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in the human brain
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Abstract
Purpose Histone deacetylase 6 (HDAC6) is a cytoplasmic enzyme that modulates intracellular transport and protein quality
control. Inhibition of HDAC6 deacetylase activity has shown beneficial effects in disease models, including Alzheimer’s disease
and amyotrophic lateral sclerosis. This first-in-human positron emission tomography (PET) study evaluated the brain binding of
[18F]EKZ-001 ([18F]Bavarostat), a radiotracer selective for HDAC6, in healthy adult subjects.
Methods Biodistribution and radiation dosimetry studies were performed in four healthy subjects (2M/2F, 23.5 ± 2.4 years)
using sequential whole-body PET/CT. The most appropriate kinetic model to quantify brain uptake was determined in 12 healthy
subjects (6M/6F, 57.6 ± 3.7 years) from 120-min dynamic PET/MR scans using a radiometabolite-corrected arterial plasma input
function. Four subjects underwent retest scans (2M/2F, 57.3 ± 5.6 years) with a 1-day interscan interval to determine test-retest
variability (TRV). Regional volume of distribution (VT) was calculated using one-tissue and two-tissue compartment models (1-
2TCM) and Logan graphical analysis (LGA), with time-stability assessed. VT differences between males and females were
evaluated using volume of interest and whole-brain voxel-wise approaches.
Results The effective dose was 39.1 ± 7.0 μSv/MBq. Based on the Akaike information criterion, 2TCM was the preferred model
compared to 1TCM. Regional LGA VT were in agreement with 2TCM VT, however demonstrated a lower absolute TRV of 7.7 ±
4.9%. Regional VT values were relatively homogeneous with highest values in the hippocampus and entorhinal cortex. Reduction of
acquisition time was achieved with a 0 to 60-min scan followed by a 90 to 120-min scan. Males demonstrated significantly higher VT
than females in the majority of cortical and subcortical brain regions. No relevant radiotracer related adverse events were reported.
Conclusion [18F]EKZ-001 is safe and appropriate for quantifying HDAC6 expression in the human brain with Logan graphical
analysis as the preferred quantitative approach. Males showed higher HDAC6 expression across the brain compared to females.
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Introduction

Histone deacetylase 6 (HDAC6) is a cytoplasmic enzyme that
contains two catalytic domains, a dynein motor binding

domain and a ubiquitin-binding zinc finger domain (ZnF-
UBP). HDAC6 belongs to the class IIb HDAC family and,
unlike class I HDACs, does not deacetylate histones. Instead,
HDAC6 removes acetyl groups from multiple substrates
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including tubulin [1, 2], tau [3, 4], HSP90 [5, 6], and cortactin
[7], and thus influences diverse cellular processes such as
intracellular transport [8], protein quality control [9], and cell
migration [7]. HDAC6 also coordinates the clearance of pro-
tein aggregates through the ZnF-UBP [10–12]. Modulation of
HDAC6 expression levels or enzymatic activity has shown
beneficial effects in multiple cell and animal models of dis-
ease, including neurodegenerative disorders [13–23], psychi-
atric disorders [24, 25], peripheral neuropathies [26–33], and
cancer [34, 35]. Therefore, quantifying the expression and
distribution of HDAC6 in humans is of great importance to
understand how HDAC6 may relate to disease pathogenesis,
progression, and treatment response.

HDAC6, encoded on the X-chromosome, is expressed
throughout the human body, with relatively high expression
levels reported in brain [36, 37]. HDAC6 protein is detectable
in postmortem human brain tissue across gray and white mat-
ter, in cortical, subcortical, and infratentorial regions [38, 39].
Localized alterations of HDAC6 protein levels in brain disor-
ders were found in a limited number of ex vivo studies. For
example, compared to healthy controls, HDAC6 was elevated
in the temporal cortex of donor samples from patients with
frontotemporal lobar degeneration with TDP-43 inclusions
(FTD-TDP43) [40] and in the frontal cortex and hippocampus
from patients with Alzheimer’s disease [41, 42], as well as in
tumors from patients with glioblastoma [34, 35]. However, the
methodological constraints of measuring HDAC6 expression
in postmortem tissue have impeded the number of brain re-
gions and disease states investigated and precluded longitudi-
nal studies.

Positron emission tomography (PET) offers a non-invasive
method to measure in vivo protein expression in the living
brain . Previously , the less select ive radiot racer
[11C]Martinostat [43–46], with affinity for HDAC paralogs
1, 2, 3, and to a lesser extent 6, was successfully implemented
in human neuroimaging studies [38, 47–49]. [11C]Martinostat
PET showed lower relative HDAC expression in the dorsolat-
eral prefrontal cortex of patients with schizophrenia or
schizoaffective disorder compared to controls [47], whereas
no significant differences between patients with amyotrophic
lateral sclerosis (ALS) and controls were observed [49].
Nevertheless, it has been demonstrated in ALS that different
HDAC paralogs might have conflicting roles [23, 50–53] and
paralog-selective HDAC radiotracers are needed.

Recently, preclinical HDAC6-selective radiotracers have
been developed [54–56], including the highly brain-
penetrant [18F]Bavarostat (hereafter called [18F]EKZ-001)
[55]. In biochemical assays EKZ-001 displayed low
nanomolar potency (< 20 nM) for HDAC6 and > 100-fold
selectivity for HDAC6 over class I HDACs [55, 57]. In human
neural progenitor cells, EKZ-001 inhibited deacetylation of
the HDAC6 substrate α-tubulin, but not deacetylation of the
class I HDAC substrates (histone H3 on lysine 9 and histone

H4 on lysine 12) [55]. In in vitro autoradiography competition
assays, [18F]EKZ-001 binding was blocked by preclinical and
clinical HDAC6 inhibitors, with compounds that have higher
HDAC6 selectivity demonstrating higher blocking efficiency
[55, 57]. In non-human primate PET studies, [18F]EKZ-001
demonstrated high specific binding [55], uptake was blocked
by highly selective HDAC6 inhibitors in a dose-dependent
manner [57], and binding kinetics were favorable for calculat-
ing volume of distribution (VT) estimates [57]. Finally, a fully
automated current good manufacturing practice (cGMP) com-
pliant production method for human use was developed to
facilitate clinical translation of [18F]EKZ-001 PET [57].
Here, we performed a first-in-human [18F]EKZ-001 PET
study to investigate biodistribution and dosimetry, as well as
kinetic modeling in brain, short-term test-retest variability,
inter-subject variability, and a clinically relevant PET imaging
protocol by maximal reduction of scanning time.

Materials and methods

Study design

The primary objectives of this open-label phase 1 study were
threefold (cohorts A, B, and C). In cohort A, we estimated
biodistribution and whole-body dosimetry of [18F]EKZ-001
in healthy adult subjects. In cohort B, we measured
[18F]EKZ-001 uptake in the brain of healthy adult subjects
and modeled radiotracer kinetics with the appropriate
radiometabolite-corrected arterial input function. An age
range of 50–64 years was selected to facilitate future investi-
gation of neurodegenerative disorders relevant to HDAC6.
We then evaluated test-retest variability (TRV) of [18F]EKZ-
001 uptake by comparing the quantification of two PET scans
of the same subject, obtained 1 day apart. In cohort C, we
further extended the dynamic datasets of cohort B to evaluate
inter-subject variability of [18F]EKZ-001 uptake by compar-
ing the quantification of PET scans between healthy adult
subjects and examine potential sex differences. Additionally,
we considered a reduction of the PET acquisition time by
either shortening the scanning duration or splitting the scan
into two sessions with an intermediate break (coffee-break
protocol) to facilitate future translation to patient populations.
The study was approved by the independent Ethics
Committee of the University Hospitals of KU Leuven and
was performed in accordance with the World Medical
Association Declaration of Helsinki. Written informed con-
sent was obtained from all volunteers prior to the study.

Study subjects and eligibility

Subjects were recruited by using the healthy volunteer data-
base of the Center for Clinical Pharmacology. Four healthy
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subjects (2M/2F, mean age 23.5 ± 2.4 years) in cohort A, four
healthy subjects (2M/2F, mean age 57.3 ± 5.6 years) in cohort
B, and twelve healthy subjects (6M/6F, mean age 57.6 ±
3.7 years, encompassing the subjects in cohort B) in cohort
C were included. All subjects had a body mass index ≥
18.5 kg/m2 and < 30.0 kg/m2 and were carefully screened.
The main exclusion criteria were abnormal physical or neuro-
logical examination or paraclinical investigations (using stan-
dard laboratory tests and electrocardiograms), history of sig-
nificant medical illnesses including major internal pathology
or neurological and neuropsychiatric disorders, history of clin-
ically relevant drug or food allergies, use of tobacco products
(up to 5 years before screening), use of illicit drugs (as
assessed by a urine drug test), and significant abnormalities
on an anatomical magnetic resonance (MR) scan.

[18F]EKZ-001 synthesis according to cGMP

[18F]EKZ-001 was synthesized starting from the phenolic pre-
cursor via innovative ruthenium-mediated radiofluorination
chemistry [55] with a fully automated cGMP production
method using a commercial radiofluorination module (Trasis
All-In-One; Trasis, Liège, Belgium). The radiotracer was ob-
tained with high radiochemical purity (> 98%) in a total syn-
thesis time of 2 h with an average molar activity of 204 ±
175 GBq/μmol (n = 23, including the validation runs) at the
end of the synthesis process. Detailed synthesis methods are
described in Celen et al. [57].

Subject dosing

All subjects fasted for at least 4 h prior to PET imaging.
Subjects received an average dose of 142 ± 32 MBq (range
[115 MBq - 201 MBq]) of [18F]EKZ-001 as a manual intra-
venous bolus injection under standardized injection condi-
tions (supine, low ambient noise, dimly lit room) through a
catheter in a peripheral vein. The average injected mass of
[18F]EKZ-001 was 0.70 ± 0.73 μg (range [0.11–3.61 μg])
with an average molar activity of 115 ± 86 GBq/μmol (range
[17–384 GBq/μmol]) at time of injection. In total, 16 healthy
subjects (cohorts A, B, and C) were included. Demographic
data and dose information are summarized for each study
cohort in Table 1.

Whole-body dosimetry (cohort A)

Four healthy subjects (2M/2F, see Table 1, cohort A)
underwent 13 consecutive PET-CT scans, covering the
whole-body (WB) radiotracer distribution for approximately
300 min after radiotracer administration. WB PET-CT scans
were acquired from the midfemoral position to the head in
three segments (11 sequential WB scans from radiotracer

injection to 90 min, a 12th scan at 150 min and a 13th scan
at 270 min after radiotracer injection, respectively).

WB PET-CT scans were performed on a 40-slice PET-CT
camera (Biograph Truepoint; Siemens, Ehrlangen, Germany).
During positioning, the head was restrained using a vacuum
cushion and the body was strapped to the bed in order to
minimize movement during the scan. Bed height was kept
constant between scanning segments. All data were corrected
for random coincident detection, scatter, and attenuation. Data
were reconstructed using a three-dimensional (3D) ordered-
subset expectation-maximization (OSEM) iterative recon-
struction with 5 iterations and 8 subsets, and postsmoothing
with a 3D Gaussian kernel (full width half maximum
(FWHM) of 6 mm). For the attenuation correction, a low-
dose (80 kV tube potential, 11 effective mAs) WB CT scan
was acquired at the beginning of each PET acquisition seg-
ment to generate a CT-based attenuation map.

Volumes of interest (VOIs) were constructed in 3D on the
PET emission data to include all organ activity from source
organs with a significant and visually assessable amount of
radiotracer uptake (brain, gallbladder wall, small intestine,
upper large intestine, lower large intestine, heart wall, kidneys,
lungs, liver, red marrow, spleen, testes when appropriate, thy-
roid, urinary bladder, and the total body from which the re-
mainder of the body is calculated). VOI positions were veri-
fied on the corresponding CT images and visually inspected
for possible movement between sequential scans within and
between segments. Residual errors were corrected by manu-
ally redefiningVOIs (necessary in all subjects for the gallblad-
der). Bone marrow radiotracer uptake was considered as an
estimate for red marrow. The International Commission on
Radiological Protection (ICRP 30) gastrointestinal (GI) model
(ICRP 1979) was used to determine the normalized cumulated
activities (NCA) for the organs involved in the GI tract with
the fraction of injected activity entering the small intestine set
equal to the decay-corrected plateau fraction of injected activ-
ity encompassed by a large abdominal VOI. To account for
the timing differences between bed positions, the acquisition
time of the bed position corresponding to the axial
midposition of the source organ under consideration was used
to calculate the individual acquisition time for each source
organ. In this way, time-activity curves (TAC) were extracted
for each of the abovementioned source organs and NCA
values were calculated by normalizing the area under curve
of the TAC of each source organ to the total injected activity,
corrected for the residual activity in the syringe and injection

line. For this purpose, a dual exponential A1exp − 0:69t
τe;1

� �
þ

A2exp − 0:69t
τe;2

� �
was fit to the TACs of heart wall, kidneys,

lungs, spleen, and thyroid while the function A1

1−exp − 0:69t
τu;1

� �� �
exp − 0:69t

τe;1

� �
þ A2exp − 0:69t

τe;2

� �
was fit to
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the TACs of brain, liver, and red marrow and the function A1

1−exp − 0:69t
τu;1

� �� �
þ A2exp − 0:69t

τe;2

� �
was fit to the TAC of the

remainder, respectively. In these expressions, Ai (i = 1, 2) rep-
resents a scaling parameter while τe, i (i = 1, 2) represents an
excretion time parameter and τu, 1 represents an uptake time
parameter. These curve models were fit to the data by least-
squares constraint minimization. For the uptake in the gall-
bladder, testes and urinary bladder, no curve model was found
to give a satisfactory fit and therefore only values based on the
trapezoid rule were retained. The NCA values for the upper
large intestine, lower large intestine, and small intestine were
calculated using the ICRP 30GI model [58] as incorporated in
OLINDA v1.1 [59] using the fraction entering the small in-
testine as input.

Based on the NCA values, absorbed doses were cal-
culated using OLINDA v1.1 [59], according to current
ICRP 60 definitions and using the medical internal ra-
diation dose (MIRD) scheme of a 73.7-kg male adult
for the male subjects and a 56.9-kg female adult for
the female subjects. The effective dose (ED) was calcu-
lated from the individual organs doses based on

predefined organ weighting factors, as specified by
ICRP 60 in 1991 [60].

Radiotracer kinetic modeling, test-retest and inter-
subject variability in brain (cohorts B–C)

Twelve healthy subjects (6M/6F, see Table 1, cohorts B–C)
completed a dynamic time-of-flight (TOF) PET-MR brain
scan combined with arterial blood sampling and
radiometabolite analysis (General Electric Signa,
Milwaukee, USA). Dynamic PET imaging was performed in
list mode for 120 min, re-binned in 31 frames (6 × 15 s, 3 ×
30 s, 3 × 1 min, 2 × 1.5 min, 2 × 3 min, 9 × 5 min, 6 × 10 min)
and corrected for deadtime, random coincident detection, and
scatter. A zero-echo time (ZTE)-based approach, which was
quantitatively validated to PET-CT [61], was used to generate
a MR-based attenuation map to correct for attenuation on an
individual subject basis [62]. Reconstruction of all frames was
performed using OSEM with 28 subsets and 6 iterations and
included TOF information, resolution modeling, and
postsmoothing with a 3D Gaussian kernel (FWHM of
4 mm). Dynamic PET data were checked and corrected for

Table 1 Subject demographic data and dose information including net
injected doses of [18F]EKZ-001 with corresponding injected mass, molar
activity (MA) and plasma free fraction (PFF) when appropriate. Scans

took place between 13 May 2019 and 4 September 2019 with time of
injection between 12:30 and 15:30 PM

Subject code Sex Weight (kg) Age (Y) Scan Activity (MBq) Injected mass (ug) MA (GBq/umol) PFF (%)

Cohort A

1 M 71 23 Scan 1 190 0.72 91.6 –

2 M 71 22 Scan 1 179 3.61 17.1 –

3 F 51 27 Scan 1 166 0.43 133 –

4 F 80 22 Scan 1 174 0.47 128 –

Cohort B

5 M 74 61 Scan 1 194 0.89 75.5 –

M 73 61 Scan 2 116 0.62 64.6 –

6 F 79 53 Scan 1 121 0.65 64.8 0.66

F 79 53 Scan 2 127 0.62 70.6 0.70

7 M 75 52 Scan 1 116 0.51 78.7 0.47

M 75 52 Scan 2 120 0.36 114 2.12

8 F 51 63 Scan 1 116 1.19 33.7 0.61

F 51 63 Scan 2 126 0.90 48.9 –

Cohort C

9 M 73 58 Scan 1 182 0.29 217 –

10 M 81 58 Scan 1 201 0.79 87.8 –

11 F 77 53 Scan 1 120 0.43 95.4 1.18

12 F 69 57 Scan 1 122 0.22 196 1.33

13 F 79 57 Scan 1 116 0.57 71.1 1.10

14 F 55 57 Scan 1 116 0.11 384 1.47

15 M 83 63 Scan 1 132 0.19 245 1.01

16 M 77 59 Scan 1 116 0.46 87.9 1.26
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motion using a frame by frame approach and performing rigid
co-registration of each frame with the average of the first 12
frames representing the first 9 min of the PET acquisition.

Before the start of the PET scan, an arterial blood sample
was taken to determine the free fraction of [18F]EKZ-001 in
plasma (PFF) using an ultrafiltration method [43]. During the
dynamic PET scan, manual arterial blood sampling was per-
formed from time of injection to 100 min postinjection, with
time intervals gradually increasing towards the end. A three-
exponential model curve was fitted to the blood and plasma
activity values while a mono-exponential function was fitted
to the plasma radiometabolite data.

Simultaneous with the PET acquisition, a 3D volumetric
T1-weighted brain volume imaging (BRAVO – sagittal direc-
tion; TE: 3.2 ms; TR: 8.5 ms; TI: 450 ms; Flip Angle: 12;
Receiver Bandwidth: 31.2; NEX: 1; voxel size: 1x1x1 mm)
sequence and 3D T2-weigthed CUBE fluid attenuated inver-
sion recovery (FLAIR - sagittal direction; TE: 137 ms; #ech-
oes: 1; echo train length: 190; TR: 8500 ms; TI: 50 ms;
Receiver Bandwidth: 31.25; NEX: 1; voxel size: 1.2 × 1.3 ×
1.4 mm) sequence were acquired. A SPM-based multichannel
segmentation using both the 3D T1 BRAVO and interpolated
T2 CUBE FLAIR was performed using standard settings
(SPM12, Welcome Trust Centre for Neuroimaging,
University College, London, UK) to determine subject specif-
ic tissue probability maps for gray matter, white matter and
cerebrospinal fluid.

Subject-specific regional parcellation of the PET data was
performed by rigid alignment of the motion corrected dynam-
ic PET data with the 3D T1 BRAVO dataset and subsequently
non-linear spatial normalization to Montreal Neurological
Institute (MNI) space using the 3D T1 BRAVO in
PNEURO v3.9 (PMOD technologies, Zurich, Switzerland).
Regional TACs were extracted to project the predefined brain
regions of a simplified Hammers atlas. The orbitofrontal, fron-
tal, motor, entorhinal, temporal, parietal, and occipital cortex
were delineated as well as the insula, cerebellum, posterior
and anterior cingulate, caudate nucleus, putamen, thalamus,
hippocampus, and brainstem. Left and right VOIs were
grouped. Brain VOIs were restricted to gray matter by taking
advantage of the patient specific gray matter probability map
resulting from the multichannel MR segmentation in SPM12.
For this purpose, a fixed threshold of 0.3 was applied to the
individual gray matter probability maps to include only voxels
in a brain VOI with a high probability of belonging to gray
matter. This procedure was used for all brain VOIs except for
the brain stem and subcortical brain structures such as caudate
nucleus, putamen, and thalamus.

Regional total distribution volume estimates (VT) were de-
termined by applying 1- and 2-tissue compartment models
(1TCM–2TCM) with fixed blood volume of 5% and using
the composite cortical TAC to estimate potential small time
shifts between the PET TAC and arterial blood/plasma input

functions. The Akaike information criterion (AIC) was used to
select the most appropriate compartment model for VT estima-
tion. Next, VT values determined with the most appropriate
compartment model were compared with VT estimates using
a non-compartment Logan graphical analysis (LGA) [63] to
validate LGA as a fast and straightforward method for esti-
mating voxel-wise VT maps and regional VT values.

In cohort B, four healthy subjects (2M/2F) received a sec-
ond retest PET scanwith an interscan interval of 1 day. For the
retest scan, the same PET-MR protocol as well as the same
processing steps were used as for the first PET scan. TRV and
reliability of VT values were determined for the most appro-
priate compartment model and for LGA. For this purpose,
TRV was assessed for each brain VOI as 2� Vtest

T −Vretest
T

� �
=

Vtest
T þ Vretest

T

� �
and absolute TRV (aTRV) as 2� jVtest

T −
Vretest
T j= Vtest

T þ Vretest
T

� �
both averaged over the 4 test-retest

datasets. Reliability was evaluated using the intra-class corre-
lation coefficient (ICC), calculated as (BSMSS-WSMSS)/
(BSMSS+WSMSS) with BSMSS and WSMSS the mean
sum of squares (MSS) between subjects (BS) and within sub-
jects (WS), respectively. Therefore, ICC evaluates WS vari-
ability relative to BS variability and ranges from − 1 to 1, with
values closer to 1 indicating better reliability.

In cohorts B–C, inter-subject variability was assessed by
the coefficient of variation (%COV) of the VT values deter-
mined for the most appropriate compartment model and for
LGA, for each brain region across the 12 healthy subjects
(6M/6F) and for male and female subjects separately, using
only the first PET scan for subjects with two scans. Regional
LGA VT values were compared between male and female
subjects using a two-way analysis of variance (ANOVA).
Additionally, a whole-brain voxel-wise analysis was per-
formed in SPM 12 after spatial normalization to MNI space
and isotropic Gaussian smoothing of 6mm. The threshold was
set at pheight uncorr < 0.001 and pcluster FWE-corr < 0.05.

Time stability of the regional LGA VT values was
evaluated by either shortening the scanning time or split-
ting the scan into two sessions with an intermediate break
(coffee-break protocol). For the first approach, the acqui-
sition time of one PET scan session, starting at radiotrac-
er injection, was shortened down to 60 min and regional
VT values were compared with a 120-min dynamic PET
scan starting at radiotracer injection. For the second ap-
proach, the PET acquisition was split into two dynamic
scanning sessions, one 60-min session starting at radio-
tracer injection, and one 30-min session starting at
90 min after radiotracer injection. Regional VT values
estimated with this coffee-break protocol were again
compared with a 120-min dynamic PET scan starting at
radiotracer injection. For both scenarios, time stability of
regional VT was evaluated in terms of TRV for the test-
retest datasets (4 subjects, 2M/2F, cohort B) and bias
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compared to a 120-min dynamic scan, defined as the
percentage relative difference between VT values (12 sub-
jects, 6M/6F, cohorts B–C, only the first scan was con-
sidered for subjects with two scans).

Results

Biodistribution and whole-body dosimetry

A representative coronal series of [18F]EKZ-001 emission
scans over time (subject 1 from Table 1, cohort A) is
shown in Fig. 1. Whole-body biodistribution and routes
of excretion of the radiotracer and its radiometabolites are
visualized, with sustained uptake in the brain, heart, and
skeletal muscle, and a mainly hepatobiliary mechanism of
excretion observed with only limited renal clearance.
Calculated NCA for all source organs with activity above
background and the individual organ doses for all sub-
jects (n = 4 subjects, 2M/2F, cohort A) with mean value,
standard deviation, and range values are shown in
Table 2 and Table 3, respectively. The fraction of
injected activity entering the small intestine, determined
as the decay-corrected plateau fraction of injected activity
encompassed by the intestinal VOI, was 63%, 49%, 67%,
and 68%, for each subject, respectively, and used as input
for the ICRP 30 GI model (ICRP 1979) to determine the
NCA for the organs involved in the GI tract. The upper
large intestine wall showed the highest organ dose of
270 μGy/MBq with a maximal dose estimated to about
51 mGy, followed by the gallbladder (245 μGy/MBq)
and the small intestine (244 μGy/MBq). The average
ED was 39.1 ± 7.0 μSv/MBq, which is at the higher end
of the typical range of 15–30 μSv/MBq for 18F-labeled
radiopharmaceuticals [64]. Therefore, subjects in cohort
A received an average effective dose of 6.9 ± 0.4 mSv for
the PET scan.

Radiotracer kinetic modeling, test-retest, and inter-
subject variability in brain

The PFF of [18F]EKZ-001 was determined for 9 subjects (3M/
6F, see Table 1). PFF was 1.0 ± 0.4%, considering only the
value from the first PET scan for the subject with two scans.
Radiometabolite rates were similar between males and fe-
males (6M/6F) as shown in Fig. 2a. Regional TACs of the
dynamic PET brain scans (Table 1 cohorts B–C: n = 16 scans,
8M/8F inclusive of 2M/2F with two scans each) were fit with
1TCM and 2TCM to identify the most appropriate kinetic
model for measuring [18F]EKZ-001 uptake. The 2TCM AIC
values were lower than 1TCM AIC values in 269 out of the
272 cases (98.9%) as shown in Fig. 2b. The 1TCM proved to
be a more suitable model than 2TCM for only the caudate

nucleus in 3 out of the 16 scans (18.8%). Representative
1TCMand 2TCM fits for a composite cortical TAC are shown
in Fig. 2c. Together, these data clearly demonstrate that
2TCM is the preferred model over 1TCM for quantifying
[18F]EKZ-001 uptake in brain. Therefore, we only report
2TCM and LGA VT (using t* (starting time) = 40 min postin-
jection) values, which are presented in Table 4 (n = 12 sub-
jects, 6M/6F, cohorts B-C). Mean VT values were 39.4 ± 8.7
and 39.0 ± 7.6 for 2TCM and LGA, respectively, with high
agreement between regional VT values as assessed by Bland-
Altman analysis. The highest VT was observed in the hippo-
campus and entorhinal cortex (mean LGA VT of 50.4 and
46.4, respectively) and the lowest VT was observed in the
brainstem (mean LGA VT of 26.9). No significant correlation
was found between PFF and VT (LGA VT from cortical com-
posite, Spearman’s rho, p = 0.78). Mean parametric LGA VT
maps generated from dynamic 120 min [18F]EKZ-001 PET
scans in males or females (n = 6 per group) are shown in
Fig. 3a, b.

Reliability and test-retest variability of [18F]EKZ-001 up-
take in brain were assessed for regional 2TCM and LGA VT
from a 120-min acquisition time interval (n = 4 subjects, 2M/
2F, cohort B). Findings are summarized in Table 5 and indi-
cate a higher reliability for LGA VT compared to 2TCM VT
with an ICC consistently close to or greater than 0.80 except
for the anterior cingulate (0.69) and entorhinal cortex (0.43).
In terms of test-retest variability, mean TRV of 4.7 ± 11.9%
and mean aTRV of 9.4 ± 8.7% were found for 2TCM VT

across brain regions while mean TRV and mean aTRV were
4.8 ± 7.7% and 7.7 ± 4.9%, respectively, for LGA VT across
brain regions. The anterior cingulate and entorhinal cortex
showed the highest test-retest variability for both 2TCM and
LGA VT, likely due to the slower kinetics in these regions.

Since reliability was higher and test-retest variability
was lower for LGA VT compared to 2TCM VT, we only
considered LGA VT for assessment of inter-subject vari-
ability and scan time reduction. Inter-subject variability
(%COV) of [18F]EKZ-001 uptake in brain was assessed
for regional LGA VT from a 120-min acquisition time
interval (n = 12 subjects, 6M/6F, cohorts B–C) and for
male and female subjects separately as summarized in
Table 4. Cortical inter-subject variability when consider-
ing male and female subjects separately was reduced to
7.5% and 10.6%, respectively, as compared to 13.0% for
all subjects combined, indicating that inter-subject vari-
ability is partly driven by sex differences. Comparison of
VOI-based LGA VT values between male and female sub-
jects (n = 6 per group) using a two-way ANOVA identi-
fied significant differences in the hippocampus (p ≤
0.0001), anterior cingulate, caudate nucleus, entorhinal
cortex (p ≤ 0.01), temporal cortex, insula, and putamen
(p < 0.05) as shown in Table 4 and Fig. 4. A whole-
brain voxel-wise group comparison between male and
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female subjects (n = 6 per group) demonstrated signifi-
cantly higher VT values (15% higher at peak level) in
males, in almost all cortical and subcortical brain regions,
as shown in Fig. 5a, b and Table 6.

Time stability—reduction of scanning time

The time stability of regional LGA VT was assessed by either
splitting the scan into two sessions of 60 and 30 min, respec-
tively, with an intermediate 30-min break (coffee-break
protocol) or reducing the acquisition time of one scan session
down to 60 min (n = 12 subjects, 6M/6F, cohorts B–C).
Results are presented in Table 7 and in Fig. 6a, b. Compared
to a dynamic acquisition of 120 min, regional LGA VT values
based on the coffee-break protocol presented a very similar
mean TRV of 4.5% and bias was on average smaller than 1%
and within the range of − 10 to 15%. Compared to a dynamic
acquisition of 120 min, regional LGA VT values based on one

90-min dynamic scan session, which represents the same total
acquisition time as the coffee-break protocol, presented an
almost doubled mean TRV of 9.3% and bias was on average
smaller than 2% and within the range of − 19 to 13%. A
further reduction of the scan session to 60 min induced too

Table 3 Radiation-absorbed dose estimates of [18F]EKZ-001 for all 25
organs using the ICRP 30 gastro-intestinal (GI) tract model and the med-
ical internal radiation dose (MIRD) scheme of a 73.7-kg male adult and a
56.9-kg female adult for the male and female subjects, respectively, using
OLINDAv1.1 with descriptive statistics given asmean ± SD [range] (n =
4 subjects, 2M/2F, cohort A)

Organ Organ doses (μGy/MBq)

Adrenals 13.9 ± 1.9 [12.4, 16.7]

Brain 31.0 ± 3.7 [26.3, 34.5]

Breasts 5.0 ± 0.2 [4.8, 5.2]

Gallbladder wall 245 ± 50 [186.0, 308.0]

Lower large intestine wall 87.1 ± 15.8 [65.9, 100.0]

Small intestine 244 ± 54 [176.0, 288.0]

Stomach wall 18.1 ± 2.6 [14.9, 20.6]

Upper large intestine wall 270 ± 53 [201.0, 312.0]

Heart wall 11.1 ± 2.0 [8.5, 12.7]

Kidneys 45.9 ± 11.7 [33.2, 60.7]

Liver 47.8 ± 17.5 [38.9, 74.0]

Lungs 11.9 ± 0.7 [10.9, 12.6]

Muscle 10.7 ± 1.0 [9.3, 11.4]

Ovaries 46.5 ± 9.8 [34.1, 54.7]

Pancreas 17.4 ± 2.1 [15.4, 20.3]

Red marrow 16.0 ± 1.0 [14.5, 16.7]

Osteogenic cells 12.7 ± 0.6 [12.0, 13.4]

Skin 5.7 ± 0.3 [5.4, 5.9]

Spleen 19.5 ± 1.0 [18.6, 20.8]

Testes 12.2 ± 3.8 [9.5, 14.9]

Thymus 5.5 ± 0.4 [5.1, 5.9]

Thyroid 9.5 ± 0.7 [8.8, 10.5]

Urinary bladder wall 54.7 ± 18.8 [27.3, 69.4]

Uterus 36.6 ± 7.4 [26.8, 42.5]

Remainder/total body 15.6 ± 1.9 [13.2, 17.6]

0

10

SUV

0 min 5 min 10 min 15 min 20 min 28 min 36 min 44 min 52 min 67 min 82 min 150 min 300 min

Fig. 1 Whole-body time-activity distribution of [18F]EKZ-001 in subject
number 1 (male, Table 1, cohort A), with representative coronal slices.
PET image intensities are expressed as standard uptake value (SUV) and

are visualized relative to the maximum color table values as indicated in
the scale bar, to account for physical radiotracer decay. The times (min)
indicate the start of the whole-body scan relative to radiotracer injection

Table 2 Normalized cumulated activities (NCA) of [18F]EKZ-001 for
13 source organs and the remainder with descriptive statistics given as
mean ± SD [range] (n = 4 subjects, 2M/2F, cohort A). Additionally, testes
were considered as source organs for the male subjects

Organ NCA (MBq-hr/MBq)

Brain 0.169 ± 0.023 [0.151, 0.201]

Gallbladder wall 0.128 ± 0.030 [0.085, 0.152]

Lower large intestine wall 0.099 ± 0.014 [0.078, 0.109]

Small intestine 0.982 ± 0.139 [0.779, 1.081]

Upper large intestine wall 0.539 ± 0.077 [0.428, 0.593]

Heart wall 0.008 ± 0.004 [0.003, 0.012]

Kidneys 0.048 ± 0.016 [0.031, 0.064]

Liver 0.253 ± 0.088 [0.168, 0.376]

Lungs 0.036 ± 0.008 [0.028, 0.045]

Red marrow 0.033 ± 0.006 [0.027, 0.040]

Spleen 0.009 ± 0.002 [0.008, 0.011]

Testes 0.002 ± 0.001 [0.001, 0.002]

Thyroid 0.001 ± 0.000 [0.001, 0.001]

Urinary bladder wall 0.071 ± 0.030 [0.033, 0.105]

Remainder/total body 0.703 ± 0.206 [0.456, 0.899]
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high TRV and bias for regional LGA VT compared to a 120-
min acquisition to be considered for clinical applicability.

Safety monitoring

[18F]EKZ-001 was safely administered with no relevant radio-
tracer related adverse events reported in this study. Further, no
clinically relevant effects were observed in laboratory param-
eters, vital signs, or electrocardiogram parameters after
[18F]EKZ-001 administration.

Discussion

This work represents the first HDAC6 PET study in humans.
We found that HDAC6 was widely expressed throughout the
brain, with the highest [18F]EKZ-001 uptake observed in the
hippocampus and entorhinal cortex, regions particularly rele-
vant in neurodegeneration. Inhibition of HDAC6 deacetylase
activity has shown beneficial effects in cell and animal models

of several neurodegenerative disorders. For example, HDAC6
i nh i b i t o r t r e a tmen t r e du c e d pa t ho l og i c a l t a u
hyperphosphorylation and improved cognitive behaviors in
mouse models of Alzheimer’s disease [14–16]. HDAC6 in-
hibitor treatment also increased microtubule-based intracellu-
lar transport in motor neurons and fibroblasts derived from
patients with amyotrophic lateral sclerosis (ALS) [21, 22]
and inDrosophilamodels of Parkinson’s disease [19] concur-
rent with improved motor function. Accordingly, in vivo vi-
sualization and quantification of HDAC6 using [18F]EKZ-001
PET across neurodegenerative disorders and along disease
trajectory may uncover a role for HDAC6 in disease patho-
genesis and enable stratifying the patients with the highest
potential benefit from HDAC6 inhibitor treatment. Further,
[18F]EKZ-001 PET may facilitate therapeutic development
of brain penetrant HDAC6 inhibitors. Indeed, recent studies
with [18F]EKZ-001 PET verified in vivo HDAC6 target en-
gagement in the brain and distinguished dose-occupancy re-
lationships between HDAC6 inhibitors in non-human pri-
mates [57].

Fig. 2 Metabolization rate of [18F]EKZ-001 for all subjects from cohorts
B-C (mean with error bars ± SD) with average data points for males and
females separately (a), one-tissue compartment model (1TCM) and two-
tissue compartment model (2TCM) Akaike information criterion (AIC)
values for model fitting to time activity curves (TACs) of different brain

regions for dynamic [18F]EKZ-001 PET scans (n = 16 scans, 8M/8F in-
clusive of 2M/2F with two scans each, cohorts B–C) with a 120-min
acquisition time (b) and representative 1TCM and 2TCM fitting results
(subject 5, scan 1, see Table 1, cohort B) for the composite cortical TAC
(c)
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To broadly apply [18F]EKZ-001 PET, robust quantitative
end points are required as well as a clinically feasible acqui-
sition protocol. Here we used full kinetic modeling and iden-
tified the 2TCM as the optimal compartment model with low-
er AIC values in more than 95% of cases compared to 1TCM.
Differences between 2TCM and LGA VT as assessed by
Bland-Altman analysis were limited and support LGA as a
valid non-compartment approach to generate parametric
[18F]EKZ-001 VT maps. Mean test-retest variability for both
2TCM and LGA approaches were approximately 5% across
brain regions and comparable to previously published test-

retest data of other PET radiotracers that require arterial blood
sampling for accurate quantification [65, 66]. However, com-
pared to 2TCM VT, LGA VT test-retest variability was gener-
ally lower, and reliability was generally higher. As LGA uses
the cumulative integral of both the input function and regional
TAC, LGA may be less sensitive to noise induced differences
in the radiometabolite and plasma data between test and retest
scanning, especially for the later sampling time points after
radiotracer injection. These results therefore support the use of
LGA VT for [

18F]EKZ-001 PET quantification in brain.

Table 4 Two-tissue compartment model (2TCM) and Logan graphical
analysis (LGA) VT using an acquisition time of 120 min (n = 12 subjects,
6M/6F, cohorts B-C, only the first scan was considered for subjects with 2
scans) combined with a Bland Altman analysis comparing 2TCM and
LGA VT values. In addition, LGA VT using an acquisition time of 120min
are reported separately for male and female subjects (6 M/6F, cohorts B-

C). Descriptive statistics are given as mean ± SD (%COV) [range] while
the Bland-Altman analysis is summarized as bias ± SD [95% limits of
agreement]. Brain regions with significant differences between male and
female LGA VT (two-way ANOVA using Bonferroni’s multiple compar-
isons tests) are marked with **** (p ≤ 0.0001), ** (p ≤ 0.01), and *
(p < 0.05)

2TCM VT LGA VT Bland-Altman (2TCM vs LGA VT) LGA VT (6M) LGA VT (6F)

Composite cortical 37.2 ± 5.9 (15.9)
[29.2, 47.5]

36.9 ± 4.8 (13.0)
[29.0, 44.2]

− 0.4 ± 4.8[− 9.8, 9.0] 40.4 ± 3.0 (7.5)
[36.1, 44.2]

33.4 ± 3.6 (10.6)
[29.0, 38.9]

Orbitofrontal cortex 37.6 ± 6.1 (16.2)
[29.9, 50.9]

36.6 ± 4.5 (12.4)
[28.3, 43.6]

− 2.2 ± 6.7[− 15.4, 11.0] 39.6 ± 3.5 (8.8)
[35.6, 43.6]

33.7 ± 3.5 (10.4)
[28.3, 37.9]

Frontal cortex 36.2 ± 6.2 (17.0)
[28.3, 47.2]

36.3 ± 5.0 (13.8)
[28.0, 44.0]

0.6 ± 4.7[− 8.5, 9.8] 39.7 ± 3.5 (8.9)
[34.5, 44.0]

32.9 ± 3.8 (11.7)
[28.0, 38.6]

Motor cortex 33.1 ± 5.9 (17.8)
[25.0, 44.9]

32.7 ± 4.6 (14.0)
[25.0, 39.8]

− 0.8 ± 5.6[− 11.7, 10.1] 35.9 ± 3.4 (9.4)
[31.3, 39.8]

29.5 ± 3.2 (11.0)
[25.0, 34.4]

Temporal cortex* 42.5 ± 6.3 (14.9)
[33.4, 53.8]

41.7 ± 5.2 (12.5)
[32.9, 48.6]

− 1.8 ± 5.4[− 12.3, 8.8] 45.3 ± 2.9 (6.4)
[41.0, 48.6]

38.0 ± 4.4 (11.5)
[32.9, 44.6]

Parietal cortex 35.4 ± 5.9 (16.6)
[27.9, 45.2]

35.4 ± 4.9 (13.8)
[27.6, 43.3]

− 0.6 ± 4.4[− 8.0, 9.1] 38.9 ± 3.6 (9.2)
[34.9, 43.3]

31.9 ± 3.2 (10.2)
[27.6, 37.1]

Occipital cortex 34.6 ± 5.7 (16.5)
[28.0, 46.9]

33.9 ± 4.0 (11.8)
[28.2, 40.1]

− 1.5 ± 6.2[− 13.7, 10.7] 36.7 ± 3.2 (8.8)
[32.1, 40.1]

31.0 ± 2.3 (7.4)
[28.2, 33.9]

Insula* 43.8 ± 7.0 (16.0)
[33.6, 60.0]

43.8 ± 5.8 (13.2)
[33.7, 51.7]

0.5 ± 5.5[− 10.4, 11.3] 47.6 ± 3.9 (8.2)
[41.8, 51.7]

40.1 ± 4.9 (12.3)
[33.7, 47.5]

Anterior cingulate** 43.9 ± 7.2 (16.3)
[32.9, 57.4]

44.1 ± 6.4 (14.5)
[32.2, 52.9]

0.6 ± 5.1[− 9.4, 10.6] 48.7 ± 3.5 (7.1)
[43.3, 52.9]

39.5 ± 5.2 (13.1)
[32.2, 46.5]

Posterior cingulate 38.7 ± 6.1 (15.7)
[30.9, 52.3]

39.2 ± 4.8 (12.2)
[31.0, 46.8]

1.7 ± 5.0[− 8.1, 11.5] 42.4 ± 3.5 (8.3)
[37.7, 46.8]

36.0 ± 3.7 (10.2)
[31.0, 41.1]

Cerebellum 44.1 ± 7.6 (17.2)
[34.1, 60.8]

43.5 ± 5.9 (13.6)
[35.2, 53.1]

− 1.1 ± 5.9[− 12.7, 10.5] 46.5 ± 5.7 (12.2)
[37.7, 53.1]

40.4 ± 4.7 (11.7)
[35.2, 46.1]

Caudate nucleus** 37.6 ± 6.9 (18.4)
[28.6, 49.7]

37.5 ± 6.6 (17.7)
[29.8, 49.0]

− 0.1 ± 6.5[− 12.9, 12.7] 41.8 ± 5.5 (13.1)
[36.1, 49.0]

33.2 ± 4.7 (14.1)
[29.8, 41.8]

Putamen* 42.7 ± 6.5 (15.2)
[34.5, 58.2]

43.0 ± 5.1 (11.9)
[34.7, 51.2]

1.0 ± 7.1[− 12.8, 14.9] 46.8 ± 2.8 (6.0)
[42.8, 51.2]

39.2 ± 3.9 (10.0)
[34.7, 45.5]

Thalamus 33.6 ± 5.4 (16.0)
[26.0, 43.0]

34.0 ± 4.6 (13.4)
[26.1, 42.9]

1.6 ± 4.8[− 7.8, 11.1] 37.0 ± 3.6 (9.6)
[32.4, 42.9]

31.0 ± 3.4 (10.9)
[26.1, 35.5]

Entorhinal cortex** 47. 2± 8.6 (18.3)
[35.0, 66.3]

46.4 ± 6.7 (14.5)
[35.9, 55.5]

− 1.3 ± 6.9[− 14.8, 12.2] 51.1 ± 4.3 (8.4)
[43.3, 55.5]

41.6 ± 5.1 (12.2)
[35.9, 48.4]

Hippocampus**** 52.2 ± 11.5 (22.1)
[38.2, 79.2]

50.4 ± 8.9 (17.7)
[38.5, 71.6]

− 2.9 ± 6.2[− 15.0, 9.2] 56.1 ± 8.3 (14.7)
[49.0, 71.6]

44.7 ± 5.2 (11.6)
[38.5, 51.8]

Brainstem 27.5 ± 4.2 (15.3)
[22.2, 35.6]

26.9 ± 3.2 (12.0)
[22.7, 32.0]

− 1.6 ± 6.4[− 14.2, 10.9] 29.1 ± 2.4 (8.2)
[26.6, 32.0]

24.7 ± 2.3 (9.5)
[22. 7, 28.3]
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Interestingly, the inter-subject variability of regional
LGA VT across healthy adults was partly driven by sex differ-
ences. Group comparisons between males and females re-
vealed significantly higher LGA VT in males throughout cor-
tical and subcortical regions. Notably, LGA VT was 20%
higher in the hippocampus and 18% higher in the motor cortex
of males compared to females. Sex differences in relative ag-
gregate HDAC expression have previously been detected
throughout the limbic system with [11C]Martinostat [48].

Moreover, treatment with ACY-738 (an HDAC inhibitor se-
lective for class I HDACs and HDAC6 [24, 67]) demonstrated
a more beneficial effect on survival in males compared to
females in an ALS mouse model [68]. Interestingly, the
HDAC6 gene is located on the X-chromosome and HDAC6
mutation is linked to a dominant X-linked disorder in humans
[69]. In sum, this illustrates that sex differences in specific
HDAC paralog expression could represent a key variable of
their function and should be taken into consideration for future

Table 5 Test-retest variability
assessed as 2� Vtest

T −Vretest
T

� �
=

Vtest
T þ Vretest

T

� �
(TRV) and abso-

lute test-retest variability assessed
as 2� Vtest

T −Vretest
T

�� ��=
Vtest

T þ Vretest
T

� �
(aTRV), aver-

aged over the 4 test-retest datasets
(n = 4 subjects, 2M/2F, cohort B).
The intra-class correlation coeffi-
cient (ICC) is reported as measure
for reliability and calculated as
(BSMSS-WSMSS)/(BSMSS+
WSMSS) with BSMSS and
WSMSS representing the mean
sum of squares between subjects
and within subjects, respectively

2TCM VT LGA VT

aTRV (%) TRV (%) ICC aTRV (%) TRV (%) ICC

Composite cortical 6.3 5.2 0.86 6.4 5.2 0.90

Orbitofrontal cortex 9.4 6.0 0.80 6.0 5.6 0.92

Frontal cortex 10.8 8.5 0.73 9.8 6.7 0.82

Motor cortex 12.1 9.9 0.64 10.1 7.3 0.78

Temporal cortex 6.8 3.9 0.87 5.7 3.7 0.90

Parietal cortex 6.0 4.2 0.88 6.6 4.7 0.89

Occipital cortex 11.2 4.5 0.78 6.1 6.1 0.93

Insula 4.9 − 0.47 0.97 5.2 3.8 0.94

Anterior cingulate 17.3 7.9 0.52 13.7 5.6 0.69

Posterior cingulate 11.0 6.6 0.71 9.1 4.4 0.84

Cerebellum 7.1 7.1 0.93 5.2 5.2 0.96

Caudate nucleus 6.5 − 3.4 0.91 5.5 5.4 0.94

Putamen 5.0 5.0 0.96 5.4 5.2 0.94

Thalamus 4.6 4.2 0.94 7.1 4.2 0.91

Entorhinal cortex 21.5 9.2 0.48 15.4 3.4 0.43

Hippocampus 13.5 − 2.3 0.79 9.5 2.2 0.80

Brainstem 5.8 4.2 0.91 3.7 3.4 0.97

Males

Females

a

b

Fig. 3 Average parametric Logan
graphical analysis (LGA) VT

datasets for a 120-min [18F]EKZ-
001 PET scan (n = 6 subjects per
group, cohorts B–C, only the first
scan was considered for subjects
with 2 scans) for males (a) and
females (b)
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PET studies with [18F]EKZ-001, which as the first paralog-
selective HDAC radioligand for human use, has the unique
advantage to reveal potential HDAC6 variations.

To progress [18F]EKZ-001 PET into diverse patient popu-
lations, reduction of scan time is necessary. We validated a

coffee-break protocol that uses two separate sessions of 60
and 30 min, respectively, with an intermediate 30-min break.
Regional LGA VT values based on the coffee-break protocol
represented similar test-retest variability and small bias com-
pared to a 120-min dynamic acquisition. In contrast, scan time
reduction to 90min resulted in a doubled test-retest variability,
whereas a further reduction to 60 min yielded a test-retest
variability that was unacceptably high. Therefore, a coffee-
break protocol, instead of a scan time reduction to 60 min, is
preferred for patients for whom a 60-min continuous PET scan
is the maximal tolerable procedure. Either a scan time reduc-
tion to 90min or a coffee-break protocol can be considered for
patients who can tolerate a 90-min continuous scan.

Conclusion

The novel radiotracer [18F]EKZ-001 (also known as
[18F]Bavarostat) is safe and has appropriate properties for clin-
ical PET imaging of HDAC6. [18F]EKZ-001 biodistribution
showed sufficient brain uptake and favorable dosimetry. Full
kinetic modeling identified 2TCM as the most appropriate
compartment model for [18F]EKZ-001 PET quantification in
the brain, while LGA quantification provided very limited
bias and better test-retest variability and reliability.
Therefore, LGA VT is the preferred approach for [18F]EKZ-
001 PET quantification in the brain. Males showed higher
LGA VT values across cortical and subcortical brain regions
compared to females, suggesting that sex may influence

Fig. 5 Significant clusters of increased Logan graphical analysis (LGA)
VT values in males compared to females (n = 6 subjects per group, cohorts
B–C, only the first scan was considered for subjects with 2 scans) with a

threshold set at pheight uncorr < 0.001 and pcluster FWE-corr < 0.05 (no thresh-
old kext used for the cluster extent) shown by surface rendering (a) and
axial, coronal and sagittal slices (b)
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Fig. 4 Multiple comparison plot of male and female Logan graphical
analysis (LGA) VT values (n = 6 subjects per group, cohorts B–C, only
the first scan was considered for subjects with 2 scans), presenting the
mean difference and 95% confidence interval of the difference
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Table 6 Cluster peak locations of voxel-wise group comparisons between males and females sorted according to the significance at cluster extent (n =
6 subjects per group, cohorts B–C, only the first scan was considered for subjects with 2 scans)

Cluster level Voxel-level Peak voxel coordinate Cluster location

PFWE-corr Kext PFWE-corr T score X Y Z Anatomical region

Male > female

< 0.001 4067 0.19 9.24 − 10 − 8 66 Supplementary motor area left

0.19 9.21 − 48 − 28 34 Supramarginal gyrus left

0.26 8.75 − 6 − 24 66 Paracentral lobule left

0.32 8.39 − 22 − 8 60 Superior frontal gyrus left

< 0.001 2324 0.48 7.67 − 16 40 − 16 Superior orbitofrontal gyrus left

0.68 6.95 − 48 44 − 8 Inferior orbitofrontal gyrus left

0.71 6.87 − 46 30 0 Inferior frontal gyrus left

0.75 6.71 − 32 50 6 Mid frontal gyrus left

< 0.001 1712 0.15 9.67 20 48 − 14 Superior orbitofrontal gyrus right

0.37 8.14 14 50 − 24 Superior orbitofrontal gyrus right

0.39 8.03 12 32 34 Mid cingulum right

0.58 7.30 34 12 60 Mid frontal gyrus right

< 0.001 1615 0.080 10.69 48 − 30 40 Supramarginal gyrus right

0.26 8.71 50 − 28 60 Postcentral gyrus right

0.40 7.99 10 − 32 66 Paracentral lobule right

0.67 7.00 54 − 20 36 Postcentral gyrus right

0.73 6.78 18 − 8 66 Superior frontal gyrus right

< 0.001 1218 0.35 8.24 − 34 12 54 Mid frontal gyrus left

0.61 7.20 − 2 42 48 Superior frontal gyrus left

0.62 7.16 − 46 6 16 Rolandic operculum left

0.78 6.63 − 44 6 36 Precentral gyrus left

0.88 6.22 − 2 22 62 Supplementary motor area left

< 0.001 901 0.26 8.73 − 44 − 74 − 4 Inferior occipital gyrus left

0.43 7.87 − 60 − 62 − 6 Inferior temporal gyrus left

0.59 7.28 − 52 − 42 − 22 Inferior temporal gyrus left

0.96 5.76 − 46 − 70 − 18 Cerebellum crus 1 left

0.96 5.76 − 42 − 60 − 8 Inferior temporal gyrus left

< 0.001 821 0.81 6.50 72 − 28 6 Superior temporal gyrus right

0.83 6.42 62 − 32 − 6 Mid temporal gyrus right

0.86 6.32 54 − 44 12 Mid temporal gyrus right

0.89 6.17 70 − 18 0 Superior temporal gyrus right

0.89 6.16 52 − 26 12 Superior temporal gyrus right

< 0.001 794 0.20 12.37 22 − 86 40 Superior occipital gyrus right

0.41 7.94 18 − 60 18 Calcarine gyrus right

0.63 7.13 16 − 90 30 Superior occipital gyrus right

0.80 6.52 10 − 68 26 Cuneus right

0.87 6.24 10 − 78 54 Superior parietal gyrus right

< 0.001 658 0.018 12.50 − 12 − 78 48 Superior parietal gyrus left

0.22 9.00 − 8 − 66 − 42 Cerebellar 8 left

0.82 6.45 − 12 − 88 32 Superior occipital gyrus left

0.98 5.50 − 12 − 72 28 Cuneus left

< 0.001 529 0.23 8.94 − 18 18 − 8 Putamen left

0.95 5.83 − 22 10 0 Putamen left

0.99 5.29 − 26 − 8 6 Putamen left

1.00 4.98 − 28 − 16 − 10 Hippocampus left

1.00 4.79 − 20 16 8 Putamen left
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HDAC6 expression and should be considered as a variable in
future studies using [18F]EKZ-001 PET. To increase clinical
applicability, two scan sessions of 60 and 30 min, respective-
ly, with an intermediate 30-min break can be considered in-
stead of one dynamic 120-min scan.

Acknowledgments The authors thank Mr. Kwinten Porters and Mr. Jef
Van Loock for their contributions to scanning and data handling and the
PET radiopharmacy team and the medical physics team of UZ Leuven for
their skilled contributions. The support of the staff of the Center for
Clinical Pharmacology was much appreciated. The authors thank Dr.
M. Hassan Beyzavi for providing the ruthenium catalyst required for
cGMP radiosynthesis.

Table 7 Time stability of Logan graphical analysis (LGA) VT for re-
duced acquisition times (0–[60–120] minutes) and a coffee-break proto-
col (0–60/90–120 min) evaluated as the test-retest variability (TRV) de-
fined as 2� Vtest

T −Vretest
T

� �
= Vtest

T þ Vretest
T

� �
for test-retest datasets (4

subjects, 2M/2F, cohort B) and bias defined as the relative difference

between LGA VT values using a reduced and 120 min scan time (n = 12
subjects, 6M/6F, cohorts B–C, only the first scan was considered for
subjects with 2 scans). Statistics are given as mean ± SD [range] and were
determined across different brain regions for the subjects included

TRV (%) VT relative to 0–120 min (%)

0–60/90–120 min 4.5 ± 7.9[− 28.9, 18.6] 0.28 ± 1.8 [− 9.3, 14.2]

0–60 min 12.1 ± 18.9[− 17.6, 85.2] − 8.4 ± 12.6 [− 50.8, 53.8]

0–70 min 10.8 ± 10.3[− 20.5, 45.4] − 5.9 ± 8.2[− 39.4, 24.5]

0–80 min 9.6 ± 6.3[− 5.1, 24.3] − 3.3 ± 5.7[− 28.7, 17.9]

0–90 min 9.3 ± 6.7[− 11.6, 21.0] − 1.6 ± 4.1 [− 19.0, 13.0]

0–100 min 8.7 ± 6.8[− 9.9, 22.9] − 0.57 ± 3.1[− 12.2, 14.3]

0–110 min 5.9 ± 8.0[− 28.5, 18.2] − 0.38 ± 1.5[− 11.0, 7.3]

0–120 min 4.9 ± 7.7[− 24.0, 18.0] –

Table 6 (continued)

Cluster level Voxel-level Peak voxel coordinate Cluster location

PFWE-corr Kext PFWE-corr T score X Y Z Anatomical region

< 0.001 425 0.21 9.10 20 6 2 Pallidum right

0.63 7.12 26 − 8 2 Pallidum right

0.99 5.35 26 16 2 Putamen right

0.002 320 0.16 9.57 48 − 84 − 14 Inferior occipital gyrus right

0.25 8.78 66 − 54 2 Mid temporal gyrus right

0.78 6.63 48 − 70 − 4 Inferior temporal gyrus right

0.97 5.63 58 − 66 4 Mid temporal gyrus right

0.98 5.51 50 − 60 − 6 Inferior temporal gyrus right

0.007 264 0.058 11.06 − 24 34 32 Mid frontal gyrus left

0.65 7.06 − 28 22 38 Mid frontal gyrus left

0.008 255 0.56 7.37 28 − 84 − 16 Lingual gyrus right

0.95 5.80 14 − 102 6 Right calcarine gyrus

0.018 216 0.91 6.08 − 14 − 82 − 2 Lingual gyrus left

0.99 5.37 − 2 − 86 10 Calcarine gyrus left

1.00 5.09 − 6 − 74 − 8 Lingual gyrus left

0.024 202 0.95 5.81 30 − 60 42 Angular gyrus right

0.98 5.54 42 − 86 18 Mid occipital gyrus right

1.00 4.79 36 − 70 38 Mid occipital gyrus right

1.00 4.65 42 − 82 30 Mid occipital gyrus right

0.025 200 0.31 8.46 − 10 − 16 44 Mid cingulum left

0.037 181 0.62 7.17 12 − 76 − 14 Cerebellum 6 right

0.99 5.25 16 − 62 − 10 Lingual gyrus right

1.00 4.56 8 − 68 − 6 Lingual gyrus right

1.00 4.46 28 − 58 − 16 Fusiform gyrus right
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