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Abstract

Introduction: A definite diagnosis of Alzheimer’s disease (AD) can only be made at autopsy with
the confirmation of hallmark lesions, i.e., amyloid B (AB) aggregates in the neuropil together with
hyperphosphorylated tau (HPT) as neuropil threads and intraneuronal tangles. Half of shunted
idiopathic normal pressure hydrocephalus (iNPH) patients eventually become demented despite
initial mitigation of neurological symptoms after shunt, often due to concomitant AD pathology.
Brain samples taken during shunt surgery offer a unique opportunity to validate new biomarkers as
diagnostic and prognostic tools of iINPH and AD. The aim of this study was to evaluate the
association between the cerebrospinal fluid (CSF) AD biomarkers (AB1.42, total tau, and P-tauss1),
tau ([*®F]THK-5117) and amyloid ([*'C]PIB) PET against AD lesions in brain biopsy to clarify their
potential role in differential diagnostics and to detect comorbid AD in iNPH.

Methods: Fourteen selected iNPH patients (7 male) with previous shunt surgery including right
frontal cortical brain biopsy (mean age at biopsy 72.4 years) underwent brain MR imaging, [1C]PIB
PET and S-[*®F]THK-5117 PET imaging (mean age at imaging 75.4 years; mean MMSE 23.3) in
Turku PET Centre.

Results: Four patients had normal brain biopsy, 7 patients had amyloid-3 (AB) plaques (4G8), 2
patients both AB plaques and hyperphosphorylated tau (HPT, AT8) and one patient had only HPT.
Mean CSF AB1.42 was 790, total tau 176, and P-tauis; 32.5. As expected increased brain biopsy AB
(both 4G8 and Thioflavin-S) was associated with higher [*'C]PIB uptake in PET. However, S-
[*8F]THK-5117 uptake did not show any statistically significant correlation with either brain biopsy
HPT or CSF P-tauis; or total tau.

Discussion: Neuropathologically verified AB pathology was well associated with [1C]PIB-PET,
further corroborating the specificity of this PET tracer to AB. However, S-[*®F]THK-5117 lacked
clear association with neuropathologically verified tau pathology in brain biopsy, which may be at
least partially due to the off-target binding properties of this tracer.

Keywords: Tau, PET, THK-5117, PIB, Neuropathology, Alzheimer’s disease, Normal-pressure
hydrocephalus



Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is a progressive brain disease caused by
disturbance in cerebrospinal fluid (CSF) dynamics resulting in ventriculomegaly (Relkin et al. 2005,
Andren et al. 2014). Classical clinical characteristics are impaired gait, cognitive decline and
urinary incontinence (Hakim & Adams 1965). The only treatment currently available is removal of
excess CSF through a neurosurgically implanted shunt, which usually alleviates symptoms in
properly selected patients (Kazui et al. 2015). However, the long-term benefit of operative
treatment is only modest and concomitant Alzheimer’s disease (AD) seems to be frequent
(Leinonen et al. 2012, Koivisto et al. 2013).

Non-invasive detection of tau deposits in the brain can be used to diagnose, monitor, and predict
AD progression. Tau positron emission tomography (PET) radiolabelled probes such as T807,
THK-5117, and PBB3 can image the pathology of the disease in vivo. Several 18F-labeled tau
imaging agents like [*®F]-THK-5351, [*®F]-T807 ([*®F]-AV-1451), and [*®F]-RO6958948 are
presently under evaluation in clinical studies and clinical trials worldwide. This imaging
methodology could be applied to enable preclinical diagnoses and to study the effect of disease-
modifying drugs for AD (Furumoto et al. 2017).

The [*®F]THK-5117 tracer could provide information on tau regional distribution. In clinical PET
studies, [**F]THK-5117 binding in the temporal lobe clearly distinguished patients with AD from
healthy elderly subjects (Harada et al. 2015). Compared with the ligand for fibrillary B-amyloid
[1!CIPIB, [*®F]THK-5117 retention was higher in the medial temporal cortex. In post mortem
samples, the distribution of [*(H]THK-5117 matched the tau immunohistochemistry (also the Harada
ref?). In addition, microautoradiography showed the selective binding ability of [PH]THK-5117 to
neurofibrillary tangles and [*H]PIB binding to AB plaques. THK-5117 did not bind to diffuse AR
deposits in the striatal sections which were labelled with [*H]PIB (Harada et al. 2015). A
longitudinal PET-study using [*®F]THK-5117, visualized the pathologic time course of
neurofibrillary tangle formation in relation to cognitive decline (Ishiki et al. 2015).

Except for PET biomarkers, there are a set of AD CSF biomarkers reflecting the key pathology of
the disease, including AB deposition (AB1-42), tau pathology (P-tauis1), and intensity of
neurodegeneration (total tau) (REF). A very large number of studies have consistently found a
reduced CSF level of ABi.42 in AD, accompanied by increases in both P-tauis; and total tau (REF),
the so called “AD CSF profile”. Importantly, a high concordance between normal and abnormal
results on for CSF AB1.42 and amyloid PET has been found in a large number of studies (REF),

The aim of this study was to evaluate the association between the core CSF AD biomarkers, tau
([**F]THK-5117) and amyloid ([**C]PIB) PET against AD lesions in brain biopsy to clarify their
potential role in differential diagnostics and to detect comorbid AD in iNPH.



Methods
Study population

Altogether 176 patients underwent shunt surgery due to iNPH in Kuopio Neurosurgery between
December 2010 and December 2015. Out of them, 14 subjects (in two cases also their next of kin)
gave an informed consent to participate in this study (Table 1). The study was approved by the
Kuopio University Hospital (KUH) Research Ethical Committee

KUH iNPH diagnostic work-up included systematic CSF sampling from all patients suspected from
iINPH according to three-step prognostic test protocol. Shunt surgery was recommended with CSF
tap test of at least 20% improvement in gait speed. In case of a negative tap test, lumbar infusion
test was performed, where a pathological finding was considered as conductance <10 (Malm et al.
2013, Junkkari et al. 2017). Finally, patients with negative findings in both of the above tests
underwent 24-hour monitoring of intraventricular pressure (ICP).

Seven patients were shunted according to the positive response to CSF removal (tap-test), four
according to pathological finding in lumbar infusion test (negative tap-test), two according to 24-
hour ICP monitoring (negative tap-test and normal infusion test) and one according to clinical and
radiological characteristics (negative tap-test and normal infusion test).

Brain biopsy

Insertion of ventricular catheter for CSF shunt or ICP monitoring included of obtaining cylindrical
cortical brain biopsies of 2-5 mm in diameter and 3 to 10 mm in length through the burr hole. A
part of the sample was placed in buffered formalin and after overnight fixation was embedded in
paraffin. Consecutive 7 um thick sections were stained with hematoxylin-eosin (HE) and
immunohistochemistry (IHC) including AT8, p62, and AR [6F/3D labelling both parenchymal
aggregates i.e. plaques as well as cerebral amyloid angiopathy (CAA) and 4G8 labelling primarily
parenchymal A aggregates and especially fleecy and diffuse aggregates seen at early stages].
Stained sections were assessed under light microscopy at x100 to x200 magnifications. Cellular or
neuritic HPT-structures were sought for and rated as negative or positive. In AB-IHC stained
sections, fleecy, diffuse and dense plaques were assessed (Dr Rauramaa) and the staining results
of AB were semiquantitatively rated (Seppala et al. 2012). In addition, thioflavin-S staining was
done to evaluate fibrillar amyloid.

CSF sampling and analysis

CSF samples were obtained by lumbar puncture during diagnostic tap-test in outpatient clinic and
from the right lateral ventricle after insertion of ventricular catheter during shunt procedure. Low
protein binding PP tubes were used. Samples were centrifuged, divided into 1ml tubes and frozen
at -80°C. CSF AD biomarkers (total tau, phospho-tauis:, ABi-42) were measured in University of
Eastern Finland (UEF) Neurology using INNOTEST ELISA kits (Fujirebio Europe, Ghent, Belgium).
Genomic DNA was extracted from white blood cells and genotyped for APOE in UEF Neurology.
MR imaging

Additional brain MR scans were performed in all subjects in Turku PET Center. T1-weighted and
T2-weighted MR images were obtained using 3.0-Tesla machine.

[**C]PIB Amyloid PET imaging

[*'C]PIB was produced by the reaction of 6-OH-BTA-0 and [*'C]methyl triflate as reported earlier
(Leinonen et al. 2008). [1!C]PIB was injected intravenously as a bolus and patients underwent a 90



min dynamic PET scan with HRRT PET scanner (Siemens Medical Solutions, Knoxville, TN, USA)
in the 3D scanning mode. PET imaging was performed without the knowledge of the
neuropathological data of the patient.

Data analysis. Before the voxel-based statistical analysis and automated region-of-interest (ROI)
analysis, dynamic images are first computed into quantitative parametric images. Parametric
images representing [*!C]PIB uptake in each voxel were calculated as a region-to-cerebellum ratio
of the radioactivity concentration over 60 to 90 minutes as described earlier (Leinonen et al. 2008).
Cerebellar data are extracted by using automated ROI analysis as described below.

Statistical Parametric Mapping (SPM) analysis. Voxel-based statistical analyses of [11C]PIB data
was performed using Statistical Parametric Mapping version 8 (SPM8) and Matlab for Windows
(Math Works, Natick, MA). Briefly, spatial normalization of parametric images was performed
using a ligand-specific ['1C]PIB template. Ligand-specific template was generated in a two-step
procedure. First, the control subjects’ MRI data were used to map [*!C]PIB sum images into MNI
(Montreal Neurological Institute) space and averaged, and second, the study subjects’ [11C]PIB
sum images were normalized using the controls’ average image as a reference, after which all data
was averaged to form the final template. MRI data of study subjects’ could not be used for
normalization due to shunt induced metal artefacts. The between-group comparison equalling two-
sample t-tests and testing the difference in ratio values was performed as an explorative analysis
covering the whole brain. Multiple comparison corrected p-values below 0.05 were considered
significant.

Automated ROI analysis. To obtain quantitative regional values of [*!C]PIB uptake, automated ROI
analysis was performed bilaterally on the prefrontal cortex (PFC), lateral temporal cortex (LTC),
medial temporal lobe (MTL), anterior and posterior cingulate cortices (ACC, PCC), inferior parietal
lobe (IPL), lateral occipital cortex (LOC), precuneus (Prec), striatum (STR), and cerebellar cortex
(CER). A composite score of [11C]PIB was calculated within PFC, LTC, ACC, PCC and Prec. ROI
definitions were generated on the basis of control subjects’ data by using automatic FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/) MRI parcellations projected in the MNI space; union of mask
voxels formed a final ROl mask. The average regional ratio values of [**C]PIB uptake were
calculated using these ROIs from spatially normalized parametric ratio images (see SPM analyses
above) and subjected to statistical analysis conducted using SPSS for Windows.

S-[*¥F]THK-5117 Tau PET imaging

S-[*®F]THK-5117 was synthesized in the Turku PET Centre using a previously described method
(Okamura et al. 2013) with slight modifications. The specific activity of S-[*®F]THK-5117 was >1
TBg/umol, and radiochemical purity was >98%.

S-[*®F]THK-5117 was injected intravenously as a bolus and all patients underwent a 90 min
dynamic PET scan with HRRT PET scanner (Siemens Medical Solutions, Knoxville, TN, USA) in
the 3D scanning mode. S-[*®F]THK-5117 PET images from 60 to 80 min post-injection were used
for the following analysis.

Data analysis. Similar to [*!C]PIB analysis, parametric S-[*®F]THK-5117 uptake images were
calculated as tissue-to-cerebellum ratio over 60 to 90 minutes from the tracer injection. A ligand-
specific S-[*F]THK-5117 template was generated by using the same two-step procedure as for
[11C]PIB (see above), and the same ROIs are considered as for [11C]PIB (see above).

Statistical analysis

For statistical analysis of demographic and clinical data, IBM SPSS Statistics 24.0 software was
used. Values of P < .05 were considered significant.



Results

Four patients had normal brain biopsy, 7 patients had amyloid- (AB) plaques (4G8) and 2 patients
both AB plaques and hyperphosphorylated tau (HPT, AT8). One patient (#3) had only HPT without
any AB, which was confirmed 6 months later in autopsy (patchy HPT in frontal, occipital and
temporal cortex, hippocampus and entorhinal cortex fulfilling Braak stage I, but not in basal
ganglia).

Mean CSF AB1.42 was 790+205, total tau 176153, and p-tauis; 32.5£14 (ng/L).

All patients underwent brain MRI, [*!C]PIB and S-[*®F]THK-5117 PET average of 3 years after the
brain biopsy (range from 4 months to 6 years) (Figure 1).

As expected, brain biopsy measures of AR deposition by both 4G8 immunohistochemistry (r = .60,
P =.02) and Thioflavin-S staining (r = .63, P = .02)] were associated with [11C]PIB uptake
(composite score) in PET (Figure 1A-B) and CSF ABi.42 (?). Further, both CSF ABi.42 (r =-0.58, P =
.03) and p-tauss: (r =.76, P = .01) levels correlated with [*!C]PIB uptake (composite score) in PET
(Figure 2A-B).

However, S-[*®F]THK-5117 uptake (composite score, prefrontal cortex or mesial temporal cortex)
did not show statistically significant correlation (r = -.370 - .233) with either brain biopsy HPT or
CSF p-tauss: or total tau (Figure 2C-D).

A notable off-target binding of S-[*®F]THK-5117 is seen in basal ganglia of all the 14 cases (Figure
1). Furthermore, no visible binding is seen in medial temporal lobe, which could be expected at
least in cases 1-3 and with high probability also in cases 9-10.



Discussion

Neuropathologically verified AR pathology was associated with [11C]PIB-PET as expected. Further
CSF AB1.42 levels showed a strong negative correlation with [11C]PIB uptake composite score, in
agreement with previous studies (REF=the same as in the Intro). In addition, also CSF levels of p-
tauss: correlated with [*C]PIB uptake, probably reflecting that cases with amyloid deposition also
often have tau pathology.

However, S-[*®F]THK-5117 showed no clear association either with neuropathologically verified
tau pathology in brain biopsy or CSF total tau or phospho-tau, which may be at least partially due
to known (?) off-target binding properties of this tracer (refs).

The mean interval from biopsy to PET was 3 years but is unlikely to explain the lack of association
between brain biopsy hyperphosphorylated tau pathology and S-[*®F]THK-5117 uptake in PET,
since tau pathology in the brain is expected to increase rather than decrease over time.

In vitro, THK-5117 is indicated to bind pathological tau (Okamura et al. 2013). Off-target binding of
[*8F]THK-5351 (and [*®F]THK-5317) into MAO-B, which is concentrated in basal ganglia, is different
from typical distribution of tau pathology (Ng et al. 2017). The potential explanations for the lack of
association of S-[*®F]THK-5117 and brain tissue tau pathology can be the confounding effect of the
off-target binding, insensitivity of the tracer to detect the tau pathology or the low number of cases
with tau-positive tissue in our patient population.

Our finding regarding the lack of correlation between CSF total tau or phospho-tau and S-[*®F]THK-
5117 uptake is not in line with a previous study reporting a moderate correlation between CSF
total-tau and phosphorylated-tau levels with ['8F]-AV-1451 tau PET retention despite the off-target
binding of [®F]-AV-1451 in the basal ganglia (Mattson et al. 2017). The lack of the association with
CSF tau or phosphorylated tau and low uptake even in medial temporal lobe in patients with frontal
cortical tau and widespread amyloid pathology indicate potential insensitivity of S-[*®F]THK-5117 to
detect tau pathology. Furthermore, the radiochemical purity of S-[*®F]THK-5117 was excellent and
is thus unlikely an explanation for our negative findings.

After all, it seems that the association between in vivo amyloid PET (measured by [*'C]PIB) and
tissue AB is stronger than the association between in vivo tau measured by S-[*®F]THK-5117 and
tissue pathology of tau. Further studies with larger samples of patients with different tau tracers are
urgently needed.

The detection of simultaneous AR and tau pathology in iINPH is important since that may indicate
poorer and especially shorter response for CSF shunt surgery compared with no pathology
(Hamilton et al. 2010, Junkkari et al. 2017).
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Table 1. Patient characteristics and immunohistochemical findings of frontal cortical biopsy

Patient Gender | Ageat | MMSE | Parenchymal | Thioflavin- | HPT Age at | MMSE
*Tap / APOE biopsy | at amyloid- S positive | (AT8) | PET at
Infusion (years) | biopsy | (4G8) plagues (years) | PET
[I1CP/

Shunt

response

1 M 80 25 + 4 + 85 18
1008/790 | 2/3

-[-[+]+

2 F 77 28 + 6 + 80 28
1017/850 | 3

+/0/0/+

3 M 73 14 none none + 73 14**
1027/940 | 3/3

+/0/0/-

4 M 72 24 + none none 75 24
1003/852 | 3/3

+/0/0/+

5 M 78 28 + none none 82 27
1004/877 | 3/3

-[+/0/+

6 M 65 26 none none none 68 27
2005/886 | 3/3

+/0/0/+

7 F 73 28 + 3 none 77 26
1009/826 | ¥4

-[-[+]+

8 F 73 21 none none none 75 23
2007/889 | 3/3

(+)/-10/+

9 F 71 23 + 8 none 75 21
1019/842 | %4

+/0/0/+

10 M 72 28 + 3+ CAA none 73 28
1026/921 | ¥4

-[+/0/+

11 M 72 25 none NA none 78 15
2013/764 | 3/3

-/0/0/+

12 F 71 26 none none none 72 28
2011/920 | 3/3

-/+/0/+

13 F 75 25 + 3 none 78 23
1018/887 | 3/3

+/0/0/+

14 F 62 24 + none none 65 24
1006/859 | ¥4

-[+/0/+

*-=negative, 0=not done, +=positive
**No follow-up MMSE evaluations
Abbreviations: NA, not available; MMSE, Mini-Mental State Examination; HPT,

hyperphosphorylated tau; PET, Positron emission tomography; CAA, cerebral amyloid angiopathy



Figure legends
Figure 1.

Representative axial [\!C]PIB and S-[**F]THK-5117 PET images (reference-Logan derived
parametric images) from all the patients. Biopsy status indicates amyloid 3 (AB, 4G8) and
hyperphosporylated tau (HP1, AT8) according to immunohistochemistry of right frontal cortical
brain biopsy (0 - no AR and no HPT; 1 - AB but no HPT; 2 - AB and HPT; 3 — HPT but no AB).
Patients #3 was not able to undergo full 90-min [**C]PIB imaging (negative until 80-min). Patient
numbering corresponds that of Table 1.

Figure 2.

Pearson correlations between [*C]PIB uptake in PET and CSF AB1.42 (A) and p-tauis: (B) and S-
[*®F]THK-5117 uptake in PET and CSF p-tauis: (C-D).
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