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ARTICLE INFO ABSTRACT
Keywords: Blood-based kinetic analysis of PET data relies on an accurate estimate of the arterial plasma input function
Positron emission tomography (PIF). An alternative to invasive measurements from arterial sampling is an image-derived input function (IDIF).

Input function

However, an IDIF provides the whole blood radioactivity concentration, rather than the required free tracer
NMDA receptor

radioactivity concentration in plasma. To estimate the tracer PIF, we corrected an IDIF from the carotid artery
with estimates of plasma parent fraction (PF) and plasma-to-whole blood (PWB) ratio obtained from five venous
samples. We compared the combined IDIF+venous approach to gold standard data from arterial sampling in 10
healthy volunteers undergoing ['®F]GE-179 brain PET imaging of the NMDA receptor. Arterial and venous PF and
PWB ratio estimates determined from 7 patients with traumatic brain injury (TBI) were also compared to assess
the potential effect of medication. There was high agreement between areas under the curves of the estimates of
PF (r=0.99, p<0.001), PWB ratio (r = 0.93, p<0.001), and the PIF (r = 0.92, p<0.001) as well as total distribution
volume (V) in 11 regions across the brain (r = 0.95, p<0.001). IDIF+venous V; had a mean bias of —1.7% and
a comparable regional coefficient of variation (arterial: 21.3 + 2.5%, IDIF+venous: 21.5 + 2.0%). Simplification
of the IDIF+venous method to use only one venous sample provided less accurate V; estimates (mean bias 9.9%;
r = 0.71, p<0.001). A version of the method that avoids the need for blood sampling by combining the IDIF
with population-based PF and PWB ratio estimates systematically underestimated V; (mean bias —20.9%), and
produced V; estimates with a poor correlation to those obtained using arterial data (r = 0.45, p<0.001). Arterial
and venous blood data from 7 TBI patients showed high correlations for PF (r = 0.92, p = 0.003) and PWB
ratio (r = 0.93, p = 0.003). In conclusion, the IDIF+venous method with five venous samples provides a viable
alternative to arterial sampling for quantification of [*®F]GE-179 V.
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1. Introduction

We recently described the first-in-human use of ['8F]GE-179, a PET
radioligand selectively binding to the open (i.e. activated) N-methyl-D-
aspartate (NMDA) receptor complex (McGinnity et al., 2014). NMDA
receptors are not only involved in memory and synaptogenesis, but also
have a proposed role in excitotoxicity and might contribute to epilepsy,
Alzheimer’s and Huntington’s disease, and psychosis (Bordji et al., 2010;
Cooke and Bliss, 2006; Fan and Raymond, 2007; McGinnity et al., 2015;
Olney et al., 1999; Rothman and Olney, 1995). NMDA receptor block-
ers have been used to treat seizures, Alzheimer’s disease or refrac-
tory depression (Lipton, 2006; Murrough et al., 2013; Pellock et al.,
2006). We showed increased ['8F]GE-179 uptake in brains of people
with epilepsy, pointing to an increased activation of NMDA receptors
(McGinnity et al., 2015). Recent in vivo blocking experiments showed
specificity of [\8F]GE-179 for the phencyclidine site as a use-dependent
marker of NMDA receptor activation (Vibholm et al., 2020).

Several ongoing studies are using [8F]GE-179 PET but a wide utili-
sation is limited by the need for arterial blood sampling for quantifica-
tion of tracer binding. Blood sampling from the radial artery is invasive
and associated with discomfort, bruising and a small risk of haemor-
rhage or thrombosis (Zanotti-Fregonara et al., 2011a). Simplification of
PET methodology is needed before such imaging is successfully trans-
lated into routine clinical practice.

Suitable non-invasive methods for the quantification of [\8F]GE-179
binding are currently not available. There is no suitable reference region
devoid of NMDA receptors (McGinnity et al., 2014), and in a prior study
by McGinnity et al., neither standardised uptake value (SUV) nor use
of a population-based arterial input function provided accurate quan-
tification (McGinnity et al., 2018). Regional SUV calculated over the
interval of 80 to 90 min after tracer injection had a Spearman’s corre-
lation coefficient of 0.78 in comparison with total distribution volume
(V) quantified using a measured arterial input function (AIF). A higher
correlation (p = 0.90) was found between regional V; estimated using
a population-based AIF and those using the measured AIF, but there
was still large variability between the two methods as demonstrated by
Bland-Altman plots. Importantly, both SUV and population-based AIF
methods failed to replicate findings obtained using an AIF in patients
with epilepsy (McGinnity et al., 2015).

As an alternative, quantification of PET data using an image-derived
input function (IDIF) has been proposed as a non-invasive approach.
Practical challenges remain regarding the identification of blood ves-
sels, correction for partial volume effects, especially in the presence of
subject motion, and image noise. Furthermore, the IDIF only estimates
the radioactivity concentration in whole blood. Additional correction
is required by the plasma-to-whole blood (PWB) radioactivity concen-
tration ratio, and, depending on the tracer, additional correction for
tracer binding to plasma proteins and/or the parent fraction of the tracer
in plasma if radio-labelled metabolites are present in blood (Zanotti-
Fregonara et al., 2011a). Methods validated with one tracer or scanner
set-up might not be generalizable and need to be re-validated for each
specific study (Zanotti-Fregonara et al., 2011b).

We have previously proposed a procedure to estimate the IDIF with
a novel partial volume correction (PVC) approach using single target
correction (Erlandsson and Hutton, 2014) and we validated the method
using ['8F]fluorodeoxyglucose (FDG) PET (Sari et al., 2017). However,
for tracers whose PWB ratio does not indicate unity, and/or with bind-
ing to plasma proteins and/or radio-labelled metabolites in blood, this
method must be used in conjunction with a method for determining the
appropriate correction factors.

The combination of an IDIF with venous samples was proposed to
allow for correction for plasma parent fraction and PWB ratio (Zanotti-
Fregonara et al., 2011a). For brain PET this approach has only been val-
idated for a few radiotracers. As an example, an IDIF with three venous
samples was used to generate the input function for the quantification
of ['8F]FDG PET (Chen et al., 2007). Another study used the IDIF in
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conjunction with six venous samples to quantify serotonin-1A receptors
with [carbonyl-11C]WAY-100635 PET (Hahn et al., 2012).

Here, for [18F]GE-179 we combine the above IDIF estimation method
with discrete venous samples that allow correction for plasma parent
fraction and PWB ratio. We validated the combined IDIF + venous pro-
cedure against gold standard data from arterial sampling in 10 healthy
volunteers. We assessed two variants of the IDIF + venous approach,
using either five venous samples acquired across the scan duration or
a simplified version using a single late venous sample. In addition to
these approaches, we also assessed the performance of a method that
does not require venous sampling, whereby the IDIF is corrected with
population-based estimates of parent fraction and PWB ratio.

To validate our findings in patients, we compared parent fraction,
PWB ratio, and whole blood radioactivity concentration determined
from arterial and venous samples in a cohort of subjects with traumatic
brain injury (TBI).

2. Material and methods

We studied 10 healthy volunteers (mean age 40 + 9 years; 9 male) at
Addenbrooke’s Hospital in Cambridge, United Kingdom. As a validation
cohort for the comparison of correction factors determined from arterial
and venous sampling, we also included 7 patients with TBI (mean age
40 = 15 years; 6 male) at Addenbrooke’s Hospital. Four of these sub-
jects were scanned within the first week after TBI and were receiving
anaesthetic medication to facilitate intensive care management at the
time of the scan; the remaining three were scanned several months af-
ter TBI. Volunteers provided informed consent, and assent was obtained
from patient representatives with consent at follow-up if capacity was
regained. Studies were conducted in accordance with the Declaration
of Helsinki, and the study was approved by a National Research Ethics
Committee and the UK Administration of Radioactive Substances Advi-
sory Committee.

2.1. Data acquisition

PET data were acquired on a GE Discovery 690 PET/CT scanner (GE
Healthcare, Waukesha, USA) for 90 min after injection of a target 185
MBq of [18F]GE-179 (mean + SD: 178 + 8 MBq). List mode data were
histogrammed into 58 time frames, each of which were reconstructed
using the PROMIS 3D filtered backprojection algorithm (Kinahan and
Rogers, 1988) into a 192 x 192 x 47 matrix with a voxel size of
2 mm X 2 mm X 3.27 mm. The PET data were corrected for dead time,
randoms, normalization, attenuation, scatter, and radioactive decay. At-
tenuation correction was performed using information from a low dose
CT scan.

Arterial blood from the radial artery was continuously sampled for
the first 6.5 min of the scan with an Allogg ABSS on-line detector (Allogg
AB, Mariefred, Sweden), with two discrete samples (30 s and 4.5 min)
taken beyond the on-line counter for cross-calibration against the well
counter and PWB ratio determination. Discrete arterial samples were
also taken directly from the arterial cannula at 10, 15 and 20 min post-
injection, and at 10 min intervals thereafter. Venous samples were col-
lected through a cannula placed in a vein in the antecubital fossa op-
posite the injection site at 7, 12, 22, 42, and 62 min following injec-
tion. The radioactivity concentration in whole blood and plasma for
all discrete blood samples was determined with a Hidex Triathler well
counter (Hidex, Turku, Finland) cross-calibrated to the PET/CT scanner.
The fraction of parent tracer in plasma for 6 arterial plasma samples
(4.5, 10, 20, 40, 60, and 90 min post-injection) and all five venous sam-
ples was determined using HPLC analysis. The fraction of radioactivity
in plasma bound to plasma proteins was estimated by centrifugation
of arterial plasma samples (0.5, 4.5, 10, 20, 40, 60 and 90 min post-
injection) with a 1:1 addition of acetonitrile, followed by measurement
of the radioactivity in the supernatant. The ratio of the radioactivity in
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Data acquisition

['8F]GE-179 PET, T1 MRI, TOF-MRA, venous sampling

Fig. 1. Flow chart of the steps in the genera-
tion of the IDIF + venous input function.
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Carotid artery masks
Segmentation and manual adjustment
of the carotid arteries on TOF-MRA

Parent fraction
Fit the fraction of plasma radioactivity
attributable to the parent tracer as a
function of time
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Coregistration
Rigid co-registration of PET, T1 MR,
and TOF-MRA data

Plasma-to-whole blood ratio
Fit the ratio of plasma-to-whole blood
as a function of time

A 4

A4

Partial volume correction (PVC)
Perform single target PVC
of the PET data

Late whole blood radioactivity
concentration
Estimate 60-minute arterial radioactivity
concentration usina venous data.

A4

Extract IDIF
Extract the radioactivity concentration
within the carotid artery masks on PET
images (0-3.5 min with PVC, >3.5 min
without PVC)

Adjust IDIF

1. Shift IDIF to adapt for delay between IDIF and arterial data.
2. Scale IDIF to match 60-minute whole blood radioactivity concentration.
3. Multiply IDIF with venous parent fraction and plasma-to-whole blood ratio fits.
4. Fit IDIF + venous input function using Feng’s input function model.

the supernatant to that in the plasma sample represented the unbound
fraction.

Each healthy volunteer underwent 3T brain MRI on a Siemens Trio
or Skyra system (Siemens Healthineers, Erlangen, Germany). The MR
protocol included a high-resolution volumetric T1-weighted sequence
(MPRAGE), as well as an arterial time-of-flight magnetic resonance an-
giography (TOF-MRA) sequence that included the carotid arteries.

2.2. Estimation of the IDIF

The steps involved in the production of the IDIF + venous in-
put function are summarised in Fig. 1. For segmentation of carotid
arteries in healthy volunteers, we applied a semi-automated region-
growing algorithm with intensity constraints implemented in MRI-
cron (https://people.cas.sc.edu/rorden/mricron/index.html) to TOF-
MRA scans, that provide an excellent separation of arteries from back-
ground tissue. We manually adjusted all segmentations in a slice-by-
slice manner to segment the internal carotid artery (cervical, petrous,
and cavernous segments) and visible parts of the common carotid artery
only. Other arteries, e.g. the vertebral arteries, were not segmented be-
cause their smaller size increases the potential for partial volume effects.
We excluded the carotid syphon and cerebral segment of the internal
carotid artery because of the sigmoid vessel shape and proximity to parts
of the temporal lobe that might make intra-vessel signal estimates less
accurate and more prone to spill-in effects from brain tissue.

We used the linear registration  algorithm
mented in  Statistical Parametric Mapping 12

imple-
(SPM12,

Wellcome Centre for Human Neuroimaging, London,
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) to co-register
dynamic PET and T1-weighted MRI to TOF-MRA images. We used the
single target partial volume correction method with 10 iterations to
correct for spill-out and spill-in effects due to the small size of carotid
arteries compared to the scanner resolution (Sari et al., 2017). PVC
is particularly important to correctly quantify arterial radioactivity
concentration in the peak following tracer injection. The method is of
limited value during steady state with comparable radioactivity con-
centrations between soft tissues and blood vessels, and it can increase
noise in the images. Thus, we used PVC for the initial 3.5 min after
tracer injection, i.e. from injection until the time when tissue and blood
radioactivity reached a steady state based on mean input curves, to
capture the radioactivity peak and obtained uncorrected values for the
remainder of the acquisition to reduce the impact of noise introduced
by PVC.

Next, we determined a mean delay between radioactivity arriving
in the carotid arteries and detected in blood drawn from the radial
artery, as described previously (Sari et al., 2017). We shifted the IDIF
for each participant curve to match the activity obtained from the ra-
dial artery and determined a mean delay of 16.4 + 4.5 s that was subse-
quently applied to the IDIF for all participants, as described previously
(Sari et al., 2017).

Lastly, we implemented a scaling step to adjust the image-derived
measurements to venous blood radioactivity. We correlated late
(62 min) venous samples with the corresponding arterial radioactivity
measurements, because the correlation between arterial and venous ra-
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dioactivity concentration increases with time after tracer injection, and
modelled the venous to arterial radioactivity concentration conversion
using a linear model. We then scaled each subject’s image-derived mea-
surements to match this target value.

2.3. Blood data fitting

We used in-house software (UCL Institute of Nuclear Medicine) run-
ning in MATLAB 9.2 (The MathWorks Inc) to fit PWB ratios, parent
fractions and input functions. For each participant, the PWB ratio as
a function of post-injection time t was fitted with a function as follows:

PWB@) =e " x5 +x3

Where x; ... x5 are the model parameters (all > 0).

For each participant, the fraction of plasma radioactivity attributable
to the parent tracer ['8F]GE-179 as a function of time t was fitted with
a Hill type function (Gunn et al., 1998) as follows:

[ (x2 - 1)

PF(t)=1+
© 1+ x3

where x; ... x5 are the model parameters; 0 < x;, 0 < x5 < 1, 0 < x3.
Additionally, we evaluated the effect of reducing venous sampling to
only the late sample obtained 62 min after the injection. This approach
required determination of population-based estimates of the x; and x5
parameters that determine the shape of PWB ratio and parent fraction
curves. The remaining x, parameter, mainly determining the amplitude
of the curve, was then estimated using the single venous sample. The
remaining blood data processing was left unchanged.

Lastly, we performed an analysis without venous sampling. We used
population-based estimates of PWB ratio and parent fraction that were
obtained using the mean arterial data in healthy volunteers. The IDIF
scaling step was not performed for this method.

After correction for PWB ratio and parent fraction, the input func-
tion (arterial, IDIF + venous, IDIF + population) was fitted with Feng’s
input function model (Feng et al., 1993), which consists of the sum of a
gamma-variate function and two exponentials.

Arterial whole blood radioactivity concentration for Figs. 3 and 8C
was fitted using Feng’s input function. Venous whole blood radioactiv-
ity concentration (w) for Figs. 3 and 8C was fitted with the following
function:

U7 + 4vse 0!

w() =
vy + (1 — Uzz)g*”ztz('*vsz)

where v, are the measured venous whole blood radioactivity concentra-

tions at time point t.

2.4. Regional kinetic modelling

We parcellated brain structures on T1l-weighted MRI scans in
healthy volunteers using an algorithm based on Geodesic Informa-
tion Flows (GIF) (Cardoso et al., 2015) freely available within the
NiftyWeb service tool (UCL Centre for Medical Image Computing;
http://niftyweb.cs.ucl.ac.uk/). We combined regions of the GIF-atlas to
produce 11 distinct brain regions representative for different cortical,
subcortical, white matter, and infratentorial structures that might re-
flect different patterns of brain tracer binding (McGinnity et al., 2014).

Dynamic PET images were corrected for head motion using a post-
hoc frame-to-frame realignment method, implemented in SPM12. For
each subject, an early frame with high signal-to-noise ratio and little
evidence of movement was selected as the reference frame and all subse-
quent frames were rigidly realigned to this reference. The frames within
the first 3 min after radioligand injection were not realigned due to a
low signal-to-noise ratio.

Next, we linearly co-registered the realigned PET with the T1-
weighted MRI using SPM12. We corrected the PET images for partial
volume effects using the iterative Yang method (Erlandsson et al., 2012)
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implemented in the PET-PVC toolbox (Thomas et al., 2016) guided by
structural tissue information based on the modified GIF parcellation.
We extracted time-activity curves of the parcellated PV-corrected re-
gions and modelled the regional data using a 2-brain-compartment 4-
rate-constant (2c4k) kinetic model with a variable blood volume com-
ponent as described previously (McGinnity et al., 2014). Total volume
of distribution (V) in mL/cm3 was estimated for each region as a metric
of tracer binding.

2.5. Statistical analysis

Data are displayed as mean + standard deviation or mean (95% con-
fidence interval). We calculated the area under the curve (AUC) for the
fits of parent fractions, PWB ratios, and tracer plasma input functions
for the whole scan length, i.e. 90 min. We compared AUCs, radioactivity
concentrations, and regional V; estimates between arterial, IDIF + ve-
nous, and IDIF + population data using Pearson’s correlation coefficient
(r). Bland-Altman plots were used to compare V; estimates. We esti-
mated the regional and global coefficient of variation (CoV) for V; es-
timates modelled using arterial sampling or IDIF-based data and com-
pared them with an independent t-test.

2.6. Data availability

Data and the MATLAB scripts used in this publication are available
upon reasonable request from the authors, whereas a formal data shar-
ing agreement will be required.

3. Results
3.1. Plasma protein binding

The percentage of arterial plasma radioactivity bound to plasma pro-
teins had low inter-subject variability (mean 9.4% + 1.5% for healthy
volunteers, 8.2% + 1.5% for patients), as well as low intra-scan stan-
dard deviation (2.8% + 0.8% for healthy volunteers, 2.3% + 1.0% for
patients). These data indicate that binding to plasma proteins can be
well approximated by a fixed factor of 9%, simplifying the protocol by
obviating the need for direct measurement. Given the invariant nature
of this factor, it was not included in the comparison of arterial and IDIF-
based methods given below.

3.2. Comparison of arterial sampling and IDIF +5 venous samples in
healthy volunteers

The demographic characteristics of the 10 healthy volunteers studied
are listed in Table 1. There was a high correlation between the AUC of
the fits to arterial (mean 31 + 10 min) and venous (mean 31 + 10 min)
parent fraction measurements (r = 0.99, p<0.001, Fig. 2A). There was
also a high correlation between the AUC of arterial (mean 111 + 9 min)
and venous (mean 109 + 8 min) PWB ratio measurements (r = 0.93,
p<0.001, Fig. 2B).

The difference between arterial and venous whole blood radioac-
tivity concentration decreased with time after injection (Fig. 3A). Cor-
relations between fitted arterial and venous whole blood radioactiv-
ity concentrations at five different timepoints are shown in Fig. 3B-
F. The highest correlation was observed between the fitted 60-min ar-
terial and venous whole blood radioactivity concentrations (r = 0.99,
p<0.001, Fig. 3F). The correlation between the measured 60-min arte-
rial (1.23 + 0.29 kBq/ml) and measured 62-min venous (1.17 + 0.29
kBg/ml) whole blood radioactivity concentration was similarly high
(r = 0.99, p<0.001). We fitted a linear model to estimate the mea-
sured 60-min arterial whole blood radioactivity concentration from
the measured 62-min venous whole blood radioactivity concentration
(Arterialgy_;, = Venousgy i, * 0.987 + 0.082); this was later applied
to calibrate the IDIF.
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Table 1

Characteristics of healthy volunteers.
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ID Injected activity [MBq] Age [years] Sex Ethnicity
CAM 01 179 36 M European
CAM 02 173 42 M European
CAM 03 180 43 M European
CAM 04 177 28 M European
CAM 05 196 39 M European
CAM 06 181 61 M South Asian
CAM 07 165 27 M Australian
CAM 08 177 43 M European
CAM 09 179 47 F European
CAM 10 171 38 M European
Overview  Mean 178 + 8 Mean 40 + 10 90% male 10% female = 80% European 20% Other

M, male; F, female.
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Fig. 2. Comparison of arterial and IDIF + 5 ve-
nous measurements in healthy volunteers.
Comparison of the area under the fitted curve
(AUQ) for arterial and venous parent fraction
(panel A) and plasma-to-whole blood ratio
(panel B), together with the final input func-
tion (panel C). On each plot the dotted line
is the linear regression fit, the grey line indi-
cates the line of unity. The mean arterial and
IDIF + 5 venous input functions are displayed
in panel D, with the light orange and blue areas
denoting the corresponding 95% confidence in-
tervals.

Fig. 3. Comparison of arterial and venous
whole blood radioactivity concentrations in
healthy volunteers.

Arterial and venous fitted whole blood radioac-
tivity concentrations are displayed in panel A.
The values were obtained by fitting a func-
tion to the measured data. Vertical bars denote
95% confidence intervals. Scatter plots of arte-
rial vs. venous fitted whole blood radioactivity
concentration 5, 10, 20, 40, and 60 min post-
injection are displayed in panels B to F. On
each plot the dotted line is the linear regression
fit, the grey line indicates the line of unity.
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Table 2
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Regional V; estimates across the healthy volunteer cohort obtained using an input function from arterial sampling or an image-derived input function in conjunction

with five venous samples or a single venous sample.

AIF IDIF + 5 venous samples

IDIF + 1 venous sample

V., estimate V; estimate

V, estimate

(mean + SD) CoV (%) (mean + SD) CoV (%) r coefficient  p value (mean + SD) CoV (%) r coefficient  p value
WM brain 9.2 + 2.1 23.2 9.0+ 20 21.8 0.94 <0.001 93+ 1.7 18.1 0.76 0.01
WM cerebellum 93 +20 214 92+ 19 20.9 0.94 <0.001 9.6 + 1.7 17.8 0.68 0.03
GM cerebellum 8.8+ 1.9 215 88 +19 221 0.96 <0.001 94 + 1.8 19.5 0.69 0.03
Brainstem 8.7+ 1.7 19.1 86+ 1.8 20.4 0.94 <0.001 9.0 + 1.7 18.5 0.63 0.05
Thalamus 119 + 2.6 215 120 + 2.6 21.7 0.95 <0.001 138 £ 24 17.7 0.71 0.02
Putamen 113 £ 25 223 112 £ 25 225 0.97 <0.001 123 + 2.5 20.5 0.72 0.02
Precentral gyrus 92+ 1.9 21.0 8.8 + 1.8 20.8 0.89 0.001 10.8 + 2.3 21.7 0.47 0.17
Parahippocampal gyrus 8.6 + 2.3 27.2 84 +22 26.5 0.93 <0.001 93 +35 374 0.86 0.002
Occipital lobe 92+ 1.7 18.2 9.0 + 1.7 18.6 0.92 <0.001 10.7 £ 1.9 17.6 0.44 0.21
Precuneus 10.0 + 1.9 19.3 9.7 + 2.0 20.6 0.92 <0.001 12.0 + 2.6 22.0 0.52 0.13
Insular cortex 10.1 £ 1.9 19.3 99 + 2.0 20.4 0.94 <0.001 115+ 24 20.9 0.52 0.12
Overall 9.7 +2.2 213 +25 95+22 215+20 095 <0.001 10.7 = 2.7 211 +£57 071 <0.001

ATF, arterial input function; IDIF, image-derived input function; V;, volume of distribution given in mL/cm?®; CoV, coefficient of variation; r coefficient, Pearson’s
correlation coefficient; SD, standard deviation; WM, white matter; GM, grey matter.
The CoV of V; estimates is given for each region per method (AIF, IDIF + 5 venous sample, or IDIF + 1 venous sample). The correlation of V; estimates obtained
with IDIF + 5 venous samples or IDIF + 1 venous sample compared with the gold standard, i.e. data modelled using an AlIF, is given per region as the Pearson’s

correlation coefficient r and p value.
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There was a high correlation of the AUC of fitted tracer plasma input
functions from arterial sampling (73 + 16 kBq min/ml) and IDIF+venous
(74 + 17 kBq min/ml, r = 0.92, p<0.001, Fig. 2C). A plot of arterial and
image-derived calibrated and delay-corrected whole blood radioactivity
concentrations is displayed in Fig. 2D and shows good overlap between
the curves.

Regional V; estimates obtained using arterial or IDIF + venous in-
put functions are presented in Table 2. There was a high correlation
between 110 (11 regions in 10 subjects) V; estimates modelled with
arterial or IDIF + venous data (mean V;: arterial 9.7 + 2.2 vs. IDIF + ve-

nous 9.5 + 2.2, r = 0.95, p<0.001). The mean correlations remained
high when splitting the data per region (mean r 0.94 + 0.02, Fig. 4A)
or per subject (mean r 0.94 + 0.08, Fig. 4B). A Bland-Altman plot com-
paring Vi estimates obtained using arterial or IDIF + venous data is
displayed in Fig. 4C. There was a small between-method mean differ-
ence of V; estimates of —1.7%, with 95% limits of agreement ranging
from —15.9% to 12.4%. The regional coefficients of variation of V; for
arterial and IDIF + venous modelled data were comparable (mean Vi
CoV: arterial 21.3% + 2.5% vs. IDIF + venous 21.5% + 2.0%, t = —0.8,
p = 0.46).
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Fig. 5. Comparison of arterial and IDIF + sin-
gle venous sample measurements in healthy
volunteers.

Comparison of the area under the fitted curve
(AUCQ) for arterial and single venous sample
parent fraction (panel A) and plasma-to-whole
blood ratio (panel B), together with the final
input function (panel C). The dotted line is the
linear regression fit, the grey line indicates the
line of unity.

Fig. 6. Comparison of total volume of dis-
tribution estimates modelled with arterial or
IDIF + single venous sample input functions in
healthy volunteers.
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3.3. Comparison of arterial sampling and IDIF + 1 venous sample in
healthy volunteers

We also assessed the performance of a simplified IDIF + venous ap-
proach that only used a single 62-min venous sample. Compared to
the IDIF + 5 venous samples method, with the simplified single venous
sample version there was a lower correlation between the AUC of par-
ent fraction measurements (single venous sample 32 + 8 vs. arterial
31 + 10 min, r = 0.96, p<0.001, Fig. 5A), PWB ratio estimates (single ve-
nous sample 107 + 9 vs. arterial 111 + 9 min, r = 0.91, p<0.001, Fig. 5B)
and tracer plasma input functions (single venous sample 73 + 13 vs. ar-
terial 73 + 16 kBq min/mL, r = 0.81, p = 0.005, Fig. 5C).

Regional V estimates obtained using the IDIF + single venous sam-
ple input function method are presented in Table 2. There was a lower
correlation between arterial and IDIF + single venous sample modelled
data (mean Vy: arterial 9.7 + 2.2 vs. IDIF + single venous 10.7 + 2.7,
r = 0.71, p<0.001). The mean correlations were also lower when split-
ting the data per region (mean r 0.64 + 0.13, Fig. 6A) or per subject
(mean r 0.89 + 0.08, Fig. 6B). The Bland Altman plot detected a mean

difference of Vi estimates of 9.9%, with 95% limits of agreement rang-
ing from —23.9% to 43.7% (Fig. 6C). The simplified IDIF + single venous
sample modelled data had similar coefficients of variation of V; com-
pared to arterial-based data (mean V; CoV IDIF + single venous 21.1%
+ 5.7%, t = 0.2, p = 0.87).

3.4. Comparison of arterial sampling and IDIF + population in healthy
volunteers

We evaluated the performance of the IDIF + population method,
which does not require venous sampling. Regional V; estimates ob-
tained using this method are presented in Table 3. There was a low
correlation between V; determined from arterial and IDIF + popula-
tion input functions (mean V;: arterial 9.7 + 2.2 vs. IDIF + population
7.9 + 2.3, r = 0.45, p<0.001). The mean correlations were also lower
when splitting the data per region (mean r 0.29 + 0.14, Fig. 7A) or per
subject (mean r 0.85 + 0.12, Fig. 7B). The Bland Altman plot showed a
mean difference of V; estimates of —20.9%, with 95% limits of agree-
ment ranging from —69.5% to 27.7% (Fig. 7C). Data modelled using
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Table 3
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Regional V; estimates across the healthy volunteer cohort obtained using an input function from arterial sampling or an image-

derived input function with population-based correction factors.

AIF IDIF + population

V; estimate (mean + SD) CoV (%) V. estimate (mean + SD) CoV (%) r coefficient p value
WM brain 9.2 + 2.1 23.2 6.5+ 15 22.5 0.25 0.49
WM cerebellum 93 +20 21.4 69+ 15 214 0.26 0.47
GM cerebellum 88 +19 215 71 £ 1.7 23.6 0.34 0.32
Brainstem 8.7 + 1.7 19.1 6.5 + 1.6 25.0 0.32 0.37
Thalamus 119 + 2.6 215 102 + 24 23.6 0.31 0.38
Putamen 113 £ 25 223 9.2 +25 27.5 0.43 0.22
Precentral gyrus 92+19 21.0 81+19 239 0.15 0.68
Parahippocampal gyrus 8.6 + 2.3 27.2 6.7 + 2.4 35.5 0.60 0.07
Occipital lobe 92+ 17 18.2 80+ 16 20.2 0.06 0.86
Precuneus 100 = 1.9 19.3 9.1 +25 27.8 0.28 0.43
Insular cortex 10.1 £ 1.9 19.3 85+22 26.0 0.22 0.54
Overall 9.7 £ 2.2 213 +25 79+23 252 +43 045 <0.001

ATF, arterial input function; IDIF, image-derived input function; V;, volume of distribution given in mL/cm?; CoV, coefficient of
variation; r coefficient, Pearson’s correlation coefficient; SD, standard deviation; WM, white matter; GM, grey matter.

The CoV of V; estimates is given for each region per method (AIF, IDIF + population). The correlation of V; estimates obtained with
IDIF + population compared with the gold standard, i.e. data modelled using an AIF, is given per region as the Pearson’s correlation

coefficient r and p value.
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IDIF + population had higher coefficients of variation of V- compared to
arterial-based data (mean V CoV: arterial 21.3% + 2.5% vs. IDIF + pop-
ulation 25.2% + 4.1%, t = 4.1, p = 0.002).

3.5. Validation of venous-based correction factors in patients with
traumatic brain injury

The demographic characteristics of the 7 TBI patients are given in
Table 4. There was a high correlation between the AUC of the fits to

arterial (mean 29 + 12 min) and venous (mean 30 + 12 min) parent
fraction measurements (r = 0.92, p = 0.003, Fig. 8A). There was also a
high correlation between the AUC of arterial (mean 113 + 6 min) and ve-
nous (mean 111 + 6 min) PWB ratio measurements (r = 0.93, p = 0.003,
Fig. 8B), and between the 60-min arterial (1.98 + 1.11 kBq/ml) and fit-
ted venous (1.91 + 1.13 kBq/ml) whole blood radioactivity concentra-
tions (r = 0.997, p<0.001, Fig. 8C). The correlation with the measured
62-min venous whole blood radioactivity concentration was similarly
high (1.91 + 1.13 kBq/ml, r = 0.997, p<0.001).
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Table 4
Characteristics of patients with traumatic brain injury.
Injected Interval between
ID activity [MBq] Age [years] Sex Ethnicity GCS Mechanism injury and scan Medications at time of scan
TBI 01 186 62 M European 3 Fall 4 days Propofol, fentanyl
TBI 02 182 34 M European 9 RTC 9 months Metformin
TBI 03 178 37 M European 6 RTC 9 months Nil
TBI 04 170 32 M European 8 Assault 3 days Propofol, Fentanyl, Atracurium
TBI 05 200 18 M European 6 RTC 7 days Propofol, Fentanyl, Atracurium
TBI 06 204 44 M European 5 RTC 7 days Propofol, Fentanyl, Midazolam, Atracurium
TBI 07 192 54 F European 4 Fall 16 months Nil
Overview Mean Mean 86% Male 100% Mean 57% RTC Mean 57% Anaesthetics43% No anaesthetics
187 + 12 40 + 15 14% Female European 6+ 2 43% Other 151 + 195 days
GCS, Glasgow Coma Scale; M, male; F, female; RTC, road traffic collision.
A B (& Whole blood radioactivity Fig. 8. Comparison of arterial and venous
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4. Discussion

We present a novel method for quantification of [8F]GE-179 bind-
ing in brain that is independent of arterial sampling and might, thus,
support wider use of this radiotracer for the assessment of the NMDA re-
ceptor. The tracer plasma input function estimated using a whole blood
image-derived input function (IDIF) combined with corrections from
five venous samples (i.e., parent fraction and PWB ratio) was highly
correlated with the gold standard input function determined from arte-
rial sampling. The mean bias in V; estimates from the IDIF + 5 venous
samples approach was small (< 2%) and the 95% limits of agreement
were within a range (—15.9% to 12.4%) that would permit detection of
differences seen with clinical diseases of at least 15-20%. Furthermore,
the IDIF + 5 venous samples approach did not increase the variability
of the V; estimates. The performance of this procedure was superior to
that provided by the IDIF combined with population-based corrections
that did not utilise venous sampling, and that of previously proposed ap-
proaches aimed at obviating arterial sampling, namely the use of SUV
or population-based input functions (McGinnity et al., 2018). However,
simplification of the IDIF + venous method to use a single late venous
measurement rather than data from five venous samples provided lower
correlations and larger differences in V estimates.

Previous attempts to simplify [18F]GE-179 quantification using SUV
or a population-based input function did not yield convincing results
and both methods failed to reproduce differences in grey-matter V; be-
tween patients with epilepsy and healthy volunteers (p>0.05) that were
previously obtained using arterial modelled data on the same dataset
(McGinnity et al., 2018). In addition, as there is no area of the brain
devoid of NMDA receptors, there is no suitable reference region avail-
able for kinetic modelling. An alternative quantification approach is the
estimation of an IDIF (Sari et al., 2017). However, an IDIF estimates ra-
dioactivity in whole blood and cannot determine the parent fraction of
the tracer in plasma or the PWB ratio. We showed here that using the
IDIF without any blood sampling did not provide accurate V; estimates;

venous [kBg/ml]

concentration 60min . . . . .
measurements in patients with traumatic brain

injury.

Comparison of the area under the fitted curve
(AUQ) for arterial and venous parent fraction
(panel A) and plasma-to-whole blood ratio
(panel B), together with a plot of 60-min arte-
rial vs. fitted venous whole blood radioactivity
concentration (panel C) in patients with trau-
matic brain injury. Black dots denote patients
that were receiving anaesthetic medications at
the time of scan; grey dots denote patients that
were not receiving anaesthetic medications at
the time of the scan. The venous data used the
five venous sample approach. On each plot the
dotted line is the linear regression fit, the grey
line indicates the line of unity.
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2
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a methodology completely devoid of blood sampling will not provide an
accurate input function for kinetic modelling unless the correction fac-
tors for parent fraction, PWB ratio and binding to plasma proteins are
invariant across subjects. We chose to substitute arterial with venous
samples and used venous data to determine the tracer parent fraction in
plasma, the PWB ratio and to scale the IDIF. Binding to plasma proteins
was found to be essentially invariant across subjects.

Previous studies found that venous samples taken with a longer delay
after tracer injection provided better approximations of radioactivity in
arterial blood (Takagi et al., 2004; Zanotti-Fregonara et al., 2012) and
points to an increasing equilibrium between venous and arterial blood.
In fact, the available evidence suggests there is little or no difference
between venous and arterial radioactivity concentration more than 40-
60 min after ligand injection (Meyer et al., 2005; Takagi et al., 2004;
Wakita et al., 2000; Zanotti-Fregonara et al., 2012). Similarly, we found
decreasing differences and increasing correlations between arterial and
venous radioactivity concentration over time. The whole blood radioac-
tivity concentration in a venous sample drawn 62 min after tracer injec-
tion was highly correlated with the 60-min arterial sample (r = 0.99 in
healthy volunteers and r = 0.997 in patients with TBI). There remained
a small underestimation of arterial data (mean difference —4% + 2% in
healthy volunteers and —5% =+ 5% in patients with TBI) that was cor-
rected using a linear model. Thus, we are confident that late venous
whole blood radioactivity concentration provided a good estimate for
calibrating the IDIF.

Greuter and colleagues performed an extensive evaluation of ve-
nous and arterial data (Greuter et al., 2011), correlating arterial and
venous data obtained at 3 to 7 timepoints in studies with five dif-
ferent tracers with 254 paired samples overall. They observed differ-
ences in correlation coefficients between tracers and measured param-
eters (radioactivity concentration, parent fraction, PWB ratio) conclud-
ing that arterial samples cannot be readily substituted with venous
measurements but require validation for each tracer and measured
parameter.
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We provide evidence that parent fraction, PWB ratio, and late whole
blood radioactivity concentration can be reliably approximated using
venous samples in ['8F]GE-179 PET. Similar correlations for late whole
blood radioactivity concentration (r > 0.99) and PWB ratio (r = 0.93)
were found for healthy volunteers and patients with TBL. The correla-
tion for parent fraction was lower in patients with TBI (r = 0.92 vs.
0.99 in healthy volunteers), but still supported the feasibility of venous
measurements.

The IDIF determined from the carotid arteries provided a simi-
lar shape to the input function determined from the radial artery.
These data provide support that a previously proposed procedure cor-
rectly quantifies the radioactivity concentration in the carotid arteries
(Sari et al., 2017). Residual differences between the arterial sampling
and IDIF-based input functions can be explained by a higher noise and
lower sampling rate in the imaging data for the first 6.5 min over which
arterial samples were continuously sampled. The slight overestimation
of radioactivity between 100 and 300 s after the injection for the IDIF
could be due to spill-in effects from tracer uptake in brain or other tissue.

The combination of IDIF and data from 5 venous samples provided
good estimates of the tracer plasma input function. This translated into
high overall, regional, and subject-wise correlations of V; estimates,
with only minimal mean bias (—1.7%). These correlations were higher
than those observed using SUV images or a population-based input func-
tion (McGinnity et al., 2018). The 95% limits of agreement of relative V
differences ranged from —15.9% to 12.4%, which indicates that regional
differences of more than 15-20% from control data could be defined as
abnormal within individual patients. This is important and means that
an IDIF and venous sampling approach for quantification of [18F]GE-179
binding can be utilised to identify clinically relevant effect sizes within
patient studies. In a population of patients with epilepsy not taking an-
tidepressants scanned with [18F]GE-179 PET we previously found a me-
dian whole brain V; of 8.0 compared to a median V; of 6.2 in healthy
volunteers (McGinnity et al., 2015). This is a 29% difference in global
Vi between patients and healthy volunteers, with significant focal V.
increases found within regions from four of 11 patients in the cohort.
This suggests that such differences would be detected by our method
and provides support for its practical applicability. Finally, there were
no relevant outliers and there was no difference in overall data variabil-
ity between the modelling techniques, providing further support for the
robustness of the proposed method.

A reduction in the number of venous samples to only one late sam-
ple (62 min after tracer injection) provided less accurate estimates. This
approach requires the use of population-based parameters in the func-
tions fitted to the parent fraction and PWB ratio data, combined with a
single parameter determined from the single venous sample. These es-
timates were less accurate than those obtained with a full set of venous
samples, which translated into inaccuracies in input function and Vi
estimates. There was significant bias in V; estimates (mean difference
9.9%) and the 95% confidence intervals of V; differences exceeded the
20% range, making this approach less reliable and not applicable for
clinical use. Simplifying the method further to remove blood sampling
altogether caused a significant degradation in accuracy, with V esti-
mates correlating poorly with those from arterial sampling (r = 0.45).
Hence, imaging without blood sampling cannot be recommended.

We confirmed the high correlation between arterial and venous par-
ent fraction, PWB ratio, and late whole blood radioactivity concentra-
tion in a validation cohort of TBI patients. While the number of patients
was small, it was a diverse group with four scans conducted within 7
days of severe injury on patients receiving anaesthetic medications to
facilitate intensive care management at the time of scanning. The re-
maining three patients were scanned during follow up at 9-16 months
post TBI. Thus, our method may be applicable to patients, and this in-
cludes those with physiological instability, and individuals who are re-
ceiving medications that could alter radiotracer metabolism.

In this work, we used two different PVC methods; one method (sin-
gle target correction) for the IDIF estimation and another one (iterative
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Yang) for the brain radiotracer binding quantification. The reason for
this is that iterative Yang requires segmentation of the whole image
(which in the brain was provided by the GIF parcellation), while single
target correction only requires a single region to be segmented (in this
case the carotid arteries).

Another potential approach for estimating an input function from
imaging data is simultaneous estimation (SIME), which estimates the
input function by fitting multiple tissue activity curves from different
brain regions (Sari et al., 2018). However, SIME involves the estimation
of a large number of parameters that may lack precision, and could need
scaling with one or more discrete blood samples (Feng et al., 1997).
The application of SIME to ['8F]GE-179 PET will be the focus of future
studies.

This study has limitations. We studied a small number of predomi-
nantly male adults scanned at a single centre due to the limited use of
this radiotracer so far. While we were able to compare arterial and ve-
nous blood sampling in TBI patients we did not include other patient co-
horts such as those with neuropsychiatric disorders. However, the large
variability of tracer binding (V) in healthy subjects and the high cor-
relation found between input function correction factors obtained from
arterial and venous blood in both healthy volunteers and TBI patients
makes us confident that the IDIF + venous approach may be generalis-
able to people with brain disorders taking medication. Our procedure
requires venous sampling that is invasive and labour intensive. Punc-
ture of the cubital vein is, nevertheless, less invasive and safer than
placement of a cannula in the radial artery, and does not require such
highly trained personnel. Estimation of the IDIF requires manual edit-
ing of the segmentation of the carotid arteries but this process could be
automated in future (Jodas et al., 2016). The comparison of arterial and
IDIF + venous data did not include correction for radioactivity bound
to plasma proteins. However, data obtained from the arterial samples in
both healthy volunteers and patients indicates that this correction, re-
quired to obtain the free tracer plasma input function, could be well ap-
proximated through a temporally-invariant 9% reduction of the tracer
plasma input function. The IDIF component could not be assessed in
TBI patients due to the lack of the necessary time-of-flight MRI. How-
ever, the accuracy of the IDIF is unlikely to differ significantly between
healthy volunteers and patients, irrespective of the patient cohort. Using
a group of 7 TBI patients, some of whom (n = 4) were studied during
the acute phase of their illness and required anaesthesia to facilitate in-
tensive care management, we demonstrated that changes in peripheral
metabolism can be reliably captured using venous samples in patients
as well as healthy volunteers.

To conclude, in healthy volunteers we validated a reliable method
to quantify ['8F]GE-179 binding that does not require arterial sampling
and showed that it may be applicable to patient cohorts such as those
with TBI. A simplification of the method using a single venous sample
rather than five provided less accurate estimates and should not be used,
unless full venous sampling is either not available, or feasible. The sin-
gle venous sample variant, however, provided superior results to one
that did not utilise blood samples. In addition, we present evidence for
reliable estimation of parent fraction, PWB ratio and late whole blood
radioactivity concentration for this tracer using venous sampling. These
approaches might widen the use of this tracer and the method could
also be applied to other radiotracers, but this will require separate vali-
dation.
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