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Abstract.

Background: Alzheimer’s disease (AD) is the most common cause of dementia worldwide and a frequent comorbidity in
idiopathic normal pressure hydrocephalus (iNPH). The presence of AD pathology is associated with worse outcomes after
a shunt procedure in iNPH. Preoperative diagnosis of AD is challenging in patients with iNPH, which involves reduced
concentrations of the cerebrospinal fluid (CSF) AD biomarkers.

Objective: Our aim was to estimate the effect size of iNPH as a factor in CSF levels of AD biomarkers and to test if correction
could be used to improve diagnostic value.

Methods: Our cohort included 222 iNPH patients with data in the Kuopio NPH registry and brain biopsy and CSF samples
available. We divided the patients into groups according to AD pathology per brain biopsy. For control cohorts, we had CSF
samples from cognitively healthy individuals (n =33) and patients with diagnosed AD and no iNPH (n=39).
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Results: Levels of all investigated biomarkers differed significantly between groups, with the exception of t-Tau levels between

healthy individuals and iNPH patients with AD pathology. Applying a correction factor for each biomarker (0.842*A1-4,,
0.779*t-Tau, and 0.610%P-Tau,g;) for the effect of iNPH yielded a sensitivity of 2.4% and specificity of 100%. The ratio
of P-Tauys; to ABi-42 was moderately effective in aiding recognition of AD pathology in iNPH patients (sensitivity 0.79,

specificity 0.76, area under the curve 0.824).

Conclusion: Correcting for iNPH as a factor failed to improve diagnostic effectiveness, but the P-Tau;g;/A-4; ratio showed

some utility in the diagnosis of AD in iNPH patients.
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INTRODUCTION

Idiopathic normal pressure hydrocephalus (iNPH)
is a neurological disorder characterized by the triad
of gait difficulty, cognitive impairment, and urinary
incontinence [1]. In aging populations, iNPH has
growing importance as a cause of dementia, with
a prevalence of 0.18% among those over age 60
and an estimated 3.7% prevalence in people over
age 65, which increases with age [2]. Differences
in prevalence likely trace to differences in clinical
decision-making among countries [3]. The symp-
toms of iNPH can be reversed with shunt surgery,
and early diagnosis is vital for patient quality of life
and reduced costs [4, 5]. The cause of iNPH remains
unconfirmed, but cilial dysfunction is considered to
be a key element in its development [6]. Comorbid
neurological disorders or former ischemic events can
lead to a poor outcome of shunt surgery [7, 8], and
co-occurring conditions such as Alzheimer’s disease
(AD) are relevant in selecting patients who would
benefit from shunt surgery. Furthermore, around 20%
of shunted iNPH patients will have developed clinical
AD at follow-up [9].

AD is the most common cause of dementia
worldwide. No curative treatments are available, but
biomarkers of early pathological changes may offer
potential targets for preventive or disease-modifying
therapies [10-13]. Reducing secondary risk factors
for AD in the early phases also can slow its progress
[14-16]. The pathological features of AD are extra-
cellular accumulation of amyloid-B (AB) peptide
and intracellular aggregation of tau proteins in brain
tissue, causing neuronal dysfunction and neurode-
generation [17]. Traditional biomarkers for AD are
cerebrospinal fluid (CSF) amyloid-Bi-420 (AB1-42),
total tau protein (t-Tau), and phosphorylated tau
protein (P-Taujg;). Of these, CSF ABj-42 concen-
tration changes earliest in the disease, in response to
accumulation of A in the brain parenchyma [18].
Increases in t-Tau and P-Tau;g; in CSF are seen

in AD, signifying tau-related pathology [19]. These
biomarker values thus are useful in AD diagnostics
but may be misleading in iNPH. In patients with
iNPH, ABi-4> CSF levels are as low as in patients
with AD because of a general reduction in soluble A3
and A protein precursor [20-22]. Meanwhile, t-Tau
and P-Tau;g; levels in iNPH patients are lower than
or comparable to those of healthy individuals. iNPH
seems to reduce CSF biomarker levels overall, pos-
sibly because of dilution, abnormal CSF dynamics,
decreased clearance, or reduced cortical metabolism
[20-22]. Currently, differential diagnostics of AD
in iNPH patients is laborious, and although corti-
cal biopsy during shunt surgery can be indicated for
earlier diagnosis of comorbid AD [9], this approach
obviously does not contribute to preoperative differ-
ential diagnosis and decision making.

In this study, our aim was to investigate the ratios
of CSF biomarkers between iNPH and non-iNPH
groups to determine the potential benefit of using a
correction factor for the effects of iNPH on biomark-
ers. Another goal was to see if we could use CSF
biomarkers of AD to differentiate between iNPH
patients with and without AD pathology on biopsies.
The ability to make this distinction would aid in diag-
nosis of AD and in predicting shunt response in iNPH
patients.

MATERIALS AND METHODS
Patient cohort

Data for the patient and control cohorts are pre-
sented in Table 1. Boxplots for CSF biomarkers
between each group are presented in Fig. 1.

Patients presenting with at least one of the
characteristic symptoms of iNPH (gait difficulty,
impaired cognition, urinary incontinence) combined
with enlarged brain ventricles on MRI were eval-
uated in the Department of Neurosurgery, Kuopio
University Hospital (KUH). KUH provides acute and



Table 1
Patient demographics

iNPH A pooled

iNPHT

AD control iNPH AD- iNPH AB iNPH AB/T

Control

Category

N

118
740.38 (285.97)*
178.86 (61.23)*

28
771.13 (274.02)

90
730.81 (290.41)

98
170.86 (55.11)

964.96 (278.95)**

39
602.70 (154.28)***

33
1145.60 (237.73)***

851.11 (474.18)
138.57 (61.51)

ABi-42, mean (SD)
t-Tau, mean (SD)

204.57 (73.06)
16.34 (7.87)
20.50 (5.26)
80.34 (3.79)

408.29 (141.87)*** 144.76 (33.44)**

185.83 (42.35)*
16.84 (5.24)***

13.50 (6.04)*
23.00 (4.95)
77.08 (5.23)
92 (78.0%)

8.97 (7.30)
20.00 (6.04)

70.78 (3.41)

12.61 (5.08)
24.00 (4.82)
76.07 (5.22)
69 (76.7%)

10.27 (3.90)**

39.92 (17.53)***

P-Tau;g;, mean (SD)

24.00 (3.75)
73.56 (6.68)

83 (84.7%)
Control, healthy participants; iNPH AD—, iNPH patients with no AD pathology on biopsy; iNPH A, iNPH patients with amyloid pathology on biopsy; iNPH AB/T, iNPH patients with amyloid

and tau pathology in biopsy; iNPH T, iNPH patients with tau pathology on biopsy; iNPH AR pooled, iNPH patients with only amyloid and those with amyloid and tau pathology; AD control,

MMSE***, median (SD)

Age, mean (SD)

4 (66.7%)

23 (82.1%)

Shunt response# (%)

Vanninen et al. / CSF Diagnostics of AD in iNPH Patients 729

elective neurosurgical care for a catchment popula-
tion of approximately 800,000 in Eastern Finland.
Our patient cohort included 222 consecutive patients
shunted for probable iNPH [1]. Diagnosis of iNPH in
these patients was done according to a protocol [23]
published between 2019 and 2021. Our study relies
on patient data that we also used in a previous study
(N'=119) [24]. All patients from the KUH catchment
population with suspected iNPH are included in the
Kuopio NPH registry and tissue bank, which fea-
tures follow-up data, other diagnoses, medications,
and causes of death together with collected biopsy
and CSF samples (http://www.uef.fi/nph). CSF sam-
ples were obtained by lumbar puncture prior to shunt
surgery. Shunt response was evaluated at outpatient
clinic 2 to 3 months after shunt surgery by a clinician.
Shunt response was defined as improvement in gait,
memory, or urinary incontinence [9].

Control cohorts

The cohort of healthy individuals for this study has
been described previously [24]. Briefly, CSF samples
were obtained from 33 cognitively healthy individu-
als undergoing knee surgery with spinal anesthesia
[25]. In addition, we collected data from a cohort
of AD patients attending KUH neurology (n=39).
Patients were classified as likely AD (either amnes-
tic variant or posterior cortical atrophy). Levels of at
least two of three AD biomarkers in the CSF had to
be pathological for cohort inclusion.

CSF samples

CSF samples from iNPH patients and control
participants were obtained by lumbar puncture,
centrifuged, and stored in polypropylene tubes at
—80°C until analysis at the UEF Biomarker Labo-
ratory according to standardized protocols. Before
2020, CSF levels of AD biomarkers (ABi-42,
t-Tau, and P-Tau;g;) were analyzed using a
commercial enzyme-linked immunosorbent assay
(Innotest, Fujirebio, Ghent, Belgium). Since 2020,
AD biomarkers have been analyzed using auto-
mated Elecsys immunoassays (Roche Diagnostics,
Penzberg, Germany). CSF samples had to be trans-
ferred to different tubes for analyses, which carries
a risk of decreasing ARi-42 levels. AD biomarker
results measured using Innotest were converted
to Elecsys levels using the conversion equations
presented in Table 2. These equations have been
established at the UEF Biomarker Laboratory using

patients with diagnosed AD and no iNPH. AB;-42, amyloid beta in lumbar CSF; t-Tau, t-Tau in lumbar CSF; P-Tau,g;, phosphorylated tau in lumbar CSF; MMSE, Mini-Mental State Examination;
SD, standard deviation. *p < 0.05 versus iNPH AD—; **p < 0.05 versus iNPH AD pooled; p values from independent samples ¢-tests. ***Missing MMSE from one patient in the iNPH AD- and one

in the iNPH T groups. *Shunt response on 3 month follow up visit evaluated by clinician.
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Fig. 1. Boxplots for AD biomarkers with cutoff values. Horizontal lines indicate cutoff value for diagnosis of AD in standard population.
715 pg/ml for ABj-42, 260 pg/ml for t-Tau, and 26 pg/ml for P-Taug;.
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Table 2
Conversion equations for CSF biomarkers
Marker Function
AB1-42 Elecsys(ABi-42) = (1.22*Innotest[AB1-42]) + 7.15
T-Tau Elecsys(T-Tau) = (0.475*Innotest[T-Tau]) + 66.0
P-Tau;g; Elecsys(P-Tau;g;) = (0.419*Innotest[P-Tau;g;]) — 3.87

ABi1-42, amyloid beta 1-42; t-Tau, total tau protein; P-Tau;g;, phosphorylated tau. Elec-
sys(x) = Elecsys value for biomarker x; Innotest[x] = Innotest value for biomarker x.

100 CSF samples analyzed with both methods and
are similar to previously presented conversions [26].
Cutoff points for CSF diagnostics of AD, as defined
at the UEF Biomarker Laboratory, were <715 pg/ml
for AB1-42,>260 pg/ml for t-Tau, and >26 pg/ml for
P-Tau;g;.

Brain biopsies

The brain biopsy procedure has been described
in detail previously [23]. Briefly, three cylindrical
brain biopsies 2—5 mm in diameter and 3—7 mm in
length were acquired during shunt surgery, prior to the
insertion of a CSF shunt, using a TTI46 biopsy nee-
dle (Merit Medical Systems Inc, South Jordan, UT,
USA). Biopsy samples were placed in buffered for-
malin and embedded in paraffin. Paraffin-embedded
samples were cut into sections 7 um thick that were
stained with hematoxylin-eosin and subjected to
immunohistochemistry for Ap (Clone; 6F/3D, Com-
pany; Dako), hyperphosphorylated tau (Clone; AT8,
company; Innogenetics, Ghent, Belgium), and p62
(Clone; 3, Company; BD Biosciences Pharmingen,
Franklin Lakes, NJ, USA). The stained sections were
assessed under a light microscope by a neuropathol-
ogist. AP pathology was semiquantitatively assessed
by a neuropathologist by counting plaques under a
light microscope, and tau pathology was graded as
either present or absent [23, 27, 28]. iNPH patients
were divided into groups based on AD pathology, as
follows: AB— t—, AR+ 7—, AB+ 7+, and AB- t+. For
this study, the groups were designated accordingly as
iNPH AD-, iNPH AR, iNPH AB/T, and iNPH T.

Statistical methods

SPSS Statistics (version 27.0 SPSS Inc, Chicago,
IL, USA) was used for statistical analyses. Indepen-
dent samples 7-tests were used to compare groups.
Ratios between groups were calculated, as were sen-
sitivities and specificities for different cutoff values.
The correction factor for the effect of iNPH was cal-
culated by determining the ratio of means between
the iNPH AD- and healthy control groups. Linear

regression was used to determine the optimal cut-
off value for the ratio of P-Tau;g; and AB1-42. This
cutoff was chosen by ignoring the intercept of lin-
ear regression and using the regression coefficient
between P-Tau;g; and AB1-42 as the suggested cutoff
value. A receiver operating characteristic curve was
used to determine the goodness of the model for the
ratio of P-Tau;g; and AB1-42 in predicting AD pathol-
ogy in iNPH patients. Sensitivity and specificity for
the model were calculated.

Six patients had AP1-42 values over the highest
measurement limit of 1700 ng/ml, and these values
were replaced with 1700 ng/ml for analyses. Fifteen
patients had P-Taug; values below the lower limit
of 8 pg/ml, and these were replaced with 8 pg/ml for
analyses. One patient had P-Tau;g; under the lower
limit of detection of the Innotest kit (13 pg/ml), and
this value was replaced with 13 pg/ml and converted
to the Elecsys level. Including these patients in the
analyses with the chosen values created less skew in
the study than eliminating them.

Ethics statement

The study was approved by the Research Ethics
Committee of the Northern Savo Hospital District.
All participants gave written informed consent, and
this study was conducted according to the latest revi-
sion of the Declaration of Helsinki.

RESULTS

All between-group comparisons of healthy control,
iNPH AD-, iNPH AD+, and AD control groups were
statistically significant (p <0.05) for all investigated
biomarkers, with the exception of t-Tau between the
control and iNPH AD+ groups. Shunt response did
not have statistically significant difference between
groups using chi-square test. Using current cutoffs for
the general population yielded a sensitivity of 0.8%
and specificity of 100% for AD pathology in the iNPH
population. Correction factors calculated for the dif-
ferent biomarkers in iNPH were as follows: 0.842
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Fig. 2. P-Tau;g1/AB-42 ratio. Different lines indicate different
potential cutoffs for the ratio. pTaul81, phosphorylated tau from
lumbar sample; Abetal-42, AB;-42 from lumbar sample. Contin-
uous line indicates ratio obtained from linear regression analysis
(0.013). Line with large dashes indicates ratio as defined by cut-
offs used for general population (0.0364). Line with short dashes
indicates ratio with cutoffs using correction factor (0.0263).

for AB1-42, 0.779 for t-Tau, and 0.610 for P-Tau;g;.
Using these factors to determine the cutoff for AD
in iNPH patients yielded a sensitivity of 2.4% and
specificity of 100%.

Since correction for cutoff values did not give
satisfactory results, we evaluated the ratio of P-
Tau;g; and APj-42 for this purpose. Figure 2 shows
the P-Taug1/AR -4 ratios and three different cutoff
points. With a cutoff determined by linear regression
analysis (P-tau;g;/AB1-42=0.013), the model sen-
sitivity was 0.79, and its specificity was 0.76. The
P-Tau;g1/AB1-42 ratio yielded a receiver operating
characteristic area under the curve of 0.824 (95%
confidence interval 0.769-0.880).

Figures 3-5 depict cutoff values for each
biomarker with and without the correction factors
applied. As the figures show, using uncorrected
biomarker levels as the cutoff values yielded low
diagnostic accuracy for AD pathology.

DISCUSSION

Here, we investigated the diagnostic value of AD
biomarkers in the iNPH population and found that
correction factors cannot compensate for the effect
of iNPH on CSF AD biomarkers. Applying the cor-
rection yielded a high specificity with almost no
sensitivity but using cutoffs for the general population
had even lower sensitivity. One possible explanation
is that in patients shunted because of iNPH, AD is

Scatter Plot of pTau by Abeta
Group

+iNPH No AD

A pathology
+iNPH Abeta
4iNPH AB + Tau

pTau181 pgiml

Abeta1-42 pgim|

Fig. 3. Scatterplot of P-Tau;g; and AP -42 with upper left quad-
rant indicating pathological values. pTaul81, phosphorylated tau
from lumbar sample; Abetal-42, AR -4 from lumbar sample. Axis
values are in pg/ml. Continuous line indicates cutoff values with
correction factor. Dotted line indicates cutoff values for general
population.

still in the early stage compared with the usual tim-
ing of an AD diagnosis reliant on clinical symptoms
only. AB1-47 levels decrease as AD progresses, while
t-Tau and P-Tau;g; levels increase. The decline in
APBi-42 is considered to be the result of aggrega-
tion of AR plaques, whereas increased tau can be
seen as a sign of neuronal damage [19, 29]. This
pattern might explain why even though biomarker
levels are generally reduced in iNPH, amyloid lev-
els in iNPH patients with AD pathology were higher
than in our AD control group. For t-Tau and P-
Tauyg;, this effect appeared to be less pronounced.
Another possible explanation for this difference is
that the clearance mechanism of ABi-4p differs in
the context of iNPH with AD when compared with
non-comorbid AD [30, 31]. A possible explanation
for this is difference between white matter lesions
between AD and iNPH, which may affect CSF flow
in iNPH patients. Although, these changes may also
be caused by impaired CSF flow [32]. Genome map-
ping has revealed that AP1-42 and P-Tau;g; levels are
mainly associated with different genetic loci, hinting
atindependent pathological processes and potentially
explaining the different behavior of these biomark-
ers in iNPH. That study further identified a potential
overlap in genetic etiology for tau levels and ventric-
ular volume [33].

We also found that the ratio of P-Tau;g; and AB1-42
was fairly good at predicting AD pathology in iNPH
patients. A high ratio of P-Tau;g; to AB1-42 has been
reported previously in patients experiencing a poor
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Fig. 4. Scatterplot of t-Tau and AB;-4, with upper left quadrant
indicating pathological values. t-Tau, t-Tau from lumbar sample;
Abetal-42, AB|-42 from lumbar sample. Axis values are in pg/ml.
Continuous line indicates cutoff values with correction factor. Dot-
ted line indicates cutoff values for general population.

Scatter Plot of pTau by Tau
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Fig. 5. Scatterplot for p-Tau;g; and t-Tau. Upper right quadrant
indicates pathological values. pTaul81, phosphorylated tau from
lumbar sample; t-Tau, t-Tau from lumbar sample. Axis values are
in pg/ml. Continuous line indicates cutoff values with correction
factor. Dotted line indicates cutoff values for general population.

response to shunting and as correlating with AD
pathology [34].

The strengths of our study include the relatively
large number of iNPH patients whose CSF biomarker,
biopsy, and follow-up data could be gathered system-
atically. The presence of amyloid pathology in biopsy
is a strong predictor for a future clinical diagnosis of
AD [9]. Furthermore, presence of amyloid on biopsy
is correlated with amyloid pathology on PET imag-
ing [35]. Still, due to the potentially patchy nature
of amyloid pathology, a false negative finding should

be considered. The most significant limitation of our
study is the lack of follow-up AD diagnosis data for
shunted patients. This lack is largely because most
patients in this cohort had been recently shunted, so
the follow-up period could still be considered as in
progress. Another limitation is that the Roche Elecsys
method used in the CSF analyses included transfer-
ring samples, which has the potential to decrease
ABi1-42 levels. It might be considered a limitation
that we did not investigate ventricular CSF in this
study because our aim was to investigate lumbar CSF
available for diagnostic purposes.

The cause of decreased CSF biomarker levels
in iNPH is not yet clear, but among the plausible
hypotheses is a dilution effect from the increased CSF
volume. The results of one study using volumetric
analysis and the association of ventricular volume
with CSF AD biomarkers do not support this hypoth-
esis, but further research in this area is needed [36].
Other reasonable hypotheses include reduced cortical
metabolism, decreased clearance, or changes in CSF
flow [20, 21, 22, 37].

Interestingly, in our cohort there was no signif-
icant difference in shunt response between groups.
This may be due to the short follow-up period avail-
able in our cohort. With longer follow-up period
the presence of AD pathology is associated with
development of clinical AD [9]. Elevated levels of
P-Tau;g; and t-Tau seem to be associated with worse
response to shunt surgery while ABj-4; levels do
not seem to differentiate shunt responders from non-
responders [38]. In a recent study iNPH patients with
AD seem to get similar gains from shunt surgery
initially but failed to keep improvements in execu-
tive functions. Although the study lost a significant
number of participants during follow-up, which may
affect results [39]. In our study patients with amyloid
pathology in cortical biopsy have higher levels of both
P-Taug; and t-Tau, which could indicate that patients
with elevated levels of tau-proteins are at higher
risk of developing AD at follow-up, which logically
leads to worse outcome of shunt procedure. More
research is still needed to figure out whether AD-
related CSF markers can be used to determine shunt
response.

Overall, our findings indicate that the ratio of
P-Tauig; and ARi-42 is a useful tool for predict-
ing AD pathology in iNPH patients but should not
be used to exclude patients from a shunt opera-
tion. We also determined that attempting to address
the effect of iNPH on biomarkers by using a cor-
rection factor did not improve accuracy in AD
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diagnosis of iNPH patients at the preoperative
stage.
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