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Abstract.24

Background: Alzheimer’s disease cerebrospinal fluid (CSF) biomarkers amyloid-� 1–42 (A�42), total tau (T-tau), and phos-
phorylated tau 181 (P-tau181) are widely used. However, concentration gradient of these biomarkers between intraventricular
(V-CSF) and lumbar CSF (L-CSF) has been demonstrated in idiopathic normal pressure hydrocephalus (iNPH), potentially
affecting clinical utility.
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Objective: Here we aim to provide conversion factors for clinical and research use between V-CSF and L-CSF.
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Methods: Altogether 138 iNPH patients participated. L-CSF samples were obtained prior to shunt surgery. Intraoperative
V-CSF samples were obtained from 97 patients. Post-operative follow-up L- and V-CSF (shunt reservoir) samples of 41
patients were obtained 1–73 months after surgery and then after 3, 6, and 18 months. CSF concentrations of A�42, T-tau, and
P-tau181 were analyzed using commercial ELISA assays.
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Results: Preoperative L-CSF A�42, T-tau, and P-tau181 correlated to intraoperative V-CSF (ρ = 0.34–0.55, p < 0.001).
Strong correlations were seen between postoperative L- and V-CSF for all biomarkers in every follow-up sampling
point (ρs A�42: 0.77–0.88, T-tau: 0.91–0.94, P-tau181: 0.94–0.96, p < 0.0001). Regression equations were determined for
intraoperative V- and preoperative L-CSF (A�42: V-CSF = 185+0.34*L-CSF, T-tau: Ln(V-CSF) = 3.11+0.49*Ln(L-CSF),
P-tau181: V-CSF = 8.2+0.51*L-CSF), and for postoperative V- and L-CSF (A�42: V-CSF = 86.7+0.75*L-CSF, T-tau: V-
CSF = 86.9+0.62*L-CSF, P-tau181: V-CSF = 2.6+0.74*L-CSF).
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Conclusion: A�42, T-tau, and P-tau181 correlate linearly in-between V- and L-CSF, even stronger after CSF shunt surgery.
Equations presented here, provide a novel tool to use V-CSF for diagnostic and prognostic entities relying on the L-CSF
concentrations and can be applicable to clinical use when L-CSF samples are not available or less invasively obtained shunt
reservoir samples should be interpreted.

40

41

42

43

Keywords: A�42, biomarkers, idiopathic normal pressure hydrocephalus, P-tau, T-tau44

INTRODUCTION30

Idiopathic normal pressure hydrocephalus (iNPH)31

is characterized by a triad of gait disturbance, urinary32

incontinence, and progressive dementia, together33

with communicating hydrocephalus [1, 2]. It is34

observed in geriatric patients with a prevalence of35

5.9–8.9% in those aged 80 years and older [3, 4]. The36

natural course of iNPH includes progressive worsen-37

ing of the symptoms and delay in treatment leads to38

meager outcome after cerebrospinal fluid (CSF) shunt39

surgery [5, 6]. A positive clinical outcome by mod-40

ified Rankin scale and by iNPH scale is achieved in41

69% and 84% cases following surgery [7]. The con-42

comitant neurodegenerative diseases are commonly43

comorbid to iNPH with the highest prevalence of44

Alzheimer’s disease (AD) [8].45

The CSF based amyloid-� 1-42 (A�42), total tau46

(T-tau), and phosphorylated tau at threonine 181 (P-47

tau181) have found their standardized role in AD48

diagnostics. They illustrate the brain parenchyma49

neurodegenerative processes of amyloid accumu-50

lation to extracellular aggregates and intracellular51

neurofibrillary tangle formation caused by hyper-52

phosphorylated tau. Within iNPH patients, the53

disease specific pattern of these biomarkers include54

lower A�42, T-tau, and P-tau181 concentration of CSF55

in comparison to healthy individuals of similar age56

[9–12]. Moreover, low T-tau and P-tau181 can dis-57

criminate iNPH from AD [12, 13]. Furthermore, the58

increased lumbar CSF (L-CSF) T-tau and P-tau18159

are suggested for predictors of shunt-non-responsive60

iNPH [14, 15].61

Despite keen research of CSF biomarkers, the com-62

position of CSF throughout the circulating pathways63

of brain ventricles, spinal cord, and cortical subarach- 64

noid space, as well as the effect of shunt surgery, is 65

mostly unknown. CSF is not circulating like blood 66

and the composition of CSF proteins is considered 67

to depend on the surrounding tissue [16]. Further- 68

more, varying biomarker concentrations in CSF of 69

iNPH patients has been reported based on both the 70

timing and location of harvesting of the sample [17]. 71

In addition, the presence of comorbid AD has ten- 72

dency to alter the composition of CSF biomarkers 73

[17]. The amyloid precursor protein derived proteins 74

A�38, A�40, A�42, and soluble A�PP� has been 75

reported to be lower in ventricular CSF (V-CSF) com- 76

pared to preoperative L-CSF [9, 18–20]. In contrary, 77

the T-tau and P-tau measured higher in intraoper- 78

ative V-CSF than preoperative L-CSF [9, 18–20]. 79

With trigeminal neuralgia and tension type headache 80

patients the similar trend for T-tau was seen; higher 81

concentration in cisternal CSF [21]. However, the 82

A�42 did not differ significantly rostro-caudally [21]. 83

When concentrations of A�42, T-tau, and P-tau181 84

were compared in post-traumatic hydrocephalus 85

group, no significant rostro-caudal gradient were 86

found [20]. The knowledge regarding post-shunt 87

surgery rostro-caudal gradient with simultaneous 88

samples of L- and V-CSF is sparse, but alterations 89

in biomarker levels have been seen in longitudi- 90

nal studies [9, 17, 18]. These together challenged 91

the clinical use of intraventricular and postoperative 92

CSF. 93

Objective 94

Here we aim to enhance the knowledge for rostro- 95

caudal gradient of CSF AD core markers and provide 96
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Fig. 1. Formation of the study cohorts. Flowchart presenting the formation of the cohorts and cerebrospinal fluid sampling. * Kuopio iNPH
protocol of diagnosis is published previously [22]. iNPH, idiopathic normal pressure hydrocephalus; CSF cerebrospinal fluid.

a novel tool for interpretation of intraventricular CSF97

biomarker results within iNPH patients.98

MATERIALS AND METHODS99

Study population100

In all, 138 patients from Kuopio University Hos-101

pital (KUH) region, Kuopio, Finland were diagnosed102

with probable iNPH by the Relkin criteria and using103

the KUH iNPH protocol [1, 22]. Ventriculoperitoneal104

CSF shunt system (Ps Medical Strata II or Miethke105

ProGAV) was received by all participants. The shunt106

surgeries were performed from 2009 until 2015 for107

the 41-patient cohort and from 2018 until 2021 for108

the 97-patient cohort (Fig. 1). The participants were109

evaluated at baseline and 3 months postoperatively110

by iNPH grading scale (Kubo scale, 0–12 points)111

[23]. The positive outcome was determined with112

1-point or more decrease and unimproved less than 1-113

point decrease in the total iNPH grading scale points114

postoperatively. Furthermore, the 41-patient cohort115

was assessed repeatedly by iNPH grading scale as116

presented previously [17]. Prior to the CSF shunt117

implantation, a brain biopsy was obtained using a118

previously described protocol [17] and analyzed for119

A�– and tau pathology by neuropathologist.120

CSF sampling and analysis121

Lumbar CSF was obtained during the diagnostic122

tap test (30–40 ml drained) on average 2.7 months123

prior to shunt surgery for all participants. Further- 124

more, intraventricular CSF (10 ml) was collected 125

from 97 patients intraoperatively by draining of the 126

CSF catheter immediately after insertion (Fig. 1). 127

Follow-up CSF collection was performed for the 128

cohort of 41 patients with sampling and analysis 129

protocols described previously [17]. Briefly, paral- 130

lel L- and V-CSF samples (10 ml) were collected 131

3–73 months post-surgery and thereafter 3, 6, and 132

18 months later. All lumbar CSF was collected by the 133

L3/L4 or L4/L5 interspace lumbar puncture using 22- 134

gauge needle. Follow-up samples of ventricular CSF 135

were collected by puncturing the CSF shunt reservoir. 136

The samples were retained in 10 ml polypropylene 137

tubes and centrifuged, aliquoted, and frozen in –80°C 138

freezer. Blood contaminated CSF samples were omit- 139

ted from further analyzing. 140

The 97-cohort pre- and intraoperative CSF sam- 141

ples were analyzed at the University of Eastern 142

Finland Alzheimer’s disease biomarker laboratory, 143

Kuopio, Finland, using standardized protocols of 144

the laboratory. The CSF concentrations of A�42, T- 145

tau, and P-tau181 were measured by fully automated 146

Elecsys immunoassays (Roche Diagnostics GmbH, 147

Penzberg, Germany) according to the manufacturer’s 148

protocols [24, 25]. The same batch of reagents was 149

used in all samples. The A�42, T-tau, and P-tau181 lev- 150

els from the CSF samples of 41-cohort obtained pre- 151

and postoperatively, were analyzed at the Clinical 152

Neurochemistry Laboratory at Sahlgrenska Univer- 153

sity Hospital, Mölndal, Sweden, using commercial 154

ELISA assays (Innotest) presented previously [17]. 155
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All laboratory technicians were board-certified and156

blinded to the clinical data. Conversion factors estab-157

lished in-house following the methods presented by158

Willemse et al. [26], were used for A�42, T-tau, and159

P-tau181 values measured by Innotest assays to enable160

comparison with Elecsys assay results.161

Cerebrospinal fluid shunt in vitro experiment162

protocol163

An in vitro experiment was carried to evaluate the164

effect of CSF shunt system to the CSF A�42, T-tau,165

and P-tau181 concentrations. The detailed protocols166

are presented in the Supplementary section 1. Briefly,167

the CSF used in this experiment, was obtained by168

preoperative lumbar punctures. The samples were169

mixed to establish three mixtures with different base-170

line concentrations in both protocols implemented.171

The preservation and overall sampling of the CSF172

followed similar protocol as described above.173

Protocol 1174

All experiments presented here were executed in175

all three mixtures. At the beginning, two baseline176

samples were obtained from CSF mixture. In the177

second phase, CSF mixture was aspirated through178

the proximal (intracranial) part of the silicon CSF179

catheter by micropipette (1 ml) and pipetted to the180

13 ml polypropene tube (Sarstedt). In the third phase,181

the CSF shunt (PS Medical Strata II) inflow catheter182

and valve was filled with CSF mixture and sam-183

ples (5 ml) were obtained by puncturing the shunt184

reservoir and aspirating the CSF into the syringe185

[20 ml, BD Discardit II (Becton Dickinson S.A.,186

Fraga, Spain)] through the 3-way stopcock with187

10 cm tubing [Discofix C 10 cm (Braun Medical188

AG, Escholzmatt, Switzerland)]. Aspirate was then189

ejected to the 15 ml polypropene tube (Sarstedt). The190

fourth phase was like third, except the CSF was aspi-191

rated (2 ml) directly from the mixture without the CSF192

shunt in between. All collected samples were further193

pipetted to the 0.5 ml sampling tubes (Sarstedt).194

Protocol 2195

All experiments presented here were executed in196

all three mixtures. The protocol began with 0.5 ml197

baseline samples and ended to the 0.5 ml endpoint198

samples. Further, we obtained samples of 2, 5, 10,199

15, and 20 ml of CSF by the combination of 3-200

way stopcock with 10 cm tubing [Discofix C 10 cm201

(Braun Medical AG, Escholzmatt, Switzerland)] and202

syringe [20 ml, BD Discardit II (Becton Dickinson203

S.A., Fraga, Spain)] and ejected the samples to the 204

15 ml polypropene tubes (Fisherbrand). Further sam- 205

ples of 0.5 ml from all sample sizes were obtained by 206

micropipette to the sampling tubes of 0.5 ml (Sarst- 207

edt). 208

The samples collected were further analyzed for 209

A�42, T-tau, and P-tau181 by using the fully auto- 210

mated ELISA’s at the University of Eastern Finland 211

Alzheimer’s disease biomarker laboratory, Kuopio, 212

Finland as described above. 213

Statistics 214

The comparison of biomarker concentrations 215

between cohorts and V- and L-CSF were performed 216

by standard t-tests or for the repeated measures by 217

linear mixed effects models. For the comparison 218

of the demographic features between the cohorts, 219

either independent samples t-tests or chi-square tests 220

were used. Spearman’s rank correlation coefficients 221

were used in all correlation analyzes performed. The 222

follow-up samples of 41 patients were pooled per 223

person for correlation analyzes. For supplementary 224

tests, mean concentrations and percentual changes 225

from baseline were calculated. 226

Furthermore, linear regression model was used for 227

the assessment of the linear dependency between pre- 228

and intraoperative CSF A�42, T-tau, and P-tau181 229

concentrations. In addition, pre- and intraoperative 230

CSF T-tau results were transferred to logarithmic 231

scale (natural logarithm) due to the non-normally 232

distributed results. Similar linear regression analy- 233

ses were performed for logarithmic T-tau. To further 234

analyze the linear dependency between postopera- 235

tive L- and V-CSF samples of 41-patient cohort, 236

linear mixed model was performed. In both models, 237

univariate analyses for single biomarkers and multi- 238

variate analyses for single biomarkers together with 239

age and sex were computed. In addition, distribution 240

of biomarker values was examined by histograms, 241

boxplots and calculating the kurtosis and skewness of 242

parameters. Over 2.5 standard deviations (SD) data 243

points apart from mean concentrations, were iden- 244

tified as potential outliers. There were two A�42, 2 245

T-tau, and 3 P-tau181 values in the postoperative L- 246

and V-CSF results that diverged from the distribu- 247

tion and exceeded the 2.5 SD criterion and thus were 248

excluded from linear mixed model analyses. Due to 249

the dispersed distribution in the pre- and intraopera- 250

tive L- and V-CSF results, outliers could not reliably 251

be identified and thus were not excluded. Regression 252

equations were yielded for L- and V-CSF A�42, T-tau, 253
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Table 1
Patient’s characteristics and biomarker concentrations presented for both cohorts studied

Patient characteristics Cohort 97 Cohort 41
n = 97 n = 41 p

Age (y); mean (SD) 74.7 (6.4) 76.4 (5.5) 0.16
Male sex; n (%) 55 (57) 25 (61) 0.71
Amyloid pathology; n (%) 46 (47) 28 (68) 0.08
Tau pathology; n (%) 15 (15) 6 (15) 0.91
MMSE Baseline; mean (SD) 23.3 (3.9) 23.9 (3.2) 0.42
Gait velocity Baseline (m/s); mean (SD) 0.8 (0.4) 0.6 (0.3) <0.01*
APOE �4; n (%) 29 (30) 13 (32) 0.81
NPHGS Total baseline; mean (SD) 6.0 (2.8) 5.6 (2.5) 0.41
Biomarkers Location Pooled follow-up**
A�42 (ng/l); mean (SD) V-CSF 498.2 (245.4) 720.3 (307.7)

L-CSF 914.7 (387.0) 824.6 (290.7)
T-tau (ng/l); mean (SD) V-CSF 325.9 (233.5) 423.7 (174.3)

L-CSF 167.6 (63.9) 539.1 (274.6)
P-tau181 (ng/l); mean (SD) V-CSF 14.8 (7.4) 37.4 (14.3)

L-CSF 13.2 (5.9) 46.9 (19.3)

Mean and standard deviations or frequencies are presented for each variable. In the cohort 97, V-CSF refers for
intraoperative ventricular CSF and L-CSF refers for preoperative lumbar CSF. In the cohort 41, the V-CSF is
CSF collected by shunt reservoir puncture and L-CSF is collected by lumbar puncture during the postoperative
follow-up. The p-values are calculated to compare main differences between demographic variables. (*) indicating
significant difference. (**) Repeated V- and L-CSF samples of the follow-up were pooled per patient. Y, year; SD,
standard deviation; n, number; m/s, meters per second; APOE �4, apolipoprotein epsilon 4 allele; NPHGS, NPH
symptoms grading scale (Kubo scale); A�42, amyloid-� 1–42; T-tau, total tau protein; P-tau181, phosphorylated
tau at threonine 181; V-CSF, ventricular cerebrospinal fluid; L-CSF, lumbar cerebrospinal fluid.

and P-tau181 concentrations based on these results.254

All tests were two-sided and p-values less than 0.05255

were considered significant. SPSS software 27.00256

(IBM Corp., Amonk, NY, USA) for IOS was used257

for statistical analyses.258

Ethical statement259

The study protocol of this study has received the260

authorization of the regional Ethics Committee of261

Northern Savo Hospital District, Kuopio, Finland,262

to proceed. All participants or their caregivers have263

provided a written informed consent prior to partic-264

ipation. The implementation and governance of this265

study were performed in accordance with the latest266

revision of the Declaration of Helsinki.267

RESULTS268

Patient characteristics and biomarker concentra-269

tions of both cohorts are presented in Table 1.270

Longitudinal changes in CSF biomarkers of the 41-271

patient cohort have been reported previously [17].272

Altogether, baseline NPH grading scale points were273

similar across the cohorts (Mean 6.0 for cohort 97 and274

5.6 for cohort 41, p = 0.41). The only significant dif-275

ference was seen in gait velocity as the cohort 97 had276

0.2 m/s higher baseline gait velocity (p < 0.01). The277

male sex was more common in both cohorts (57% in 278

cohort 97 and 61% in cohort 41) and the gender dis- 279

tribution was similar between the cohorts (p = 0.071). 280

The preoperative baseline lumbar CSF A�42, T-tau, 281

and P-tau181 concentrations were similar in cohorts 282

of 41 and 97 patients (A�42 p = 0.86, T-tau p = 0.64, 283

and P-tau181 p = 0.43) (data not shown). 284

The preoperative lumbar CSF A�42 concentrations 285

were 84% higher than intraoperative ventricular CSF 286

(p < 0.0001) and the median V/L-CSF ratios (VLR) 287

were 0.54 (Q1–Q3:0.40–0.75) (Fig. 2, Table 1). 288

On the contrary, T-tau and P-tau181 concentra- 289

tions in preoperative lumbar CSF were 49% and 290

11% lower than seen in intraoperative ventricu- 291

lar CSF (T-tau p < 0.001, P-tau p = 0.027) and had 292

median VLRs of 1.47 (Q1–Q3:1.14–2.68) and 1.01 293

(Q1–Q3:0.90–1.40) (Fig. 2, Table 1). Pooled post- 294

shunt-surgery sample V-CSF concentrations were 295

12.6% (p < 0.0001), 21.4% (p < 0.0001), and 20.3% 296

(p < 0.0001) lower than in L-CSF for A�42, T- 297

tau, and P-tau181 (Table 1). The median VLRs 298

were 0.85 for A�42 (Q1–Q3:0.77–0.95), 0.79 for 299

T-tau (Q1–Q3:0.72–0.92), and 0.77 for P-tau181 300

(Q1–Q3:0.68–0.88) (Fig. 2). 301

Correlations between ventricular and lumbar CSF 302

were examined by Spearman’s ρ (Table 2). In the 303

cohort of 97 patients, preoperative L-CSF A�42 304

(ρ = 0.54), T-tau (ρ = 0.34), and P-tau181 (ρ = 0.55) 305
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Fig. 2A-C. (Continued)
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Fig. 2A-C. Boxplots of ventricular-/lumbar CSF ratios. Box and whiskers plots presenting ventricular-/lumbar CSF ratios of the biomarkers
of A�42 (A), T-tau (B), and P-tau181 (C). Light gray boxplots illustrating the ratios of intraoperative V-CSF and preoperative L-CSF. White
boxplots presenting the ratios of postoperative V- and L-CSF. Repeated V- and L-CSF samples of the follow-up were pooled per patient
before the calculation of the V-/L-CSF ratios. A�42, amyloid-� 1-42; T-tau, total tau protein; P-tau181, phosphorylated tau at threonine 181;
V-CSF, ventricular cerebrospinal fluid; L-CSF, lumbar cerebrospinal fluid.

Table 2
Spearman rho’s (ρ) between intraventricular and lumbar CSF

biomarkers

L- & V-CSF A�42 T-tau P-tau181

Cohort 97 0.54b 0.34b 0.55b

Cohort 41a 0.87c 0.91c 0.91c

Spearman’s rank correlation coefficients between V- and L-CSF
calculated for each biomarker in both cohorts of 97 and 41
patients. The samples of the cohort 97 were collected preopera-
tively (L-CSF) and intraoperatively (V-CSF), and for the cohort
41, postoperatively (parallel V- and L-CSF samples). aRepeated
V- and L-CSF samples of the follow-up were pooled per patient.
bp < 0.001 for preoperative L-CSF and intraoperative V-CSF.
cp < 0.001 for postoperative L- and V-CSF. A�42, amyloid-� 1-42;
T-tau, total tau protein; P-tau181, phosphorylated tau at threonine
181; V-CSF, ventricular cerebrospinal fluid; L-CSF, lumbar cere-
brospinal fluid.

(all p < 0.001) correlated to intraoperative V-CSF.306

Furthermore, strong correlations were seen for A�42307

(ρ = 0.77–0.88, mean ρ = 0.83), T-tau (ρ = 0.91–0.94,308

mean ρ = 0.92) and P-tau181 (ρ = 0.94–0.96, mean309

ρ = 0.94) between simultaneous postoperative L- and310

V-CSF samples of 41-patient cohort throughout the311

follow-up (all p < 0.0001). In addition, no correlations312

were seen between the waiting time for surgery and313

the intraoperative ventricular CSF A�42 (ρ = 0.01,314

p = 0.89), T-tau (ρ = –0.06, p = 0.60), and P-tau181315

(ρ = –0.01, p = 0.90) concentrations (data not shown).316

Linear regression models were carried out to317

investigate the relationship for intraoperative V-CSF318

and preoperative L-CSF, patient age and gender319

(Table 3, Fig. 3A-C). Fitted model functions are320

yielded and presented in Tables 3 and 4 and321

Fig. 3. In the univariate model (p < 0.001, F = 38.8,322

R2 = 0.29) for A�42, L-CSF significantly predicted V-323

CSF (B = 0.34, C.I. 0.23–0.45, p < 0.001) (Fig. 3A).324

Multivariate model for V-CSF A�42, consisted of325

age, gender, and L-CSF was statistically signif-326

icant (p < 0.001, F = 13.1) and explained 30% of327

variance (R2 = 0.30). L-CSF A�42 was significant328

predictor (B = 0.34, C.I. 0.23–0.46, p < 0.001); how-329

ever, age (B = –3.2, C.I. –9.8–3.4, p = 0.33) and male330

gender (B = –0.06, C.I. –86.8–86.7, p = 0.99) were331

non-significant predictors of V-CSF. Due the non-332

normally distributed concentrations of preoperative333

and intraoperative CSF T-tau, logarithmic correc-334

tion was carried. The univariate linear regression 335

model (R2 = 0.08, F = 7.9, p = 0.006) with Ln(T- 336

tau L-CSF), predicted significantly (B = 0.49, C.I. 337

0.15–0.84, p = 0.006) Ln(T-tau V-CSF) (Fig. 3B). 338

The multivariate regression model including age, 339

gender, and Ln(T-tau L-CSF), was significant as 340

well (R2 = 0.09, p = 0.01). The L-CSF Ln(T-tau) was 341

significant (B = 0.48, C.I. 0.11–0.84, p = 0.01), and 342

both age (B = 0.00, C.I. –0.02–0.02, p = 0.96) and 343

gender (B = 0.10, C.I. –0.13–0.34, p = 0.38) were 344

non-significant predictors of V-CSF Ln(T-tau). The 345

univariate model (F = 18.8, p < 0.001) of preoperative 346

L-CSF P-tau181 (B = 0.51, C.I. 0.27–0.74, p < 0.001), 347

explained 17% of the V-CSF variance (R2 = 0.17) 348

(Fig. 3C). In multivariate model (R2 = 0.19, F = 7.0, 349

p < 0.001) with predicting variables of age (B = 0.08, 350

C.I. –0.15–0.30, p = 0.51), gender (B = 2.0, C.I. 351

–0.86–4.79, p = 0.17) and L-CSF P-tau181 (B = 0.47, 352

C.I. 0.23–0.71, p < 0.001) only L-CSF P-tau181 was 353

significant predictor for V-CSF P-tau181. 354

Furthermore, linear mixed effects modelling was 355

performed to determine linear dependency for the 356

postoperative V-CSF and L-CSF (Table 3, Fig. 4A- 357

C). Fitted model equations are presented in Tables 3 358

and 4. For A�42, L-CSF values (B = 0.75, C.I. 359

0.63–0.88, p < 0.001) predicted V-CSF values sig- 360

nificantly (pseudo R2 = 0.28) (Fig. 4A). In the 361

multivariate model (pseudo R2 = 0.29) including L- 362

CSF A�42, age, and gender, the regression equation 363

was nearly concordant to univariate model. The L- 364

CSF A�42 (B = 0.71, C.I. 0.58–0.84, p < 0.001) and 365

patient age in years (B = –9.2, C.I. –17.4– –1.1, 366

p = 0.027) were significant predictors of V-CSF A�42 367

and patient gender was found to be non-significant 368

(B = 24.3, C.I. –57.9–106.5, p = 0.55). With T-tau, 369

postoperative V-CSF values were significantly pre- 370

dicted by postoperative L-CSF T-tau (B = 0.62, C.I. 371

0.55–0.68, p < 0.001) in the univariate model (pseudo 372

R2 = 0.32) (Fig. 4B). In the multivariate model 373

(pseudo R2 = 0.33), only L-CSF T-tau (B = 0.62, C.I. 374

0.55–0.69, p < 0.001) was a significant predictor of 375

V-CSF, as the patient age (B = 0.53, C.I. –3.5–4.6, 376

p = 0.79) and gender (B = 12.5, C.I. –28.9–53.9, 377

p = 0.54) were non-significant. Similarly, postop- 378

erative L-CSF P-tau181 (B = 0.74, C.I. 0.69–0.78, 379
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Table 3
Univariate and multivariate linear regression and linear mixed effect models for A�42, T-tau, and P-tau181

Preoperative L-CSF and intraoperative V-CSF V-CSF = Constant + Slope*L-CSF

Univariate: Regression coefficient C.I. (95%) p Constant C.I. (95%) R2 Function
A�42 0.34 0.23–0.45 <0.001 185.4 76.4–294.4 0.29 185.4+0.34*L-CSF
T-tau 0.36 –0.39–1.1 ns. 268 134–402 0.01
P-tau181 0.51 0.27–0.74 <0.001 8.2 4.8–11.6 0.17 8.2+0.51*L-CSF
Ln(T-tau) 0.49 0.15–0.84 0.006 3.1 1.3–4.9 0.08 3.11+0.49*Ln(L-CSF)
Multivariate: Age and Sex included
A�42 0.34 0.23–0.46 <0.001 426.5 –88.0–941.0 0.30 426.5+0.34*L-CSF –3.2*Age –0.06*Male
Age –3.2 –9.8–3.4 ns.
Sex (male) –0.06 –86.8–86.6 ns.
Ln(T-tau) 0.48 0.11–0.84 0.012 3.1 1.1–5.1 0.09 3.1 + 0.48*Ln(L-CSF) + 0.11*Male
Age 0.00 –0.02–0.02 ns.
Sex (male) 0.11 –0.01–0.34 ns.
P-tau181 0.47 0.23–0.71 <0.001 2.0 –14.6–18.6 0.19 2.0 + 0.47*L-CSF + 0.08*Age + 1.97*Male
Age 0.08 –0.15–0.30 ns.
Sex (male) 1.97 –0.86–4.79 ns.
Postoperative L- and V-CSF
Univariate: Regression coefficient C.I. (95%) p Constant C.I. (95%) pseudo R2 Function
A�42 0.75 0.63–0.88 <0.001 86.7 –20–194 0.28 86.7+0.75*L-CSF
T-tau 0.62 0.55–0.68 <0.001 86.9 48.7–125.0 0.32 86.9+0.62*L-CSF
P-tau181 0.74 0.69–0.78 <0.001 2.64 –0.06–5.34 0.45 2.64+0.74*L-CSF
Multivariate: Age and Sex included
A�42 0.71 0.58–0.84 <0.001 813.9 162.2–1465.6 0.29 813.9+0.71*L-CSF-9.2*Age+24.3*Male
Age –9.2 –17.4–(–1.1) 0.027
Sex (male) 24.3 –57.9–106.5 ns.
T-tau 0.62 0.55–0.69 <0.001 40.7 –264.7–346.1 0.33 40.7+0.62*L-CSF+0.53*Age+12.5*Male
Age 0.53 –3.5–4.6 ns.
Sex (male) 12.5 –28.9–53.9 ns.
P-tau181 0.74 0.69–0.78 <0.001 16.3 –8.8–41.4 0.46 16.3+0.74*L-CSF-0.17*Age-2.0*Male
Age –0.17 –0.50–0.16 ns.
Sex (male) –2.0 –5.4–1.4 ns.

Univariate and multivariate linear regression and linear mixed effect models for A�42, T-tau, and P-tau181 V-CSF predicted by L-CSF and in multivariate L-CSF, age, and gender presented.
Regression coefficients and constants with the confidence intervals of each model presented on rows. Further, the model coefficient of determinations or pseudo coefficient of determinations are
presented. Yielded equations of each significant model are presented in the “Function” column and are formatted as estimating the V-CSF concentrations of the biomarker included into the model.
p-value column indicating the significance of each predicting variable in the model. A�42, amyloid-� 1–42; T-tau, total tau protein; P-Tau181, hyperphosphorylated tau at threonine 181; V-CSF,
ventricular cerebrospinal fluid; L-CSF, lumbar cerebrospinal fluid; B, Regression coefficient; C.I., Confidence interval; R2, Coefficient of determination; Ln, natural logarithm transferred variable;
ns., non-significant p-value.
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Fig. 3A-C. (Continued)
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Fig. 3A-C. Scatterplots of pre- and intraoperative A�42, T-tau, and P-tau181 in L- and V-CSF. Scatterplots of V- and L-CSF values of the
biomarkers A�42 (A), T-tau (B), and P-tau181 (C) and linear trendlines illustrating the linear dependency of intraoperative V- and preoperative
L-CSF. Mean confidence intervals (95%) are drawn for linear trendlines. Regression equations of the linear univariate regression models are
presented at upper right corner of the figure. T-tau values are presented at natural logarithmic scale due the non-normally distributed values.
A�42, amyloid-� 1–42; T-tau, total tau protein; P-Tau181, hyperphosphorylated tau at threonine 181; V-CSF, ventricular cerebrospinal fluid;
L-CSF lumbar cerebrospinal fluid; Ln, natural logarithm transferred variable; R2, Coefficient of determination.

Table 4
Functions for estimated L-CSF A�42, T-tau, and P-tau181 by V-CSF

Preoperative L-CSF and intraoperative V-CSF

Univariate Estimated L-CSF= Multivariate Estimated L-CSF=
A�42 (V-CSF-185.4)/0.34 A�42 (V-CSF-426.5+3.2*Age+0.06*Male)/0.34
Ln(T-tau) (Ln(V-CSF)-3.11)/0.49 Ln(T-tau) (Ln(V-CSF)-3.1-0.11*Male)/0.48
P-tau181 (V-CSF-8.2)/0.51 P-tau181 (V-CSF-2.0–0.08*Age-1.97*Male)/0.47
Postoperative L- and V-CSF
Univariate Estimated L-CSF= Multivariate Estimated L-CSF=
A�42 (V-CSF-86.7)/0.75 A�42 (V-CSF-813.9+9.2*Age-24.3*Male)/0.71
T-tau (V-CSF-86.9)/0.62 T-tau (V-CSF-40.7–0.53*Age-12.5*Male)/0.62
P-tau181 (V-CSF-2.64)/0.74 P-tau181 (V-CSF-16.3+0.17*Age+2.0*Male)/0.74

The fitted model functions transferred to estimate L-CSF values of A�42, T-tau, and P-tau181, based on the
V-CSF values, or V-CSF, age (years) and gender. Different functions are yielded for pre- and intraoperative
L- and V-CSF as well as for postoperative V- and L-CSF A�42, T-tau, and P-tau181. A�42, amyloid-�
1–42; T-tau, total tau protein; P-Tau181, hyperphosphorylated tau at threonine 181; V-CSF, ventricular
cerebrospinal fluid; L-CSF, lumbar cerebrospinal fluid; Ln, natural logarithm transferred variable.

p < 0.001) predicted simultaneous V-CSF P-tau181380

values significantly (pseudo R2 = 0.45) (Fig. 4C).381

Further, the age (B = –0.17, C.I. –0.50–0.16, p = 0.30)382

and gender (B = –2.0, C.I. –5.4–1.4, p = 0.24) were383

non-significant and L-CSF P-tau181 (B = 0.74, C.I.384

0.69–0.78, p < 0.001) significant predictors of V-CSF385

(pseudo R2 = 0.46).386

The in vitro experiment conducted with the387

protocol 1, revealed minor variation in A�42 con-388

centrations (Supplementary Table 1, Supplementary389

Figure 1A). In phases 3 and 4, the mean A�42 values390

were most decreased in comparison to the base-391

line (Phase 3:11%, Phase 4:22%). In the protocol392

2, the sample size dependent changes were seen in393

A�42 concentrations. Lower concentrations (mean394

decrease of 2 ml samples: 13%) were seen when sam-395

ple size was less than 5 ml (Supplementary Table 2,396

Supplementary Figure 1D). However, in larger sam-397

ple sizes of 10–20 ml the difference came irrelevant398

in comparison to the baseline samples. In both proto-399

cols implemented, T-tau and P-tau181 were relatively400

stable and showed no sample size dependent decrease401

(Supplementary Tables 1 and 2, Supplementary Fig-402

ure 1B, C, E, F).403

DISCUSSION404

Here we studied the core AD biomarkers of A�42,405

T-tau, and P-tau181 in the iNPH patients CSF. This406

study provides a comprehensive insight to the CSF 407

AD-core marker composition dynamics that varies 408

by the location and harvesting moment of the sam- 409

ple. The key findings are the established rostro-caudal 410

gradients and fitted linear models for A�42, T-tau, and 411

P-tau181 between [1] pre- and intraoperative L- and 412

V-CSF and [2] postoperative L-CSF and V-CSF. 413

We consider our results of decreased A�42 and 414

somewhat increased T-tau and P-tau181 between 415

pre- and intraoperative CSF to support the findings 416

reported previously (Table 1) [9, 18–20]. However, 417

the linearity between intraoperative V-CSF samples 418

and preoperative L-CSF samples for T-tau and P- 419

tau181 is somewhat weaker than we expected. The 420

reason behind the rather exponential increase of T- 421

tau is probably a immediate trauma caused by surgical 422

insertion of the intraventricular CSF catheter trough 423

brain parenchyma [27, 28]. In the study obtaining 424

brain interstitial fluid by microdialysis [29], similar 425

pattern was seen for T-tau, as the insertion resulted 426

high T-tau concentrations that decreased over the col- 427

lection period of 24 h. Further, the studies comparing 428

T-tau in preoperative tap-test L-CSF and in intraop- 429

erative V-CSF report 2 to 6-fold higher concentration 430

in V-CSF [9, 18, 19]. Other studies comparing the 431

first and last fractions of lumbar tap-test CSF [19, 432

30], only found significant ratio of 1.2 between the 433

last/first fraction of CSF T-tau [19]. However, these 434

results do not completely exclude the chance that fur- 435
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Fig. 4A-C. (Continued)
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ther draining of CSF would result similar gradients436

as reported in studies comparing L-CSF and intra-437

operative V-CSF. As expected, our P-tau181 results438

had similar trend as T-tau. These findings are pre-439

senting the potential challenges in the interpretation440

of CSF T-tau and P-tau181 harvested during surgical441

procedure.442

On the other hand, we assume that a waiting time443

for shunt surgery can cumulate, e.g., the periventric-444

ular ischemic damage, as worse outcomes have been445

reported with prolonged waiting time [6], and there-446

fore potentially cause discrepancy to interpretation447

of the intraoperative CSF biomarkers. However, we448

could not find correlation for shunt surgery waiting449

time and V-CSF A�42, T-tau, or P-tau181 measured450

intraoperatively. After all, this was not surprising as451

our median waiting time was rater short (2.0 months,452

interquartile range 1.1–3.5 months) in the cohort of453

97 patients.454

Furthermore, simultaneous postoperative V- and455

L-CSF biomarkers are largely unstudied scheme due456

to the ethically challenging study implementation.457

Our results suggest a transition of T-tau and P-tau181458

VLRs as the postoperative gradient is 0.77–0.79,459

respectively (Fig. 2). Somewhat supporting results460

of T-tau VLR being under 1 between postopera-461

tive shunt reservoir V-CSF and L-CSF, have been462

reported previously [9]. For A�42, we observed463

approximating concentrations in V- and L-CSF as464

the VLR converted from 0.54 to 0.85, and this was465

mainly driven by the increased concentration of V-466

CSF A�42 postoperatively. Contrary to Craven et467

al. [9], our A�42 in V-CSF measured lower than468

in L-CSF. This difference might derive from the469

rather small number of patients in the postopera-470

tive CSF comparison of the previous publication. We471

consider this A�42 change to represent beneficial472

shunt response and improved homeostasis mainte-473

nance of brain parenchyma, driven by increased A�42474

excretion to CSF. For the reason of the VLR tran-475

sition to less than 1 postoperatively in T-tau and476

P-tau181, we suggest the sampling modality of the477

shunt reservoir puncture. It can be considered as478

non-traumatic draining of CSF, as no direct harm is479

caused to brain parenchyma. Therefore, potentially480

more reliable results are received. Other explanations 481

for this gradient transition seen with T-tau and P- 482

tau181, might be caused either by the altered CSF flow 483

resulting from CSF shunt [31] or inhibition of the fun- 484

damental NPH pathology that is not yet completely 485

understood. We have also reported that A�42, T-tau, 486

and P-tau181 do not remain stable post-operative [17]. 487

However, the VLRs of the parallel samples in every 488

biomarker do maintain the ratio and rostro-caudal 489

gradient throughout the follow-up. 490

Reasons behind the rostro-caudal gradient of pro- 491

teins in CSF are somewhat hypothesized, and the 492

composition of CSF is suggested to alter due the 493

protein origin, molecular mass, and CSF-dynamic 494

disorders. The brain parenchyma derived proteins 495

should be enriched in ventricular, and blood derived 496

in lumbar CSF [16]. The albumin and blood derived 497

IgG, IgA, and IgM quantities have been reported to 498

decrease when further draining lumbar CSF of iNPH 499

patients [32] and in healthy controls [33]. With cen- 500

tral nervous system specific proteoglycans, neurocan, 501

and brevican, no significant ventriculo-lumbar gradi- 502

ent were seen pre- or postoperatively [34]. However, 503

this assumption is not met completely in our results 504

with iNPH patients, as the post-operative A�42, T-tau, 505

and P-tau181 VLRs are all less than 1. Contrary, the 506

ratios seen between preoperative lumbar and intra- 507

operative ventricular CSF for T-tau and P-tau181 are 508

largely inclined towards high rostral concentration 509

(Fig. 2B, C), which supports the traditional theory 510

about the influence of protein origin. 511

The role of altered hydrodynamics is also a 512

potential confounding factor for interpretation of 513

biomarker ratios. Naturally, the CSF shunt surgery 514

alters the CSF drainage as well as modifies the 515

hydrostatic pressure affecting the natural CSF flow. 516

Further, unoperated iNPH patients have been found 517

to have different flow pattern of CSF, as re-directed 518

aqueductal flow, and significant extra-cranial CSF 519

productions have been suggested [35, 36]. In addi- 520

tion, the pathophysiology of iNPH itself has been 521

suggested to originate from the malfunction of arach- 522

noid granules, that potentially further modifies the 523

CSF composition. Other iNPH pathological mecha- 524

nism led from the hydrodynamics is the glymphatic 525

Fig. 4A-C. Scatterplots of postoperative A �42, T-tau, and P-tau181 in V- and L-CSF. Scatterplots of V- and L-CSF values of the biomarkers
A�42 (A), T-tau (B), and P-tau181 (C) and linear trendlines illustrating the linear dependency of postoperative V- and L-CSF. Mean confidence
intervals (95%) are drawn for linear trendlines. Regression equations of the linear mixed effects models are presented at upper right corner
of the figure. A�42, amyloid-� 1-42; T-tau, total tau protein; P-Tau181, hyperphosphorylated tau at threonine 181; V-CSF, ventricular
cerebrospinal fluid; L-CSF, lumbar cerebrospinal fluid.
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pathway defect. Approximately 20% of CSF drainage526

to the systemic circulation is derived from the glym-527

phatic system, and for iNPH patients, the glymphatic528

pathway has been reported to potentially be impaired529

by decreased aquaporin-4 density and tracer clear-530

ance in MRI imaging [37].531

Furthermore, the dilution effect of increased ven-532

tricular volume or CSF production rate has been533

discussed as a reason for altered CSF AD biomarker534

compositions. In the study regarding disproportion-535

ately enlarged subarachnoid-space hydrocephalus536

(DESH) patients, a subset was noted to have low537

P-tau181 and A�42 and to associate for higher DESH-538

score [38], implying CSF-dynamics disorders to539

potentially dilute biomarker concentrations. How-540

ever, a study conducted with healthy volunteers found541

no correlation between AD core biomarkers and542

ventricular volume nor the intracranial pressure and543

CSF production rate [39]. In a recent genome wide544

meta-analysis, a link between CSF P-tau181, lat-545

eral ventricle volume and the genes of GMNC and546

C16orf95 was established, implying causative rela-547

tionship for these phenomena [40].548

Furthermore, to our knowledge the direct effect549

of the CSF shunt as such to the biomarker con-550

centrations, has not been studied previously. It can551

be hypothesized that CSF shunt may affect to the552

biomarker concentrations, e.g., due to the absorp-553

tion of CSF shunt material or the different protocol554

used during the harvesting. Hence, we conducted555

additional in vitro experiment with two protocols to556

evaluate these potential confounding factors affecting557

the usage of ventricular CSF and to fully mimic the558

sampling procedures of intraventricular CSF (Sup-559

plementary Tables 3 and 4). Based on our results the560

A�42 has slight tendency to absorb to polypropene561

syringe. However, the impact of this phenomenon562

becomes insignificant in larger sample sizes of over563

5 ml. There was also a trend for A�42 to decrease564

between baseline and endpoint samples. Further, the565

changes of concentrations caused by the sample size566

and protocol became irrelevant when compared to567

the endpoint values rather than baseline. For T-tau568

and P-tau181, no relevant changes were seen neither569

in shunt system protocol nor in the sample size pro-570

tocol. This further strengthens the reliability of T-tau571

and P-tau181 concentrations measured from V-CSF.572

Previously, we found several fold increases in573

T-tau and P-tau181, post-operatively, both in ventric-574

ular and lumbar CSF [17]. In A�42 there was just575

a moderate continuous decrease. However, further576

study is needed to fully understand this longitudinal577

phenomenon caused by CSF shunt. Understanding 578

more of this could also open a window to find shunt 579

malfunction by biomarkers. In addition, the further 580

information would be crucially important to evalu- 581

ate value of AD biomarker values taken after surgery 582

when attempt to indicate AD comorbidity. So far, we 583

rely more on to prognostic value of brain biopsy than 584

the post-operative follow-up CSF biomarker values. 585

A strength of this study was that it was possible 586

to compare a series of parallel samples postopera- 587

tively. Additionally, our pre- to intraoperative CSF 588

biomarker comparison had a relatively large number 589

of samples. Furthermore, our samples obtained by 590

shunt reservoir puncture were larger than 5 ml, cor- 591

roborating the reliability of our results. A challenge, 592

however, was the inability to rigorously confine the 593

magnitude of the error for T-tau and P-tau181 due 594

to the surgical procedure in the intraoperative sam- 595

pling. This should be considered when interpreting 596

the obtained equations. This kind of sample collection 597

provides a foundation for the subsequent calculation 598

of similar equations for other CSF biomarkers as well. 599

Conclusions 600

A�42, T-tau, and P-tau181 correlate linearly in- 601

between ventricular and lumbar CSF, correlations 602

that become stronger after CSF shunt surgery. Based 603

on these findings, regression equations of fitted 604

models provide a novel tool to use V-CSF for diag- 605

nostic and prognostic entities that rely on lumbar 606

CSF-derived reference limits and/or cut-points. The 607

equations presented here can be applicable to clini- 608

cal use when lumbar CSF samples are not available or 609

the less invasively obtained shunt reservoir samples 610

should be interpreted. 611
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