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Abstract

The positron emission tomography (PET) radiotracer [''C]PBR28 has been increasingly used to image the translocator
protein (TSPO) as a marker of neuroinflammation in a variety of brain disorders. Interrelatedly, similar clinical pop-
ulations can also exhibit altered brain perfusion, as has been shown using arterial spin labelling in magnetic resonance
imaging (MRI) studies. Hence, an unsolved debate has revolved around whether changes in perfusion could alter delivery,
uptake, or washout of the radiotracer [''C]PBR28, and thereby influence outcome measures that affect interpretation
of TSPO upregulation. In this simultaneous PET/MRI study, we demonstrate that ['' C]JPBR28 signal elevations in chronic
low back pain patients are not accompanied, in the same regions, by increases in cerebral blood flow (CBF) compared to
healthy controls, and that areas of marginal hypoperfusion are not accompanied by decreases in ['' CJPBR28 signal. In
non-human primates, we show that hypercapnia-induced increases in CBF during radiotracer delivery or washout do not
alter [''C]PBR28 outcome measures. The combined results from two methodologically distinct experiments provide
support from human data and direct experimental evidence from non-human primates that changes in CBF do not
influence outcome measures reported by [''C]PBR28 PET imaging studies and corresponding interpretations of the
biological meaning of TSPO upregulation.
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Introduction
The radiotracer [''CJPBR28 has been used in brain
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positron emission tomography (PET) imaging studies
to image the 18-kDA translocator protein (TSPO).'?
TSPO is upregulated in activated microglia, reactive
astrocytes and macrophages, and is therefore a putative
biomarker of neuroinflammation.®> Using [''C]
PBR28, studies by our group and others have reported
differences in central nervous system levels of TSPO in
many conditions relative to matched control groups.®
While elevations in TSPO levels are more commonly
described in patient groups with neurodegenerative®’™’
and chronic pain disorders,>*!®'? decreases and/or
inconsistent results have been reported in psychiatric
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populations, particularly in substance abuse,
psychosis.'¢"

Importantly, patient populations can demonstrate
altered physiology, such as changes in perfusion or dif-
fusion, which could potentially affect radiotracer deliv-
ery. For instance, we have previously reported [''C]
PBR28 brain signal elevations in chronic low back
pain (cLBP),® fibromyalgia'® and migraine,'> which
are conditions that can also be accompanied by
increases in regional cerebral blood flow (CBF).?%%!
As such, understanding whether altered CBF can
affect [''CJPBR28 radiotracer delivery or target bind-
ing and adversely affect study outcomes when compar-
ing disease groups is of central importance for the
interpretation of studies employing this radioligand.

Evaluating the impact of physiological alterations
(e.g. blood flow) on TSPO signal is of interest also
for the assessment of simplified semiquantitative meas-
urements, such as standardized uptake value (SUV) or
SUV ratio (SUVR), as possible alternatives to quanti-
tative outcomes like the volume of distribution
(V1).2%?? These simplified measures and ratio metrics
have their limitations, including the possible loss of
biologically relevant signal (e.g., if the pseudoreference
region is itself affected by alterations in TSPO levels),
and the generally low agreement with absolute meas-
urements (SUVR correlates well with DVR,*** but is
usually not associated with Vr); we refer to existing
literature®® ! for a more in depth discussion. On the
other hand, provided that certain conditions are met
and with the interpretative caveats in the abovemen-
tioned literature, these measures can have some practi-
cal advantages: for instance, they do not require
invasive arterial sampling and, in some cases, were
found to have greater sensitivity to detect patient-
control differences due to lower variability.>> Due to
the potential dependency of SUV on blood flow
through radiotracer delivery and/or clearance, possibly
under non-equilibrium transient conditions, such out-
come parameters could theoretically be influenced by
alterations in CBF. Ratios can also be impacted if
delivery differs between target and reference tissues.
It is thus important to formally evaluate whether
blood flow alterations may affect any of these meas-
ures, as part of the efforts to assess the appropriateness
of their use.

Discussions about the effect of CBF changes on
radiotracer binding have repeatedly resurfaced.*?>°
In a previous study, we showed experimental evidence
that CBF does not affect radiotracer delivery of neuro-
receptor radiotracers using simultaneous PET and
magnetic resonance imaging (MRI):*’ By using two
dopamine D,/D; receptor PET radiotracers ([''C]
racloride and ['®F]fallypride) together with pseudo-
continuous arterial spin labeling (pCASL) during a

hypercapnia challenge, we were able to show that nei-
ther the shape of time activity curves nor other out-
come parameters like binding potentials were altered
even by very large changes in CBF. While these results,
together with simulations, indicate that CBF is unlikely
to affect radiotracer delivery, it remains to be evaluated
experimentally whether [''CJPBR28 signal is affected
by blood flow.

The goal of this study was to evaluate whether clin-
ical outcome measures of the radiotracer [''CJPBR28
would be influenced by changes in CBF affecting deliv-
ery of the radiotracer. Specifically, we aimed to (i) eval-
uate whether elevations in [''CJPBR28 signal observed
in cLBP patients might be accompanied by concomi-
tant increases in CBF in the same regions. We focus in
particular on SUVR with a pseudoreference region as
this metric has been previously used in this population.
Furthermore, we (ii) test whether large, experimentally-
induced transient changes in CBF affect [''C]PBR28
measurements in non-human primates (NHPs), specif-
ically during radiotracer delivery. Evaluating potential
CBF contributions to [''C]PBR28 signal will achieve a
better understanding of the biological meaning of ele-
vated TSPO levels observed in chronic pain and other
conditions.

Methods

Human study

15 cLBP patients, with or without radiculopathy (mean
& standard deviation age 39+ 13y/o; 7 female), and
19 pain-free healthy controls (mean age 46+ 14y/o;
11 female) took part in this study. PET imaging data
from these subjects were reported in previous publica-
tions.>!" All participants were screened for the
Alal47Thr polymorphism in the TSPO gene as varying
genotypes are known to predict binding affinity for the
[''C]PBR28 radiotracer: the Ala/Ala, Ala/Thr and Thr/
Thr genotypes are associated with high, mixed and low
affinity to TSPO, respectively.*® Due to this property,
only individuals with high or mixed affinity were
included in this study. In the cLBP patients, 3 patients
were mixed affinity binders, whereas in the healthy
controls, 7 subjects were mixed affinity binders, with
the remaining being high affinity binders. This study
was conducted at the Athinoula A. Martinos Center
for Biomedical Imaging at Massachusetts General
Hospital. The protocol and all procedures were
approved by the local Institutional Review Board
(IRB) and the Radioactive Drug Research Committee
(RDRC), and written informed consent was obtained
from all participants. The conduct of the study was
guided by the Ethical Principles and Guidelines for
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the Protection of Human Subjects of Research, gener-
ally known as the Belmont Report.

PET/MR image acquisition. All subjects underwent brain
imaging with a brain-dedicated integrated PET/MRI
scanner, consisting of a dedicated avalanche
photodiode-based BrainPET insert operating in the
bore of a 3T Tim Trio MR scanner (Siemens AG,
Healthcare Sector, Erlangen, Germany), equipped
with an 8-channel head coil. PET data were acquired
for 90 minutes after [''CJPBR28 radiotracer injection.
Pseudo-continuous ASL (pCASL) data consisted of 45
pairs of tagged-control images (pCASL label
duration=1.5s, post-labeling delay=1s, TI=2.5s,
TR =5s) and an M, calibration image (TR =383s).
The PET data from a subset of these participants,
but not the ASL data, have been included in previous
reports.®'! For the purpose of anatomical localization,
spatial normalization, as well as generation of attenu-
ation correction maps,* a multi-echo MPRAGE image
was  acquired (TR=2530ms, TEI1/TE2/TE3/
TE4=1.64/3.5/5.36/7.22ms, flip angle=7°, voxel
size = 1 mm isotropic).

PET and pCASL image processing. SUVRs from 60-90 min
post-injection PET data were computed as previously
described, with whole-brain® and occipital cortex®*
used as a pseudoreference region. CBF maps were cal-
culated from motion-corrected pCASL data using the
BASIL FSL toolbox (BAT=1.3s, T} gssue=1.35s, Ty,
blood = 1.65s, alpha=0.85), based on the Buxton
model.*>*! For each subject, calibration was performed
using a single M value, using as/_calib in BASIL. All
images were registered to the MNI152 standard space
using FLIRT and FNIRT in FSL*? and smoothed with
a FWHM of 8 mm. Intensity-normalized CBF maps
were created by dividing each voxel by the mean of
the whole-brain signal prior to smoothing in order to
account for global signal differences across sub-
jects.***> CBF data in both absolute and normalized
units were used in order to explore the relationship
between localized blood flow changes and PET
signal. For region of interest (ROI) analyses, mean
absolute and normalized CBF and [''C]PBR28 data
were extracted from the left and right thalamic region
obtained with FIRST in FSL.*®

Statistical data analysis. A voxelwise comparison of
pCASL maps in cLBP patients vs. healthy controls
was computed with Feat in FSL.*’” This analysis was
cluster-corrected using a cluster-forming threshold of
z=3.1 and a cluster size threshold of p =0.05. In addi-
tion, in order to be sensitive to any changes in perfu-
sion and thus reduce the likelihood of false negatives,
we performed a follow-up exploratory analysis using a

more liberal cluster-forming threshold of z=2.3 and a
cluster size threshold of p=0.05. Three relevant ROIs
were investigated in subsequent analyses: the left and
right thalamus (anatomically defined using the corre-
sponding labels from the probabilistic Harvard-Oxford
Subcortical Atlas [Harvard Center for Morphometric
Analysis], thresholded at the arbitrary value of 30), and
a “hypoperfusion cluster” (i.e., a cluster associated with
lower CBF in patients, as identified in the voxelwise
group analyses; see results).

In order to test whether observed changes in [''C]
PBR28 signal in cLBP patients might be linked to dif-
ferences in perfusion, we performed several analyses.
All statistical tests included TSPO genotype as a covar-
iate. Normality of the data was assessed using the
Shapiro-Wilk test as well as by inspection of the
quantile-quantile (QQ) plot. Age differences between
groups were not significant and hence were not includ-
ed as a covariate. First, we evaluated whether regions
previously shown to demonstrate [''CJPBR28 signal
elevations in patients (left and right thalamic labels)?
were also accompanied by changes in CBF, using an
unpaired t-test and genotype as a covariate. Note that
because the participants included in this study only
partially overlapped with those included in prior pub-
lications, the presence of significantly elevated thalamic
[''CIPBR28 signal was confirmed in the specific sample
included in this study, by performing an ANOVA, cor-
recting for TSPO genotype.

Second, we tested for group differences in [''C]
PBR28 signal in regions demonstrating group differ-
ences in CBF (hypoperfusion cluster), using an
ANOVA and correcting for TSPO genotype. In the
group analyses, we evaluated both whole-brain nor-
malized as well as absolute CBF in the group analyses,
and ["'C]PBR28 signal was quantified as SUVR rela-
tive to either whole-brain or occipital cortex (two pre-
viously used pseudoreference regions for [''C]
PBR28).>*

Finally, using multiple regression with TSPO geno-
type as a covariate, we tested for the presence of sig-
nificant associations between [''CJPBR28 signal and
normalized CBF within selected regions (i.e., the only
signals demonstrating any group differences).

Non-human primate study

Two female baboons (papio anubis, 9y/o, 16.5+ 1.5kg
average weight at each scan) underwent simultaneous
PET/MR imaging with three imaging sessions each.
The baboons were anesthetized (induction with
0.5mg/kg xylazine and 10 mg/kg ketamine, then main-
tenance throughout the scan with 1.5% isoflurane).
Physiological monitoring was continuous throughout
the study and included blood pressure, heart rate,
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end-tidal CO, and breathing rate. The baboons were
ventilated during the hypercapnia scan sessions (see
below). All procedures were approved by and complied
with the regulations of the Institutional Animal Care
and Use Committees (IACUC) at Massachusetts
General Hospital. All animal experiments were con-
ducted according to the Guide for the Care and Use
of Laboratory Animals and are reported in compliance
with the ARRIVE guidelines.

PET/IMR image acquisition & reconstruction. Images were
acquired on a whole-body human PET/MR scanner
at 3T (mMR, Siemens AG, Healthcare Sector,
Erlangen, Germany). The radiotracer [''C]JPBR28 was
injected as a bolus by hand and dynamic image acqui-
sition of PET emission data in list mode lasted for
90 minutes, starting with the injection of the radiotrac-
er. Injected activities were similar for each scan, with an
average of 5.984+0.09mCi. Arterial blood sampling
was done in all studies but was only partially acquired
in one hypercapnia scan in one animal due to a tem-
porarily dislocated arterial line and in one baseline scan
in the other animal due to failed metabolite correction
(see kinetic modeling section for how this was
addressed). Images were reconstructed with an ordi-
nary Poisson expectation maximization algorithm
with 3 iterations and 21 subsets. Corrections for scatter
and attenuation were applied during reconstruction.
The dynamic PET data volumes comprised of
4 x4 x2mm voxels in a 172 x 172 x 172 matrix, and
time bins of 10 x 30s, followed by 1 min frames.

A custom-built PET compatible 8-channel NHP
receive array was used for MR image acquisitions.*®
Pseudo-continuous ASL parameters were adopted for
NHPs* and were acquired throughout the entire study
duration (FOV =128 x 128 x 80 mm, resolution =2 x
2x4mm, TE=15ms, TR=4s, flip angle=90°,
number of RF pulse blocks=114, with labeling
duration=2.2s, post-labeling delay = 800 ms,
bandwidth = 1906 Hz/pixel). A two-fold acceleration
with  GRAPPA was used in the anterior-posterior
direction. Cerebral blood flow (CBF) was measured
during the entire [''CJPBR28 acquisition.

Hypercapnia study design. Each animal received a brain
[''C]JPBR28 PET/MRI scan under normocapnic and
hypercapnic conditions (“baseline” and “hypercapnia
scans”), with one set of scans completed on the same
day and all remaining ones on separate days and
spaced out by at least one month. In the baseline
scans, the animals were continually ventilated on
normal air. In the hypercapnia scans, the animals
were administered a 7% CO, gas challenge starting
3min before time of injection (TOI) and continuing
until 12min post-TOI, then additionally at 30—45 min

and 65-80 min after TOI. The hypercapnia blocks were
interleaved with normocapnia blocks, i.e. with the
NHP ventilated on normal air, for safety reasons and
so that maximum blood flow increase could be
achieved without the animal compensating for an
increase in CO,. One animal was imaged once with a
baseline [''CJPBR28 scan then twice under hypercap-
nia (7% CO,) conditions. Another animal received one
hypercapnia scan and then two baseline scans, with the
order of the baseline and hypercapnia sessions reversed
in the two animals.

PET data analysis & kinetic modeling. All PET images were
brought into a standardized NHP space consisting of a
population-average MRI-based atlas,*® based on regis-
tration of the MR anatomical image. Template-based
ROIs® were used to extract time-activity curves
(TAC:s) for the thalamus, prefrontal gray matter, occip-
ital cortex and whole-brain. The thalamus was selected
as this region has previously displayed high uptake of
[''C]PBR28 in human cLBP patients,’ the prefrontal
cortex was added to ensure inclusion of a cortical bind-
ing region, while the whole-brain and occipital cortex
have been previously proposed as possible a pseudor-
eference regions in the absence of a true reference
region for [''C]PBR28.>*

The effect of hypercapnia on the PET data was
assessed in two separate ways: (i) comparing outcome
measures (described below) across sessions and ani-
mals, and in addition (ii)) TACs were evaluated for
within-session changes associated with the hypercapnia
blocks.

As semi-quantitative outcome measures, standard
uptake values (SUV) and tissue ratios (also referred
to as SUV ratios (SUVR)) relative to whole-brain or
occipital cortex were computed for the scan interval
from 65-80 minutes. This interval was chosen to cap-
ture the hypercapnia period during this timeframe and
to match human studies that typically compute SUVR
from ~60-90 minutes.

For full quantification, kinetic modeling was carried
out using a 2-tissue compartmental model. First, the
plasma input function was metabolite-corrected and
fitted using Feng’s model.>® In the two cases with
failed arterial blood sampling (see image acquisition
section), the plasma input curve from the same
animal under the same scanning condition (baseline
or hypercapnia scan) was used, after correction for
time-delay for each experiment. This method was
chosen after inspecting all plasma curves and determin-
ing that they were similar within each animal across
experiments, except for a time-delay. Region-based
kinetic modeling using the extracted TACs was then
carried out in PMOD 3.9 (PMOD Technologies LLC,
Zurich, Switzerland). The blood volume fraction was
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initially fitted to the data and then fixed to ¥, =0.03 as
this provided a slightly better fit to the data compared
to a conventional arbitrary blood volume of 5%. A
delay term for the plasma input function was fitted
together with kinetic modeling using the 2-tissue com-
partmental model. Outcome parameters of interest
from the 2-tissue compartmental modeling included
the plasma-to-tissue rate constant K;, the tissue-to-
plasma rate constant k, and the Vt for each ROI.
The latter was used to calculate DVR relative to
whole-brain or occipital cortex.

ASL data analysis. All pCASL timecourse data were first
motion-corrected using AFNI software, spatially
smoothed with a 4 mm Gaussian kernel and registered
to the same standardized NHP space™ as the PET
images. To compute perfusion-weighted or relative
CBF changes, a pairwise subtraction of tag and control
data was performed and changes in % CBF were calcu-
lated relative to the first Smin of acquisition. Absolute
values of CBF on a voxelwise level were then calculated
using the M, calibration map and the single post-
labeling delay according to known methods.*
Absolute CBF values were extracted as an average
for the entire scan duration and for each normocapnia
and hypercapnia interval, with a specific focus on the
early PET tracer delivery period (1-15min) and the late
interval used for the calculation of PET outcome meas-
ures (65-80min). A combination of MATLAB code
(Mathworks, Natick, MA, USA) and open-access soft-
ware was used for all data analysis and processing.>

Statistical data analysis. Within the NHP data, correla-
tions between all [''C]JPBR28 outcome measures (Kj,
k,, tissue ratios or SUVR, DVR, SUV, V'r) and CBF
values were investigated on a regional basis for the
thalamus, prefrontal and occipital ROI using a linear
regression model. A significance level of p=0.05 was
used for all cases. Data normality was assessed
using the Shapiro-Wilk test and the quantile-quantile

(QQ) plot.

Theory: Relationship between radiotracer delivery
parameters and blood flow. Based on existing theoreti-
cal frameworks,**>*% the relationship between the
plasma-to-tissue rate K; and blood flow F can be
described as:

PSS
Ki=EXF=ky,— 1
1 X 2PSz (1)

Where

()

PS| = fI',PS?, (for plasma to tissue), and 3)
PS; = fypPSY, (for tissue to plasma) @)

If PSY~PSY, it follows that
Ki = /K )

where E is the extraction of the radiotracer, F is blood
flow, PS is the permeability-surface area product, f, is
the plasma free fraction, fyp is the free fraction in the
non-displaceable tissue compartment and K! is the true
rate with all tracer freely available for transport in
plasma (i.e. f, =1). As stated in equation (1), the
plasma-to-tissue rate K; is linearly dependent on both
blood flow and extraction. The latter is non-linearly
dependent on blood flow and may be further affected
by blood flow through changes in permeability and
surface area with flow. Moreover, the value of K;
depends on the free fraction of radiotracer in plasma
(equation (5)). If either E or f, is low, the effect of
blood flow on K is inherently limited by that fraction.

Results

Human subjects

A voxel-wise comparison of CBF values from pCASL
maps between cLBP patients vs. healthy controls using
stringent  statistical thresholding (cluster-forming
threshold: z=3.1; cluster size threshold: p=0.05) did
not reveal any significant group differences in perfusion
(whether using absolute or whole-brain normalized
CBF maps). Even when relaxing the cluster-forming
threshold to z=2.3, voxelwise group comparisons of
absolute CBF maps revealed no group differences.
However, using this lenient threshold, analyses of
whole-brain normalized CBF maps did reveal areas
of hypoperfusion (but no hyperperfusion) in cLBP
patients compared to healthy controls, in a cluster
encompassing motor cortex, supplementary motor
area, anterior and posterior cingulate cortices, and cor-
ticospinal tracts (Figure 1 and Table 1). Notably, even
at the more lenient threshold, no significant group dif-
ferences in CBF signal were apparent in the thalamus,
the region exhibiting the most consistent [''C]JPBR28
signal elevations in our previous cLBP studies using the
outcome measures SUVR?® or V1 2* Whole-brain nor-
malized CBF values in the hypoperfusion cluster were
0.824+0.19 (mean+SD) for the cLBP patients and
1.06 +0.14 for the healthy controls. Despite the lower
CBF values, ['"CJPBR28 SUVR (60-90min, with
whole-brain as the “pseudoreference”) was not signifi-
cantly different between groups in this hypoperfusion
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Figure I. (a) Areas characterized by hypoperfusion in chronic low back pain (cLBP) patients compared to healthy controls (HC). The
significant hypoperfusion cluster comprises the supplementary motor area, posterior cingulate gyrus, middle frontal gyrus and
superior frontal gyrus. Group comparisons of CBF measurements between CLBP patients and healthy controls show an increase in

CBF in the hypoperfusion cluster (b) but not in the thalamus (c,d).

(ef.g) Elevated [''C]PBR28 SUV ratios (SUVR, relative to whole

brain) were found in cLBP patients in the hypoperfusion cluster and the left thalamus but were not accompanied by increases in CBFE.
Notations: >k: significant in voxelwise analyses (cluster-forming threshold of z=2.3 and cluster size threshold of p =0.05); ns: not
significant; SFG: superior frontal gyrus; MFG: middle frontal gyrus; SMA: supplementary motor area; PCL: paracentral lobule.

cluster (p =0.18), with a mean SUVR of 1.00 +0.04 in
the cLBP patients vs. 0.98 £0.03 in the healthy con-
trols. Similarly, no significant differences were found
between groups for SUVR with occipital cortex as a
reference, with a mean SUVR of 0.9440.06 in the
cLBP patients vs. 0.92 +0.06 in the healthy controls.

While a thalamus-focused ROI analysis did not yield
any group differences using whole-brain normalized
nor absolute CBF values (Figure 1(c) and (d)), in the
same subjects we confirmed the presence of elevated
thalamic [''CJPBR28 SUVR (with whole-brain as
the reference) in cLBP compared to controls.
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Table 1. CBF reductions in cLBP patients (hypoperfusion cluster).

# Voxels p value Zmax Value x (mm) y (mm) z (mm) Label

2364 0.0104 35 —26 0 62 L SFG / MFG
348 6 —6 60 R SMA
3.13 12 —12 46 R pMCC
2.78 2 -20 64 R PCL
271 2 10 36 R aMCC

SFG: superior frontal gyrus; MFG: middle frontal gyrus; SMA: supplementary motor area; pMCC: posterior middle cingulate cortex; PCL: paracentral

lobule; aMCC: anterior middle cingulate cortex.
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Figure 2. Scatterplot of [''C]PBR28 tissue ratios (relative to whole brain, 60-90 min post-injection) vs. cerebral blood flow (CBF)
acquired from pseudo-continuous arterial spin labelling for the hypoperfusion cluster (a), left thalamus (b) and right thalamus (c).

Equivalent scatterplots of standard uptake values (SUVs) vs. CBF are shown for the same regions (d—f). No significant correlations
between [''C]PBR28 tissue ratios or SUV and blood flow were detected, after adjusting for genotype, suggesting that TSPO signal
elevations are not accompanied by increases in CBF in CLBP patients or controls. HAB: high affinity binders, MAB: medium affinity

binders.

These differences were statistically significant in the left
thalamus (p =0.02 with mean SUVR of 1.154+0.04 in
the cLBP patients and 1.11 +0.05 in the healthy con-
trols) and trended towards significance in the right
thalamus (p =0.06 with mean SUVR of 1.16 £0.05 in
the cLBP patients and 1.124+0.06 in the healthy con-
trols; see Figure 1(f) and (g)). Significance levels in this
study were set to p=0.05. Using the occipital cortex as
a reference for the SUVR calculation, similar results
were observed with a significantly higher SUVR in
the left thalamus (p=0.045 with mean SUVR of
1.094+0.08 in the cLBP patients and 1.054+0.09 in
the healthy controls) and a marginally higher SUVR
in the right thalamus (p=0.07 with mean SUVR of

1.104+0.09 in the cLBP patients and 1.06+0.09 in
the healthy controls).

Correlation analyses between SUVR and normalized
CBF were not significant, including genotype as a covar-
iate, neither for the hypoperfusion cluster (R*=0.04,
p=0.52) nor for the left thalamus (R*=0.02, p=0.52)
or right thalamus ROI (R*=0.09, p =0.12) (Figure 2(a)
to (c)). Equivalent analyses using SUV and normalized
CBF did not yield significant correlations either
(Figure 2(d) to (f)). Even though cLBP patients and
healthy controls showed a relatively wide distribution
of absolute CBF values that spanned from approximate-
ly 10-50 mL/100g/min, corresponding SUVRs or SUVs
did not exhibit a linear relationship with CBF.
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Non-human primates

Among the hypercapnia experiments, but not during
baseline scans, we observed significant increases in
CBF during hypercapnia intervals, indicating that the
experimental manipulation with 7% CO, was success-
ful. Absolute whole-brain CBF values were on average
92 + 14mL/100g/min during normocapnia and 121+
15mL/100g/min  during  hypercapnia intervals.
Figure 3 shows representative experimental data from
one baboon for a baseline (blue) and a hypercapnia
session (red) for the thalamus and the whole-brain.
Experimental data from all six experimental sessions
in the two animals are shown in Supplemental
Material (Figure S1). The %CBF changes during the
hypercapnia intervals are clearly visible through elevat-
ed %CBF (Figure 3(a) and (b)) during administration
of 7% CO,. Despite large changes in %CBF up to
100% increase, the corresponding [''C]JPBR28 TACs

from baseline and hypercapnia sessions are very similar
(Figure 3(c) and (d)), indicating two findings: (i) [''C]
PBR28 pharmacokinetics across visits do not show
measurable differences between the hypercapnia vs.
baseline scan and (ii) the CBF change pattern reflecting
the normo- vs. hypercapnia blocks within an experi-
mental session are not observed in the [''C]JPBR28
TAC dynamics. For the two scans in Figure 3, [''C]
PBR28 tissue ratios from 65-80min for thalamus/
whole-brain are 1.16 at baseline and 1.10 during the
hypercapnia scan. Absolute CBF values during this
interval were 73mL/100g/min (thalamus), 104mL/
100g/min (whole-brain) at baseline and 97 mL/100g/
min (thalamus), 112mL/100g/min (whole-brain) for
the hypercapnia scan.

We evaluated the radiotracer delivery parameters
during different blood flow conditions through quanti-
fication using a 2-tissue compartmental model. As a
main finding, neither the plasma-to-tissue rate constant
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Figure 3. (a, b): Relative cerebral blood flow changes (CBF) as measured with pCASL (smoothed with a Gaussian kernel across 16
points) from two experimental sessions that include baseline and hypercapnia conditions from one representative animal. Hypercapnia
periods (delineated as orange shaded areas) clearly show increased CBF (orange line) compared to a baseline scan without hyper-
capnia (blue line), both in the thalamus and across whole brain. (c, d): Corresponding, simultaneously acquired, time activity curves
(TACs) from two bolus injections of [''C]PBR28, shown for the thalamus and the whole brain. The baseline TACs (blue circles) and
the TACs with hypercapnia intervention (orange triangles) are similar in magnitude and shape, with no detectable changes observed

despite the increased CBF.
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K, nor the tissue-to-plasma rate constant k, showed
values that were elevated with higher blood flow.
Figure 4(a) and (b) shows the rate constants from
each experimental session for direct comparison pur-
poses in each animal. Average values of K; and k» are
listed in Table 2 for the thalamus, prefrontal gray
matter (GM) and occipital cortex. For the whole
brain, K; values were 0.11+0.02 vs. 0.11+£0.00 ml/
cm’/min in the baseline vs. hypercapnia sessions,
respectively. Average values of k, for the baseline vs.
hypercapnia sessions were 0.06+£0.02 vs. 0.08+
0.02min"" in whole-brain, respectively. To assess rele-
vant blood flow parameters, we modulated and mea-
sured CBF during the radiotracer delivery and uptake
period. During the first 15 minutes after TOI, CBF was
increased during all hypercapnia sessions compared to
baseline scans (Figure 4(d)). Absolute CBF values
(mean + SD) during these first 15min for the baseline
vs. hypercapnia sessions were 9242 vs. 118 £+ 19ml/
100g/min in the whole-brain (thalamus, prefrontal
GM and occipital ROI values are listed in Table 2).

For all three hypercapnia blocks (0—15min,
30-45min, 65-80min) in the hypercapnia sessions,
CBF was increased compared to the equivalent
times in the baseline sessions. Figure 4(e) shows
the comparison for the 65-90 min hypercapnia block.
The average CBF measurement for the entire scan
time of 90 minutes is shown in Figure 4(f). In these
comparisons, mean CBF from the entire duration of
the scan is reported, which includes both hypercapnia
and normocapnia intervals, and thus show smaller fluc-
tuations on average compared to hypercapnia-only
intervals.

A linear regression between K or k, and CBF values
did not reveal correlations between these parameters in
any of the ROIs. Figure 4(c) visualizes the relation
between K; and the CBF data from the first 15 minutes
for the four ROIs, together with the regression line for
just the thalamus ROI, which has a coefficient of deter-
mination of R>=0.09. The correlation between k> and
the first 1-15min CBF measurement resulted in an
R*=0.16 (Figure S2 in Supplemental Material).

(a) Plasma-to-tissue rate constant K, (b) Tissue-to-plasma rate constant k, (c) K, vs. CBF (pCASL): 1-15 min
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Figure 4. [''C]PBR28 delivery and washout rate constants (derived form a 2-tissue compartmental model), and simultaneously

acquired cerebral blood flow (CBF) values (measured with pseudo-continuous arterial spin labeling (pPCASL)) in two non-human

primates (NHP), in a total of six imaging sessions. (a) Estimates of the plasma-to-tissue delivery rate constant K; do no show increases
in K, at baseline versus hypercapnia conditions. (b) Estimates of the tissue-to-plasma rate constant k, show larger variation, with a
small decrease in NHP | and an increase in NHP 2, but no consistent pattern with higher blood flow values. (c) Comparisons between
K, and CBF from the first 1-15min do not display evident correlations for any of the regions. The regression line for the thalamus is
displayed for visualization. (d, ) CBF values show consistently increased blood flow during the hypercapnia periods applied at the
beginning (1-15 min) of the hypercapnia scan during tracer delivery and during the late 65-80 min interval compared to baseline scans.
(f) Average CBF values for the entire duration of the scan are only slightly increased due to the hypercapnia periods being interleaved

with baseline normal air levels.
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Table 2. [''C]PBR28 kinetic parameters and outcome measures for baseline vs. hypercapnia sessions together with cerebral blood

flow (CBF) measurements in the non-human primates.

Thalamus Prefrontal gray matter Occipital cortex

Baseline Hypercapnia Baseline Hypercapnia Baseline Hypercapnia
Ky (ml/cm?/min) 0.1340.02 0.1440.01 0.1 £0.02 0.1 £0.00 0.1440.04 0.16 +0.03
ky (min~") 0.06 4 0.02 0.09 4 0.02 0.05 4+ 0.02 0.08 40.02 0.07 +0.03 0.08 4 0.02
Vi 85+26 67+19 74+3. 57415 74+13 7.1+£26
DVR
(Ref: whole-brain) 1.1 +0.0 I.1+0.1 1.0+0.1 0.9+0.1 1.04+0.2 I.140.1
(Ref: occipital) .1 £0.2 1.0+0.2 1.0£0.3 08+0.2 n/a n/a
SyyLes-20min] 1.340.2 I.1+0.1 1.0+0.2 0.9+02 1.240.1 12402
SUVRI[65-90min] 1.240.0 1.1 +£0.0 0.9+0.1 0.9+0.1 1.1+0.2 12402
(Ref: whole-brain)
SUVR[63-20min] I.1+£0.2 0.9+0.1 0.9+0.2 0.8+0.2 n/a n/a
(Ref: occipital)
CBFL'="'5 ™I (m]/100g/min) 84+8 105+ 19 86+4 112+ 16 96+ 30 179 + 34
CBFL6>80minl (111/100g/min) 95420 109+ 18 101 +£13 115+7 115+ 12 201 +76

Note: Average values (with standard deviation) for the plasma-to-tissue rate constant K, the tissue-to-plasma rate constant k,, volume of distribution
(V7), distribution volume ratios (DVR), standard uptake value (SUV for 65-90 min) and corresponding tissue ratios (SUVR), with whole-brain and
occipital cortex as a reference (ref), are shown for three regions of interest. Absolute cerebral blood flow (CBF) values obtained with pseudo-
continuous arterial spin labeling are shown for the first |5 min and for the 65-80 min periods. Data from a total of 6 experimental sessions obtained in
two animals are shown, with baseline and hypercapnia values representing n =3 sessions each (see Methods for further details).

Given the experimentally determined delivery and
blood flow parameters in the non-human primate
experiments, we determined extraction of [''C]PBR28
to be Epgrog =0.14. This was calculated using the rela-
tionship described in equation (1) and average baseline
parameter values from the thalamus ROI from our
experiments: K; =0.13 ml/cm®/min and CBF =0.9 ml/
g/min.

The two main outcome measures we evaluated were
tissue ratios (SUVR) and distribution volume ratios
(DVR) as outcome parameters that are commonly
used in clinical [''CJPBR28 studies. In both cases,
ratios of ROIs were computed relative to the whole-
brain or occipital cortex following previously published
methods due to the lack of a true reference region
devoid of TSPO for [''CJPBR28. Both SUVRs and
DVR were found to be robust measurements and
repeated measurements found very similar values for
both outcome measures (Figure 5(a) and (b)).
Average tissue ratios (SUVR) and DVRs for the thal-
amus, prefrontal and occipital cortex relative to whole-
brain for the baseline vs. hypercapnia sessions are
shown in Table 2. As an alternative outcome, the
same outcome parameters for the thalamus and pre-
frontal cortex are also shown relative to the occipital
cortex.

Correlations between SUVR and CBF, both from
the 65-80 min scan interval, did not reveal an obvious
linear relationship for any of the ROIs (R*=0.37 for
the thalamus, Figure 5(c)). Similarly, DVR and CBF

from the early 1-15min interval did not exhibit corre-
lations for any of the ROIs (R> = 0.04 for the thalamus,
Figure 5(d)). For the latter comparison, we used CBF
measurements from the early timepoint since these
showed the largest increases, thus representing the
most extreme scenario. Correlations with CBF meas-
urements from other timepoints did not show correla-
tions either.

Considering the effect of blood flow on alternative
outcome measures, we compared CBF data to absolute
SUV and PV, which is shown in Figure S3 in
Supplemental Material. As expected, both SUV and
Vr values showed more variability compared to the
outcome measures based on ratios. Despite the vari-
ability in these outcome measures, we did not observe
any consistent relationship to increases in CBF. Linear
regressions for each ROI did not yield any significant
correlations, neither for SUV vs. CBF for the 65-80 min
interval, nor for Vr vs. CBF for the first 1-15 min inter-
val (Figure S3). Mean SUV values for 65-80 min were
on average 1.3 £0.2 (thalamus), 1.0 £0.2 (prefrontal),
1.24+0.1 (occipital), 1.1£0.2 (whole-brain) during
baseline sessions and 1.1+0.1 (thalamus), 0.9+0.2
(prefrontal), 1.2+£0.2 (occipital), 1.0+0.1 (whole-
brain) during hypercapnia sessions. Mean Vt values
were 8.5+ 2.6 (thalamus), 7.4+ 3.1 (prefrontal), 7.4 £
1.3 (occipital), 7.5+ 2.5 (whole-brain) during baseline
sessions and 6.7+ 1.9 (thalamus), 5.7+ 1.5 (prefron-
tal), 7.1+£2.6 (occipital), 6.2+1.7 (whole-brain)
during hypercapnia sessions.
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Figure 5. (a) Tissue ratios (SUVR) relative to whole brain from the 65-80 min scan interval show almost identical values between
baseline and hypercapnia conditions for each region of interest (thalamus, prefrontal gray matter (GM) and occipital cortex) in each
animal. (b) Linear regressions between SUVR and cerebral blood flow (CBF) from the 65-80 scan interval do not show obvious
correlations in any of the three regions (regression line shown for thalamus ROI). (c) The distribution volume ratio (DVR) shows
robust outcome measurements that have similar values between baseline and hypercapnia experimental sessions. This suggests that
neither outcome measurement is noticeably influenced by changes in cerebral blood flow. (d) DVR was not correlated to CBF from
the 1-15min scan interval in any of the regions, suggesting no dependency of these outcome measures on CBF.

Discussion

In this study, we investigated associations between and
effects of CBF changes on [''C]PBR28 delivery param-
eters, radiotracer kinetics and outcome measures. In
humans, our results did not reveal any statistically sig-
nificant correlations between [''C]JPBR28 signal and
CBF, even in marginally hypoperfused areas in the
brain of cLBP patients. These results support the
absence of a meaningful influence of CBF on
the [''CJPBR28 signal, suggesting that the [''C]
PBR28 elevation observed in CLBP patients are reflec-
tive of a genuine regional upregulation of the glial
marker TSPO. In non-human primates, we deliberately
increased CBF using a 7% CO, hypercapnia challenge
to investigate any causal relationships between CBF
changes and [''CJPBR28 parameters. Despite large
increases in CBF, we did not observe consistent differ-
ences in time activity curves, radiotracer delivery
parameters or outcome parameters between baseline
sessions and sessions with increased CBF. Based on
visual inspection, no correlations were found between

[''CJPBR28 micro- or macro-parameters or semi-
quantitative outcome measures with CBF measure-
ments; we note that sample sizes in the NHP dataset
are not sufficiently large for statistical inference. Still,
this dataset provides insight as it spans a large range in
CBF values due to the hypercapnia intervention, with
little variation in PET parameters. Overall, the results
from this study suggest that changes in CBF do not
affect [''C]JPBR28 signal, and support our contention
that [''C]JPBR28 outcome parameters are not driven by
blood flow effects, and reflect genuine differences in
TSPO binding.

Using combined PET/MR imaging allowed for con-
current measurements of CBF and [''C]JPBR28 signals
in cLBP patients and healthy controls, and we were
able to directly compare CBF values to [''CJPBR28
SUV and SUVR outcome measures in the same indi-
viduals during the same scan. While elevations in [''C]
PBR28 signals as well as changes in CBF in cLBP
patients have been reported from separate studies,
this is the first time a concurrent measurement of
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CBF and [''CJPBR28 signals is reported and directly
compared to our knowledge. In our cohort of cLBP
patients, we did not find significant elevations in CBF
in any brain regions (including in the thalamus, i.e., the
region exhibiting the most consistent TSPO signal ele-
vations in cLBP?). Rather, we solely observed reduced
CBF in a localized cluster, and only when using a lib-
eral threshold. The lack of robust CBF differences in
cLBP patients and controls at baseline (i.e., in the
absence of a pain challenge) is compatible with previ-
ous results from our group, in which statistically sig-
nificant increases in CBF were reported only after the
performance of clinical maneuvers that exacerbated the
patients back pain, but not prior to the challenge.”®
While the evaluation of patients at baseline meant
that we could not directly evaluate the effect of CBF
increases in cLBP patients, we did evaluate the associ-
ation between TSPO signal and CBF measurements in
correlational analyses. Overall, the fact that CBF
values were not correlated with [''CJPBR28 SUV or
SUVR measures provides support for [''C]PBR28
signal elevations (observed in this and previously pub-
lished studies®'") not being driven by CBF, and truly
representing TSPO upregulation.

Importantly, the statistics employed on the human
data in our study were designed to reject the null
hypothesis, not to conclude equivalence (i.e., that two
groups do not differ). For this reason, a larger, well-
powered study allowing for the implementation of
equivalence tests will be required to conclude that,
for instance, resting thalamic perfusion in cLBP
patients is equivalent to that of pain-free healthy con-
trols. Still, our current study does allow us to conclude
that we are unable to detect statistically significant
group differences in CBF between groups, despite the
presence of statistically significant differences in [''C]
PBR28 signal, suggesting that the former does not have
a sizable impact on the latter.

As a complementary arm of this study, our non-
human primate experiments were designed to test a
causal link between elevated CBF and [''C]PBR28
pharmacokinetics and outcome parameters.
Hypercapnia interventions are a well-established meth-
odology for inducing large and robust increases in
CBF.>*" For physiological stability and safety of the
animals, it was most feasible to administer 7% CO, in
blocks rather than continuously for the entire duration
of the experiment. Hence, we focused on increasing
CBF during crucial time periods of 15minutes each,
which were during radiotracer uptake at the beginning
of the PET scan and at later timepoints when clinical
semi-quantitative outcome measurements are usually
recorded. The large CBF changes within each scan
allowed us to exclude within-scan effects of CBF fluc-
tuations on [''CJPBR28, whereas comparisons between

separate baseline and hypercapnia sessions suggested
no dependency of pharmacokinetic rate constants or
outcome measures on CBF. While hypercapnia-
induced CBF increases may not be driven by the
exact same mechanism as CBF changes caused by dis-
ease or variations in normal physiology, we expect that
the effect of such large CBF increases as we observed to
have similar effect on radiotracer delivery and washout
and be representative of other induced CBF changes
that could occur.

Limitations of this study include the use of anesthe-
sia and small sample size in the non-human primate
experiments. Both of these factors are driven by prac-
tical challenges in carrying out the animal studies.
While anesthesia represents a separate state from the
awake brain and may influence absolute levels of [''C]
PBR28 uptake,” our main question of investigation —
the response to large changes in CBF — were evaluated
both within and across animals under the same anes-
thetic conditions and are thus expected to provide valid
insights for translational results. While our overall
sample size was small, driven by ethical constraints in
the use of NHPs, the effect size of the increases in CBF
is very large and can be observed at the single session
level. Results were derived from repeated scanning of
animals in addition to comparisons from within-session
hypercapnia blocks, providing insightful results that
are not just driven by the number of independent imag-
ing sessions. Moreover, in two cases, we employed a
time-delay-corrected plasma input curve (under same
baseline or hypercapnia conditions) from the same
animal but a separate session, where arterial blood
sampling was not acquired for the full duration of the
experiment. This may have contributed to additional
variability of the reported results but, inspection of
the data indicated that it did not impact conclusions
that would have been drawn if these experiments had
been excluded from the study.

The results from this study are concordant with the-
oretical predictions: Given that the plasma-to-tissue
rate constant K; and thus extraction fraction of ['!'C]
PBR2S (as calculated from experimentally determined
K, and CBF in this study) are relatively low (K; =0.13,
E=0.14) compared to flow tracers, even large changes
in blood flow are expected to only have a small, and
thus probably not measurable, effect on K;. We also
note that our reported K, values are in the same range
as previously reported values in the literature.’>
Moreover, since the plasma free fraction f, of ['cy
PBR28 has been reported to be small, around 3-5%%
for humans and non-human primates, and K is limited
by this parameter (see equation (5)), we again expect
blood flow to have a minimal impact. In line with these
predictions, in this study, we provided experimental
measurements of K; and k, together with concurrently
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acquired CBF measurements and showed that these
microparameters did not show a measurable dependen-
cy on CBF even over a large range of blood flow
values. Theoretically predicted small changes in K
due to blood flow further have a negligible effect on
macroparameters when it is assumed that K; and k, are
both proportionally affected by changes in blood flow,
as has been shown in simulations for other radio-
tracers.””®"*? Finally, for other TSPO radiotracers
that are characterized by similarly small K; and/or f,
values as [''C]JPBR28, we would also expect a lack of
blood flow dependence on delivery and outcome
parameters: For example, [''CJER176 has been
reported to have a similar K1,59 while [''C]-(R)-
PK 11195, ['"*FIGEI80 (both have a very low f, of I-
3%), as well as [''C]DAA1106 are known to have a K
that is at least ten-fold lower.>** Given these charac-
teristics, we would expect the delivery of these radio-
tracers to not be driven by alterations in CBF, similar
to [''CJPBR28. Even though the TSPO ligand [''C]
DPA-713 has a reported K; on the order of 0.25,
with an f,, of 9%, this is still likely not sufficiently
large to show flow sensitivity for physiologically rele-
vant flow changes, given the large range of blood flow
values we have studied here and previously.?’

Overall, the lack of a statistically significant corre-
lation between radiotracer outcome measures and
blood flow is in line with results reported in the litera-
ture. Our group previously demonstrated that the
dopaminergic radiotracers [''Clraclopride and ['*F]
fallypride do not show a dependency on CBF, as mea-
sured with pCASL.*” Similarly, delivery parameters
and blood flow were not found to be significantly cor-
related in a study comparing K, values from [''C]PiB
and ['°OJwater.®* While the latter and other studies
found positive correlations between relative CBF meas-
urements from ['>OJwater and the relative delivery
parameter R, > or early frame amyloid radiotracer
data,®®®’ these results are consistent with normalized
delivery parameters being a surrogate for normalized
CBF. The latter is not equivalent to a direct dependen-
cy of K; on blood flow. Overall, our results that K; and
radiotracer outcome parameters are not significantly
associated with physiological changes in CBF as deter-
mined by pCASL is in agreement with existing study
findings both in terms of experimental results as well as
from a theoretical perspective.

Conclusion

In summary, our study evaluated associations between
CBF and [''"C]JPBR28 signal in humans, contrasting
cLBP patients vs. healthy controls. Through simulta-
neous acquisitions of CBF and [''C]JPBR28, we found
that [''C]JPBR28 signal changes are not correlated with

CBF. Secondly, in non-human primates, we deliberate-
ly increased CBF using a hypercapnia challenge with-
out finding changes in [''CJPBR28 pharmacokinetic
microparameters or outcome measures. Together,
these results provide evidence that neither [''C]
PBR28 pharmacokinetics nor (semi-) quantitative out-
come measures are affected by fluctuations in CBF,
thereby supporting the interpretation of elevated [''C]
PBR28 signals as genuine upregulation of the glial
marker TSPO.
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