group (M or C), time
point, sex, and the interaction between group and time point as independent variables.
A two-sided p-value of 0.05 or less was considered statistically significant. Post-hoc
pairwise comparisons were performed after significant effects were found in case
of three or more levels of a factor. All statistical analyses were conducted using R

(version 4.1.1).

Results

Participants

Ninety-nine adults signed up to participate. Twenty-nine of them did not meet the
inclusion criteria, due to no informed consent (n = 23), use of analgesic medication
(n = 1), use of corticosteroid inhibitors (n =1), current (n = 2) or chronic treatment
by a physician (n = 1), and chronic pain syndrome (n =1). This resulted in our target
sample size of seventy participants within 11 months (March 2020 to August 2021),
randomized to the M-group (n = 35) or C-group (n = 35, appendix B)

The mean (SD) age in years of the included participants was 38.0(15), and n = 38
(54%) were female (table 1). Right-handed dominance was observed in 60 (86%),
while consumption of alcohol was reported by n =46 (66%) and higher education by n
=37 (53%) participants. Thirty-six (51%) participants reported to play an instrument

or sing and 61 (87%) participants reported music to be important in their life. In the
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M-group, pop music (n =12, 37%) was most often chosen followed by classical music
(n=16, 17%) and jazz & blues (n =5, 14%). The mean (SD) detection threshold was
1.75 (0.496) mA and the mean (SD) baseline anxiety was 1.31(1.14

Primary outcome and subgroup analysis

See table 2 for the results on the primary outcome. The ITT analyses revealed no
significant differences in pain endurance (mA) between the groups (B/95%CI: 0.47/-
0.85;1.79, p =0.482, figure 1).

music_control -+~ Control &= Music

experimental (mA)

Endurance tolerance (mA)

Figure 1. Primary outcome vs. music

Y axis: milliampere (mA) during experimental phase, X axis: mA during tolerance
phase. Music did not increase the endurance (p = 0.482) during the experimental
phase after correcting for the endurance during tolerance phase (p<0.001) and
gender (p=0.201).

Detected statistical outliers showed a large variance of pain endurance between study
phases and the corresponding participants were identified (Appendix C). A significant
effect on endurance between the M-group and C-group was found in the subgroup
analysis after excluding these identified participants (variance >15mA between
electric stimulations, B/95%CI: 1.40/0.59;2.21, p = 0.001) and high skin impedance
(detection threshold >2mA, B/95%CI: 1.60/0.36;2.85, p = 0.013, table 2). No
significant differences between the M-group vs. C-group were apparent with regard
to participants with high music importance (B/95%CI: 0.58/-0.69;1.86, p = 0.364) or
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high adherence to the protocol (B/95%CI: 0.13/-1.40;1.66, p = 0.865). Jazz & Blues
music had the largest effect on the primary outcome (B/95%CI 3.44; 0.08-6.80, p =
0.045), but this did not reach significance after pairwise comparison.

Secondary outcome parameters

See table 3 for the results of the secondary outcomes. The anxiety level (VAS-A) was
not significant between the M-group and the C-group (B/95%CI: -0.16/-0.59;0.27,
p=0.456). Cortisol decreased from baseline to 30 minutes after the experiment, but
this was not different between the M-group and C-group. A non-significant increase
of alpha-amylase after 10 minutes was observed in the C-group vs. the M-group
(B/95%CI: -12.42/-41.29;16.45, p=0.394, figure 2).

Cortisol Alfa-amylase

\ 140
20

Baseline 10 minutes. 30 minutes Baseline. 10 minutes. 30 minutes.
Sample Sample

// AN

a0 AN

o music_control /S N music_control
3 4 cowo  E 60 / 4 convol
g

Figure 2. Cortisol and alpha amylases response to music.

X-axis: occasion 1 = baseline, occasion 2 = 10 minutes after experimental phase, occasion
3 = 30 minutes after experimental phase. Y-axis: value of sample. Left: a decrease of cortisol
(mcg/dL) is seen which is not significant between groups (p=0.866) after correcting for
baseline cortisol. Right: An increase of alpha-amylasis (U/mL) is seen in the control group,
as opposed to the music group, after 10 minutes which normalizes after 30 minutes. This trend
was however not significantly different between groups (p=0.394) after correcting for baseline
value (p<0.001).

A significantly increased HRV was observed in the M-group vs. the C-group
for SDNN (B/95%CI: 13.80/2.22;25.39, p=0.022), RMSSD (B/95%CTI:

87




Chapter 4

15.97/1.64;30.31, p=0.032), VLF (B/95%CI: 212.08/60.49;363.67, p=0.008) and HF
(B/95%CI:821.15/150.78;1491.52, p=0.0190),. However, a significant decrease was
found in the M-group vs. the C-group at 15, 20 and 25 minutes in the SDNN (p =
0.015 and 0.021 and 0.001), at 25 minutes in the RMSSD (p = 0.019), at 20 and 25
minutes in the VLF (p=0.027 and 0.027), at 25 minutes in the LF (p = 0.049, figure 3)
and in the HF at 20 (p=0.039) and 25 minutes (p=0.026) indicating SAM activation.
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Figure 3. Heart rate variability (HRV) response to music.

Thirty-minute recording as each occasion represents a sample of 5 minutes. An increased HRV
was observed in the M-group vs. the C-group for SDNN ( p=0.022), RMSSD (p=0.032), and
VLF (p=0.008) and HF (0.0190),with a significant decrease at 15 (p=0.015), 20 (p=0.021) and
25 (0.001) minutes, at 25 minutes in the RMSSD (p = 0.019), at 20 and 25 minutes in the VLF
(both p=0.027), ) and at 25 minutes in the LF (p = 0.049), figure 3)and HF at 20 (p=0.039) and
25 minutes (p=0.026).

Discussion

General discussion

Our aim was to study the effect of listening to preferred music on pain endurance
and the role of the autonomic and neuroendocrine responses. The intention-to-treat
analysis revealed no significant effect of this intervention. However, a significant
positive effect of listening to music on pain endurance was noted after excluding

those participants with a high skin impedance, as a high skin impedance impedes the
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electric current. This higher endurance could be explained by the parasympathetic

nervous activation. Limitations and clinical implications are discussed below.

The strongest predictor for endurance during the experimental phase seemed to be the
endurance during the preceding tolerance phase. This is in contrast with the available
literature on pain endurance, as the literature states that the greatest predictor is to which
group participants were allocated to. (21, 39) Studies on the effect of music on pain
tolerance during a cold pressor test showed a significant increase in pain tolerance
from pre- to post-test immersion trials, and therefore utilization of preferred music was
effective in increasing pain tolerance.(12) Another study found that preferred music
listening resulted in a significantly longer tolerance of painful stimulation compared
to a mental arithmetic task.(13) However, these studies only evaluated thermal pain
(i.e., cold pressor test) rather than electrical stimulations. The discrepancy of our results
and literature could be explained by the variation in pain stimuli: painful electrical
stimulations activate the limbic system (notably the superior caudate nucleus and
posterior insula) to a greater extent than do painful thermal stimulations, suggesting
that electrical stimuli have a stronger affective component than thermal stimuli.(40)
This stronger activation could in turn influence the sensitization of the central nervous
system to the nociceptive stimuli. (40) Moreover, our participants were blinded for the
amount of electric stimulation they received, as opposed to the transparent duration
of the cold pressor test, so that our results probably reflect a more realistic analgesic
effect of music. Lastly, technical or behavioral issues and variabilities between above
described the models could have contributed to the different results. With respect to
these technical variabilities: skin impedance affects the strength of the electrical
current through the index finger and can be influenced by multiple factors, for example
sweat and grease.(41) Despite hand washing and alcohol rubbing, differences in skin
impedance were observed. Analysis with the exclusion of those participants with a high
skin impedance (defined as a detection threshold of >2mA) revealed a positive effect
of music on pain endurance after).(42) With respect to the behavioral variabilities:
uncertainty on the strength of electric stimulation may have induced the variation within
one participant on the endurance performance, as this type of experiment was novel to
all participants. Excluding these participants with a large variation between the stimuli
resulted in significant effects of music on endurance performance. These results should
be interpreted with caution as exclusion of outliers is not advised, because they are
inherent to the natural variability of the data.(43)
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The physiology of music seems to be based on up-regulation within the mesolimbic
dopaminergic system, which activates the nucleus accumbens and ventral tegmental
area, which are affective structures active during reward in monetary or addictive drug
studies.(15, 44) Connectivity studies show interaction of these affective regions with
the hypothalamus, a brain region that modulates autonomic responses through the direct
SAM and the indirect HPA axis. (18, 19) The expected effect on the stress response was
uncertain, as a paradox in literature on pain and cortisol is described: pain is associated
with the production of cortisol but a transient stress-induced analgesia also has been
proposed in which cortisol elevation reduces pain unpleasantness and increases pain
tolerance and endurance.(45) In our study, listening to music prior to a standardized
stressor predominantly affected the sympathetic-adrenomedullary axis activity (SAM),
but did not affect the Hypothalamic-pituitary-adrenocortical (HPA) axis response.
Salivary alpha-amylase (sAA) values increased in the control group, as opposed to the
music group, which normalized over time. Previous studies have shown that sAA has a
direct response to a stressful stimulus, shorter latency time to peak level, and no carry-
over effect compared to cortisol.(46) Our results should be interpreted with caution as
they did not reach significance, but do support SAA to be a potential objective non-
invasive tool for pain assessments within the field of music.(47) An increased activation
by music on heart rate variability (HRV) was found, which is considered a measure
of the SAM. However, a decrease was observed during the music intervention, which
could be explained due to the arousing effect of music, resulting in a higher heart rate
and lower HRV.(47) This explanation is substantiated by the fact that the HRV returned

to normal after the music intervention was completed.

Surgical studies have shown significant reduced anxiety in patients listening to music
preoperatively.(6) One could hypothesize that music distracts patients from fearful and
worrying thoughts about the surgical procedures, as musical information consumes
attentional resources. We did not observe this effect of music on anxiety, which could
be explained by the low levels of anxiety at baseline as there was no perspective of

any surgical procedure.

Strengths, limitations and future studies

This is the first study evaluating the effect of music on pain using a validated
experimental model, while measuring an objective outcome for pain endurance.(15)

Our main analyses on endurance were non-significant, which might be caused by
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our limited sample size, although our achieved power was above 80%. Moreover,
participants were blinded for the primary outcome, making the measured pain
endurance more reliable. Using this model makes translation towards the clinics and
quantification of the analgesic effect more reliable, as this study was not confined to

variation in surgical procedures, nor patient groups. (6)

We do have some limitations to discuss. First, we did not add a third arm with auditory
stimulations, which could have controlled for the distractive effect of music. Second,
the measured underlying effects could have been more comprehensive as we studied the
effects of HPA and SAM axes, and hypothesized activation of the limbic system but did not
confirm this with an electrophysiology study. Additionally, the literature shows that having
lunch and/or breakfast could influence the HRV. Eating behavior could have influenced
our results, as we did not correct for this. However, we conducted all experiments in the
morning and assured no food consumption 30 minutes before each experiment.(48, 49)
Lastly, one could argue that consecutive electric stimuli might have led to a familiarity
effect. However, as patients were randomized, this ceiling effect/familiarity effect is

considered similar in both groups, making the groups still comparable.

Future studies should therefore employ a more comprehensive design framework
using our pain and music model, preferably with a third arm with non-music auditory
signals, so to be able to assess the true analgesic effect of music stratified per type of
genre. Furthermore, EEG and neurological imaging studies could be added to this
model to assess the emotional-inducing effect of music evoked from the (meso-)limbic
system. Lastly, eating behavior should be evaluated to assure a correct interpretation

of the HRV measurements.

Conclusions

The effect of listening to preferred music on pain endurance was not statistically
significant in our intention-to-treat analysis. However, subgroup analyses did reveal
a significant positive effect on pain endurance after excluding those participants with
a high skin impedance. Our experimental model provides a solid effect of music on
pain endurance, as the outcome was objective and the patients were blinded for the
primary outcome. The effect on pain endurance could be attributed to sympathetic-
adrenomedullary axis activation, but this attribution should be taken with caution, as

the ITT analyses were non-significant.
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Table 1. Baseline characteristics

Control (N=35) Music (N=35) Overall (N=70)
Demographic data

Female sex 19 (54.3%) 19 (54.3%) 38 (54.3%)
Age! 40.6 (14.8) 354 (14.1) 38.0 (14.6)
Right-handed dominance 30 (85.7%) 30 (85.7%) 60 (85.7%)
Alcohol? 21 (60.0%) 25 (71.4%) 46 (65.7%)
BMP 23.5 (4.0) 23.3(2.9) 23.4 (3.5)
High education* 19 (54.3%) 18 (51.4%) 37 (52.9%)
Music data

Plays an instrument or sings 19 (54.3%) 17 (48.6%) 36 (51.4%)
High music importance? 28 (80.0%) 33 (94.3%) 61 (87.1%)
Type of music listened to

Classical - 6 (17.1%) -

Electronic - 3 (8.6%) -

Jazz & Blues - 5 (14.3%) -

Pop - 13 (37.1%) -

R&B - 3 (8.6%) -

Experimental baseline data

Detection threshold® 1.75 (0.400) 1.75 (0.583) 1.75 (0.496)
Anxiety’ 1.31 (1.18) 1.31 (1.11) 1.31 (1.14)

1. Mean/SD age in years. 2.Reported alcohol consumption: missing in 1 (2.9%). 3. Mean (SD)
Body mass index: missing 2 (5.7%) 4. In case of higher education at the middle/high school or
more (VWO). 5. In case of a reported importance of 7 or above on the 10-point Likert scale.
6. Mean (SD) milli amperage until electric stimulation was ‘detected’. 7. Mean (SD) baseline
VAS-Anxiety.
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Table 2. Primary outcome: music vs. pain endurance

N Control! Music! B (95% CI) P-value

Main analysis?
Overall population 70 11.8/0.467 12.3/0.466 0.47/-0.85;1.79 0.482
Subgroup analysis
Exclusion of participants with 65  10.9/0.367 12.2/0.344 1.40/0.59;2.21 0.001
large variance between
measure points?
Participants with 61 11.6/0.465 12.2/0.428 0.58/-0.69;1.86 0.364
high music importance*
Exclusion of participants with 51 10.5/0.421 12.1/0.439 1.60/0.36;2.85 0.013
high skin impedance®
Exclusion of participants with 44 11.9/0.485 12.0/0.578 0.13/-1.40;1.66 0.865
fail to protocol adherence®

*Coefficient/95%Confidence interval (B/95%CI), corrected for endurance tolerance phase
and gender. 1. Mean/SE endurance experimental phase control/music group. 2. Intention-to-
treat analysis. 3. Outlier analyses revealed large variance between tolerance/experimental
phase, hence patients >15mA difference between electric stimulations (n=5) were excluded. 4.
Patients that reported high importance of music (7 or above on the 10-point Likert scale). 5. In
case of a detection threshold of 2mA or above. 6. Adequate endurance of pain as requested to
the participants: perceived pain (NRS) during tolerance/experimental of 8 or above.

Table 3. Secondary outcome measures

Control (n = 35)! Music (n = 35)! B/95%CI P-value

Anxiety? 0.835/0.151 0.675/0.151 -0.16/-0.59;0.27 0.456
Cortisol (mcg/dL) 2.06/0.144 2.02/0.142 -0.03/-0.44,0.37 0.866
Alpha-amylase*

10 minutes 171/10.3 159/10.1 -12.42/-41.29;16.45 0.394

30 minutes 154/11.5 167/11.3 12.23/-20.03;44.49 0.452
HRV?

SDNN 44.2/3.71 50.7/3.53 13.80/2.22;25.39 0.022

RMSSD 41.8/4.35 50.6/4.14 15.97/1.64;30.31 0.032

VLF 126/45.1 178/43.0 212.08/60.49;363.67 0.008

LF 1156/213 1396/203 625.35/-123.59;1374.29  0.106

1. mean/SE corrected values per group. 2. Anxiety measures before experimental phase (VAS-A)
corrected for gender and baseline anxiety. 3. Cortisol (mcg/dL) 30 minutes after experiment
corrected for baseline measure. 4. Alpha amylase (U/mL) corrected for baseline measure. 5.
Heart rate variability. Time domain analysis: SDNN and RMSSD. Frequency domain analysis:
VLF and LF. Overall measures illustrated, corrected but not specified per occasion (in main text).
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Appendix C. Detecting outliers and motivation for
subanalysis

Normal Q-Q Plot
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As shown in our Q-Q and boxplot, our main analysis coped with some statistical outliers.
After further analyzing we found that the distribution of variance between the non-outliers and
outliers was different (>15mA variance between electric stimulations in the outlier group).
Hence we conducted a post hoc analysis excluding patients with large variance (>15mA)
between the electric stimulations.
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Abstract

Introduction

Delirium is a neurocognitive disorder characterized by an acute and temporary decline
of mental status affecting attention, awareness, cognition, language and visuospatial
ability. The underlying pathophysiology is driven by neuro-inflammation and cellular
oxidative stress.

Delirium is a serious complication following neurosurgical procedures with a reported
incidence varying between 4 - 44% and has been associated with increased length of
hospital stay, increased amount of re-operations, increased costs and mortality.

Perioperative music has been reported to reduce pre-operative anxiety, post-
operative pain and opioid usage, and attenuates stress response caused by surgery. We
hypothesize that this beneficial effect of music on a combination of delirium eliciting
factors might reduce delirium incidence following neurosurgery and subsequently

improve clinical outcomes.

Methods

This protocol concerns a single-centered prospective randomized controlled trial with
6 months follow-up. All adult patients undergoing a craniotomy at the Erasmus MC in
Rotterdam are eligible. The music group will receive recorded music through an over-
ear headphone before, during and after surgery until post-operative day 3. Patients
can choose from music playlists, offered based on music importance questionnaires

administered at baseline. The control group will receive standard of clinical care

Delirium is assessed by the delirium observation scale (DOS) and confirmed by a
delirium-expert psychiatrist according to the DSM-5 criteria. Risk factors correlated
with the onset of delirium, such as cognitive function at baseline, pre-operative
anxiety, peri-operative medication use, depth of anaesthesia and postoperative pain,
and delirium-related health outcomes such as length of stay, daily function, quality of

life (i.e. EQ-5D, EORTC questionnaires), costs and cost-effectiveness are collected.
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Ethics and dissemination

This study is being conducted in accordance with the Declaration of Helsinki. The
Medical Ethics Review Board of Erasmus University Medical Center Rotterdam, The
Netherlands, approved this protocol. Results will be disseminated via peer-reviewed

scientific journals and conference presentations.

Trial registration number

Trialregister.nl: NL8503
ClinicalTrials.gov ID: NCT04649450

Strengths and limitations of this study

e This study is the first randomized controlled trial evaluating the effects of

recorded music on post-operative delirium in a neurosurgical cohort.

*  To our knowledge, this is the largest study assessing the effects of music on

delirium.

*  Both the short-term and longer-term delirium-associated clinical outcomes
will be evaluated, as either data during hospitalization and follow-up data

until 6 months postoperatively, will be collected.

*  Duecto the nature of the intervention, blinding of the patients and data collectors
was not possible, which is a limitation. However, we expect a low risk of
bias in the clinical assessment, as the onset of delirium is not considered a

subjective outcome.
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Introduction

Delirium is characterized by an acute and temporary decline in mental status affecting
attention, awareness, cognition, language and visuospatial ability. ' This decline is
caused by dysregulation of neuronal activity secondary to several pathophysiological
disturbances. 2 Surgery within the brain parenchyma evokes an inflammatory reaction
resulting in the formation of oedema and decrease of vascular permeability with
impaired oxygenation of nearby tissue resulting in the generation of oxidative stress.
Hypotheses describing the pathophysiology of delirium rely on neuro-inflammatory
and oxidative reactions within the brain. 3 Considering this, it is plausible that
neurosurgical patients are in particular vulnerable to developing postoperative

delirium and that the incidence of delirium in this population is high.

Incidence rates of post-operative delirium after intracranial surgery vary between 4 —
44% depending on the type of surgery, such as major neuro-vascular reporting higher
incidence rates, and method of delirium assessment, such as short follow-up duration

resulting in lower incidence rates. 3

Delirium often causes a traumatic experience for the patient and his or her relatives.
Delirium also leads to up to twice the length of hospital stay, twice the intensity
of nursing hours, almost twice the amount of re-operations with extra exposure to
complications, three times the costs and more than five times higher mortality risk.
6.7.14 Delirium can cause in the long-term a decline in subjective memory, cognitive
decline and increase the chance of developing dementia. >'7 These observations

warrant the search for preventive therapies for post-operative delirium.

Several preventive pharmacological interventions for occurrence of post-operative
delirium have been studied. Pharmacologic interventions, targeted at the psychotic
symptoms such as olanzapine or haloperidol, at the sleep-wake cycle such as melatonin,
or lowering sedation levels through bispectral index, were either ineffective or non-
reproducible in preventing delirium after surgery.'® Furthermore, most of these drugs

may have severe side effects. ° 20-21

Non-pharmacological multi-component approaches such as the Hospital Elder Life
Program (HELP) or the Perioperative Optimization of Senior Health program (POSH)
are promising, showing a relative reduction of delirium in 36-77%.?> % However,
success of these multi-component strategies is dependent on the adherence while
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implementation is challenging and not always adjusted to the feasibility for nurse or

patients’ needs. **

Recorded music is effective in reducing pre-operative anxiety, post-operative pain
and its stress response induced by surgery. Moreover, lower doses of opioids and
sedatives are required when music around surgery is applied with the strongest effect
of music in case of patients-own choice irrespective of own music or from pre-selected
playlists.>>*These positive effect on a combination of delirium-eliciting factors might

contribute to a reduction of post-operative delirium.

Three studies have been published on the effect of music as a sole intervention on
the occurrence of post-operative delirium. One is a 5-armed trial with a total of 126
patients (approximately 25 per arm) in which no significant effect was seen. However,
this study lacked a solid power analysis.** The second trial had no delirium in either the
music and control group due to their exclusion criteria and therefore no effect could be
demonstrated.’ The third trial randomized 22 patients and reported significant better

3¢ In none of these trials, the music selection was based on

outcome in the music group.
patient’s preference. In conclusion, although suggestive, currently no strong evidence

exists on the possible beneficial effect of music on delirium.

Furthermore, evidence on the effects of music interventions on delirium-related
health-outcomes such as length of stay, daily functioning, costs, quality of life, and
cost-effectiveness is lacking. This is a significant knowledge gap, as these truly

represent clinically relevant outcome measures for patient and society.

Therefore, this article reports on a randomized control trial to assess the effect of

music in the prevention of post-operative delirium in neurosurgical patients.

Methods and analysis
Study design

This study is a randomized controlled trial with two study arms, designed to compare
the effects on postoperative delirium, of perioperative recorded music intervention in
addition to standard care (intervention group) versus standard care (control group) —
prior, during and after a craniotomy. Figure 1 shows the flow diagram of the progress
through the trial phases of the two study groups. We will include 189 adults at the
Neurosurgery department of the Erasmus Medical Center in Rotterdam. Ethical
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Committee approval was obtained in April 2020, the first patient was included in
July 2020 and July 2022 is the anticipated end date of inclusion. This study protocol

followed the Standard Protocol Items: Recommendations for Interventional Trials

(SPIRIT) guidelines (see SPIRIT checklist in online supplementary material) and
the Consolidated Standards of Reporting Trials (CONSORT) guidelines for non-
pharmacologic treatments. This trial was registered on trialregister.nl (NL8503) and
clinicaltrials.gov (NCT04649450).

approached at the outpatient clinic or ward.

¥

Informed consent

!

Randomisation {n = 189)
¥ 3
Quality of Life, Cognitive assessment, Daily function, Music importance questionnaire

Screening and recruitment
Eligible patients planned for craniotomy at the Erasmus Medical Center in Rotterdam

< : : -
/ Intervention group \ / Control group \

Preoperative day 0 Standard clinical care
*  Thirty minutes of recorded
music before the operation

Intraoperative day 0
*  Recorded music during the
entire operation

Postoperative day 0
*  Thirty minutes of recorded
music after the operation

Postoperative day 1 - 3
*  Thirty minutes of recorded
music twice per day / K /

Follow-up assessment at 6 weeks, 3 months and 6 months after surgery
Economic evaluation, Quzlity of Life, Cognitive function, Patient satisfaction, Daily function

Day 0 — 5: Daily delirium screening
Day 0 -5: Daily delirium screening

al

Figure 1. Flowchart
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Randomisation, blinding and treatment allocation

The random allocation sequence will be computer-generated using an online software
program or website (ALEA; FormVision, Abcoude, The Netherlands) ran by the
executing researcher after obtaining informed consent. Randomization will be in
a 1:1 ratio and stratified per type of disease characteristic (i.e. ‘neuro-oncology’,
‘neurovascular’, ‘traumatic brain injury’, ‘infectious’) and age (i.e. ‘younger than 60
years’, ‘60 years or older’). Variable block sizes will be used; in each block both
groups will be represented equally. The web-based program will be secured and only
members of the study staff will have login credentials.

Patients participating in the study cannot be blinded due to the nature of the treatment.
Selective blinding of the clinicians and data collectors is unsecure while patients might
report their experience when undergoing the (music/control) intervention. Hence, to
prevent misleading conclusions an unblinded design was chosen. In our view, this is
not too much of a limitation, since the primary outcome of this study (i.e., the onset of

delirium) can be assessed objectively.

As the intervention is without risks and cannot be blinded, it will in no case be necessary
to break the randomization code. Data collection and intervention administration
(conducted by the treating nurses and consulting psychiatrist) and randomization and
final analysis (conducted by the executing researcher) were separated but not masked

from each other.

Interventions

Participants in the intervention group (i.e. music group) receive an over-ear headphone
and a tablet with access to a platform with different music playlists. These lists are
based on personal preference gathered from questionnaires at baseline assessing the
role (i.e. just listening versus playing instruments), importance (i.e. through a visual
analogue scale from 0 to 100) and preference of music (i.e. on genre) per patient.
These pre-selected playlists are categorized based on genre (jazz, blues, classic,
electronic, pop, 60s, 70s, 80s etc), country or artist, are either custom made or
composed by our research group from earlier trials and have a minimum duration of
180 minutes to prevent repetition of songs within the same music session. 2 The first
30 minutes of music, administered by the treating nurse, is given the day of operation

with the over-ear headphones while awaiting surgery. Once in the operating room they

107




Chapter 5

will receive in-ear earphones after intubation, compatible with the Mayfield clamp
and site of operation. The intraoperative music intervention, in accordance with the
pre-operative choice of music, will be continued during the surgical procedure and
discontinued just before detubation. Although patients might not remember this music
session, we chose for music during general anaesthesia as a significant decrease in
pain and anxiety has been reported in surgical patients when receiving intra-operative
music.*® The intra-operative music session is continuous and the duration depends
on the duration of surgery and will be documented. After surgery, during recovery at
the post-operative care unit (PACU) another 30 minutes of recorded music through
over-ear headphones will be administered. Subsequently, participants will receive
30 minutes of recorded music twice a day for the following 3 post-operative days
as music is currently investigated as preventive therapy and onset of post-operative

delirium has been reported in the first 3 to 5 days after intracranial surgery. > %373

The control group will not receive headphone music and will be treated according
to standard care. We did not choose for over-ear headphone - without music or other
auditory signals - in our control group as this is considered an intervention requiring
another study arm, which we deemed unfeasible. It would be an interesting opportunity
for future research to include other comparison and control groups (exposed to other
auditory input or silence), which could also generate more options for blinding the

clinicians and data collectors.

All participating subjects in this study will be requested to refrain from listening to music
through headphone during the first three postoperative days, apart from the planned
intervention. Music other than from the headphone (e.g. television) is allowed in either

the music or control group but patient or a family member is asked to report this.

Patients in either group, besides the screening tools for our primary and secondary
outcomes, will receive standard clinical care and will not be restricted from any

treatments whatsoever.

Outcome parameters

The primary outcome measure is presence or absence of postoperative delirium within
the first five postoperative days. ***! All participating patients on the ward will be
screened daily by the treating nurse using the Delirium Observation Screening (DOS)

scale, a validated 13-item delirium screening tool which is already current practice
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at the Neurosurgical ward in the Erasmus MC.** In case of raised suspicion by the
DOS a psychiatrist is consulted to confirm or reject clinical diagnosis of delirium
based on the DSM-5 criteria.’

Secondary outcome parameters include risk factors and health outcomes, which
substantiate the effect of music on delirium and evaluate its clinical implications for
patient and society:

- Severity and duration of delirium. In case of positive delirium, its severity
will be assessed using the Delirium Rating Scale-revised-98 (DRS-R-98).47-4¢
A DOS score of lower than 3 during 24 hours will be considered as a ‘faded
out’ delirium and number of days from onset until end will be documented.

- Pre-operative anxiety assessed with the VAS-anxiety (VAS-A). This 11-point
scale, in which 0 implies no anxiety and 10 the worst anxiety possible, is easy
to use, highly correlated with the State-Trait Anxiety Inventory (STAI), and is
assessed while awaiting surgery. In case of visual impairment, caused by the
neurologic disease, VAS will be exchanged for numeric rating scale (NRS). -5

- Activation of the parasympathetic nervous system, before and after surgery,
using the heart rate variability (HRV). The HRYV, the variation in the time interval
between adjacent heartbeats related to parasympathetic influences, is measured

through ECG-recordings while awaiting and when recovering from surgery. *

- Depth of anaesthesia is registered with Bispectral Index (BIS), which
signals EEG brain activity displayed into numerical values. The BIS is often
used to guide during anaesthesia but its feasibility and implications during

neurosurgical operations is still unknown.> 3

- Peri-operative medication use, such as opioids, benzodiazepines and

antipsychotic drugs will be extracted from the electronic patient files.

- Postoperative pain, assessed using the validated 11-point NRS-scale, in which

0 implies no pain and 10 the worst pain possible.

- Postoperative complications defined as an adverse event within two weeks
after surgery resulting in prolongation of current admission, new treatment

(i.e. reoperations) or death.
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Hospital length of stay in days defined as the day of admission until the actual
day of discharge.

Cognitive function assessed with the Montreal Cognitive Assessment (MoCA)

tool at baseline, 3 and 6 months. 3’

Daily function, expressed in Karnofsky Performance Scale (KPS) and
Modified Ranking Scale (mRS). * % This is assessed at baseline, 6 weeks,

3 and 6 months after surgery.

Mortality and readmission rate will be evaluated during the follow-up at 6

weeks, 3 and 6 months.

Health-related quality of life (HRQoL) with the EORTC-C30 and the EORTC-
BN20 questionnaires at baseline and during the follow-up at 6 weeks, 3 and

6 months.

Music importance (i.e. based on a visual analogue scale in which 0 implies no
importance at all and 100 the most imaginable importance), preference (i.e.
chosen per genre) and the role of music (i.e. just listening / active playing)
is administered at baseline. Moreover patient satisfaction, whether patient

received music or not, is assessed at 6 weeks after discharge.®!

Economic evaluation; see below for further details.

Eligibility criteria

Potential subjects visiting the outpatient clinic or admitted to the neurosurgical ward

will be informed about our study. A member of the research team undertakes the initial

screening for eligibility. In order to be eligible to participate in this study, a subject

must meet all of the following inclusion criteria:
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Patients undergoing a craniotomy.
Adult patients (i.e. age 18 years or more).

Sufficient knowledge of the Dutch language to understand the study documents
in the judgement of the attending physician or researcher.

Provision of written informed consent by patient or legal representative.
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A potential subject who meets any of the following criteria will be excluded from
participation in this study:

- Impaired awareness before surgery (i.e. motoric less than 6 in the Glasgow

Coma Scale)

- Planned post-operative ICU admission (i.e. with prolonged sedation and

mechanical ventilation).
- Suspected delirium (defined as fluctuating awareness) before surgery.

- Current antipsychotic treatment.

- Patients undergoing surgery impeding supply of music (e.g. surgical

translabyrinthine approach, awake surgery).

- Severe bilateral hearing impairment, defined as no verbal communication

possible.

- Known musicogenic epilepsy (i.e. seizure provoked when hearing a specific

type of sound or musical stimuli)

- Current participation in other clinical trials interfering with results.

Sample size

We expect an incidence of delirium in our control group of 30%. This is based on
literature documenting incidence of delirium in neurosurgical patients in a northern
European population of 29-33%.%% 31362 The expected effect cannot be based on
previous literature since no adequate trials exist on the effect of music on delirium.
Other non-pharmacological interventions mention a relative reduction of 36-77%.'? 22
We will therefore consider the intervention clinically relevant if a relative reduction
of 60%, corresponding to an absolute reduction of 18%, is achieved. Assuming a
power of 80%, a two-sided p-value of 0.05, and 1:1 randomization, a sample size of
90 patients per arm would be required. We expect a loss to follow-up of 5% and will

therefore include 189 patients.
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Inclusion period

We expect 50% of the craniotomy patients not to be eligible due to in- or exclusion
criteria given above. This leaves 240 eligible patients each year, taking into account
that approximately 480 craniotomies are conducted at the Erasmus MC in Rotterdam
each year. In 30% of these cases it concerns emergency operations and we do not
expect to be able to include many of these patients. Considering this, we would in
theory therefore need 14 months for inclusion. Hence we would plan 24 months of
inclusion time taking into account all the logistic challenges. In practice this comes

down to 1 or 2 inclusions each week.

Statistical analysis

All analyses will be conducted according the intention-to-treat (ITT) principle, i.e.
patients will be analysed according to the treatment arm they were assigned to,
irrespective of the treatment they actually received. The primary endpoint in a patient
will be the occurrence of a DOS score 3 or higher subsequently confirmed with the
DSM-5 by a psychiatrist. Those patients will be considered as event, all other patients
will be considered as non-event. The proportion of patients with an event will be
compared between the randomization arms using univariate and multivariate logistic
regression analysis, i.e. the Odds Ratio (OR) with 95% Confidence Interval (CI) will
be calculated. A two-sided p value of 0.05 or less will be considered statistically
significant. All other analyses will be exploratory and therefore as hypothesis-

generating only.

Economic evaluation

Taking a societal perspective, we will analyse the cost-effectiveness of the music
intervention versus ‘standard care’, using the techniques of a trial-based cost-
effectiveness analysis and cost-utility analysis. Established methods for economic
evaluations in health care will be used.®>

The analysis will include both medical and non-medical costs. Medical costs include
all the costs of hospital admissions, surgeries, diagnostic imaging, laboratory findings,
and consultations. The cost analysis will include costs of treating adverse consequences
of delirium (such as falls and posttraumatic stress) and will extend beyond the initial

hospital admission, including visits to the outpatient department, readmissions, nursing
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home admissions, medications and consultations with psychiatrists. To collect data on
health care use, both the hospital’s electronic information system and data from the
iMTA Medical Consumption Questionnaire (administered to the patients at the follow-
up visits) will be used.® These data will then be combined with unit costs to generate
patient-level costs. Non-medical costs will comprise costs of lost productivity. After
all, it is expected that patients in the intervention group may resume their (paid and/or
unpaid) work earlier, as the occurrence of delirium declines. Productivity losses will
be measured and valued using the iMTA Productivity Cost Questionnaire (iPCQ).¢’
Finally, for the patients in the intervention group, the costs of the music intervention
itself (i.e., headphones, earphones and sound equipment) will be added.

To measure the effects of the intervention, the economic evaluation will consider the
occurrence of delirium (as defined above) and quality-adjusted life years (QALY's). The
calculation of QALY's will be based on survival data and on the EQ-5D questionnaire.
%The EQ-5D is a generic, preference-based quality of life measure, comprising 5
dimensions of health, that allows for the calculation of QALY's. The EQ-5D will be

administered at base line and at 6 weeks and 3 and 6 months follow up.

Then, incremental cost-effectiveness ratios (ICERs) will be calculated by dividing the
difference in costs between the groups by the difference in effects, unless one treatment
dominates the other (i.c., has lower costs and greater effects). The ICERs will be
expressed as incremental costs per case of delirium prevented and incremental costs per
QALY gained. Uncertainty in the estimation of the ICERs will be illustrated through
cost-effectiveness planes (via bootstrapping). Cost-effectiveness acceptability curves
(CEACs) will be calculated showing the probability of the intervention being cost-
effective compared to ‘standard care’ as a function of society’s willingness-to-pay for a
QALY gained. The time horizon of the analysis will be the 6 months follow-up period. As
a result, discounting of future costs and benefits will not be required. Sensitivity analysis

will be performed to assess the robustness of the analysis to certain assumptions.

Patient and Public Involvement

Patients are involved in the composition of the music playlists, as these are based
on their music preference, the role music plays in their life (i.e. whether they are
musician / just listen to music) and the importance of music. The results of our trial

will be disseminated to the participating patients through a letter after publication.
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Trial monitoring

Based on the small chance of damage due to the intervention our risk is expected to be
negligible (risk class A). Monitoring will be conducted for quality assurance of data,
patient inflow, meeting of in- and exclusion criteria, informed consent, compliance,
patient safety, study procedures and source document verification in compliance with

the monitoring plan for risk class A (negligible risk).

Our Monitor will be an independent qualified researcher who completed a Good
Clinical Practice (GCP) training course. Results, conclusion and advice will be

recorded in the monitor report and stored for at least 15 years.

All investigators and study staff will be responsible for reporting adverse effects to
the coordinating investigator. The coordinating investigator or principal investigator
will report adverse events to the Medical Ethics Review Board in accordance with the
ethics committee adverse event reporting procedures. The coordinating investigator
and the principal investigator are responsible for adherence to all ethical committee
rules and guidelines and for the accuracy and completeness of all forms, entries, and

informed consent.

Data management

Data will be handled confidentially in compliance with the EU General Data Protection
Regulation and the Dutch Act on Implementation of the General Data Protection
Regulation (Dutch: Uitvoeringswet AVG, UAVG). Each subject will receive an ID
code which will be based on a random number produced by the randomization software
ALEA and the database tracing towards the patients’ ID will be stored separately. Any
information on paper collected during this study will be placed in a research folder,
which will be filed in locked cabinets in research offices at the Erasmus MC. Any
electronic information acquired during the research period will be stored in Open
Clinica, a secured and Erasmus MC approved storage program which tracks all the
changes applied and freezes data when inclusion and data check has been done. Only

the study staff will have access to the research data.
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Ethics and dissemination

Ethics

The study protocol has been reviewed by the Medical Ethics Review Board of the
Erasmus Medical Center in Rotterdam on 9 March 2020 and is not subject to the
Medical Research Involving Human Subjects Act (Dutch: niet-WMO). This study is
being conducted according to the principles of the Declaration of Helsinki (64" WMA
General Assembly, Fortaleza, Brazil, October 2013).

Benefits and risks assessment

Listening to music might be experienced as pleasant. During the informed consent
process, it will be made clear that participation might not have clear direct benefits to
the patient, and that refusal to participate will not have impact on the care received by
any of the medical staff.

Recent meta-analysis showed no side effects of recorded music through headphones.*
Hypothetically there is a chance of hearing damage — with subsequent tinnitus —,
which will be minimalized by setting a volume limit of 60 dB on each tablet, which is
the advised loudness of a music intervention in medical care. ® Moreover, participants
might be upset of being refrained from music when allocated in the control group.
Lastly, communicating at the clinician might be complicated during the music session,
especially in immobile patients.

All adverse events will be documented. We expect no intervention-related serious

adverse events.

Dissemination

The research team is committed to full disclosure of the results of the trial. Findings will
be reported in accordance with CONSORT guidelines and we aim to publish in high-
impact journals. Given the multitude of outcome parameters, results will be divided over

several papers. The funder will take no role in the analysis or interpretation of results.
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Chapter 6

Abstract
Objectives

Delirium is a serious complication following neurosurgical procedures. We
hypothesize that the beneficial effect of music on a combination of delirium-eliciting
factors might reduce delirium incidence following neurosurgery and subsequently

improve clinical outcomes.

Design

Prospective randomized controlled trial.

Setting

Single centre, conducted at the neurosurgical department of the Erasmus MC
Rotterdam, the Netherlands.

Participants

Adult patients undergoing craniotomy were eligible.

Interventions

Patients in the intervention group received preferred recorded music before, during
and after the operation until day 3 after surgery. Patients in the control group were

treated according to standard of clinical care.

Primary and secondary outcome measures

Primary outcome was presence or absence of postoperative delirium within the first five
postoperative days measured with the Delirium Observation Screening scale (DOSS)
and, in case of a daily mean score of 3 or higher, a psychiatric evaluation with the
DSM-5 criteria. Secondary outcomes included anxiety, heart rate variability (HRV),
depth of anaesthesia, delirium severity and duration, post-operative complications,

length of stay and location of discharge.

124



Music to prevent delirium during neurosurgery (MUSYC): a single-centre prospective randomised controlled trial.

Results
We enrolled 189 patients (music = 95, control = 94) from July 2020 through September

2021. Delirium, as assessed by the DOSS, was less common in the music (n = 11,
11.6%) than in the control group (n =21, 22.3%, OR:0.49, p=0.048). However, after
DSM-5 confirmation, differences in delirium were not significant (4.2% vs. 7.4%,
OR:0.47, p=0.342). Moreover, music increased the heart rate variability (RMSSD,

p=0.012). All other secondary outcomes were not different between groups.

Conclusion

Our results support the efficacy of music in reducing the incidence of delirium after
craniotomy, as found with DOSS but not after DSM-5 confirmation, substantiated by
the effect of music on pre-operative autonomic tone. Delirium screening tools should

be validated and the long-term implications should be evaluated after craniotomy.

Strengths and limitations

e This is the first randomized controlled trial assessing the effect of music on

delirium after craniotomy

e A variety of secondary outcomes, substantiating the onset of delirium and its

clinical implications, were collected.

e Delirium was defined with the Delirium Observation Screening Score and the
DSM-criteria.

*  Due to the nature of the intervention, we did not blind the study, which could

have influenced the outcome assessors.

*  The generalizability of the results may be affected by the single-centre design
of the study.
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Introduction

Delirium is defined in the latest Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) as “an acute disturbance in attention and cognition which is not
better explained by another neurocognitive disorder such as for example dementia”.
To increase the recognition of delirium during hospital stay, a variety of delirium
diagnostic screening tools have been developed, which can also be assessed by other
healthcare workers. Delirium in neurosurgical patients has been reported in 4 to 44%
of cases, with a large variation in definition and assessment methods. (1) The high
incidence in this population is probably caused by the underlying massive neuro-
inflammation which is usually induced during intracranial procedures. (2) Delirium,
also in neurosurgical literature, is often multifactorial in aetiology and can be
influenced by a number of predisposing (e.g. older age, cognitive impairment, multiple
comorbidities) and precipitating factors (e.g. infections, operations, drugs).(3-8) The
clinical relevance of delirium in neurosurgery remains difficult to assess objectively,
as criteria for delirium overlap with symptoms from the primary neurologic injury.
However, delirium independently predicted clinical outcomes in neurosurgical and
neurocritically ill patients such as worse functional outcome (9), length of stay, costs
and death. (10) These complications justify the search for preventive therapies for

post-operative delirium in neurosurgical patients.

Although promising preventive approaches are emerging, pharmacological treatments
have inconsistent results and are accompanied with side effects. (11, 12) Non-
pharmacological multi-component approaches for primary prevention, such as
reorientation, early mobilization, therapeutic activities, hydration, nutrition and sleep
strategies have been shown to be effective and cost-reducing in other patient groups.
However, these approaches can be labour intensive, and include the use of volunteers,

or non-licensed professionals to enhance feasibility. (13)

Recorded musicis an easy applicable intervention which neatly fits throughout the entire
perioperative process and has been shown to be effective in the surgical population
in reducing a combination of delirium-eliciting factors such as pre-operative anxiety,
post-operative pain, stress response and opioid/sedation requirement.(14-21) A recent
meta-analysis, evaluating six randomised pilot studies, found music potentially being
effective in preventing postoperative delirium in postsurgical patients. However, these

studies did not include neurosurgical patients. (22)
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We therefore designed a randomized controlled trial to assess the effect of music in

the prevention of post-operative delirium in neurosurgical patients.

Methods

Patient and public involvement

Patients were involved in the composition of the music playlists, as these were based
on their music preference, the role music plays in their life (ie, whether they are
musician/ just listen to music) and the importance of music. The results of our trial

were disseminated to the participating patients through a letter after publication.

Study design
The Music to prevent deliriUm during neuroSurgerY Clinical (MUSYC) trial was a

single centre, prospective randomized controlled trial conducted at the Erasmus MC
Rotterdam, the Netherlands. The trial compared effects of music administered before,
during and after craniotomy with standard of clinical care. The Medical Ethics Review
Committee of the Erasmus Medical Center, Rotterdam (Erasmus MC), declared this
study not subject to the Medical Research Involving Human Subjects Act (i.e. ‘Non-
WMO”), and approved this study (MEC-2020-0064), on the 25" of February of 2020,

as such.

The trial protocol was designed by neurosurgeons, psychiatrists, anaesthesiologists
and neuroscientists and followed the Standard Protocol Items: Recommendations
for Interventional Trials (SPIRIT) guidelines and the Consolidated Standards of
Reporting Trials (CONSORT) guidelines for non-pharmacological treatments (see
checklist in online supplementary material). The trial was registered (trialregister.nl:
NL8503 and ClinicalTrials.gov: NCT04649450) and details of the protocol have been
published previously. (23, 24)

We expected an incidence of delirium in our control group of 30%, which was based
on the incidence of 24.2-32.4% documented in neurosurgical literature using the
same screening tool (i.e. DOSS).(5, 7) When designing the trial, the expected effect
could not be based on previous literature as no pooled effect of music on delirium was
reported. Other non-pharmacological interventions mentioned a relative reduction of

36%—77% and we therefore considered the intervention clinically relevant if a relative
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reduction of 60%, corresponding to an absolute reduction of 18%, was achieved.(25,
26) Assuming a loss to follow-up of 5%, we estimated that a target sample size of 189

patients would provide the trial with a power of 80%.

From July 2020 through September 2021: 189 patients were registered and randomly
assigned to a trial group: 95 in the music group and 94 in the standard care group
(Fig. 1). Randomization was done in a 1:1 ratio, by a secured online software program
(ALEA; FormsVision BV, Abcoude, The Netherlands) and stratified per type of
disease characteristic (i.e. ‘neuro-oncology’, ‘neurovascular’, ‘traumatic brain injury’,
‘infectious’) and age (i.e. “younger than 60 years’, *60 years or older’). Variable block

sizes were used in which in each block both groups were represented equally.

Patients

Adult patients (i.e. age 18 years or more) undergoing craniotomy (i.e. opening the
dura requiring bone flap removal) at the Erasmus MC with sufficient knowledge of
the Dutch language were eligible for study participation. Exclusion criteria were:
impaired awareness before surgery (i.e. motoric less than 6 in the Glasgow Coma
Scale), planned post-operative intensive care unit (ICU) admission, suspected
delirium (defined as fluctuating awareness) at baseline, antipsychotic treatment,
undergoing surgery impeding supply of music (i.e. awake craniotomy or vestibular
schwannoma surgery), bilateral hearing impairment and participation in other clinical
trials interfering with results. During inclusion, one participant reported that music
induced epileptic seizures (known as musicogenic epilepsy): this patient was excluded
(and the exclusion criteria were adopted accordingly), as it was considered unethical
to expose such a patient to music. Eligible patients were approached and written

informed consent by patient or legal representative was obtained.

Intervention

All participating subjects were treated according to standard of care. Method of
music intervention administration (i.e. type, frequency and duration) was applied
based on previous studies.(17, 18) Participants in the intervention group (i.e. music
group) received an over-ear headphone and a tablet with access to a platform with
different pre-selected music playlists (i.e. jazz, blues, classic, electronic, pop, 60s,

70s, 80s etc), in which the music selection could be extended based on patients’
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wishes. These patients received the first 30 minutes of music at the pre-operative
holding area the day of operation (day 0) while awaiting surgery (see supplementary
figure 1 for ‘Study Course MUSYC trial’) which was stopped before reaching the
operation room. In the operating room, in-ear earphones after intubation, which were
compatible with the Mayfield clamp and site of operation, were inserted and music
was continued until just before detubation. After surgery, during recovery at the post-
operative care unit (PACU), another 30 minutes of recorded music through over-ear
headphones was administered. Finally, participants received 30 minutes of recorded
music twice a day until post-operative day 3. Patients in the control group were asked
to refrain from music listening, however this was not strictly controlled as this would
influence the standard of clinical care too much. Nurses were instructed to monitor for
music listening behaviour with a diary which was placed next to the music equipment.
Periodically (approximately every six months) a training was given for all nurses on
the ward to explain how music had to be administered and monitored.

Outcome measures

The primary outcome measure was presence or absence of postoperative delirium
within the first five postoperative days. (27) The diagnosis of delirium required a
two-step procedure; first, all participating patients were daily screened by the treating
nurse using the Delirium Observation Screening scale (DOSS), a validated 13-item
delirium screening tool with higher scores indicating a higher probability of delirium.
Use of the DOSS was already current practice at our department and was administered
by the nurse during each shift (three- 8-hour shifts per day).(28-31) Second, in case
of a daily mean score of 3 or higher, which was radiologically not substantiated
by a neurosurgical complication, a psychiatrist was consulted to assess the clinical
diagnosis of delirium based on the DSM-5 criteria.(32) DSM-5 criteria assessment
was conducted once in case of an increased mean DOS score of 3 or above. This was
not standardized for a certain moment of the day, but depended on the timing of the
increased mean DOSS score and the logistic of the consulting psychiatrist that specific
day. We chose not to blind the assessors from the intervention, as this could not be

secured which might have led to misleading results.

Secondary outcomes were assessed to substantiate the effects of music on delirium
and its clinical implications. Pre-operative secondary outcomes (during the 30-minute

pre-operative holding stay) included anxiety (measured with the Visual Analogue
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Scale-anxiety/VAS-A) and heart rate variability (HRV), a marker of the autonomic
tone reflecting parasympathetic nervous activity, measured with a 30 minutes
electrocardiography (ECG) recording. The following HRV parameters were analysed:
standard deviation of normal sinus beats (SDNN), root mean square of successive
differences between normal heartbeats (RMSSD), the number of adjacent NN
intervals that differ from each other by more than 50 ms (NN50) and the ratio of
low frequency to high frequency power (HF/LF). Intra-operative secondary outcomes
included depth of anaesthesia with Bispectral Index (BIS, Aspect ™ version 3.22)
with standardized sedation dosages (propofol and remifentanil). BIS was measured
from the non-operated side, if feasible with site of resection, and the anaesthesiologist
was blinded from the intra-operative BIS values, which was considered ethical as this
form of monitoring is not standard of clinical care during intracranial procedures.
Post-operative secondary outcomes (measured during the entire post-operative stay)
were delirium severity (using the Delirium Rating Scale-revised-98/DRS-R-98) and
delirium duration (onset until first day DOSS score <3), pain (Numeric Rating Scale/
NRS pain and dosages analgesic), post-operative complications, length of stay and
location of discharge. Finally, patients’ satisfaction of receiving music was assessed
with a 100- point visual analogue scale (administered at the outpatient clinic 6 weeks

after discharge).

Baseline characteristics were extracted at baseline from questionnaires or the electronic
patient file consisting of age, gender, medical history, daily function (Karnofsky
Performance Scale/KPS or Modified Rankin scale/MRS), quality of life (100-likert
scale, EQ-5D and EORTC QLQ — BN-20), cognitive function (Montreal Cognitive
assessment / MoCA), disease characteristics (i.e. neurologic deficit, type and side

of intracranial pathology) and operation details (i.e. emergency grade, duration of

surgery).

Statistical analysis

The main analysis was the comparison of the proportion of patients with delirium
between the two arms in the Intention-to-Treat population (ITT; all registered and
randomized patients) using univariate logistic regression. As sensitivity analyses
the proportion of patients with delirium was also compared between the two arms
in the modified ITT (m-ITT, i.e. ITT but excluding patients who were found to be
ineligible after randomization) and Safety Population (i.e. all patients who underwent
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craniotomy). A multivariable logistic regression analysis with the stratification factors
in the ITT population was also performed as sensitivity analysis, while multivariable
analyses in the m-ITT and safety population should be considered as descriptive and
therefore as hypothesis-generating only. All secondary outcomes were analyses in the

mlITT population, and should only be considered as descriptive only.

A 2-hour recording of BIS (blinded from the anaesthesiologist between operation
minute 60 to 180) was split into samples of 15 minutes as time points. A 30-minute
recording of HRV was split into samples of 5 minutes as time points. Subsequently,
we ran a linear mixed model with unstructured covariance for BIS and HRYV, as a
within subject variability was suspected, with time point and interaction group/
time point as independent variables, as presented with fixed effects (beta/ff1) and
confidence intervals (95%CI). Moreover, a sensitivity analyses was conducted
with possible additional confounding for depth of anaesthesia (BIS level) including
age, comorbidity, type of disease, American Society of Anesthesiologists (ASA)
classification and steroid use. The residual plots were visually observed and a log

transformation was applied in case of heteroscedasticity.

A two-sided p value of 0.05 or less was considered statistically significant. All

statistical analysis were conducted using R (version 4.1.1).

Results

A total of 309 patients were expected to be eligible after screening, of which 189
patients were registered and randomly assigned to the music (n=95) or control
group (n=94). Five patients (4 in the music group and 1 in the control group) were
excluded after registration due to withdrawing consent (n = 1), pre-operative use
of antipsychotic treatment (n=1), or no craniotomy (n = 3, one operation cancelled,
one burr-hole-biopsy and one no necessity of opening the dura). The remaining 184
patients, constituting the modified intention-to-treat population, were followed up for

all the secondary outcomes.
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CONSORT 2010 Flow Diagram
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Figure 1. CONSORT Trial flowchart.

The baseline characteristics were similar in the two trial groups (ITT population), with
a median age of 60 years and 44% being female (table 1). Psychiatric medical history
was reported in 11%, including depression (n = 10) in most cases, pre-operative usage
of possible delirium eliciting medication (i.e. antidepressants and sleep medication)
in 15% and no dementia in our cohort. Baseline cognition (MoCA) was 24/20-27
(median/IQR), quality of life (QoL) was 70/55-80 (median/IQR) and no neurologic
symptoms (in case of a KPS =100 or MRS = 0) at admission were present in 23%. This
cohort included mostly neuro-oncological patients (n = 161, 85%), with neurological
deficit present in 38% and frontal localisation in 34%. Affection for music was
reported with an importance of 8/7-8 (median/IQR), only 5% reported never to listen
music in daily life. Surgical details showed duration of surgery of 220 minutes and

emergency surgery (i.e. within 72 hours) in only 3%.
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Table 1. Baseline characteristics

Control (n=94)
Pre-hospital demographics

Music (n = 95)

Age (years) * 61 (51-69) 60 (49-69)
Sex (% female) 46 (49%) 38 (40%)
Medical history (n/%)
Somatic history! 79 (84%) 74 (78%)
Psychiatric history 14 (15%) 6 (6%)
Delirium prior admission 2 (2%) 5(3%)
Dementia 0 (0%) 0 (0%)
Body mass index (kg/m?) 26 (24-30) 26 (23-28)
Medication (n/%)? 15 (26%) 14 (15%)
Intoxication?
Abuse of alcohol (n/%) 6 (6%) 1 (1%)
Abuse of drugs (n/%) 3 (3%) 3 (3%)
In-hospital demographics
Pre-hospital functional status* 80 (70-90) 80 (70-90)
KPS (100-0) 70 (18-80) 70 (45-80)
MRS (5-1) 1.0 (0.25-2.0) 1.0 (1.0-2.0)
Quality of Life (1- 100) 70 (60-79) 70 (55-80)
Cognitive function (0 - 30)° 24 (19-27) 25 (21-27)
Electrolyte disturbance (n/%)° 10 (11%) 9 (10%)
Disease characteristics
Neurologic deficit (n/%) 35 (37%) 36 (38%)
Type
Oncologic 81 (86%) 80 (84%)
Vascular 12 (13%) 14 (15%)
Other 1 (1%) 1 (1%)
Frontal disease localization (n/%) 40 (43%) 24 (25%)
Music affection
Music importance 7.0 (6.8-8.0) 8.0 (7.0-8.0)
Frequency listening
The whole day 29 (31%) 21 (22%)
Some hours per day 44 (47%) 54 (57%)
Some hours per week 9 (10%) 12 (13%)
Never 6 (6%) 3 (3%)
Played an instrument 20 (21%) 20 (21%)

Operation details’

Operation duration (minutes)

220 (160-320)

210 (140-290)

Emergency operation (n/%)>3 2 (2%) 4 (4%)
Supine position (n/%) 81 (86%) 80 (84%)
Tramrail sign tension (n/%) 68 (72%) 67 (7%)

*All continuous data are presented in median/IQR. 1. Somatic history: including systematic
disease (DM, hypertension) currently treated by medication and prior surgery (requiring general
anesthesia on the operation room). 2. Medication known to induce delirium before admission,
such as sleep medication, morphine, atropine and antidepressants 3. Reported abusive use of
alcohol and/or drugs. 4. Patients’ functional performance with the Karnofsky Performance Scale
(ranging from 100/’No complaints’to 0/’ Death’) and Modified Ranking Scale (ranging from 0/’ No
symptoms to 5/'Death’. 5. Cognitive function assessed with the Montreal Cognitive Assessment /
MoCA 6. Electrolyte disturbance (mEq/L) in case of sodium >145 or <135 or potassium <3.5
or>5. 7. Patients in the MITT population (n=184) only. 8. Operation indication within 72 hours.
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Primary outcome

In the music group, adherence to the music intervention before, during, and directly
after surgery was 96%, 100%, and 74%, respectively (supplementary table 1). The
following days the adherence decreased each day, from 70% on the first morning to
47% at noon on day 3. The total listening time was a median of 130 minutes (IQR,

73-230) during the five days of admission or until discharge.

A high DOSS score (i.e. 3 or higher) was observed in 32 patients. This was caused by
a neurosurgical complication, as confirmed on radiology, in three patients; two patients
with infarction after a vascular procedure with hemiparesis and decreased attention. The
other patient had a subdural hematoma which was evacuated in the operation room.
This resulted in 29 patients with possible delirium by DOSS; 21 were evaluated by the
psychiatrist who diagnosed delirium in 11 patients (57%) based on the DSM-5 criteria.

According to the DOSS, a significantly higher incidence of delirium was observed in the
control (n=21) vs. music (n=11) group in the ITT population for the univariable (22.3
vs. 11.6%, p =0.048) and multivariable (OR/95%CI: 0.49/0.20-1.00, p =0.050) analysis.
This was not observed in the mITT (p = 0.064) and the SP (p =0.064) population. The
occurrence of a DSM-5 confirmed delirium, was not statistically significant between the
control (n=7) vs. music (n=4) group in the ITT (7.4 vs 4.2%, OR = 0.55), the mITT (7.5
vs. 4.4%, OR = 0.57), and the SP (7.4 vs. 4.3%, OR = 0.58) population (table 2).

Of those patients with DSM-5-confirmed delirium (n = 11); severity of delirium
(mean/SD) was 12.60/5.52, which was not different between the two arms (p =0.857).
The duration of delirium (days, mean/SD) was 3.36/4.69, which was not different
between the two arms (p = 0.761).

Secondary outcome

Available ECG data (n=87) revealed that heart rate remained constant in the music
group while it decreased after 15 (£, = 2.89, p =0.043), 25 (5, = 3.36, p=0.05) and 30
(B, = 5.06, p=0.011) minutes in the control group (table 3 and figure 2). A significant
increase on HRV was found by music at 5 minutes on RMSSD (8, = 55.08, p=0.012).
No significant effect was found on the other HRV parameters. Available depth of
anaesthesia (n=70) data revealed no significant difference between the music and
control group at the several analysed time points (figure 3). A trend towards less
anxiety in the music group was observed (p=0.058, figure 4). All other secondary

outcomes were not different between groups.
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Table 2. Primary outcome

Control Music Univariable P Multivariable P
m/%) (/%) analysis  value! analysis  value?
(OR/95%CI)* (OR/95%CI)*

Intention-to-treat analysis (ITT)

Increased DOSS 21/22.3% 11/11.6% 0.46/0.19;1.00 0.048 0.49/0.20;1.00 0.050
Confirmed by DSM-5  7/7.4%  4/42% 0.55/0.14;1.96 0.342 0.57/0.16;2.07 0.39
Modified Intention-to-treat analysis (mITT)

Increased DOSS 21/22.6% 11/12.1% 0.47/0.21;1.04 0.060 0.47/0.16;2.07 0.064
Confirmed by DSM-5  7/7.5%  4/4.4% 0.57/0.14;2.03 0.370 0.58/0.16;2.10 0.412
Safety Population (SP)

Increased DOSS 21/22.3% 11/12.0% 0.47/0.21;1.04 0.061 0.47/0.21;1.04 0.064
Confirmed by DSM-5  7/74%  4/43% 0.58/0.14;2.03 0.370 0.58/0.16;2.11 0.414

*Odds Ratio/95%Confidence interval (OR/95%CI). 1. P values assessed with the Chi-squared
test 2. Logistic regression analysis with groups, type disease and gender as independent variables.

Table 3. Secondary outcomes

Control (n = 93) Music (n =91) P value

Univariable analyses
Anxiety difference (mean/SD)! 0.05/0.94 -0.25/1.49 0.058
Pain (mean/SD)? 3.56/1.91 3.16/1.74 0.246
Naproxen mg (mean/SD) 13.6/75.4 2.75/26.2 0.103
Oxycodon mg (mean/SD) 2.03/4.35 1.61/3.31 0.828
No complications (n/%) 25 (26.9%) 21 (23.1%) 0.551
Length of stay, days (mean/SD) 7.43 (8.08) 6.74 (8.26) 0.947
Discharge home (n/%) 77 (82.8%) 76 (83.5%) 0.896

Multivariable analyses
Heart Rate Variability/HRV (£,/95%CI)*

Time point® SDNN RMSSD NN50 LF/HF

5 minutes  38.84/-2.23;79.91 55.08/13.16;97.00* 17.64/-3.92;39.21 -0.46/-1.04;0.11
10 minutes 18.87/-18.23;55.97 18.79/-16.16;53.75 11.11/-8.67;30.88 0.49/-0.18;1.17
15 minutes  2.49/-35.41;40.38 -3.20/-38.60;32.19 9.14/-11.11;29.38 0.34/-0.28;0.96
20 minutes -11.65/-52.87;29.58 3.12/-40.54;46.78 = 8.22/-12.00;28.45 0.56/-0.07;1.19
25 minutes -15.62/-57.24;26.00 -11.85/-58.03;34.33 -3.56/-27.10;19.98 0.45/-0.26;1.16
30 minutes  7.41/-38.04;52.87 22.20/-17.01;61.41 -5.98/-28.49;16.53 0.46/-0.18;1.09
Time point® Depth of anesthesia/BIS (#,/95%CI)* P value
15 minutes 0.71/-3.17;4.58 0.717
30 minutes -1.44/-3.34;0.46 0.139
45 minutes -1.06/ -3.42;1.30 0.378
60 minutes -2.23/-5.34;0.89 0.162
75 minutes -1.82/-5.48;1.83 0.328
90 minutes -2.46/ -6.72;1.79 0.256
105 minutes -0.50/-6.17;5.16 0.862
120 minutes 0.31/-5.44;6.05 0.917

Secondary outcomes analyzed on the mITT population. 1. Anxiety differences between first and
second measures with VAS-A. 2. Pain (NRS) over the first three post-operative days. 3. Time-
points samples included in the linear mixed model. 4. HRV analyses; 30 minute of pre-operative
ECG recordings split into 5-minute samples, all values marked with * are significant (i.e. p<0.05).
5. BIS analyses: 120 minute of intra-operative BIS registration split into 15-minute samples.

135



Chapter 6

"SIpaq Snuls [puLiou Jo (7S ‘NNJS -SIvaqrivay
[DULIOU UDIMIDG S2OUDLD[JIP 24185200NS JO 240NDS uPdW 1004 ‘SSY SUL ()¢ UDY) 210U Aq 42YJ0 YOV WO.Lf 42[J1p IDY) SPAL2IUL NN JU2ODIPD fO
daquinu ‘OGNN domod Louanbaif ySry o) Aouanba.f moy fo onyp.a SJH/IT {11GDLIDA 2104 1uDAY Y] “Si210WpADd Y] 42410 2Y] UO PUNof Sbm
1025 Juvoifiudis oN (710°0=d ‘90°cc="¢) (SSINY uo it ¢ 1 d1snul Aq punof svm Ay U0 aspa.oul Juvdyiudis y "dnotd jo4guod ayy ul unu
(110°0=4 ‘90°s="9) 0§ pup (0°0=d ‘9¢°¢="d) 7 (s+0°0=d ‘68'C="§) CI 121 pasra1d3p 11 a1y dno.3 d1snul 2y} Ul JUDISUOD PIUIDUIAL D)1
JAD2 ] “Sdno.d uaamaq pasnduiod puv syurod awiny sv uru ¢ fo sajduws ojui 117ds Spm Y JO Suip.L0da.4 ainul-()§ | AYH JO 254102 aanp.1adoaJ

AYH JO 254100 2ayn12do-a4g 7 24ns1,

sanuy senuIpy
[ sz 0z s o s (3 oz st o s
W T -SL0
.H S J - —_— -09
-0t
= s x
Er— 3 ERT— Bl
< <
010D o D) 104U0D o S / D)
- -gzL 2 - e / s
|oAu0D oISNW € jojuooToIsnw - - 7 08 &
I
LS 7
= ﬁ\
-05') e
- 004
4H/A0 O0SNN
sanuIp seynuIy
oz o Q s 0¢ 0z st o s
-sL
+ + - * -08
V -001 e +
- 00t
Qsnw 3 dusnw I >
4 - -ser 2 ® — N\ T 2
10AU0D o S — A— S 5
_ S o= - - \ -0z1 2
|0A)u0d oISNW L £ |onuoo oIsnw Pz [ 5
o -051 P <
— 7 =
= 7 — -ovt
-sz1 |

asswd

-09L

NNAS

136



Music to prevent delirium during neurosurgery (MUSYC): a single-centre prospective randomised controlled trial.

“Xopuj (p.4goadsig ‘Srg “spurod
au1] pasAIpun [p.424as Yy Jp dNno.sd j0.JU0d PUp 21SNUL Y] UIINIDG 2IUL[JIP JUDIYIUSIS OU pajpadal vIpp (()/=u) DIsayisavup Jo yidap ajqvvay
"sdno.3 uaamaq pa.vduiod pupv spurod auiy sv uiut ¢ Jo sajdups opui j1jds spm §1g Jo Suipodad anoy-g y visayisavup Jo yidop aarn.iadov.syuy

‘v1sayisavun Jo ypdap aapviado-vyyuy *¢ 24ns1,J
sanuIN

ozL 06 09 0€

-2t

| x )’ -8
JISNW e Y/A s \ o
- w
|0juUoD e 1 Mlu
|onuoD 2ISnWw 4 4L 5
-vE
E:
i) -Gg

slnoy om] 8sinod g|g

137



Chapter 6
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Figure 4. Anxiety Two anxiety measurements (VAS-A) were conducted before surgery and
categorized in ‘No anxiety’ (0 — 2), ‘Medium anxiety (3-6) and ‘High anxiety (7 — 10). Most
patients remained in their anxiety level, although some patients showed a decrease pre-operative
anxiety when receiving music, but this difference was non-significant between groups (p=0.058).

Patient satisfaction (median/IQR) in the music group who filled in the questionnaire
(n = 68), was 85/80-95, and 88% reported they would want to receive music in case

of future surgery.

Discussion

We found a significant decrease on the incidence of post-operative delirium by the
addition of music perioperatively using the DOSS, however this was not significant
when assessed by the DSM-5 criteria. Second, music activated pre-operative heart rate
variability, a marker of autonomic tone. Last, no significant effect on anxiety, depth
of anesthesia, post-operative complications, length of stay and location of discharge

were found. Clinical implications and limitations are discussed below.

We found a significant decrease on the incidence of post-operative delirium, defined

with DOSS, by the addition of perioperative music. A recent published systematic
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review conducted a meta-analysis on the preventive effect of music on delirium with
six studies and found a relative reduction similar to ours (0.52 vs 0.48)(22) This meta-
analysis included pilot studies which administered patient preferred music similar
to our design, but varied from ours as the population considered surgical and non-
surgical ICU patients and delirium was defined with the NEECHAM, CAM-ICU
or own definitions. Our sample size calculation was based on other neurosurgical
studies evaluating delirium in case of increased scores on delirium screening tools.
(1) When handling screening tools for delirium definition by using the DOSS, we
support the efficacy of music in lowering the incidence of post-operative delirium.
However, although a similar trend was found, significance of results was not achieved
when assessed by the DSM-5 criteria. The discrepancy between DOSS and DSM-
5 may have several explanations. First, DSM-5 was evaluated by a psychiatrist
after an increased DOSS score. Hence, delirium may have been resolved over time
before the psychiatrist its assessment. Moreover, DOSS evaluation was conducted
three times per day by the nurses, as opposed to DSM-5 determination which was
only evaluated once. DSM-5 assessment during day-time might have missed some
cases as delirium fluctuates over the course of the day, especially for the delirium-
type present during night-time. Also, not all our patients with increased DOSS were
evaluated by a psychiatrist due to logistics and we might have missed some patients
with delirium. Second, delirium screening tools have not been validated within the
neurosurgical population. (5-8, 33-37) Hence, while high diagnostic accuracies in the
general population justify diagnostic usage of delirium screening tools, it is unclear
whether this can be adopted to our complicated patient population, as a positive screen
for delirium may be due to the underlying neurological disease or its sequelae (e.g.,

oedema, vasospasm, seizures, rebleeding, ischemia) leading to false-positive results.

We propose a vagal-mediated anti-inflammatory response as a candidate pathway of
music on delirium, as hypotheses of delirium rely on neuro-inflammatory reactions
within the brain. (2) Although we did not assess inflammatory cytokines in our study,
vagal nerve activation by music was supported by the increased HRV, revealed by an
increased RMSSD on ECG during the pre-operative music session. The activation
of HRV by music in brain-damaged patients was proven earlier and is considered a
valid marker of parasympathetic nervous activation. (38, 39) Whether HRV could
be used as a marker for postoperative recovery, remains to be determined. Moreover,

we observed a decreasing trend in pre-operative anxiety by music, although this did
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not reach significance. This pre-operative parasympathetic activation and anxiety
reduction may have induced a sedative-sparing effect, subsequently increasing
cortical engagement and cognitive processing.(40) We did not find a deeper level of
anesthesia in the music group. Literature is contradictory on the correlation of depth
of sedation and anesthetic requirements as music listening is associated with decrease
of depth of anesthesia, but no decrease of sevoflurane was achieved when pursuing
constant depth of anesthesia. Future neurosurgical studies should confirm whether
concentration of sedation can be reduced with music in case of standardized depth of
anesthesia (BIS) levels.

We found high adherence to the music intervention before surgery. High importance
of music in daily life, the number of hours listening to music in daily life and the
willingness to receive music intervention in case of future surgeries was found in our
cohort, which are considered important facilitators for music implementation. (41)
However the adherence declined after surgery, due to pain, nausea, logistics (i.e. for
MRI) or unwillingness. Absence of a near future operation prospect may have reduced
the urgent necessity of music, resulting in the post-operative decline in adherence.
Lack of the knowledge of the intervention is considered a barrier for implementation.
Informing patients, substantiated by the results from efficacy studies such as this trial,

may aid in the implementation of music in the neurosurgical population.

Although delirium is (most often) temporary and self-limiting, delirium independently
predicts clinically relevant outcomes in neurologically damaged patients. (9) (10)
Although a trend was observed, we did not find any significant positive effects on
complications, length of admission or location of discharge. Future studies should
assess the long-term implications of delirium defined with either DOSS and DSM-

criteria after discharge in neurosurgical patients.

Strengths and limitations

This is the first randomized controlled trial assessing the effect of music on delirium
after craniotomy and the largest assessing the effect of music against delirium. We
showed that music reduced the incidence of delirium when defined with the DOSS
but not after DSM-5 confirmation. Our study was subject to several limitations: first,
not all our patients with increased DOSS were evaluated by a psychiatrist due to

logistics and we might have missed some patients with delirium. However, we feel
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that this did not affect our conclusions, because, with our low confirmation rate of
suspected delirium, the study would still have been underpowered. Second, due to
the nature of the intervention we did not blind the study, which could have influenced
the outcome assessors. However, blinding could not be secured which might have led
to misleading results. Third, the generalizability of the results may be affected by the
single-centre design of the study.

Conclusion

Our results support the efficacy of music in reducing the incidence of delirium
after craniotomy, as found with DOSS but not after DSM-5 confirmation. Delirium
screening tools should be validated within the neurosurgical context and the long-term
implications of a delirium, either defined by an increased DOSS or DSM-5, should be
evaluated. This effect of music is substantiated by the effect of music on an increased
pre-operative HRV. Last, although pre-operative adherence was high, this declined
after surgery which should be taken into account, when considering implementation

in the neurosurgical population.
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Supplementary figure 2. Course delirium diagnosis

Increased DOSS

-

DSM-5 confirmed
n=11(57%)

Evaluated
n=21(72%)

(n=32)

Delirium based on DOSS
(n=29)

- Radiologically confirmed
neurologic cause (n = 3)

Delirium diagnosis flowchart, diagnosis of delirium required a two-step procedure. First, all

L

DSM-5 not confirmed
n =10 (43%)

40 Not evaluated n =8 (28%)

participants were screened with the DOS scale. Second, in case of a daily mean score of 3

or higher (and no neurologic cause was radiologically found) a psychiatrist was consulted
to assess the clinical diagnosis of delirium based on the DSM-5 criteria. In 8 patients, the

psychiatrist was not consulted due to logistic issues.
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Supplementary table 1. Adherence to music intervention during trial

Day 0 Day 1 Day 2 Day 3

Moment! Pre Per Post Morning Noon Morning Noon Morning Noon
N2 91 91 91 91 91 88 88 70 70
Music

No 3 0 21 25 26 26 21 19 20

Yes 79 91 61 59 45 44 39 24 18

Unknown® 9 0 9 7 20 18 28 27 32
Adherence*  96% 100% 74%  70% 63% 63% 65% 56% 47%

Patients in the mITT population allocated to the music group. 1. Session of 30 minutes in the
morning or afternoon. 2. Amount of patients in the musical group not discharged from the
ward. 3. Unregistered music session. 4. Adherence calculated from the registered patients (i.e.

Yes'/’No’+ ’Yes’)
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Chapter 7

Abstract

Awake craniotomy is increasingly used to resect intrinsic brain tumors while
preserving language. The level of musical training might affect the speed and extend
of postoperative language recovery, as increased white matter connectivity in the
corpus callosum is described in musicians compared to non-musicians. In this cohort
study, we included adult patients undergoing treatment for glioma with an awake
resection procedure at two neurosurgical centers and assessed language preoperatively
(T1) and postoperatively at three months (T2) and one year (T3) with the Diagnostic
Instrument for Mild Aphasia (DIMA), transferred to z-scores. Moreover, patients’
musicality was divided into three groups based on the Musical Expertise Criterion
(MEC) and automated volumetric measures of the corpus callosum were conducted.
We enrolled forty-six patients, between June 2015 and September 2021, and divided
in: group A (non-musicians, n=19, 41.3%), group B (amateur musicians, n=17,
36.9%) and group C (trained musicians, n=10, 21.7%). No significant differences on
postoperative language course between the three musicality groups were observed
in the main analyses. However, a trend towards less deterioration of language
(mean/SD z-scores) was observed within the first three months on the phonological
domain (A:-0.425/0.951 vs. B:-0.00100/1.14 vs. C:0.0289/0.566, p-value=0.19)
with a significant effect between non-musicians vs. instrumentalists (A:-0.425/0.951
vs. B+C:0.201/0.699, p=0.04). Moreover, a non-significant trend towards a larger
volume (mean/SD cm?) of the corpus callosum was observed between the three
musicality groups (A:6.67/1.35 vs. B:7.09/1.07 vs. C:8.30/2.30, p=0.13), with the
largest difference of size in the anterior corpus callosum in non-musicians compared
to trained musicians (A:3.28/0.621 vs. C:4.90/1.41, p=0.02). With first study on this
topic, we support that musicality contributes to language recovery after awake glioma
surgery, possibly attributed to a higher white matter connectivity at the anterior part of
the corpus callosum. Our conclusion should be handled with caution and interpreted
as hypothesis generating only, as most of our results were not significant. Future
studies with larger sample sizes are needed to confirm our hypothesis.
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Introduction

Awake craniotomy is increasingly used to resect intrinsic brain tumors (specifically for
diffuse low-grade gliomas) while preserving language. This technique has improved
over time, with the development of intraoperative protocols for awake tumor resection.
(1) Despite these improvements, intraoperative mapping and language testing do not
always ensure complete maintenance of the patient’s linguistic abilities. Due to slow
tumor growth, diffuse low grade glioma patients typically suffer from mild aphasia
preoperatively which often temporarily deteriorates after tumor resection. (2, 3) In the
year after surgery, most patients recover to their baseline level whereas others remain
to suffer from this further language decline in the long term. (3) This can be attributed
to differences in neuroplasticity in language networks, but it is unclear which factors

and to what degree these affect postoperative language recovery. (4)

The literature suggests that musical training might affect the course of postoperative
language recovery. (5) Both language and music require complex hierarchical
processing systems that share features, such as pitch, rthythm, timbre, and syntactic
structure. (6) Recent fMRI data suggested that some brain regions, associated with
language functioning (e.g., Broca and Wernicke’s areas), are also activated during

music processing. (7-9)

Higher degree of organization of language structures between lobes (i.e. frontal
and temporal) or hemispheres through the corpus callosum have been described in
musicians. (10, 11) This has provided ground for music-induced language therapy,

such as Melodic Intonation Therapy (MIT), in patients with severe aphasia. (10-12)

Some experimental studies show that musical training can improve language function
(in a so-called transfer of learning) in healthy participants.(6) However, there is
currently no evidence in the literature to support the hypothesis that musical training-

related brain changes might also have a beneficial effect on language following brain
surgery. (12)

Hence, we conducted a study in which we hypothesize a better recovery of language
in musical patients after awake glioma surgery as compared to non-musical patients.
Moreover, we hypothesize that this possible beneficial effect may be explained by
contralateral compensation through the corpus callosum.
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Methods
Study population

The consecutively included cohort consisted of adult patients, who underwent an awake
resection between June 2015 and September 2021 at the Erasmus MC, University
Medical Center Rotterdam (EMC) or at the Haaglanden Medisch Centrum the Hague
(HMC), and received an extensive language assessment before (baseline; T1) and at least
one time point after surgery (3 months; T2 and/or one year; T3). These centers consider
awake surgery in case of left-sided tumors, right-sided tumors with left handedness
or involvement of the sensory-motor regions or in case of prior speech deficits with
or without language location confirmed by functional fMRI. Moreover, an awake
craniotomy procedure is only considered if we deem this feasible for the particular patient.
Patients that were operated for a recurrent glioma, non-native Dutch speakers (defined as
unfamiliar with the Dutch language before the age of eight years), patients known with
neurodegenerative diseases affecting language (e.g. dementia) or with a WHO grade 4
astrocytoma or glioblastoma, were excluded. Patients were additionally excluded for the
volumetric analysis in case of tumor involvement in the corpus callosum.

Study design and data extraction

Data on musicality were prospectively collected through a questionnaire and
retrospectively complemented with available language and clinical data.

Musicality

The Musical Expertise Criteria (MEC) are based on years of musical training and
intensity and define a musician based on the “six-year rule” of training (Appendix
A). (13-16) A questionnaire was developed, based on the MEC, in which points were
allocated to the patient, leading to final group formation; non-musicians (group A),
amateur musicians (group B), and trained musicians (group C, appendix A). Additional
information on musicality was assessed such as the onset age of playing the instrument/

vocals, type of instrument and whether music was played after the operation.
Linguistic data

Language data were retrospectively extracted as language was already monitored with
the Diagnostic Instrument for Mild Aphasia (DIMA) as part of standard of clinical care
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at baseline (T1) and at least one time point after surgery (3 months; T2 and/or one year;
T3).(17) The DIMA is a tool, developed and validated in Dutch to evaluate suspected
mild aphasia in patients with glioma.(18) It consists of six subtests and assesses language
production and comprehension in the following linguistic domains: phonology, semantics
and (morpho-) syntax. Moreover, data from a non-linguistic cognitive test for visual
attention and mental flexibility (Trail Making Test/TMT A, B and BA) were extracted.(19)

Clinical data

Clinical data were extracted consisting of demographic data (age, sex, education
years and level based on the Verhage scale, handedness), disease specifications
(histopathology, localization), and treatment specifications (completeness resection,

complications, adjuvant treatment).(20-22)

Volumetry

To measure the size of the corpus callosum we analyzed the most recent structural
brain magnetic resonance imaging (MRI: 1.5 or 3.0 Tesla GE Healthcare) before
the awake craniotomy, using <1.0mm slide with T1 weighted imaging parameters.
Two researchers (P.K. / J.B.), blinded for the outcome on musicality at the time of
measurement, first divided the corpus callosum in 7 subregions according to the
Witelson classification.(23) Afterwards, volumes (in cubic centimeters/cm?) for each
subregion were measured with Brainlab’s Synthetic Tissue Model (Brainlab Digital
OR, Germany, Miinchen). In this model each anatomical structure is first detected and
then adapted to a gray-scale image model. Tissue-class specific gray value simulation
is compared with meta information from datasets and afterwards quantitatively and
qualitatively validated. This software is CE marked and already widely applied for
guidance during neurosurgical procedures. Sub-group analyses were conducted for
sex and onset/duration of musical training, as differences in corpus callosum volumes
have been described in these factors.(10, 24) For the volume lesion analysis we used
the pre-operative coronal, sagittal and transversal T2 weighted FLAIR MRI images

and conducted volumetric analysis with Brainlabs’ smart brush (Appendix B).

Statistical analysis
The raw DIMA and TMT scores (A, B, and BA) were transferred into z-scores

corrected for age and years of education, in order to facilitate comparisons. For each
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of the corpus callosum subregions, an inter-rater agreement was calculated with
the interclass correlation coefficient (ICC). Corpus callosum region volumes were
compared between groups based on the raw (cm®) and corrected measurements

(corpus callosum volume divided by total brain volume).

The three musicality groups and language or corpus callosum volumes were visually
evaluated and statistically compared with an ANOVA in case of parametric data and
a Kruskal-Wallis test in case of non-parametric data. Normality was tested with the
Shapiro-Wilk test. Correlations between musical training, size of corpus callosum and
course of postoperative language were conducted with the Pearson’s product-moment
correlation. For all analyses significance (p-value, significant in case of 0.05 or less),

and for correlation coefficient (), degrees of freedom (df) were illustrated.

We were unable to conduct a priori sample size calculation, as we were unsure which
effect size was expected as this is the first study evaluating the effects of musicality on
language recovery after awake glioma surgery. Hence, achieved power was computed
(1-B) on post-hoc analyses in case of visually observed non-significant outcomes
using G*Power version 3.1.(25) All other statistical analyses were conducted using R

(version 4.1.1).

Results
Musicality and demographic data

We consecutively included 46 patients, in the period between June 2015 and September
2021, at the EMC (n = 39) and HMC (n = 7). Patients were divided into three groups
based on musicality: non-musician (A: n =19, 41.3%), amateur musician (B: n =17,
36.9%), and trained musicians (C: n = 10, 21.7%).

The mean (SD) age at the time of craniotomy was 39.6 (12.0) years; 18 women (39.1%)
and 40 (87.0%) right-handed patients (Table 1). Higher education level was observed in 24
(52.2%) patients, with mean (SD) number of years of education of 14.8 (2.47). Gross total
resection of the tumor was achieved in 20 (56.5%) patients. Intra-operative complications
were reported in 4 (8.7%) patients; one patient had an arterial bleeding which was

coagulated and three other patients had intra-operative seizures during mapping.

Adjuvant therapy within one year was administered in 16 (65.2%) patients.
Histopathology revealed WHO grade 2 glioma in 39 (84.8%) patients and tumor
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localization was right-sided in 20 (43.5%) patients. None of the baseline characteristics
differed significantly among groups, except for right sided tumor localization, which
was more common in group C (p =0.02).

TMT (mean/SD z-scores) were 0.289/1.13 - 1.00/1.62 (average to high average)
and were similar between the three groups. In musical patients, the mean/SD age
of starting to play an instrument was 13.1/8.44 years (group B) and 12.0/4.59 years
(group C), with a mean/SD total of hours of playing music of 535/743 (group B) and
5020/3890 (group C).

Table 1. Baseline characteristics

A. Non- B. Amateur C. Trained

musician musician musician
N=19 N=17 N=10

Demographic data P value
Age (mean / SD)! 38.8(11.7) 40.3 (14.3) 39.6(9.31) 0.92
Female sex (n/%) 9 (47.4%) 6 (37.5%) 3 (27.3%) 0.61
Higher education (n/%)? 6(31.6%) 12(70.6%) 6 (60.0%) 0.06
Education years (mean/SD) 14.1 (2.27) 15.1(2.42) 155(2.83) 0.17
Right handedness 16 (84.2%) 14 (82.4%) 10 (100%) 0.38

Disease and surgical specifics

High grade tumor (n/%) 1(5.3%) 5(29.4%) 1 (10.0%) 0.12
Right sided localization (n/%) 5(26.3%) 7 (41.2%) 8 (80.0%) 0.02
Lesion volume (mean/SD cm?) 31.4(19.2) 492 (31.7) 36.5(28.0) 0.20
Gross total resection (n/%) 7 (36.8%) 8 (47.1%) 5 (50.0%) 0.74
Intra-operative complications (n/%) 1 (5.3%) 1(5.9%) 2 (20.0%) 0.36
Adjuvant treatment (n/%)? 5(26.3%) 9 (52.9%) 2 (20.0%) 0.13

Cognitive function*
TMT A (mean/SD) 0.889 (1.63) 1.24(1.64) 0.810(1.68) 0.63
TMT B (mean/SD) 0.611 (0.918) 0.318 (1.73) 0.660 (0.862)  0.97
TMT BA (mean/SD) 0.358 (1.21) 0.288 (1.19) 0.160(0.937) 0.97

Musical specifications®
Main instrument -

Singing 4 (23.5%) 2 (20%)

Instrument - 15 (88.2%) 10 (100%) 0.46
Start age main instrument (mean/SD) - 13.1(8.44) 12.0(4.59) 0.78
Start instrument under 10 years (n/%) 10 (58.8%) 3 (30.0%) 0.15
Total hours of playing (mean/SD)° - 535(743) 5020 (3890) <0.001

1. Age at awake craniotomy. 2.Finished high level secondary education or university degree. 3.
Received adjuvant therapy, including chemotherapy (i.e. temozolomide) or radiotherapy, until
one year after surgery. 4. Trail making test; z values. 5. P values were calculated between the
amateur and trained musicians 6. Mean hours per day*years (x365) playing
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Primary outcome: musicality vs. language

Our main analyses comparing musicality and postoperative course of language were not
statistically significant (Figure 1, Table 2). An overall decrease of language performance
(mean/SD z-value) was observed within the first three months (T1 vs T2) in our included
cohort (n =44, -0.255/0.966, Table 2), which was not different between the three groups
(A:-0.411/0.865 vs. B: -0.0947/1.18 vs. C: -0.227/0.779, p = 0.45).

Within the first three months (T'1 vs T2), patients with more musical experience tended
to recover better in the phonologic domain on the non-word repetition subtest (A:
-0.425/0.951 vs. B: -0.001/1.14 vs. C: 0.028/0.566, p = 0.19, effect size: 0.233, 1-3
= 0.26) and the sentence repetition subtest (A: -0.202/0.683 vs. B: 0.036/1.92 vs. C:
0.125/1.32, p = 0.44, effect size = 0.09, 1-3 = 0.08), and recover less on the syntactic
domain in the sentence completion subtest (A: 0.031/2.09 vs. B: -0.048/0.46 vs. C:
-0.531/1.45, p = 0.86, effect size = 0.127, 1-3 =0.11). However, these differences
were not significant. In the period of three months to one year (T2 vs T3) a decrease
of language performance (z-value mean/SD) was observed (n = 27, -0.246/0.947),
which was not different between the groups (A: -0.178/1.19 vs. B: -0.265/0.818 vs. C:
-0.260/1.07, p = 0.90), but a beneficial effect of non-musicality was found in the word
repetition subtest (phonologic domain, A: 0/0 vs. B: 0.393/2.30 vs. C: 0.568/1.71, p=
0.86, effect size = 0.19, 1-3 =0.18). Post-hoc analyses revealed a maximum achieved
power (1-3) of 26%.

Sub-analyses within the musicians (B and C), comparing instrument players (n =
21) with singers (n = 7) revealed worse language performance of singers within the
first three months (0.0428/0.837 vs. -0.729/1.44, p =0.21), in the compound word
repetition subtest (phonologic domain, -0.248/0.776 vs. -1.77/2.33, p = 0.03) and the
semantic subtest (0/0.968 vs. -0.990/0.949, p = 0.01). Excluding singers from the
main analyses revealed a significant effect within the first three months (T1 vs T2) on
the non-word repetition subtest (phonologic domain) when comparing non-musicians
vs. instrumentalist musicians (A: -0.425/0.951 vs. B and C: 0.201/0.699, p = 0.039).
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The effect of musicality on language recovery after awake glioma surgery

Secondary outcome: musicality vs. corpus callosum

Volumetric corpus callosum measurements were obtained from 39 patients: inter-
class correlation showed good to excellent inter-observer agreement (ICC = 0.77
—0.99) for each corpus callosum region. No statistically significant difference was

observed between the musicality groups and the corpus callosum volumes (Figure
2 and Table 3).

Table 3. Corpus callosum measurements vs. musicality

A. Non-musician  B. Amateur C. Trained
N=17 musician musician
N=13 N=9

Overall (n=39) P value
Corpus callosum 6.67 (1.35) 7.09 (1.07) 8.30 (2.30) 0.13
Anterior corpus callosum 3.17 (0.551) 3.16 (1.12) 4.34 (1.41) 0.06
Posterior corpus callosum 3.49 (0.878) 3.42 (1.03) 3.93 (1.17) 0.52

Male (n =23)
Corpus callosum 7.08 (1.42) 7.54 (0.995) 9.23 (2.18) 0.12
Anterior corpus callosum 3.28 (0.621) 3.66 (0.723) 4.90 (1.41) 0.05
Posterior corpus callosum 3.79 (0.905) 3.83 (0.433) 4.30(1.13) 0.66

Female (n=16)
Corpus callosum 6.21 (1.19) 6.36 (0.808) 6.44 (1.26) 0.13
Anterior corpus callosum 3.05 (0.468) 2.37(1.27) 3.23(0.432) 0.70
Posterior corpus callosum 3.16 (0.762) 2.76 (1.41) 3.18 (1.01) 0.78

All volume measures are in mean/SD cubic centimeter (cm?). Patients with tumor involvement
in the corpus callosum were excluded. Anterior corpus callosum: rostrum, genu, rostral body
and anterior body. Posterior corpus callosum: posterior body, isthmus and splenium.
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FIGURE 2
Corpus callosum regions vs. musicality per sex. CC, corpus callosum. Sub-analyses in sex and subregion revealed the largest trend in the
anterior corpus callosum of male non- vs. trained musicians (A: 3.28/0.621 vs. C: 4.90/1.41, p = 0.05). No trend was observed in women nor in
the posterior corpus callosum

A trend of effect of musicality on corpus callosum volume (mean/SD cm?) was
observed (A: 6.67/1.35 vs. B: 7.09/1.07 vs. C: 8.30/2.30, p = 0.13) which diminished
after correcting for total brain volume (A; 0.756/0.128 vs. B: 0.763/0.091 vs. C:
0.837/0.221, p = 0.63).

Sub-analyses in sex and subregion revealed the largest difference in the anterior
corpus callosum of male non- vs. trained musicians (A: 3.28/0.621 vs. C: 4.90/1.41, p
=0.05). No trend was observed in women nor in the posterior corpus callosum. Size
of corpus callosum (mean/SD cm3) was not significantly larger in patients that started

playing their instrument before their tenth life year (7.33 vs. 7.84, p = 0.81).

A linear correlation was visually observed, but not statistically confirmed, between
volume of corpus callosum and postoperative language course (T1 vs T3, t = 0.79,
df = 22, p-value = 0.43) and between the total hours of playing and corpus callosum
volume (t=1.57, df = 18, p-value = 0.13, Figure 3).
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Figure 3 Correlation hours of playing vs. volume of corpus callosum vs. language.

A linear correlation was visually observed, but not statistically confirmed, between volume of
corpus callosum and postoperative language course (T1 vs. T3, t = 0.79, df = 22, p-value =
0.43) and between the total hours of playing and corpus callosum volume (t = 1.57, df = 18,
p-value = 0.13)

Discussion

In this cohort study, we evaluated the effect of musicality on the course of post-
operative language recovery following awake glioma surgery. We did not find a
significant difference between musicality, corpus callosum size and postoperative
course of language performance after awake glioma surgery in our main analysis.
This could point into the direction that there is no correlation between musicality
and language recovery. However, the lack of evidence could also be attributed to our
limited sample size, as our power (1-[3) concerning possible trends did not exceed
26%. Future studies with larger sample size could confirm our findings.

Although most findings did not reach significance, we did observe a significant
beneficial effect, after excluding the vocal musicians, in two phonological subtests in
patients with a musical background compared to non-musicians. The observed effect
in our study related to musicality and phonology is not unexpected as the phonologic
system and music share a common hierarchical structure (e.g. syllabic and grouping

structure, prosody and melody). In the phonological subtests existing words and non-
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words had to be repeated, including a correct phonological form (including syllables
and phonemes), stress patterns and pitch. Musical expertise increases sensitivity to
pitch changes which allows musicians to detect subtle variations of pitch, rhythm, and
harmony within musical phrases faster, and more accurately than non-musicians.(26-
28) This enhanced sensitivity to acoustic features might allow musicians to construct
more elaborated perceptions of the speech signal, referred to as transfer effects, than
non-musicians. This transfer effect was supported by a study showing that musicians
were more sensitive than non-musicians to abstract phonological representations
(consonant or vowel changes; e.g., ban/ zan) derived from the processing of acoustic
parameters. (29) This, in turn, can facilitate stages of speech processing, leading to
higher scores on the phonologic language tests. (26)

As our patients were asked to focus their attention during the language test, one could
argue that the beneficial results of musicians on language tests reflect a general effect
of attention. However, data from a non-linguistic cognitive test for visual attention
and mental flexibility (Trail Making Test) revealed average to high scores, which
did not differ between groups. Moreover, electro-encephalogram studies tackled this
issue by showing similar attention between both musicians and non-musicians while
conducting several language tests. (30-32) Our findings on phonology are clinically
relevant as its prognostic relation to the quality of verbal communication at the long
run were already demonstrated in aphasic patients after stroke. (33) The phonological
subtests included, among other tests, non-word and sentence repetition; these two
tests are important to address as they enable us to distinguish lexical from non-lexical
processes. Additional to the classic theory, in which a lesion in the arcuate fasciculus
leads to conduction aphasia (34), recent studies suggest that a word-repetition
impairment may be explained by a “dual-route” model: a dorsal language stream
which is dedicated to phonological processing (non-lexical: ability to link sound to
articulation), and a ventral stream which is dedicated to semantic processing (lexical:
linking sound to meaning). (35) Therefore, it is important to monitor subtle changes in
phonological production (e.g. word repetition) as an indicator for the overall quality of
language processing. (36) Moreover, future language rehabilitation could be targeted
at the phonological level in glioma patients with a musical background. The advantage
of musicality on phonology between three months and one year was less prominent:
restoration of language in the non-musical population may have reduced the beneficial

effect of music induced alternative compensatory pathways for language recovery.
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We did not expect the worse performance in the syntactic domain in the trained
musicians compared to the non-musicians. In the literature a paradox is found on
syntactic relations in music and language. Cases of dissociations have been described
with impaired perception of harmonic relations in music (i.e. amusia) with no signs of
aphasia or, inversely, language impairment with spared musical abilities. (37-41) On
the other hand, associations have been described on neuroimaging studies showing
early right anterior negativity (associated with harmonic processing) in Broca’s area.(7)
Patel et al. tackled this paradox by proposing the ‘shared syntactic integration resource
hypothesis’ in which linguistic and musical syntax share certain syntactic integration
processes that apply over different domain-specific syntactic representations. (42) The
syntactic subtest involved completion of the sentence with words that would fit within
the context, which also touches upon semantic performance. Therefore, the decrease
of syntactic scores in the trained musician group may have been attributed to damage
to domain-specific semantic representations rather than a problem with syntactic

integration processes, which is expected to be enhanced in this sub-group.

A trend towards a larger corpus callosum, predominantly anteriorly, in trained
musical patients compared to non-musical patients was observed. Anterior corpus
callosum connects frontal structures; it has been suggested that the intense bimanual
motor training of musicians, such as when playing a string instrument, could play
an important role in the development of more and thicker myelinated transcallosal
fibers.(10) This difference was mostly found in men, which confirms a prior study
conducted by Lee and colleagues. (24) A pre-existing sex-based difference in brain
symmetry was hypothesized by these researchers. Less brain symmetry, thus more
functional lateralization, is observed in smaller corpus callosum volumes. (43) There
are reports of women showing increased symmetry compared with men; the authors
speculate that female musicians might not show a significant change in lateralization
after repetitive bimanual motoric movement and therefore no effect on corpus
callosum size.(24, 44)

A paper on musicality and corpus callosum size reported an increased size for those
musicians who commenced music training prior to seven years of age, which was
confirmed by a number of papers since that time. (45)(24, 46) We were not able to
assess this correlation as the trained musicians in our cohort started playing their
instrument at an older age. There seemed to be a trend between the hours of musical
training and the size of the corpus callosum, however this was not statistically
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confirmed. A longitudinal study investigating the influence of musical training on
brain structure in children found a significant relationship between the amount of
practice and the degree of structural change in the corpus callosum. (47) Future
studies should therefore not just consider when musicians start to train, but also how

long and how much they train.

We observed a linear trend between the size of the corpus callosum, hours of musical
training and postoperative language recovery. Musical patients may benefit from
higher white matter connectivity in the corpus callosum, contributing to functional
reorganization towards the contralateral side. (14, 45, 48-53) Melodic Intonation
Therapy (MIT), a rehabilitation technique using melodic intoning and rhythm to
restore language, has been demonstrated to be beneficial in improved functional
language in stroke patients with severe aphasia.(54) A current debate in the aphasia
literature concerns whether this occurs due to contralateral hemisphere or ipsilateral
perilesional compensation. (55) Presently, it is thought that contralateral activation
occurs commonly in the post-acute phase, with a return to ipsilateral perilesional
activation over the following months. (56) Our results create some substantiation for
contralateral compensation in the (sub-)acute phase through the corpus callosum. As
our results were less clear after three months post-surgery, future studies could focus
on the connectivity of the ipsilateral arcuate fasciculus and the role over time between

musicians and non-musicians. (14, 45, 48-53)

Strengths and limitations

This is the first study supporting that musicality contributes to language recovery after
awake glioma surgery possibly due to increased neuroplastic properties in language
networks. This is relevant as increased knowledge on factors contributing to language
recovery can be used in clinical practice to inform the patients on their prognosis
and could even aid in the final decision-making when considering surgery. There
are some limitations to discuss: the first and most important issue is that most of our
findings were not statistically significant, which may be due to our limited sample size
as our power did not exceed 26%. Our conclusions should therefore be interpreted to
generate new hypotheses. Second, patients in the musical group had a higher level of
education, which could have contributed to a better cognitive reserve, also described
as ‘brain reserve capacity’. According to these models, the threshold of brain damage

necessary to bring about a given deficit is more quickly reached in individuals with less
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cognitive training due to less brain reserve capacity. (12, 57, 58) However, we tend to
tackle this by showing a similar cognitive level at baseline. Moreover, language scores
were corrected for education level and age. Second, tumor in the right hemisphere was
more often observed in the musical group which could be a confounding on language
performance, considering that language is often lateralized in the left hemisphere.
However, we argue that this does not influence our results as prior research found that
hemispheric lateralization does not affect language performance on the DIMA scale
in glioma patients. (18) (59)

Future studies

Future studies with a larger sample size should confirm our findings, and might be
able to correct for the above-described confounding variables. Second, imaging
techniques such as diffuse tensor imaging (DTI) and functional MRI (e.g., with
language and musical (intonation) tests) before and after surgery could be linked
to the course of postoperative language recovery to identify the role of contra- and
ipsilateral compensation over time.(60) Last, quality of life questionnaires may be
added to assess the true impact of subtle language differences between musical and

non-musical patients after glioma surgery.

Conclusion

This is the first study supporting that musicality contributes to language recovery after
awake glioma surgery due to increased neuroplastic properties in language networks,
especially in instrumentalists. This may be partly attributed to a higher white matter
connectivity at the anterior part of the corpus callosum developed during repetitive
bimanual musical training, which might have contributed to functional reorganization
towards the contralateral side. Our conclusion should be handled with caution
and interpreted as hypothesis generating only, as most of our results did not reach
statistical significance. Future studies with larger sample sizes are needed to confirm

our hypothesis.
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Appendix A. Musicality classification and questionnaire
For musicality classification underlying Table A was filled in after telephone

questionnaire B.

This was based on the MEC criteria which defines a musician based on years of

musical training and intensity.

Table A

Definition of the group labels based on the questionnaire provided.

Group I: Non- II: Amateur III: Amateur IV:Trained V: Trained
musicians musicians musicians musicians musicians
(non-playing)  (playing)  (non-playing) (playing)
Conditions
Playing an No (0Op) Formerly (Ip) Yes (2p) Formerly (Ip) Yes (2p)
instrument?!

Lessons? I do not play an 1-5 years (1p) 1-5 years (Ip) > 6 years (2p) =6 years (2p)
instrument (Op)

Years of <l year (Op) 1-10years (1p) 1-10 years (Ip) = 11 years (2p) = 11 years (2p)
playing??

Hours of <0.5 hrs/wkon 0,5-2 hrs/wk — 0,5-2 hrs/wk > 2,5 hrs/wk > 2,5 hrs/wk
playing a average (Op) on average on average on average on average
week? (1p) (1p) (2p) (2p)
Points 0-1 points 1-5 points 2-6 points 6-7 points 7-8 points

! The first condition is a prerequisite for group formation.

2 For singing, having received lessons or in group formation (band/choir) is a prerequisite. For
instrumentalists playing an instrument without lessons is allowed.
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Questionnaire B (Dutch language)

Onderstaande vragen gaan over de periode tot aan de operatie (T1)

1. Zingt u (koor, band, individueel, opleiding)?
a.Ja
b. Nee

c¢. Voorheen, maar nu niet meer

2. Bespeelt u één of meerdere instrumenten (excl. zang)?
a.Ja
b. Nee

c. Voorheen, maar nu niet meer

Indien tweemaal b. (groep I: non-musicians) hoeft de patiént de volgende vragen niet
meer te beantwoorden.

3. Heeft u les gehad voor de instrumenten die u bespeelt (incl. zang)?
a.Ja
b. Nee, ik ben autodidact

Indien b. hoeft de patiént vraag 4, 11 en 12 niet meer te beantwoorden.

4. Hoelang heeft u les gehad voor de instrumenten die u bespeelt/bespeelde (incl.
zangles)?
a. 1 tot 5 jaar

b. 6 jaar of langer

5. Heeft u in groepsformatie gespeeld/gezongen (band, koor), zo ja hoe lang?
a. Nee

b. 1 tot 5 jaar

c. 6 jaar of langer

6. Hoelang heeft u in totaal uw instrumenten bespeeld (inclusief zang)?

7. Hoeveel tijd heeft u gemiddeld per week besteed aan het spelen van uw instrument

(inclusief zang)?
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8. Welke instrumenten bespeelt/bespeelde u (hoofdinstrument eerst)?

10. In welke periode van uw leven heeft u instrumenten bespeeld (bijv. tussen 5 en 10

jaar of tussen 25 en 33 jaar) (hoofdinstrument eerst)?

11. Hoe frequent heeft u les gehad voor de instrumenten die u bespeelt/bespeelde?
a. 3 of meer keer per week

b. 2 keer per week

c. 1 keer per week

d. 1 keer per twee weken

e. 1 keer per drie weken

f. 1 keer per maand

12. Heeft/had u groepsles of privéles?
a. Groepsles

b. Privéles

c. Een combinatie

13. Heeft u van bladmuziek leren spelen?
a.Ja
b. Nee

Onderstaande vragen gaan over de periode na de operatie (T2/T3)

14. Wanneer bent u na de operatie weer begonnen met het spelen van uw instrument(en)/
zingen?

a. Direct na de operatie

b. Na 4 weken

c¢. Na 3 maanden

d. Na 6 maanden

e. Na 9 maanden

f. Na 12 maanden

g. Ik heb niet meer gespeeld/gezongen
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Indien g. hoeft de patiént de volgende vraag niet meer te beantwoorden.

15. Hoeveel tijd heeft u in het jaar na de operatie gemiddeld per week besteedt aan het
bespelen van uw instrument(en)?

[open question] uur
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Appendix B. Technical report for volumetric
measurements

To measure the size of the corpus callosum we analyzed the most recent structural
brain magnetic resonance imaging (MRI: 1.5 or 3.0 Tesla GE Healthcare) before
the awake craniotomy, using <1.0mm slide with T1 weighted imaging parameters.
Two researchers (P.K. / J.B.), blinded for the outcome on musicality at the time of
measurement, first divided the corpus callosum in 7 subregions according to the

Witelson classification (see below).

Afterwards, volumes (in cubic centimeters/cm?®) for each subregion were measured
with Brainlab’s Synthetic Tissue Model (Brainlab Digital OR, Germany, Miinchen).
See 1A for the technical report on Brainlab’s Synthetic Tissue Model.

For the volume lesion analysis, we used the pre-operative coronal, sagittal and
transversal T2 weighted FLAIR MRI images and conducted volumetric analysis with
Brainlabs’ smart brush.
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Abstract

The value of mapping musical function during awake craniotomy is unclear. Hence,
this systematic review was conducted to examine the feasibility and added value of
music mapping in patients undergoing awake craniotomy. An extensive search, on the
26 of March 2021, in four electronic databases (Medline, Embase, Web of Science
and Cochrane CENTRAL register of trials), using synonyms of the words “Awake
Craniotomy” and “Music Performance”, was conducted. Patients performing music
while undergoing awake craniotomy were independently included by two reviewers.
This search resulted in ten studies and fourteen patients. Intra-operative mapping of
musical function was successful in thirteen out of fourteen patients. Isolated music
disruption, defined as disruption during music tasks with intact language/speech and/
or motor functions, was identified in two patients in the right superior temporal gyrus
G,K), one patient in the right and one patient in the left middle frontal gyrus and one
patient in the left medial temporal gyrus. Pre-operative functional MRI confirmed
isolated music localizations in three patients. Assessment of post-operative musical
function, only conducted in seven patients by means of standardized (57%) and non-
standardized (43%) tools, report no loss of musical function. With these results we
conclude that mapping music is feasible during awake craniotomy. Moreover, we
identified certain brain regions relevant for music production and detected no decline
during follow-up, suggesting an added value of mapping musicality during awake
craniotomy. A systematic approach to map musicality should be implemented, to
improve current knowledge on the added value of mapping musicality during awake

craniotomy.
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Introduction

Neurosurgical procedures include surgery near brain regions responsible for patients’
motor, speech or language function (so called eloquent brain regions).! Awake
craniotomy is applied when operating near these eloquent structures to safely remove
tumour or epileptogenic zones, while monitoring patients’ speech, language or motor

functions. 2

Musicians occasionally undergo awake craniotomy, during which their musical ability
is at stake.® Preservation of musical function may be of major importance for these
patients as music can act as a main source of income.* Furthermore, loss of musical
ability may have a severe impact on their quality of life, since music can serve as an

outlet for emotions and contributes to the reduction of stress and anxiety. *?

Musical function, independent of speech/language or motor function, is usually not
monitored during awake craniotomy. Relevant brain regions for music production
include the premotor, prefrontal and supplementary motor cortices, along with the
cerebellum, basal ganglia, and the auditory superior temporal gyrus (STG) as these
regions enable the auditory-motor interactions required for music production. ¢*
Moreover, the right hemisphere, which is mainly responsible for melodic identification,
and the left auditory cortex, essential for the discrimination of speech/language, are in

constant dialogue with one another through the corpus callosum. 1

Mapping music tasks, additional to speech/language and motor function, during
awake craniotomy might be valuable, as focal damage within the right STG has
shown to disrupt musical processing, without interfering with speech/language or
motor functions. ¢ Furthermore, post-operative amusia (i.e. the inability to produce
music) has already been described after right-sided resection of a glioma.'* Hence,
several case studies and video reports on social media, summarized in a previous

narrative review, report patients performing music during awake craniotomy.'>!3

No systematic review of literature has been published addressing the feasibility and
added value of intra-operative music tasks during awake craniotomy. A clear and
specific overview of the intra-operative music mapping methods, the relevant brain
regions and the peri-operative course of musicality could serve as a guidance in clinic

and for future studies.
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Methods

This systematic review follows the guideline from Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) and is registered in the PROSPERO database
(CRD42021261017). ¥

Ethics

Informed consent or approval from the local institutional review board was not
required for this systematic review, as no animals or patients were involved in the

process.

Search strategy and eligibility criteria

The literature search was conducted with assistance of a dedicated biomedical
information specialist. The electronic databases of Medline, Embase, Web of Science
and Cochrane CENTRAL register of trials were searched from the date of inception
until March 26 2021, using terms and synonyms of the words “Awake Craniotomy”
and “Music Performance” (appendix A).% Cross-reference was applied in the included

studies to search for additional eligible papers.

Prospective, retrospective cohort studies and case series/reports including patients
performing music (i.e. humming/singing or any instrument) while undergoing awake

craniotomy were included. Articles were excluded when full text was not available.

Source selection

Two independent reviewers (P.K. / T.B) screened all studies on title, abstract and full
text when eligible. Discrepancies were discussed with the senior author (M.K.) until
consensus was reached. Authors were not contacted to acquire additional information,
since the aim of this review was to present an unmodified overview of the current

literature.

Data extraction

Demographic patient data (i.e. age, sex, handedness), musicality (i.c. professional/
amateur), type of musician (singer/instrumentalist), disease information (i.e. location/

type/hemispheric side), course of musicality in comparison with speech/language
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and motor function (i.e. standardized/non-standardized pre-and post-operative tests),
specifications of the intra-operative mapping procedure (i.e. type of music/language/
motor tasks, stimulation settings and mapped brain regions) and surgical details (i.c.
anesthesia technique, surgical course, occurrence of complications) were independently
extracted by the same two reviewers (P.K. / T.B). Full text was again accessed when

differences in data between the two independent reviewers were identified.

Level of musicality was not further specified, but rather adopted as stated by the
authors of the included studies, using terms as “professional” and “non-professional

(e.g. hobbyist/amateur/casual player).

Successful intra-operative mapping of music was defined as performance of intra-
operative music tasks, while using direct electrical stimulation for mapping purposes,

without onset of task-related surgical complications.

Intra-operative findings during music mapping were categorized based on the
localization of brain mapping on (sub-)lobar level and severity of the disruption
classified in major (e.g. complete music arrest) and minor (e.g. changes in pitch/
rhythm/melodic contour) errors. Intra-operative disruption during music tasks without
reporting motor and/or speech/language deficits was classified as ‘isolated’. Intra-
operative disruption during music tasks with deficits in the same region during speech/

language tasks and/or observed motor deficits was classified as ‘combined’.

Assessment of pre- and post-operative musical function was defined as ‘standardized’
in case of an objective scoring system, which has been published in a scientific journal

(e.g. just mentioning playing the guitar would qualify for ‘non-standardized’).

Data analysis and synthesis

Data were reported with mean +/- /standard deviation (SD) in normal distributed data
(assessed with the Shapiro-Wilk test) or median and interquartile range (IQR) in non-

normal distributed data. 2!

BrainVoyager EDU (Brain Innovation, Maastricht, The Netherlands) was used for the
quantitative visualization of the brain regions relevant for music mapping. Only cases
which sufficiently specified these regions (i.e. with illustration) were included in this

figure. 2
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Results

Systematic search

The literature search generated 660 studies after removal of duplications (appendix
B). We excluded 642 studies after title and abstract screening, resulting in 18 studies to
be assessed for full-text. We excluded nine studies after full-text screening; six studies
due to a lack of intra-operative music performance, 2 one conference abstract,
one case sang unexpectedly after stimulation but not for mapping purposes *° and
one case *! due to overlap with another included study. ” Cross-referencing led to one
additional study ** resulting in ten studies (n ) and fourteen patients (n ) included for

the final analysis.

Study and patient characteristics

Mean / SD age of the fourteen included patients was 38.57 / 16.05, of which nine
male (64.3%) and twelve right-handed patients (85%, Table 1). Eight patients were
singers (57%)'5-3%% while others played either a string (n =4, 29 %) 7'>336 or a wind
instrument (n = 2, 14.3%). Six out of fourteen patients were professional musicians
(43%) 7,35-38

Eleven patients underwent awake craniotomy for tumor resection (79%) 7' 17 3
3638 two for epilepsy surgery (14%)* * and one because of a cerebral cavernous
malformation (7%). * Disease localization (right hemisphere, n = 8) was present in
the temporal (n=5, 36%) '>-3335:37_frontal (n=7, 50%), 1"-3> % parietal lobe (n=1, 7%)*
and insula (n=1, 7%).”

Disease related seizures were reported in nine cases, but further no neurological

deficits were described at baseline. 7> 1% 32-38

Intra-operative findings

Feasibility and methods

Mapping music was successful in all but one case (93%), in whom music could not
be mapped due to occurrence of a stimulation-induced generalized seizure (Table
2).% This patient continued to play the violin during surgery without use of cortical
stimulation. In the other studies no surgical complications, related to the intra-

operative music tasks, were reported.
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Methods of music mapping were vocals (i.e. singing/humming) (n = 10, 71%) '>'"
32.33.35.37 or instruments (n = 4, 29%). 73+ 3638 Patients playing instruments included
the clarinet *, chords on the guitar 7, simple melodies on the keyboard * and familiar
songs on the violin during surgery. *

In eleven patients (71%) intra-operative speech/language tasks such as naming and
reading were conducted. " '"-323437 [n six cases, intra-operative motor function was
explicitly reported; one case through finger tapping **, one case with MEPS/SEPS
and four merely through observation. 7 17-3336.38

Disruption and localization

Out of the thirteen patients in which music mapping occurred successfully; isolated
disruption of musical function was identified in 5 patients (38%, table 2) 7323437,
only combined with speech/language disruption in four patients (31%) ™' and with
motor disruption in two patients (15%).'7-** No music disruption was identified in two
patients (15%). '35 See figure 1 for all the relevant brain regions with respect to the

type of music disruption.

Isolated music disruption occurred in two patients, during singing, when stimulating
the right posterior STG with complete music arrest (G) *” and change in melodic contour
(K)*. Isolated music arrest occurred in two patients, during singing, while stimulating
the middle frontal gyrus (MFQG) in the left (Z)** and right (R3)"7 hemisphere. Lastly,
isolated music disruption occurred during intra-operative keyboard playing while
stimulating the left posterior middle temporal gyrus/ supramarginal gyrus (D, not
shown in figure as the region was insufficiently specified, with lack of an illustration
in the manuscript 34).
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Figure 1. Stimulation sites for music production. Relevant brain regions for music production
confirmed by each included case (all right-handed, except for R1). All methods of music
mapping included production except Garcea et al. (G) which included music production and
perception. Dziedzic et al. (D) and Scerrati et al. (S) are not shown in this figure, due to low
specificity of described region and lack of an illustration. Green = brain region with isolated
music deficit; confirmed in the right posterior superior temporal gyrus (pSTG) by Garcea et al.
(G) and Katlowitz et al. (K), in the right middle frontal gyrus (MFG) by Roux et al. (R3) and
in the left MFG (Brodmann's area) by Zhang et al. (Z). Red = brain region with music deficit
combined with motor, confirmed by Roux et al. (R1) in the left precentral gyrus. Yellow = brain
region with music deficit combined with speech/language, confirmed in the right precentral
gyrus by Roux et al. (R3, R4, RS5) and Katlowitz et al. (K) and in the left precentral gyrus by
Leonard et al. (L) and Roux et al. (R2)

Music disruption only combined with speech/language occurred in four patients. Two
patients in the right precentral gyrus during intra-operative singing; one left-handed
patient with loss of melodic contour combined with affected speech prosody (R5) and one
articulatory with naming interference (R4). 17 Moreover, two patients in the left precentral
gyrus; one music arrest during intra-operative guitar playing with repetition errors (L) ’

and one articulatory during intra-operative singing with naming interference (R2). 7

Music disruption only combined with motor occurred in two patients; one articulatory
deficit during intra-operative singing with motor interference while stimulating the left
pre-central gyrus (R1) '7 and one patient while stimulating the right postcentral gyrus
with music arrest and dystonic movements in the upper extremities but normal SEPs/

MEPs (S, not shown in figure due to lack of illustration from original manuscript). 3

No music disruption was found in two patients, during intra-operative singing, while
stimulating the right STG >3,
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Peri-operative course of musicality

Pre-operative methods

Pre-operative musical function was assessed in ten patients (71%) 'S 17323537 of
which three patients (30%) with use of standardized musical assessment tools such
as the Montreal Battery of Evaluation of Amusia (MBEA) ¥, the Seashore Rhythm
Test (SRT) *° and the Beat Alignment Test (BAT) *! (Table 3). One study assessed
musical function with the MBEA, SRT and BAT * while the other two studies report
using only the MBEA. 3237 The non-standardized methods of music assessment (n
= 7) involved rhythm and tone pitch by the music therapist in one patient '°, playing
familiar but complex pieces by her own instrument in another patient and one study
reported the use of ‘basic formal testing” in all five patients (R1-5). 7 No pre-operative

deficit in musical function was observed.

Pre-operative speech/language, evaluated with the use of formal tests in 13 patients
(93%) 13173238 "and motor function, assessed in four patients (29%), 153233 revealed

no deficits.

Pre-operative functional MRI (fMRI) for music localization was described in four
patients (29%) with music tasks such as listening to music in two patients 3% %7,
humming familiar songs in one case ** and passive and active music imagination
tasks (i.e. imagining listening or singing) in another case. ' Musical dominance (i.e.
increased voxel activity) was found in the right STG in one case *’, while bilateral
STG activation was found in two other patients during music tasks. 3> Activation
of the left MFG and supplementary motor area (SMA) was perceived in the fourth
patient during humming, score reading and diverse speech/language tasks. 3

Pre-operative functional MRI for speech/language localization was described in four
patients '*-3%37 one of which showed less voxel contrast in the right STG compared
to the music-related voxel activity*’, left-hemispheric dominance in two patients '>-3¢
and increased voxel activation in the right anterior temporal lobe during passive word

listening tasks (not shown in Table). °

Post-operative methods

Post-operative musical function was assessed in seven patients (50%), of which

four patients using standardized assessment tools (Table 3); two patients tested with the
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MBEA3>% one with the SRT '* and one with the SRT, MBEA en BAT.** One patient
reported improvement from 86% to 99% on the MBEA attributed to perilesional
compensatory activations. * The other three patients reported similar results compared
to baseline, all within normal range. !>’ The use of non-standardized methods for the
assessment of musical function after surgery was reported in three patients (23%), in which
authors claim that patients were able to play the piano 3, the violin * and the clarinet. ¥’

Post-operative speech/language was only described in two cases; one patient remained
above average on the intelligence and verbal memory tests.'s The other patient scored
98% correct, concordant with baseline, on the Aphasia Battery of Chinese test 1
week and 6 months after surgery.* Furthermore, no reports on other post-operative
neurological deficits were found, except for slight dyscalculia in one case. *

Discussion

This systematic review supports that mapping music during awake craniotomy is
feasible. Moreover, the detection of isolated music disruption in both the right and left
hemisphere and preservation of musicality in all patients indicate the additional value
of this mapping technique for both hemispheres. Limitations and recommendations

for future studies and clinical practice are discussed below.

Feasibility

Almost all included patients (93%) reported successful mapping while performing
different music tasks during awake craniotomy. This accounts mostly for singing and
humming, as this task was reported in 71% of our included patients and resembles
the standard speech/language tasks. **** Furthermore, music tasks involved variable
instruments, such as the clarinet, keyboard, guitar and violin, all without the
occurrence of task-related complications. While playing these instruments during
awake craniotomy therefore seems feasible, generalization of the findings is limited,
as different patients may require various positions on the operation table for optimal
resection which might interfere with the posture and mobility needed to play for
instance the violin. One case failed to map during musical tasks, due to occurrence of
a stimulation-induced seizure *, which was a complication not related to the music
task itself. Our results on feasibility should be handled with caution since studies with

negative results are often not published and publication bias cannot be ruled out. *
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Intra-operative mapping

Isolated music disruption occurred in five out of fourteen patients and was identified
in the right posterior STG, in both sides the MFG and left middle temporal gyrus
suggesting additional value of mapping music in these structures. Isolated music
disruption was most often found in the non-dominant hemisphere (n = 3, 60%), but
also in the dominant hemisphere (n = 2, 40%). This isolated music disruption in
the dominant hemisphere is in contrast to the acknowledged hypothesis of Jackson
and colleagues explaining that the dominant hemisphere is specialized for speech/
language activity and the non-dominant hemisphere for many non-linguistic holistic
functions such as music perception and production. *>* The authors from our included
studies that found isolated music disruption in the dominant hemisphere, clarified
this with two possible explanations: first, re-organization to the contra-lateral side
in younger patients combined with loss of function in the non-dominant hemisphere
due to long-standing lesions. >3 Second, it could be true that both hemispheres are
involved in musicality. Indeed, two out of four included patients which performed pre-
operative fMRI found synchronous activation in the right and left STG during music
imagination tasks, indicating a valuable role for fMRI when operating either side. '*
37 A fMRI study with healthy participants confirmed this, showing increased voxel
activation during music listening in both the right and left STG. *’ Furthermore, our
included studies suggest additional value of pre-operative fMRI as music localization

was confirmed in three out of these four cases.’? 337

Speech/language and music errors were found in four out of fourteen patients when
stimulating both the left and right precentral gyrus, suggesting a speech/language-
induced musical disruption. We observed this speech/language-induced musical
disruption more during intra-operative singing (n = 3, 75%) as opposed to playing
an instrument (n = 1, 25%). This might be explained by the several common
characteristics of speech/language and singing, such as their hierarchical structure
and prosodic features (e.g. phrase-final lengthening). ***° However, the small numbers
limit firm conclusions on this relation. In two patients, music disruption was found
combined with visible motor contractions in the right post-central gyrus and left pre-
central gyrus. These regions can therefore not solely be devoted to the function of
music. ***° Eight cases did not explicitly mention their findings on motor mapping, so
we assumed no motor deficits in these patient, as motor disruption can be determined

through mere observation. Future studies should carefully describe each task per brain
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region, to enable readers to understand the origin (motor, speech/language or merely
music) of the deficit.

Preservation of musical function

All the included cases in this study demonstrated preserved musical function,
indicative for added value of intra-operative music tasks during awake craniotomy.
We do acknowledge that, in the literature, we did not find any case reports describing
amusia after awake craniotomy without music tasks. However, literature describes
post-operative amusia in one case after resection of the right-sided gyrus of Heschl,'
and a non-aphasic singer which lost his capacity to sing after resection of a cyst in
the right MFG®'. These studies, which confirm our cases which found isolated music
disruption in the right MFG and STG, convince us of the added value of testing
musicality during awake craniotomy. Our data on the postoperative follow-up was
limited to only seven out of fourteen cases. Furthermore, while these studies reported
patients playing their instrument after surgery, objective standardized tools were
only used in four studies challenging comparisons between pre- and postoperative
musicality. *° Future studies should therefore a) report follow-up data and b) use an
objective, standardized assessment tool.

Strengths and limitations

This study has several strengths and limitations. This is the first systematic review
to assess the feasibility and value of music mapping during awake craniotomy. We
schematically presented an overview of all the different methods, brain regions of
interest and peri-operative course. Our findings are intended to be used as a guidance
for clinical practice and for future studies. Our conclusions with respect to feasibility
should be handled with caution, as all studies had positive outcomes (successful music
mapping with preserved postoperative function) possibly indicating publication bias.
Moreover, our small sample size, lack of control group, different methods of assessing
musical function, and limited information concerning post-operative musical function
make it difficult to draw firm conclusions on the true additional value of mapping

music for preserving musicality.
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Recommendations

Publication of unsuccessful case reports should be encouraged to improve insights
in the feasibility of musical performance during awake craniotomy. Second,
although intra-operative music tasks may vary, disruption of music should always
be compared with speech/language and/or motor tasks to understand the origin
(motor, speech / language or merely music) of the deficit. Third, musicality should
also be assessed with a standardized objective scoring form before and after surgery
allowing comparison between several moments and studies. Lastly, pre-operative
fMRI with musicality related tasks is desirable in order to improve knowledge on the
localization of music in neurosurgical patients and to allow for better interpretation
of the intra-operative findings.

Conclusions

Successful mapping during music tasks in all but one reported patient shows the
feasibility of intra-operative mapping of musical function. Moreover, isolated music
disruption in both the right and left hemisphere with preservation of musicality in
all patients indicate an added value of this mapping technique for both hemispheres.
Future studies should use standardized protocols as described above to assess the true

feasibility and added value of mapping music during awake craniotomy.
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Chapter 9

This thesis aims to evaluate the effects of music and musicality on the post-operative
neurosurgical course. In this general discussion, the definition and impact of delirium
following brain surgery will be discussed. Subsequently, the studied effects of music
on the prevention of delirium and its hypothesized mechanism will be evaluated.
Moreover, we elaborate on musicality as a brain function with respect to intra-
operative mapping possibilities but also as a protective factor for post-operative
language decline after brain tumor surgery. The discussion is concluded with prospects

for future scientific efforts.

The definition and impact of delirium on recovery following brain
surgery

The recovery of a patient after brain surgery can be negatively influenced by delirium.
Delirium is a psychiatric disease, defined in the Diagnostic and Statistical Manual of
Mental Disorders (DSM) and its diagnosis currently relies on clinical evaluation of
experts in the field being a psychiatrist or geriatrician. To increase the recognition of
delirium during hospital stay, a variety of delirium diagnostic screening tools have
been developed, which can also be assessed by other healthcare workers. Delirium
is defined in the latest DSM as “an acute disturbance in attention and cognition
which is not better explained by another neurocognitive disorder such as for example
dementia”. These criteria overlap with certain commonly occurring symptoms specific
to the neurosurgical patient, which also may cause disturbances in attention and or
cognition. The diagnostic accuracy of delirium screening tools in this population is
therefore questionable. In our review it was not possible to investigate which delirium
assessment tool was most suitable for the neurosurgical population, since diagnostic
accuracy of the screening tools was not validated against the DSM-criteria in any
study. The Confusion Assessment Method (CAM) was mostly used as a screening
tool, which is considered a reliable assessment instrument for delirium in postsurgical
patients. The second most used assessment tool in this review was the ICDSC, a tool
primarily developed for the Intensive Care Unit (ICU). A considerable proportion
of the studies in our review were retrospective studies using non-validated tools
describing the ‘occurrence of hallucinations’ or ‘episodes of confusion’, which was
all based on ‘positive’ symptoms. These tools risk missing delirium cases, as these
assessments might fail to recognizing delirium, especially the hypoactive type which
compromises 26—58% of delirium in this population. (1-11) Not only did we observe a
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variation in type of screening tools, but also on frequency (one to three times per day)
and follow-up duration (24 hours to 30 days postoperatively). Our analyses indicate
that future studies should assess delirium at several moments per day and within at
least the first five post-operative days.

The fact that the symptoms of delirium overlap with the primary neurological
symptoms after brain surgery, stresses the importance of identifying delirium in
this population. What is the use of investigating delirium-like symptoms, if they are
temporary and perhaps inherent to the post-neurosurgical course? We addressed these
issues by comparing patients with and without delirium presentation, as defined by
an increased Delirium Observation Screening Score (DOSS), which is a delirium
screening tool validated in the Dutch population and currently common practice at
our department. By analyzing the largest retrospective cohort until present on this
topic, we found an incidence of 19.3%, which was in line with the pooled estimate
of our systematic review. (12) Onset of delirium did not independently correlate with
hospitalization length or mortality in our cohort after controlling for gender, age
and obesity. Although many studies suggest an increased mortality in patients with
delirium, this is not found when controlling for pre-specified confounders in either
the neurosurgical or non-neurosurgical literature. (12, 13) However, we found that
patients with delirium were more often discharged towards residential care instead of
home and were more often admitted to the ICU indicating a negative effect on their
recovery. The fact that these patients are more often discharged towards residential
care implies that delirium patients are incapable of sufficient self-care, meaning
that they mostly have Karnofsky Performance Scales (KPS) of 60 or lower. In our
clinic and many others a KPS of at least 70 is required to be indicated for adjuvant
chemotherapy in case of high grade glioma or brain metastases, as literature indicates
that the effect of adjuvant chemotherapy is minimal for patients with lower KPS. (14)
Hence, onset of delirium therefore independently may lower the chance of receiving
life prolonging therapy, although this did not affect the overall survival as analyzed
from our retrospective cohort data.

Previous mentioned numbers suggesting high impact of delirium in neurosurgery,
motivated us to search for effective preventive therapies to lower the incidence of

delirium and improve patients’ outcome following brain surgery.

207




Chapter 9

Delirium after brain surgery: predicting onset and therapeutic
targets

Current management of post-operative delirium (POD) is focused on pre-operative
counseling and preventive therapies, as currently no effective treatment exists for
POD in any surgical population. (15) Hence, predicting delirium and shedding light
on which factors contribute to this clinical presentation could aid in the pre-operative
prevention, decision-making, in informing the patient on the expected postoperative
course and create targets for future intervention studies. (16) Our prediction models
were able to correctly identify which patients develop POD in 65 — 78% of the cases,
but these results should be validated on an external cohort to assess its true predictive
value. Risk factors included older age and memory problems which was not surprising
as older age with degeneration associated neuro-inflammatory processes, is associated
with less cognitive resilience. (17) Moreover, admission from residential care and
needing daily assistance before admission were independent risk factors for delirium.
This was expected, as early mobilization has proven to decrease the onset of delirium
on the ICU and is currently an element in advised multi-component strategies.(18)
However, these risk factors are non-modifiable but still of interest as the treating
physician could take this into account when informing the patient on its expected post-
operative course. Moreover, the physician could take preventive measures, targeted at

modifiable risk factors, in patients prone to the development of delirium.

Modifiable risk factors included use of dexamethasone, which is known to cause
neuropsychiatric side effects. On the other hand, steroid-induced psychiatric
symptoms after craniotomy have only been described in case reports and no cohort
studies had supported this assertion until present. (19, 20) Also poor nutritional status,
represented as low pre-operative potassium and lower body mass index, predicted
higher chance of delirium and could be a potential preventive target. (21) Furthermore,
the administration of post-operative use of opioids was independently associated with
onset of POD. This could be attributed to the anticholinergic properties of morphine
itself or opioid administration could be an epiphenomenon of more postoperative
pain. Just removing the opioids may not fit, as an increase in pain also contributes
to delirium development in non-neurosurgical populations. (22) Therefore, other
analgesic treatments, such as local scalp-blocks or non-pharmacologic alternatives,
may be considered for the prevention of post-operative delirium after intracranial
surgery. (23, 24)
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Music to endure pain in an experimental setting

Our Erasmus MC affiliated research group (“Muziek als Medicijn”) found listening
to recorded music to be effective in reducing preoperative anxiety, postoperative pain
and its stress response induced by surgery. (25) Moreover, lower doses of opioids
and sedatives were required when music around surgery was applied (not in this
thesis) (26) However, clinical studies hinder a firm conclusion on the quantitative
analgesic effect of music. Also, it is unclear whether this decrease in pain perception
leads to better endurance, and by which underlying mechanisms. This was tackled
in an experimental study, as the amount of pain could be controlled. The “effect
of recorded music on pain endurance (CRESCENDo)-trial” was a two-armed
randomized controlled trial, comparing preferred recorded music with rest, performed
on healthy participants which all received increasing electric stimuli while blinded
for the amperage outcome. Although, the effect of listening to preferred music on
pain endurance was not statistically significant in our intention-to-treat analysis, we
did find an effect after excluding those participants with a high skin impedance. This
effect on pain endurance could have been attributed to sympathetic-adrenomedullary
axis activation, as an increased activation by music on heart rate variability (HRV)
was found. Moreover, salivary alpha-amylase (sAA) values increased in the control
group, as opposed to the music group, which normalized over time. Our results should
be interpreted with caution as they did not reach significance, but do support sAA to be
a potential objective non-invasive tool for pain assessments within the field of music.
(27) Our experimental model provides a solid effect of music on pain endurance, as
the outcome was objective and the patients were blinded for the primary outcome.
Clarifying the quantitative analgesic effect of music and underlying mechanisms,
such as in the CRESCENDO-trial, might expand the indications for music around

certain painful procedures in hospital care.

Music to improve delirium after brain surgery

As pain, anxiety and stress promote the occurrence of delirium, we were interested to
study the effect of music on the occurrence of delirium in our neurosurgical patients.
Moreover, we suspected good feasibility of this intervention, as recorded music was
described as an easy to apply intervention. The Music to prevent deliriUm during
neuroSurgerY Clinical-trial (MUSYC) was a single center, randomized trial that
compared standard of clinical care with recorded music administered before, during
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and after craniotomy including 189 patients in 2 arms. We found a significant decrease
of post-operative delirium, defined with DOSS, in the treatment arm receiving
perioperative music. A recent published systematic review conducted a meta-analysis
on the preventive effect of music on delirium with six studies and found a relative
reduction (RR; 0.52) similar to ours (RR; 0.48). (28) Our results fit well within the
current literature and support the implementation of music for the prevention of
delirium within the neurosurgical population. Although a similar trend was found,
significance of results was not achieved between the music and control groups on
the onset of delirium, when assessed by the DSM-5 criteria. One of the reasons for
not reaching statistical significance in our study may have been under powering, as
suspicion of delirium after increased DOSS was not confirmed by the psychiatrist
in almost half of the cases, resulting in a lower incidence of delirium diagnosis in
our patient cohort than expected on forehand. Our sample size calculation was based
on other neurosurgical studies evaluating incidence of delirium solely assessed
by increased scores on delirium screening tools such as the CAM(-ICU), ICDSC,
NEECHAM, Nu-DESC or DOSS. (12) In settings such as the general medical
or surgical populations, diagnostic usage of these tools may be justified, as high
diagnostic accuracy rates are reported.(29) However, it is unclear whether this can be
adopted to our complicated patient population, as a positive screen for delirium may
be confounded by underlying neurological disease symptoms or its sequalae (e.g.,

oedema, vasospasm, seizures, rebleeding, ischemia).

Music activates the mesolimbic system, besides the auditory cortex, resulting in
an increase in parasympathetic activity. (30) As causes of delirium rely on neuro-
inflammatory reactions within the brain we propose that this parasympathetic, vagal
mediated anti-inflammatory response, may be a candidate pathway on which music
has preventive effects for delirium. (17, 31) Although we did not assess inflammatory
cytokine levels in our study, music very likely induced parasympathetic nervous
activation. This was reflected by the significant increase in heart rate variability
(HRV) during the first pre-operative music session, confirming the HRV results
from the CRESCENDO-trial. This parasympathetic activation may have induced a
sedative-sparing effect, subsequently increasing cortical engagement and cognitive
processing. (32) This sedative-sparing effect was not found in the MUSY C-trial, but
a deeper level of sedation level during neurosurgery in the music group was achieved

with standardized sedation dosages.
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We reported high adherence to the music intervention before surgery. Patients in our
study reported high importance of music in daily life, high number of hours listening
to music in daily life and the willingness to receive music intervention in case of
future surgeries. These are considered important facilitators and should be taken
into consideration for future music implementation. (33) However, after surgery the
patients were less adherent to the music intervention. They might have felt less urgency
to listen to the music, after the procedure was performed. Lack of the knowledge
of the intervention is considered a barrier for implementation. Informing patients,
substantiated by the results from efficacy studies such as the MUSY C-trial, may aid

in the implementation in the neurosurgical population.

In conclusion, our results support the efficacy of music in preventing delirium after
craniotomy, as found with delirium detection by the DOSS but not with DSM criteria.
This effect of music was substantiated by the positive effect of music on pre-operative
autonomic tone and depth of anesthesia. What are the implications with respect
to patient recovery? In line with our retrospective cohort this should lead to less
discharge towards residential care and in theory more patients fit enough to tolerate
the life prolonging adjuvant therapy. The long-term effects of music in brain surgery

after discharge are currently being analyzed.

Preserving musicality and language function during awake
craniotomy

To better secure brain functions while resecting more tumor tissue, neurosurgeons
may use ‘mapping’ techniques, such as the awake craniotomy to preserve functions

important for patients’ daily life: an important function being language.

There is currently some suggestion in the literature that musically training-related
brain changes might have a beneficial effect on language recovery following awake
glioma surgery. (34) We assessed the background of musical training in patients in
a cohort from two neurosurgical centers and compared this with the pre- and post-
operative language scores. We found less language impairment in the musically trained
patients on the language tasks assessing pitch and sound, referred to as phonology. It
is known that musicians detect subtle variations of pitch within musical phrases faster,
and more accurately than non-musicians. (35-37) This seemed plausible as phonology

shares a common hierarchical structure between speaking and singing. Moreover, our
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results support the hypothesis of musicality induced contralateral compensation in
the (sub-) acute phase through the corpus callosum as we found a correlative trend
between the increase of the volume of the corpus callosum, number of hours of
musical training and extent of postoperative language recovery. We found a stronger
effect in instrumentalists compared to singing musicians, which could have been
attributed to their intense bimanual motor training resulting in more interhemispheric

communication and better language scores.

We addressed musicality as a sole brain function and whether it can be protected
during awake craniotomy by schematically presenting an overview of all the different
methods, mapped brain regions of interest and the peri-operative course as mentioned
in the current literature. We found that mapping music during awake craniotomy
is feasible, as almost all included patients reported successful mapping while
performing different musical tasks during awake craniotomy. (38) Moreover, isolated
music disruption during electric stimulation in the temporal and frontal regions was
found with preserved post-operative musical function, suggesting additional value of
mapping music in these structures. We do acknowledge that, in the literature, we did
not find any case reports describing amusia after awake craniotomy without music
tasks which could be a counter argument for adding music mapping to language/motor
tasks during awake craniotomy. Clear conclusions are challenging, since a control
group is difficult to add in this type of research. However, literature describes post-
operative amusia in cases after operating under general surgery on the right frontal and
temporal lobe which confirms our localization with isolated music disruption. (39, 40)
These arguments justify addition of music tasks, as no complications related to these

tasks were found, and quality of life may have been preserved for these patients.

Future scientific efforts and perspectives

Our prediction model for delirium should be validated on an external cohort to assess
its true predictive value. Other modifiable risk factors could be targeted for decreasing
delirium incidence such as lowering dexamethasone dosages. As dexamethasone
is applied to attenuate neurologic deficit, the advantage of delirium should be
compared with the disadvantage of impeding dexamethasone administration. Pre-
operative potassium and improving nutritional status could be targeted, which may
be challenging as the indication for most brain operations are within a couple of

weeks. Prospective studies need to assess the long-term implications of delirium, as
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defined with DOSS and DSM, after discharge to underpin the true clinical relevance

of delirium in the neurosurgical cohort.

The CRESCENDO-trial should be replicated with a more comprehensive design
framework using our pain and music model, preferably with a third arm with non-
music auditory signals, to assess the true analgesic effect of music stratified per type
of genre. The measured underlying effects could have been more comprehensive as
we studied the effects of HPA and SAM axes, and hypothesized activation of the
limbic system, but did not confirm this with an electrophysiology study. Therefore,
EEG and neurological imaging studies could be added to this model to assess the

emotional-inducing effect of music evoked from the (meso-)limbic system.

The results of the MUS Y C-trial are promising, as a reduction of delirium was achieved
with music when defined with the DOSS. Our results fit well in current literature
and support the implementation of music for the prevention of delirium within the
neurosurgical population. Further efficacy studies are needed to analyze which
subgroups mostly benefit from music and what optimal dosage needs to be applied
to prevent delirium after craniotomy. Although the pre-operative adherence to music
listening was high, this declined after surgery which should be taken into account,
when considering for implementation in the neurosurgical population. Informing
patients, substantiated by the results from efficacy studies such as the MUSY C-trial,
may aid in the implementation in the neurosurgical population. The results of our study
were limited by the issue on delirium definition, as the beneficial effect of music was
not statistically confirmed in case of handling the DSM-5 diagnosis. The definition of
delirium should be re-defined within the neurological population to create clear ‘Gold
Standards’ for diagnostic studies of screening instruments. Furthermore, future studies
should validate the current existing screening tools as certain symptoms specific to the

neurosurgical patient overlap with diagnostic criteria of delirium.

To confirm our findings on the effects of musicality on post-operative language
recovery, larger sample sizes are needed, which enables to correct for the confounding
variables described in this study. Second, imaging techniques such as diffuse tensor
imaging (DTI) and functional MRI (i.e. with MIT protocol) before surgery and after
surgery could be linked to the course of postoperative language recovery to identify
the role of contra- and ipsilateral compensation over time. Third, future language

rehabilitation could be targeted at the phonologic level in glioma patients with
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musical background. Last, quality of life questionnaires may be added to assess the
true impact of subtle language differences between musical and non-musical patients
after glioma surgery.

To improve insights on the feasibility of musical performance during awake craniotomy,
unsuccessful case reports should be published. Secondly, although intra-operative music
tasks may vary, disruption of music should always be compared with speech/language
and/or motor tasks to understand the origin (motor, speech/language or merely music)
of the deficit. Third, musicality should also be assessed with a standardized objective
scoring form before and after surgery allowing comparison between several moments
and studies. Last, pre-operative fMRI with musicality related tasks is desirable to allow
for better interpretation of the intra-operative findings.
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Chapter 10

Summary

The effect of music on delirium after brain surgery

Delirium is a neuropsychiatric clinical syndrome with overlapping symptoms with
the neurologic primary disease. This is why delirium is such a difficult and under-
exposed topic in neurosurgical literature. Delirium is a complication which might
affect recovery after brain surgery, hence we describe in Chapter 2 a systematic
review which focuses on how delirium is defined in the neurosurgical literature.
We included twenty-four studies (5589 patients) and found no validation studies
of screening instruments in neurosurgical papers. Delirium screening instruments,
validated in other cohorts, were used in 70% of the studies, consisting of the
Confusion Assessment Method (- Intensive Care Unit) (45%), Delirium Observation
Screening Scale (5%), Intensive Care Delirium Screening Checklist (10%), Neelon
and Champagne Confusion Scale (5%), and Nursing Delirium Screening Scale (5%).
Incidence of post-operative delirium after intracranial surgery was 19%, ranging from
12 — 26% caused by variation in clinical features and delirium assessment methods.
Our review highlighted the need of future research on delirium in neurosurgery,
which should focus on optimizing diagnosis, and assessing prognostic significance

and management.

It is unclear what the impact of delirium is on the recovery after brain surgery,
as delirium is often a self-limiting and temporary complication. In Chapter 3 we
therefore investigated the impact of delirium, by means of incidence and health
outcomes, and identified independent risk factors by including 2901 intracranial
surgical procedures. We found that delirium was present in 19.4% with an average
onset (mean/SD) within 2.62/1.22 days and associated with more Intensive Care
Unit (ICU) admissions and more discharge towards residential care. These numbers
confirm the impact of delirium with its incidence rates, which were in line with our
previous systematic review, and significant health-related outcomes. We identified
several independent non-modifiable risk factors such as age, pre-existing memory
problems, emergency operations, and modifiable risk factors such as low pre-
operative potassium and opioid and dexamethasone administration, which shed light
on the pathophysiologic mechanisms of POD in this cohort and could be targeted

for future intervention studies.
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As listening to recorded music has been proven to lower delirium-eliciting factors in
the surgical population, such as pain, we were interested in the size of analgesic effect
and its underlying mechanism before applying this into our clinical setting. In Chapter
4 we describe the results of a two-armed experimental randomized controlled trial in
which 70 participants received increasing electric stimuli through their non-dominant
index finger. This study was conducted within a unique pain model as participants
were blinded for the outcome. Participants in the music group received a 20-minute
music intervention and participants in the control group a 20-minute resting period.
Although the effect of the music intervention on pain endurance was not statistically
significant in our intention-to-treat analysis (p = 0.482, CI -0.85; 1.79), the subgroup
analyses revealed an increase in pain endurance in the music group after correcting for
technical uncertainties (p = 0.013, CI 0.35; 2.85). This effect on pain endurance could
be attributed to increased parasympathetic activation, as an increased Heart Rate
Variability (HRV) was observed in the music vs. the control group (p=0.008;0.032).

As our prior chapters increased our knowledge on the significance of delirium on the
post-operative recovery after brain surgery and the possible beneficial effects of music,
we decided to design a randomized controlled trial. In Chapter 5 we describe the
protocol and in Chapter 6 we describe the results of this single-centered randomized
controlled trial. In this trial we included 189 patients undergoing craniotomy and
compared the effects of music administered before, during and after craniotomy with
standard of clinical care. The primary endpoint delirium was assessed by the delirium
observation screening scale (DOSS) and confirmed by a psychiatrist according
to DSM-5 criteria. A variety of secondary outcomes were assessed to substantiate
the effects of music on delirium and its clinical implications. Our results support
the efficacy of music in preventing delirium after craniotomy, as found with DOSS
(OR:0.49, p=0.048) but not after DSM-5 confirmation (OR:0.47, p=0.342). This
possible beneficial effect is substantiated by the effect of music on pre-operative
autonomic tone, measured with HRV (p=0.021;0.025), and depth of anesthesia
(p=<0.001;0.022). Our results fit well within the current literature and support the
implementation of music for the prevention of delirium within the neurosurgical
population. However, delirium screening tools should be validated and the long-term
implications should be evaluated after craniotomy to assess the true impact of music

after brain surgery.
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Musicality and language in awake brain surgery

In the second part of this thesis, the focus swifts towards maintaining musicality and
language functions around awake craniotomy. Intra-operative mapping of language
does not ensure complete maintenance which mostly deteriorates after tumor resection.
Most patients recover to their baseline whereas other remain to suffer from aphasia
affecting their quality of life. The level of musical training might affect the speed and
extend of postoperative language recovery, as increased white matter connectivity in
the corpus callosum is described in musicians compared to non-musicians. Hence,
in Chapter 7 we evaluate the effect of musicality on language recovery after awake
glioma surgery in a cohort study of forty-six patients. We divided the patients into
three groups based on the musicality and compared the language scores between these
groups. With the first study on this topic, we support that musicality protects against
language decline after awake glioma surgery, as a trend towards less deterioration of
language was observed within the first three months on the phonological domain (p
= 0.04). This seemed plausible as phonology shares a common hierarchical structure
between language and singing. Moreover, our results support the hypothesis of
musicality induced contralateral compensation in the (sub-) acute phase through the
corpus callosum as the largest difference of size was found in the anterior corpus

callosum in non- musicians compared to trained musicians (p = 0.02).

In Chapter 8 we addressed musicality as a sole brain function and whether it can
be protected during awake craniotomy in a systematic review consisting of ten
studies and fourteen patients. Isolated music disruption, defined as disruption during
music tasks with intact language/speech and/or motor functions, was identified in
two patients in the right superior temporal gyrus, one patient in the right and one
patient in the left middle frontal gyrus and one patient in the left medial temporal
gyrus. Pre-operative functional MRI confirmed these localizations in three patients.
Assessment of post-operative musical function, only conducted in seven patients by
means of standardized (57%) and non-standardized (43%) tools, report no loss of
musical function. With these results we concluded that mapping music is feasible
during awake craniotomy. Moreover, we identified certain brain regions relevant for
music production and detected no decline during follow-up, suggesting an added
value of mapping musicality during awake craniotomy. A systematic approach to map
musicality should be implemented, to improve current knowledge on the added value

of mapping musicality during awake craniotomy.
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Samenvatting

Het effect van muziek op het delier na een hersenoperatie

Het delier is een neuropsychiatrisch klinisch syndroom met overlappende
symptomen met de neurologische primaire ziekte. Hierom is het delier zo’n moeilijk
en onderbelicht onderwerp in de neurochirurgische literatuur. Het delier is een
complicatie die het herstel na een hersenoperatie kan beinvloeden, vandaar dat wij
ons in Hoofdstuk 2 op het delier hebben gericht door een systematische review uit
te voeren op de wijze waarop het delier in de neurochirurgische literatuur wordt
gedefinieerd. Wij includeerden vierentwintig studies (5589 patiénten) en vonden geen
validatiestudies van screeningsinstrumenten in neurochirurgische artikelen. Delirium
screeningsinstrumenten, gevalideerd in andere cohorten, werden gebruikt in 70% van
de studies, bestaande uit de Confusion Assessment Method (- Intensive Care Unit)
(45%), Delirium Observation Screening Scale (5%), Intensive Care Delirium Screening
Checklist (10%), Neelon and Champagne Confusion Scale (5%), en Nursing Delirium
Screening Scale (5%). Incidentie van postoperatief delier na intracraniéle chirurgie
was 19%, variérend van 12 - 26% veroorzaakt door variatie in klinische kenmerken en
delierbeoordelingsmethoden. Ons overzicht benadrukte de noodzaak van toekomstig
onderzoek naar delirium bij neurochirurgie, dat zich moet richten op het optimaliseren

van de diagnose en het beoordelen van de prognostische betekenis.

Het is onduidelijk wat de impact van een delier is op het herstel na een hersenoperatie,
aangezien een delier vaak een zelfbeperkende en tijdelijke complicatie is. In Hoofdstuk
3 onderzochten wij daarom de impact van het delier, door middel van incidentie
en gezondheidsuitkomsten, en identificeerden wij onafhankelijke risicofactoren
door 2901 intracranié€le chirurgische procedures te analyseren. Wij vonden dat een
delier aanwezig was in 19,4% met een gemiddeld (SD) ontstaan binnen 2,62 (1,22)
dagen na de operatie en geassociecerd met meer opnames op de Intensive Care Unit
(ICU) en meer ontslag naar verpleeghuizen. Deze incidentie cijfers bevestigen
de impact van het delier, die overeenkwamen met onze systematische review, en
significante gezondheidsgerelateerde uitkomsten. Wij identificeerden een aantal niet-
modificeerbare risicofactoren zoals leeftijd, reeds bestaande geheugenproblemen,
spoedoperaties, en modificeerbare risicofactoren zoals laag preoperatief kalium en
toediening van opioiden en dexamethason, die inzicht geven in de pathofysiologische
mechanismen van delirium in dit cohort en die aangegrepen kunnen worden in

toekomstige interventiestudies.
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Eerder is aangetoond dat het luisteren naar muziek de pijnbeleving kan verlagen in de
chirurgische populatie. Wij waren geinteresseerd in de omvang van het pijnstillende
effect en het onderliggende mechanisme van muziek aangezien pijn een uitlokkende
factor voor het delirium is. In Hoofdstuk 4 beschrijven wij de resultaten van een
experimenteel 2-armig gerandomiseerd onderzoek waarbij 70 deelnemers toenemende
elektrische prikkels kregen via hun niet-dominante wijsvinger. Deze studie werd
uitgevoerd binnen een uniek pijnmodel, aangezien de deelnemers geblindeerd waren
voor de uitkomst. Deelnemers in de muziekgroep kregen een muziekinterventie
van 20 minuten en deelnemers in de controlegroep een rustperiode van 20 minuten.
Hoewel het effect van de muziekinterventie op het uithouden van pijn niet statistisch
significant was in onze primaire analyse (p = 0,482), licten de subgroep analyses, na
correctie voor technische onzekerheden, een toename van het uithouden van pijn in de
muziekgroep zien (p = 0,013). Dit effect zou kunnen worden toegeschreven aan een
verhoogde parasympathische activering, aangezien een verhoogde hartslagvariabiliteit

(HRV) werd waargenomen in de muziek- vs. de controlegroep (p=0,008).

Aangezien onze eerdere hoofdstukken de impact van het delirium na hersenchirurgie
en de mogelijke gunstige effecten van muziek lieten zien, besloten wij een
gerandomiseerde studie te ontwerpen. In Hoofdstuk 5 beschrijven we het protocol en
in Hoofdstuk 6 beschrijven we de resultaten van deze single-centered gerandomiseerde
trial. In dit onderzoek onderzochten we 189 patiénten die een craniotomie ondergingen
en vergeleken we de effecten van muziek voor, tijdens en na de craniotomie met
de standaard klinische zorg. Het primaire eindpunt delirium werd gedefinieerd met
de delirium observation screening scale (DOSS) en bevestigd door een psychiater
middels de DSM-5 criteria. Een scala aan secundaire uitkomsten werd onderzocht
om de onderliggende mechanismen van muziek op het delier te achterhalen en de
klinische implicaties ervan te onderbouwen. Onze resultaten ondersteunen de
effectiviteit van muziek in de preventie van een delier na craniotomie, zoals gevonden
met DOSS (OR:0,49, p=0,048) maar niet na DSM-5 bevestiging (OR:0,47, p=0,342).
Dit mogelijke gunstige effect werd toegeschreven door het effect van muziek op het
preoperatieve parasympatische zenuwstelsel, gemeten met HRV (p=0,021;0,025), en
diepte van de anesthesie (p=<0,001;0,022). Onze resultaten passen goed binnen de
huidige literatuur en ondersteunen de implementatie van muziek ter preventie van
delirium binnen de neurochirurgische populatie. De instrumenten voor de screening

van het delier moeten echter worden gevalideerd en de gevolgen op lange termijn
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moeten worden geévalueerd na een craniotomie om de werkelijke impact van muziek

na hersenchirurgie te beoordelen.

Muziek- en taal functie in wakkere hersenchirurgie

In het tweede deel van dit proefschrift verschuift de aandacht naar het behoud van
muziek- en taalfuncties rondom wakkere hersenoperaties. Intra-operatief in kaart
brengen van taal, gedurende een wakkere ingreep, is geen garantie voor volledig
behoud van taal, welke meestal verslechtert na tumorresectie. De meeste patiénten
herstellen tot hun basisniveau, terwijl andere blijven lijden aan afasie, wat hun
levenskwaliteit aantast. Het niveau van muzikale training zou de snelheid en omvang
van het postoperatieve taalherstel kunnen beinvloeden, aangezien een verhoogde witte
stof connectiviteit in het corpus callosum is beschreven bij musici in vergelijking met
niet-musici. Daarom evalueren wij in Hoofdstuk 7 het effect van muziek maken op
jongere leeftijd op taalherstel na wakkere glioomchirurgie in een cohortstudie van
zesenveertig patiénten. Wij verdeelden de patiénten in drie groepen op basis van
hun muzikale achtergrond en vergeleken de taalscores tussen deze groepen. Met
de eerste studie over dit onderwerp ondersteunen wij dat een muzikale achtergrond
beschermend werkt tegen taal achteruitgang na wakkere glioomchirurgie. Een trend
naar minder taalverslechtering werd waargenomen binnen de eerste drie maanden
op het fonologische domein (p = 0,04). Dit is aannemelijk aangezien fonologie een
gemeenschappelijke eigenschap is tussen taal en zang. Bovendien ondersteunen onze
resultaten de hypothese dat een muzikale achtergrond de contralaterale hemisfeer
activeert via het corpus callosum. Het grootste verschil in grootte werd hierbij
gevonden in het voorste corpus callosum bij niet-musici in vergelijking met getrainde

musici (p = 0,02).

In Hoofdstuk 8 onderzochten we muziek als hersenfunctie en of deze beschermd
kan worden tijdens wakkere craniotomie in een systematische review bestaande uit
tien studies en veertien patiénten. Geisoleerde muziekverstoring, gedefinieerd als
verstoring tijdens muziektaken met intacte taal/spraak en/of motorische functies,
werd vastgesteld bij twee patiénten in de rechter superieure temporale gyrus, één
patiént in de rechter middelste frontale gyrus, één patiént in de linker middelste
frontale gyrus en één patiént in de linker mediale temporale gyrus. Pre-operatieve
functionele MRI bevestigde deze lokalisaties bij drie pati€énten. Beoordeling van de

postoperatieve muzikale functie, alleen uitgevoerd bij zeven patiénten door middel
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van gestandaardiseerde (57%) en niet-gestandaardiseerde (43%) instrumenten,
rapporteren geen verlies van muzikale functie. Met deze resultaten concluderen wij
dat het in kaart brengen van muziek mogelijk is tijdens een wakkere hersenoperatie.
Bovendien identificeerden we bepaalde hersengebieden die relevant zijn voor
muziekproductie en constateerden we geen achteruitgang tijdens de follow-up, wat
een toegevoegde waarde suggereert van het in kaart brengen van muzikaliteit tijdens
wakkere craniotomie. Een systematische implementatie voor het in kaart brengen
van muzikaliteit rondom hersenoperaties is noodzakelijk om de kennis hierover te

verbeteren.
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Dankwoord

Graag zou ik dit proefschrift willen afsluiten met het bedanken van hen die, op welke
manier dan ook, belangrijk zijn geweest voor het tot stand komen van dit proefschrift.
Zonder hen was het mij op geen enkele manier gelukt om dit project tot een succesvol
einde te brengen.

Prof. dr. Johannes Jeekel, in het Erasmus Medisch Centrum heeft u direct uw volle
vertrouwen in mij getoond na een eenmalig gesprek. Die onvoorwaardelijke kracht
en dat vertrouwen van u, gaven mij de energie, wilskracht en motivatiec om met volle
inzet te beginnen en niet meer te stoppen tot de laatste letter van dit proefschrift
was getypt. Daarnaast bent u, met uw positieve energie, buiten de gebaande paden
denkend en met uw verbindende rol echt een voorbeeld voor mij. Hiervoor wil ik u

bijzonder bedanken.

Prof. dr. Clemens Dirven, als afdelingshoofd en promotor gaat mijn dank
eveneens zeer naar u uit. U heeft u mij altijd ten volle gesteund om dit project tot
een succesvol einde te brengen. De gesprekken die we op reguliere basis hadden
en waar u ruimschoots de tijd voor nam ondanks uw drukke agenda, heb ik altijd
erg gewaardeerd. Tk mis ze nog steeds na mijn promotieperiode. Uw verbindende
rol binnen de neurochirurgische groep, tussen zowel assistenten als stafleden, uw
luisterend oor maar ook de pragmatische manier waarop u naar oplossingen zoekt,

hebben mij geinspireerd in mijn vroege ontwikkeling als arts en onderzoeker.

Prof. dr. Arnaud Vincent, ook u wil ik bedanken. Zodra u begon over de auriculaire
aftakkingen die mogelijk als onderliggend mechanisme van muziek zou kunnen
spelen bij delier, was ik verkocht. De manier waarop u met hoge snelheid maar met
onvermoeibare niecuwsgierigheid tot vragen en oplossingen weet te komen en de leuke
gesprekken die we hebben gehad heb ik erg gewaardeerd. Op een dag zullen we het
mysterie van het parasympatisch zenuwstelsel en de nervus vagus samen ontrafelen!

Dr. Markus Klimek, voor mij ben je van onschatbare waarde geweest voor het
tot stand komen van dit proefschrift. Ik heb weinig supervisors meegemaakt die
7o snel reageerden. U wist dan ook bijna altijd eerder dan ik als er weer een paper
was geaccepteerd. Niet alleen de vele adviezen die te maken hadden met mijn
promotietraject, maar ook de algemene levenslessen die ik van je heb gehad, pas ik

nog steeds toe in mijn dagelijks leven. Bedankt dat je mijn co-promotor wilde zijn.
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Leden van de kleine commissie: prof. Dr. B. van Leecuwen, prof. dr. Van der Zwan en
prof. dr. Hoogendijk, hartelijk dank voor de bereidheid van u allen om dit proefschrift

te beoordelen en zitting te nemen in de kleine commissie.

Leden van de grote commissie: prof. dr. A.R. Absalom, dr. M.L.D. Broeckman

hartelijk dank dat u wilt opponeren op deze, voor mij zo belangrijke, dag.

Dr. Djaina Satoer, ook jou wil ik graag apart bedanken voor de afgelopen jaren. Ik
genoot vaak enorm van onze lange gesprekken over mogelijke onderzoeksplannen
die we samen hadden. Daarnaast zijn we natuurlijke trotse bandgenoten van de
‘The Craniotomies’. Onze gezamenlijke passie voor onderzoek en muziek hebben
geleid tot een tweetal publicaties over wakkere hersenoperaties bij muzikanten. Daar
ben ik trots op. Kers op de taart was onze gezamenlijke congresreis, samen met
Marike, Saskia en Ellen naar Bordeaux en Wenen. Op heel veel vlakken hebben wij
overeenkomsten en hierom hoop ik dat onze paden, zowel academisch als persoonlijk,

zich in de toekomst nog eens zullen kruisen.

Mede MAM genoten, Thomas, Roos, Ryan, Victor, Ellaha en nu ook Jorrit, Antonia
en Emy. Eenmaal MAM, altijd MAM in je hart. De wekelijkse onderzoeksmeetings
op woensdagochtend mis ik nog elke dag. Hoe we elkaar, zowel binnen als buiten het
ziekenhuis, als collega’s maar ook als vrienden konden begroeten is een bijzonder
gegeven. Ongeacht waar we later terecht komen durf ik met een gerust hart te zeggen dat
weinig dokters hun carriere hebben mogen starten met zo’n warme onderzoeksgroep.
Blijf in jezelf geloven en dan komt alles vanzelf goed! Paul, Fyke en Pien: jullie inzet

en betrokkenheid is altijd van onschatbare waarde geweest.

Mede Na-21 Wendy, Dana, Ellen, Sepehr en Rahman. Iedere keer was het weer een
verrassing wie ik zou aantreffen als ik er op de 21¢ zat. De gesprekken over van alles
en nog wat, de nationale en internationale frietendag en het gezamenlijk aanhoren van
de chirurgieassistenten verderop waren iedere dag weer de hoogtepunten op de Na21.
Anja, aan jou nog een bijzondere dank voor je snelle oplossingen en luisterend oor op

ieder moment van de dag.

Neurochirurgie collega’s, alle assistenten en PA’s. Ontzettend bedankt dat jullie een
rol hebben gespeeld in mijn eerste fase in mijn ontwikkeling tot arts. De toewijding en
dagelijkse energie, ondanks de zeer acute en complexe pathologie, is noemenswaardig

en een springplank voor iedere carriérestap die hierna gezet moet worden. Dank voor
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jullie geduld, vertrouwen en toewijding in mij. Speciaal dank aan alle hardwerkende
en lieve verpleegkundigen op de afdeling. Zonder jullie steun was mijn onderzoek
absoluut geen succes geworden.

Mijn naaste vrienden, zonder ieder bij naam te benoemen weten jullie wie ik bedoel. Met
jullie in mijn omgeving, vanaf de basisschool tot aan nu, heb ik mij kunnen ontwikkelen
tot wie ik nu ben. Het grootste deel van mijn persoonlijkheid op dit moment, heb ik
ontwikkeld met jullie aan mijn zijde. Daarnaast heb ik dankzij jullie, een uitlaatklep
gehad in de weekenden. Dat heeft ervoor gezorgd dat ik op maandag met frisse tegenzin
weer aan de bak kon gaan. Bedankt dat jullie deze rit, het leven, met mij delen.

Mijn paranimfen, Rutger en Casper. Jullie hebben allebei op jullie eigen manier een
belangrijke bijdrage gehad in mijn leven. Bedankt dat jullie op deze belangrijke dag
mij willen ondersteunen.

Bert, lieve paps. Al sinds ik een jochie ben vraag ik je de oren van het lijf. Het
maximaal aantal vragen van 10 per uur worden nog steeds overschreden. Je geduld
tijdens het uitleggen van middelbare schoolmaterie, het wekelijks langs de zijlijn staan
tijdens hockey, samen pianospelen, het sparren over de carri¢rekeuzes en je actieve
hulp hierbij en onze gezamenlijke wandelingen waarin we eindeloos over diepe (maar
gelukkig ook oppervlakkige) dingen praten: het zijn deze dingen die ik zeer waardeer
aan onze relatie. Natuurlijk zijn we allebei uniek maar ik ben juist enorm trots op onze

gemeenschappelijke eigenschappen.

Marta, ola mama. También queria darte las gracias por separado en esta tesis. Estoy
muy orgulloso de tener una madre como ti. Aun no he conocido a nadie con tu
inteligencia de comprender tan bien a la gente a tu alrededor. Pase lo que pase, sigues
teniendo una fuerza interior, una alegria y un fuego que nunca se apaga. Incluso los
momentos que no estamos juntos, siento tu presencia cerca, ¢ intento tomar decisiones

desde tu perspectivo.

Clara en Teresa, licve zusjes. Wat ben ik blij jullie aan mijn zijde te hebben. We
spraken laatst met verbazing naar elkaar toe dat we iedere stap van elkaar vanaf de
eerste rij zullen volgen. Ik word heel gelukkig van deze gedachte. Jullie steun als het
me tegenzit, en de gezelligheid als we samen zijn, zullen we nooit kwijtraken. Tk ben

erg trots op de vrouwen die jullie zijn geworden.
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Evert, Jacomien en Hermen, mijn nieuwe familie. Sinds ik met Willemijn ben heb ik
er een gratis familie bij gekregen, en wat voor een. Ik heb altijd erg genoten van jullie
nuchterheid en warmte. Over de afgelopen jaren, met een boost in Nieuw-Zeeland,
zijn we naar elkaar toe gegroeid en voelen jullie ook echt als familie. Ook jullie wil
ik heel erg bedanken.

Willemijn, mijn vrouw. Ook jou wil ik specifiek heel erg bedanken voor het tot stand
komen van dit proefschrift. Al vanaf het begin was je enthousiast over dit project,
zag je hierin de potenties en heb je mij laten floreren in mijn kracht. Naast dat je
mijn partner bent, ben je dagelijks mijn coach en sparringpartner geweest. Naast jouw
liefde heb ik ook van jouw intelligentie kunnen profiteren. Die heeft er mede voor

gezorgd dat ik dit project in korte tijd succesvol heb kunnen afronden.
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DATE Training activiteit EC

CURSUSSEN

MEI 2019 BROK cursus 1.50

MEI 2019 Endnote cursus 2.00

JULI 2019 Wetenschappelijke integriteit 0.30

NOVEMBER 2019 Systematic review (Pubmed/Embase) 1.00

DECEMBER 2019 Wetenschappelijk schrijven 2.00

FEBRUARI 2020 Biomedical English writing 2.00

MEI 2020 Open Clinica 0.80

MEI 2020 Basis Cursus R 1.80

MEI 2020 Cursus R 1.80

MEI 2020 Powerpoint cursus 0.30

SEPTEMBER 2021 Castor EDC 1.00

MEI 2022 Basis Cursus SPSS 1.00

CONGRESSEN

MEI 2019 Keppel Stichting: Music as Medicine: platform presentative 1.0

NOVEMBER 2019 NvvN: platform presentatie 1.0

NOVEMBER 2019 Miracles of music Congress 1.0

FEBRUARY 2020 Themater Isala Theater: Music as Medicine. Platform presentatie 1.0

SEPTEMBER 2020 Opleidings- en Onderwijsregio Zuidwest: Music as Medicine. 1.0
Presentatie

OKTOBER 2020 EANS: poster presentatie 2.0

APRIL 2021 NvvA. Platform presentatie 1.0

MEI 2021 Muziek & Gezondheid Lustrum MFAS: Music as Medicine. 1.0
Platform presentatie

OKTOBER 2021 EANS DONE: Virtuele orale presentatie 2.0

SEPTEMBER 2021 EANO DONE: virtuele orale presentatie 2.0

NOVEMBER 2021 NvvN platform presentatie 1.0

SEPTEMBER 2022 EANO (Wenen) SING studie: poster presentatie 2.0

SEPTEMBER 2022 Science of Aphasia (Bordeaux): SING. Poster presentatie 2.0

SUPERVISION

JUNI 2020 - Supervision Master Student Tim Lafleur 5.0

DECEMBER 2020

OCTOBER 2020 — Supervision 2" year bachelor student Tobia Beshay 3.0

JUNE 2021

MARCH 2021 UNTIL  Supervision 3 year bachelor student Sepehr Mohadammian 3.0

OCTOBER 2021

JUNE 2021 UNTIL Supervision Master Student Max Mos 5.0

DECEMBER 2021

SEPTEMBER 2021 Supervision Clinical Technology Master Student Merel van 3.0

UNTIL NOVEMBER der Maarel

2021

NOVEMBER 2021 Supervision Clinical Technology Master Student Tamir 3.0

UNTIL JANUARY 2022 Themans

GRANT APPLICATIONS

AUGUSTUS 2019 Grant Application Mrace Erasmus Medical Center 5.0

TOTAL 56,8
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