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Background: The pathophysiology of numerous central nervous system disorders remains poorly 
understood. Biomarker research using cerebrospinal fluid (CSF) is a promising way to illuminate the 
neurobiology of neuropsychiatric disorders. CSF biomarker studies performed so far generally included 
patients with neurodegenerative diseases without an adequate control group. The Anaesthetic Biobank 
of Cerebrospinal fluid (ABC) was established to address this. The aims are to (I) provide healthy-control 
reference values for CSF-based biomarkers, and (II) to investigate associations between CSF-based candidate 
biomarkers and neuropsychiatric symptoms. 
Methods: In this cross-sectional study, we collect and store CSF and blood from adult patients undergoing 
spinal anaesthesia for elective surgery. Blood (20.5 mL) is collected during intravenous cannulation and CSF 
(10 mL) is aspirated prior to intrathecal local anaesthetic injection. A portion of the blood and CSF is sent 
for routine laboratory analyses, the remaining material is stored at −80 ℃. Relevant clinical, surgical and 
anaesthetic data are registered. A neurological examination and Montreal Cognitive Assessment (MoCA) 
are performed pre-operatively and a subset of patients fill in questionnaires on somatic and mental health 
(depression, anxiety and stress).
Results: Four-hundred-fifty patients (58% male; median age: 56 years) have been enrolled in the ABC. 
The planned spinal anaesthetic procedure was not attempted for various reasons in eleven patients, in 
fourteen patients the spinal puncture failed and in twelve patients CSF aspiration was unsuccessful. A mean 
of 9.3 mL CSF was obtained in the remaining 413 of patients. Most patients had a minor medical history and 
60% scored in the normal range on the MoCA (median score: 26).
Conclusions: The ABC is an ongoing biobanking project that can contribute to CSF-based biomarker 
research. The large sample size with constant sampling methods and extensive patient phenotyping provide 
excellent conditions for future neuroscientific research. 
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Introduction

Biomarker research using cerebrospinal fluid (CSF) 
is a promising way to improve our knowledge of the 
neurobiology and increase the accuracy of the diagnostic 
process and treatment of numerous central nervous system 
(CNS) disorders. Neuropsychiatric disorders are very 
common and have significant socio-economic consequences 
(1-3). These diseases are commonly identified by clusters 
of symptoms (i.e., syndromes), which are often very 
heterogeneous, have a variable course and respond 
inconsistently to treatment (4,5). Therefore, there is an 
urgent need for a better understanding of the underlying 
pathological processes. Fortunately, advances in imaging 
and laboratory techniques over the last decades have led 
to a shift from identifying neuropsychiatric diseases purely 
based on clinical definitions, to identifying them based 
on neurobiological mechanisms (6,7). A considerable 
part of research into these mechanisms focuses on the 
investigation of biomarkers (8). Novel biomarkers could 
serve to improve screening and/or diagnostic procedures 
by facilitating early detection, and provide accurate 
on prognosis and response to treatment. Biomarkers 
might also act as targets for new treatments (7-9). These 
biomarkers can be measured in blood, saliva and/or urine, 
but for neurological and psychiatric disorders, the study 
of biomarkers in CSF is especially informative, given the 
proximity of CSF to the CNS. 

For a long time, the main source of information 
about the CSF was from analysis of CSF from patients 
with suspected bacterial meningitis. More recent work 
has progressed beyond the traditional biochemical and 
microbiological analyses in these patients. A recent example 
is a study that investigated the role of the tryptophan-
kynurenine-nicotinamide adenine dinucleotide pathway in 
patients with acute CNS infections (bacterial and viral), but 
then compared the findings with those from patients with 
auto-immune encephalitis, multiple sclerosis, and patients 
with non-inflammatory CNS conditions who cannot be 
considered to be neurologically normal (10). 

In recent decades it has become apparent that changes in 

CSF composition may hold clues about the pathophysiology 
of neurodegenerative disorders, such as Parkinson’s disease 
(PD) (11), multiple sclerosis (MS) (12) and Frontotemporal 
Dementia (13). Therefore, for patients with these suspected 
neurological disorders, a lumbar puncture (LP) for CSF 
collection is often performed for diagnostic purposes 
(14,15). This is however mostly informed by knowledge of 
reference values in patients suspected of, or known to have, 
these disorders (16-18). For psychiatric disorders such as 
major depressive disorder, biomarker research has mostly 
involved plasma rather than CSF analysis (8,19,20) and the 
few studies investigating CSF biochemistry have frequently 
produced inconsistent results (21,22). 

Most CSF biomarker studies have included patients with 
neurological symptoms as reference (in retrospect after 
excluding a CNS disease), have used very small control 
groups or included patients undergoing spinal anaesthesia 
(9,10,18,23-27). Even studies designed to establish reference 
ranges for CSF neurotransmitters included symptomatic 
patients (28,29) or consisted of a small cohort with healthy 
volunteers (30). To assist with interpretation of new 
findings, investigators ultimately depend on the availability 
of sufficiently large databases containing the results of assays 
of biomaterials (CSF, blood and urine), and concomitantly 
assessed clinical features and personal characteristics, of a 
range of patients and healthy controls. Due to the attendant 
risks of a LP, such as infection, neurological injury and 
post-dural puncture headache (PDPH) (31), it is difficult 
to obtain CSF from healthy controls because of the ethical 
considerations involved (9,27). 

A second limitation of previous studies in CNS diseases 
has been these studies’ small sample sizes that limit 
statistical power to detect small but potentially relevant 
biological effects (16,32). One way to address this, is to 
combine smaller cohorts with similar designs. However, 
most cohorts have a strong variation in sampling, storing 
and analysis methods which makes it hard to draw final 
conclusions. Another approach to address the problem of a 
small sample size is by setting up large CSF biobanks. Most 
initiatives of CSF biobanking focus on neurodegenerative 
diseases like AD (23,33-35), Parkinson disease (33), MS (36),  
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and amyotrophic lateral sclerosis (ALS) (35). Despite these 
initiatives, even in these large biobanks the number of 
available healthy controls is often small. Biobanking studies 
in the field of mental disorders mainly collect biomaterials 
like plasma, saliva and urine for genetic research (37,38), 
since a LP is not part of the routine diagnostic procedure in 
psychiatry. 

Given the promise of CSF biobanking for many 
neurobiological research areas and the abovementioned 
limitations in existing sampling frameworks, the Anaesthetic 
Biobank of Cerebrospinal fluid (ABC) was started. The 
ABC was established by the Anesthesiology and Clinical 
Chemistry departments of the University Medical Center 
Groningen (UMCG) in October 2016. CSF and blood 
are collected from patients undergoing planned spinal 
anaesthesia for elective surgery, a relatively neurological 
healthy population. Spinal anaesthesia requires a LP to 
enable intrathecal administration of a local anaesthetic 
agent. We are thus able to collect CSF from these relatively 
healthy surgical patients, without significant risks over and 
above the usual risks of an LP. Aspiration of up to 30 mL 
of CSF has been shown to be well-tolerated and safe (39). 
As we only planned to aspirate 10 mL of CSF, we did not 
consider that this would significantly increase the risk of 
PDPH (the most common serious complication of spinal 
puncture) (31,39). In addition, we capture useful clinical 
information that is routinely collected before and during 
the surgical procedures, perform simple neurological 
and cognitive function assessments during their hospital 
admission with little additional inconvenience to the 
patients. The purpose of our study is to contribute towards a 
better understanding of the neurophysiology and to identify 
CSF-based biomarkers for a range of neuropsychiatric 
disorders. 

The objective of this paper is to describe the methods, 
initial results and characteristics of the study population. 
By these means, our aim is to show an example of CSF 
biobanking in clinical practice, and to suggest how the 
collected data might be applied to multiple fields of interest. 
We present the following article in accordance with the 
STROBE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4498).

Methods 

Study design and ethical considerations

In this cross-sectional study, CSF, blood and clinical data 

are collected from patients undergoing spinal anaesthesia for 
elective surgical procedures at the University Medical Center 
Groningen (UMCG). The ABC and study procedures 
reported here were approved by the Medical Ethical 
Committee of the UMCG (registration number 2016-174). 
Written informed consent is obtained from all participants 
for collection and storage of material and medical data 
to conduct research consistent with the aforementioned 
purposes of the ABC. The additional burden and risks for 
participants is considered minimal because spinal puncture is 
part of standard care. The ABC procedures are designed to 
be consistent with the recommendations of an international 
consensus protocol for the standardization of CSF collection 
and biobanking (16). 

Patients

All patients 18 years of age and older scheduled for elective 
surgery under spinal anaesthesia are invited to participate, 
except for patients scheduled for caesarean section. Patients 
planned for spinal anaesthesia are identified using the 
preoperative anaesthesiological screening. 

Lumbar puncture and spinal anaesthetic procedure

Spinal anaesthesia is conducted using a standard protocol 
which mandates sterile procedure and use of a non-cutting 
lumbar puncture needle. Choices such as patient position, 
inter-vertebral space, needle gauge and type and dose of 
intrathecal local anaesthetic are at the discretion of the 
anaesthesiologist responsible for the clinical care of the 
patient. After the anaesthesiologist reaches the intrathecal 
space, CSF is aspirated via the spinal needle into five 2 mL 
syringes. The local anaesthetic agent is then administered 
intrathecally. After 10 minutes, sensory block height 
is assessed with ice to determine the extent of loss of 
temperature sensation.

CSF and blood acquisition, storage and analysis 

CSF
CSF is acquired as described above. The first 2 mL of CSF 
is used for routine analyses (albumin, total protein, glucose, 
leucocyte and erythrocyte count). The remaining four  
2 mL CSF fractions are transferred into 2 mL ordered 
tubes wrapped in aluminium foil and directly put on ice. 
We aim to transport samples to the laboratory within  
20 minutes after CSF collection with a maximum of two 
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hours until freezing. CSF is centrifuged at 1,000 ×g for  
10 minutes at 4 ℃. Every 2 mL fraction is divided into four 
aliquots of 500 µL and the order is registered. Glutathione 
and dithiothreitol (DTT) are added to one of the aliquots 
of the fourth and fifth fraction. A total of sixteen aliquots 
are stored at −80 ℃. 

Blood
Prior to the lumbar puncture, during intravenous 
cannulation, 20.5 mL of blood is collected. 10.5 mL of 
this blood is collected for routine analyses into a 4.5 mL 
lithium heparin tube (albumin and total protein), a 4 mL 
ethylenediaminetetraacetic acid (EDTA) tube (leucocyte 
count) and a 2 mL sodium fluoride tube (glucose). The 
remaining blood is collected into a 10 mL EDTA tube, 
immediately put on ice and transported to the laboratory 
where cells are removed from plasma by centrifugation 
at 2,000 ×g for 10 minutes at 4 ℃. Plasma is then divided 
into ten aliquots of 500 µL, of which two aliquots contain 
glutathione and two aliquots DTT for stabilisation. The 
ten aliquots are stored at −80 ℃ with a maximum time delay 
of four hours between sample collection and storage (the 
target delay is 2 hours). 

Clinical and other data collection, processing and storage 

Data are collected according to standard operating 
procedures (SOPs) specifically defined for the ABC and 
registered in the (electronic) case report form. To minimize 
the privacy risk for participants and to ensure data integrity 
and confidentially, a unique study number is assigned to 
each participant (coding), and access to the data is restricted. 

Patient characteristics
Data regarding patient demographics, medical history, 
allergies, intoxications and medication use are collected. 
Demographic variables include age, gender, and ethnicity. 
Weight, height, blood pressure, and heart rate measured 
at the preoperative anaesthesiology screening, and the 
American Society of Anesthesiologists (ASA) score are 
noted. Data is collected on medical conditions (diagnosis 
and date) and categorized by one of the two coordinating 
investigators of the ABC into the following categories: 
general, cardiovascular, respiratory, gastrointestinal, 
neurological, endocrinological, urological, locomotor, 
haematological ,  and psychiatr ic  medical  history. 
Additionally, data on alcohol consumption, smoking 

behaviour, drug use habits, and current and past-year 
medication use are collected. 

Physical examination and cognitive assessment
Preoperatively a screening neurological examination and the 
Montreal Cognitive Assessment (MoCA) (40) are performed 
if logistically possible. For the neurological examination 
a checklist consisting of 26 items (see Figure S1)  
was followed to test for cranial nerve function, sensory 
and motor function, coordination, gait, and deep tendon 
reflexes. Abnormal findings are described with free text as 
accurately as is possible. The examination is regarded as 
normal if all items for that aspect are tested as normal. 

Psychosomatic questionnaires
Between November 2017 and October 2019, patients were 
asked to fill in a daily diary starting seven days prior to 
surgery until the day of surgery. The diary consists of the 
following previously validated questionnaires: the 9-item 
Patient Health Questionnaire (PHQ) for depression,  
15-item PHQ for somatization, 7-item General Anxiety 
Disorder (GAD) for anxiety symptoms (41), and four 
additional questions about perception of stress. From June 
2019 onwards, the Inventory of Depressive Symptoms - Self 
Report (IDS-SR) is used to assess depressive symptoms (42). 
The IDS-SR is completed 2 weeks before (baseline) and  
2 weeks after surgery (follow-up).

Surgical and spinal anaesthesia procedure
Date and type of surgical procedure and the use of 
premedication (medication administered prior to CSF 
aspiration) are registered. Details of the spinal anaesthesia 
and CSF collection are recorded. Characteristics of the 
spinal technique that are recorded include patient position 
during the procedure, vertebral puncture level, needle type 
and size, presence of paraesthesia, and anaesthetic type, 
concentration and volume. Sensory block height, total CSF 
volume aspirated, time taken to aspirate CSF and presence/
absence of blood in CSF is recorded. Hemodynamic 
parameters (blood pressure and heart rate) at the start of 
CSF aspiration are registered. Post-operative length-of-
stay and complications such as an incomplete spinal block, 
vasovagal reaction and PDPH are monitored and recorded. 

Sample collection and processing
Time of sample collection and storage is registered and any 
deviations from the SOPs regarding transport, processing 
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and storage of biomaterials are documented. 

Statistical analysis

Analyses were performed using SPSS statistics software (v23) 
and encompassed mainly descriptive statistics. Normally 
distributed continuous data are presented as mean ± 
standard deviation (SD) and non-normally distributed 
continuous data with the median [inter quartile range 
(IQR)]. Discrete data are expressed by category frequencies 
and percentages. 

Results 

We report here the data on the 450 patients enrolled in 
the study between October 2016 and March 2020. Patient 
enrolment is summarised in Figure 1. We identified and 
approached 1,073 patients of whom 508 patients gave 
informed consent, 393 patients declined to participate and 
172 were excluded for other reasons. Most patients that 

declined did so because of concerns about the anticipated 
additional burden participation would cause. 

Patient characteristics are shown in Table 1. Of patients 
enrolled, 58% were male and the median age was 56 years 
(IQR: 37–67). Body mass index (BMI) ranged from 18 
to 51 with a median of 27 kg/m2. Almost half of patients 
were ASA status I and were discharged home on the day of 
surgery (47%). Of the enrolled patients 68 (16%) currently 
smoked tobacco, 279 (68%) used alcohol and 15 (4%) used 
recreational drugs. The majority of patients underwent 
orthopaedic surgery (63%). 

Spinal procedure 

In eleven patients, after blood had been collected, for 
various reasons the planned spinal anaesthetic procedure 
was not attempted. The details of the attempted spinal 
anaesthetic technique in the remaining 439 patients are 
listed in Table 2. In fourteen patients, spinal puncture failed 
despite several attempts, leaving 425 patients, in whom the 

Identified (n=1,073) 

Informed consent (n=508)

• MoCA (n=225)

• Neurological exam (n=220)

• Daily mental health diary (n=101)

• IDS-SR (n=60)

Excluded (n=565)

• Declined to participate (n=393)

• Not contactable (n=33)

• Change of anaesthesia type (n=21)

• Logistically not possible (n=54)

• Unknown / other (n=64)

Excluded (n=58)

• Change of anaesthesia type (n=21)

• Surgery cancelled (n=4)

• Logistically not possible (n=27)

• Other (n=6)Participated (n=450)

Change of anaesthesia type (n=9) 

Surgery postponed (n=2)

Failed spinal puncture (n=14)

CSF aspiration unsuccessful (n=12)

Routine laboratory 

analysis & storage

Blood collection

(n=445)

CSF collection 

(n=413)

Failed blood sampling (n=5)

Figure 1 Study flow diagram of patient inclusion. CSF, cerebrospinal fluid; MoCA, Montreal Cognitive Assessment; IDS-SR, Inventory of 
Depressive Symptoms-Self Report.
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intrathecal space was reached and identified. 
The spinal puncture was mostly performed with the 

patient in the seated position (95%) and in all cases, a ‘pencil 
point’ (atraumatic) 25 Gauge spinal needle was used. Nine 
patients received a combined spinal-epidural procedure 
for post-operative analgesia. Hyperbaric prilocaine was the 
most commonly used local anaesthetic (54%). The median 
local anaesthetic volume injected intrathecally was 3.0 mL 
for all three anaesthetic agents (range, 1.0–4.5 mL). 

The median sensory block height 10 minutes after 
spinal injection was dermatome T8, with a range from C4 
to L5. Three patients had a high spinal block (C4, C6 and 
T1) with mild respiratory and cardiovascular depression 

Table 1 Patient characteristics

Characteristics Value

N 450

Demographics 

Gender, male/female 261 [58]/189 [42]

Age (years) 56 [37–67]; range 18–92 

Age categorical (years)

18–19 13 [3]

20–39 112 [25]

40–59 144 [32] 

60–79 160 [35]

80–99 21 [5]

Ethnicity

Caucasian 443 [98.4]

African 4 [0.9]

Mixed 2 [0.4]

Other 1 [0.2] 

BMI (kg/m
2
) 27 [24–31]; range 18–51

ASA classification

ASA I 203 [45]

ASA II 198 [44]

ASA III 48 [11]

ASA IV 1 [0.2]

Lifestyle factors 

Smoking (n=423) 

Never 262 [62]

Current 68 [16]

Former 93 [22]

Alcohol use, yes/no (n=408) 279 [68]/129 [32] 

Drug use, yes/no (n=415) 15 [4]/400 [96] 

Surgery type 

Orthopaedic 283 [63]

Urological 93 [21]

Surgical 47 [10]

Gynaecological 27 [6]

Data are presented as mean ± SD, median [IQR] or frequency 
[%]. BMI, body mass index; ASA, American Society of 
Anesthesiologists. 

Table 2 Spinal technique characteristics

Characteristics Value

N 439 

Patient position (seated/lateral) (n=437) 414 [95]/23 [5] 

Puncture position (spinal level) (n=426)

L1–L2 5 [1]

L2–L3 66 [16]

L3–L4 302 [71]

L4–L5 53 [12]

Local anaesthetic agent (n=424)

Bupivacaine isobaric 0.5% 57 [13]

Bupivacaine hyperbaric 0.5% 138 [33]

Prilocaine hyperbaric 2% 229 [54]

Sensory block height (dermatome) (n=409) T8 [T6–T10];  
range C4–L5

Bupivacaine isobaric 0.5% (n=56) T6 [T4–T10];  
range C6–L1

Bupivacaine hyperbaric 0.5% (n=135) T8 [T6–T10];  
range T1–L4

Prilocaine hyperbaric 2% (n=217) T9 [T6–T10];  
range C4–L5

Complications

Failed spinal anaesthesia 14 [3]

Inadequate block 15 [3] 

Vasovagal response 30 [7]

Post dural puncture headache 3 [0.7]

Data are presented as mean ± SD, median [IQR] or frequency [%].
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(hypotension and slight dyspnea), but this was managed 
supportively without conversion to general anaesthesia. 
Fifteen patients had an inadequate block. In ten of them, 
conversion to general anaesthesia was necessary, and in 
one patient a second spinal attempt was successful. In four 
patients administration of the potent intravenous opioid 
analgesic remifentanil was sufficiently effective to enable 
the operation to be completed. 

A vasovagal response with hypotension and bradycardia 
occurred in 7% of all patients. Three patients suffered from 
typical PDPH complaints for several days after discharge. 
In all cases PDPH resolved spontaneously and no invasive 
interventions were needed. 

CSF and blood collection

Details of CSF collection are shown in Table 3. The 
intrathecal space was identified in 425 patients. CSF 
aspiration was unsuccessful in twelve patients. In the 
remaining 413 patients, a mean of 9.3 mL CSF (range, 0.1–
13.0) was obtained. CSF aspiration required a mean (range) 
of 2 minutes (1–10). In 4% of cases, blood was clearly 
visible in the CSF due to a so-called ‘traumatic tap’. Blood 
was collected in 445 (99%) of the patients.

Medical history, physical examination, cognitive assessment 
and questionnaires

A summary of patient medical history, medication use, 
neurological and cognitive function is provided in Table 4.  

Of the 450 patients, 93% had at least one co-morbid 
condition (other than the indication for surgery) and 77% 
used medication. A spinal disc herniation was the most 
common neurological problem. Depression was the most 
frequent psychiatric disorder and thirty-six patients used 
antidepressants. A neurological examination and MoCA 
could be performed for 220 (49%) and 225 patients (50%), 
respectively. MoCA scores ranged from 14 to 30 and 60% 
of patients had a normal MoCA score (≥26). The different 
aspects of the neurological examination were normal for 
36% to 85% of the patients. The results for all 26-items 
of the neurological examination can be found in the 
supplementary appendix online. 101 patients completed 
the mental health daily diary up to May 2019 (results not 
presented here). The baseline IDS-SR was completed by 
54 patients and the follow-up IDS-SR by 46 patients up to 
March 2020 (results not presented here). 

Routine laboratory analysis

Results of leucocyte and erythrocyte cell counts, albumin, 
total protein and glucose concentrations for plasma and 
CSF are shown in Table 5. The median CSF erythrocyte 
count was 200/µL and in 70 patients (17%) this count 
exceeded 500/µL. 

Discussion 

The aim of the ABC is to collect and store CSF from 
patients undergoing spinal anaesthesia for elective surgery 
to facilitate future neuroscientific research. We report here 
our initial findings on the first 450 patients that have been 
enrolled, resulting in an extensive biobank comprising 
CSF samples from 413 subjects and plasma samples of 445 
subjects. In most patients, 10 mL CSF could be aspirated as 
planned. The duration of the spinal anaesthesia procedure 
was extended by only a few minutes. After CSF aspiration, 
the responsible anaesthesiologists used typical doses of 
intrathecal local anaesthetic, and this resulted in sensory 
block heights consistent with that reported in earlier studies 
where no CSF was aspirated (43). CSF aspiration did not 
therefore appear to have influenced the attained block 
height. Complication rates were lower or comparable with 
those of previous studies (44-46). Our results show that 
banking of CSF from a surgical population is feasible and 
does not appear to pose any significant additional risks to 
participating patients.

Furthermore, although the project is being conducted 

Table 3 CSF collection 

Value

N 413 

CSF collected 

For general analysis 408 [99]

For storage 403 [98]

Blood visible in CSF (n=412) 17 [4]

Time (min) 2 [2–3], range 1–10

Volume (mL) Mean 9.3, range 0.1–13.0

0.1–9.9 mL 55 [13]

≥10 mL 358 [87]

CSF, cerebrospinal fluid. Data are presented as mean ± SD, 
median [IQR] or frequency [%].
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at a tertiary university hospital, our sample represents a 
relatively healthy surgical population and a broad selection 
from the general population. Half of the patients were 
classified as ASA 1, were discharged the same day of 
surgery, and the majority of them had only minor co-
morbidities. On the whole participants were also reasonably 
cognitively normal, with 60% of them having MoCA scores 
in the normal range, which is comparable with the general 
population (47). The results of the routine laboratory 
analyses further confirm our view that the patient sample is 
representative of the general population. Routine analyses 
showed concentrations within the reference ranges of the 
UMCG laboratory for plasma leucocyte count, albumin, 
total protein and glucose and CSF leucocyte count, total 
protein and glucose. CSF albumin concentrations were 
consistent with those reported in a study with over 1,000 
patients (48). 

The ABC has several strengths. First, the CSF is 
obtained from relatively healthy patients who require an LP 
for clinical reasons. Second, the study is embedded in the 
anaesthesiology department and most patients approached 
are willing to participate, which helps to generate a sizable 
sample. Third, the procedures for withdrawal and storage 
of CSF are highly standardized, providing excellent 
conditions for future analysis. For instance, sampling CSF 
in fractions enables investigation of a possible rostrocaudal 
concentration gradient (16). Furthermore, the routine 
analysis on the first 2 mL CSF supports further analysis (49),  
for example erythrocyte count. CSF does not normally 

Table 4 Medical history, medication use and neurological and 
cognitive function

Value

N 450

Medication use 347 [77] 

Antidepressants 36 [8]

Medical history 419 [93]

General 242 [54]

Cardiovascular 163 [36]

Respiratory 94 [21]

Gastrointestinal 98 [22]

Neurological 78 [17]

Spinal disc herniation 22 [5]

CVA/TIA 15 [3]

Migraine 7 [2]

Meningitis 4 [1]

Parkinson disease 4 [1]

Epilepsy 3 [0.7]

Multiple Sclerosis 1 [0.2]

Alzheimer disease 1 [0.2]

Endocrinological 95 [21]

Urological 98 [22]

Locomotor 261 [58]

Hematological 16 [4]

Psychiatric 36 [8]

MDD 21 [4]

Anxiety disorder 10 [3]

Alcohol/drug abuse 7 [2]

ADHD 4 [1]

Suicide attempt 2 [0.3]

Psychosis 2 [0.4]

MoCA score (n=225) 26 [24–28]; range 14–30

Neurological exam (n=220) Normal: 

Cranial nerve function 168 [76]

Motor function 154 [70]

Sensory function 128 [58]

Coordination 187 [85]

Gait 154 [70]

Reflexes 79 [36]

Data are presented as median [IQR] for MoCA score or 
number of patients [%] for medication use, medical history and 
neurological examination. CVA, cerebro vascular accident; TIA, 
transient ischemic attack; MDD, major depressive disorder; 
ADHD, attention deficit hyperactivity disorder; MoCA, Montreal 
Cognitive Assessment. 

Table 5 Plasma and CSF laboratory analysis

Material/assay n Median [IQR] Range

Plasma

Leucocyte count (×10
9
/L) 439 6.4 [5.4–7.8] 2.9–35.7

Albumin (g/L) 442 44 [42–47] 20–56

Total protein (g/L) 442 72 [69–76] 33–97

Glucose (mmol/L) 437 5.4 [5.0–5.9] 3.7–17.2

CSF

Leucocyte count (×10
6
/L) 407 1.0 [1.0–2.0] 0–59

Erythrocyte count (×10
6
/L) 407 200 [100–400] 0–32,000

Albumin (g/L) 407 0.24 [0.18–0.32] 0.06–1.00

Total protein (g/L) 408 0.38 [0.30–0.49] 0.14–1.45

Glucose (mmol/L) 408 3.4 [3.2–3.6] 1.1–9.1 

CSF, cerebrospinal fluid.
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contain erythrocytes. In 17% of the included patients the 
CSF erythrocyte count exceeded the limit of 500/µL, stated 
as the cut-off value above which assays for biomarkers with 
high serum concentrations are deemed unreliable (16). This 
proportion is consistent with previous literature stating 
that in 14–20% of patients undergoing a LP a traumatic 
puncture occurs, causing blood contamination of the  
CSF (50). Also, additives to some of the stored aliquots 
stabilize labile analytes like neurotransmitters. In addition, 
long-duration storage at −80 degrees has been proved to 
be safe for several biomarkers, and the use of multiple 
small aliquots will help to avoid repeated freeze/thaw 
cycles (49,51). Moreover, every patient fasted overnight 
before the LP, decreasing the effect of diet on laboratory 
analyses. Also, medication use that can affect CSF and 
blood biochemistry is registered. An additional strength 
is the fact that matched plasma and CSF samples are 
acquired. CSF sampling is more invasive than sampling 
blood. Our material enables studies of the correlations 
between CSF- and blood-based biomarker levels, which 
will indicate whether CSF analyses have added value when 
compared with plasma analyses. Blood-based biomarkers 
allow repeated sampling and thus more precise monitoring 
of disease progression (9). Finally, the biobank has clear 
phenotyping of patients in terms of their neurocognitive 
functioning and mental health. 

As with every study, the ABC also has several limitations. 
First, the sample is selective and consists of patients 
undergoing spinal anaesthesia. In prior CSF biomarker 
studies, definitions used for control groups differ and 
consequently the groups are very heterogeneous. The 
interpretation of the conclusions of these studies depend on 
the type of control group and stage of biomarker validation. 
In general, healthy controls are needed for biomarker 
discovery studies and in the early stage of marker validation, 
as these studies usually include a small number of patients 
and a large contrast between patients and controls is 
useful. It has been argued that symptomatic controls are 
relevant for diagnostic markers because they can help to 
differentiate between the disease of interest and related 
diseases (9). Fortunately, our neuropsychiatric phenotyping 
and large sample size allows selection of patients suitable 
for a particular hypothesis. Second, CSF is collected at 
only one time point, although biochemical changes in CNS 
diseases are known not to be static but to fluctuate (52), or 
follow a circadian rhythm (53). Third, most phenotyping is 
based on self-report questionnaires, which can be sensitive 
to response or recall bias. Lastly, possibilities to investigate 

the associations of CSF biochemistry with neurologic 
and/or psychiatric diseases in the ABC data alone will be 
limited because of the limited number of patients with these 
disorders in the ABC sample [the proportions of patients 
in our sample are slightly lower than those described in 
epidemiological surveys (54,55)]. Still, thorough multi-
dimensional psychiatric phenotyping was carried out, 
enabling investigation of associations between biomarkers 
and severity of mental health symptoms, ranging from 
healthy to mental disorder. 

Conclusions 

We have described the development of the ABC, 
the biomaterial sampling and storing methods, the 
characteristics of the population of patients from whom the 
material is derived, and our initial procedural and laboratory 
results. By this means we have shown the feasibility of 
CSF biobanking, which may pose an example for other 
researchers. Our large sample of relatively healthy patients, 
standardized sampling methods as well as the extensive 
patient phenotyping are unique. This enables analysis of 
CSF biochemistry to determine healthy-control reference 
values and to identify novel biomarkers for neuropsychiatric 
diseases. So far, analyses of neurotransmitters and steroids 
have started and a study on a possible CSF rostrocaudal 
gradient is underway. Furthermore, we will focus on 
detecting biomarkers for depression. We remain open to 
new collaborations and/or suggestions to extend our study, 
as a large part of the biomaterial is still stored and available 
for future analysis. 
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Supplementary

Neurological assessment Normal Abnormal Not tested

Cranial nerve function

Visual field

Eye inspection

Pupil reflexes

Eye movement

Hearing

Facial sensation

Facial strength

Facial expressions

Palatal movement

Shoulder/neck strength

Tongue movement/strength

168

209

211

216

210

184

219

220

218

220

217

219

11

9

4

9

36

1

0

2

0

3

1

0

0

0

1

0

0

0

0

0

0

0

Motor function

Upper extremity strength

Lower extremity strength

Pronator drift

154

204

160

216

16

59

3

0

1

1

Sensory function

Sensation in extremities

Romberg

128

132

204

88

11

0

5

Coordination

Finger tapping

Rapid alternating movement

Finger-nose test

Heel-shin test

187

210

209

214

204

9

10

6

12

1

1

0

4

Gait 154 59 7

Reflexes 79

Reflexes Absent Reduced Normal Increased Clonus Not tested

Biceps

Right

Left

Triceps

Right

Left

Knee

Right

Left

Heel

Right

Left

19

19

63

62

26

26

61

61

9

10

21

19

17

13

15

14

189

188

132

136

166

172

137

142

1

1

1

1

5

7

2

2

0

0

0

0

0

0

0

0

2

2

3

2

6

2

5

1

Plantar

Right

Left

Indifferent

74

74

Abnormal

7

7

Normal

134

138

Not tested

5

1

Figure S1 Neurological examination (n=220). Data are number of patients. For the main aspects (cranial nerve function, motor function, 
sensory function, coordination, gait and reflexes), number of patients with normal results for all items for that area are listed.


