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A novel blood-free analytical framework for the quantification
of neuroinflammatory load from TSPO PET Imaging

Supplementary Material

S1. Study participants and datasets

Dataset 1. KCL [''C]PBR28 scans

A total of 118 dynamic ['!C]PBR28 PET and MR images collected both from healthy
volunteers and patients were gathered from the KCL historical database (Age: 38+19 years;
Sex: 84 male and 34 female; Genotype: 87 HABs and 31 MABs).

The dataset included 72 healthy controls (HC) with no family history of psychiatric or
neurological conditions !, 14 ultra-high-risk of psychosis (UHR) subjects (Bloomfield et al.,
2016), 14 schizophrenia (SCZ) patients (Bloomfield et al., 2016), and 5 Alzheimer’s disease
(AD) patients # having test-retest scans with a mean inter-scan time of 82 + 10.2 days, starting
at the same time of the day, and with no significant difference between injected doses (test =
339.0 £ 4.6 MBq, retest = 350.8 £ 14.2 MBq, p = 0.154)). In addition, 7 subjects with
schizophrenia (6 of which were included among the 14 SCZ patients) had 2 scans, before and
immediately after receiving a 90mg oral dose of the TSPO antagonist XBD173, designed to
reach between 66% and 77% of TSPO brain occupancy (XDB173 blocking before and
XDBI173 blocking after). The second scan was acquired approximately two years after the first
acquisition - except for one subject for which the second scan was acquired only 1 week after
- at a similar time of the day to the first one °.

More details on participants and data acquisition can be found in the original references '~>.
However, all acquisition protocols included an initial low-dose head computer tomography
(CT) scan, acquired for attenuation and scatter correction, using a Siemens Biograph™
TruePoint™ PET-CT scanner (Siemens Medical Systems, Germany) and a dynamic PET scan
after a bolus injection of ['!C]JPBR28 (Injected Dose: 328.10 + 32.79 MBq). The
radiopharmaceutical preparation protocol was consistent in all the studies and was performed

on-site immediately prior to use according to local guidelines and regulations.
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For all the data, dynamic PET acquisition lasted 90 min and was binned into 26 frames
(durations: 8%15s, 3x1min, 5x2min, 5x5min, 5x10min), except for the 10 AD dynamic image
data which were collected over 60 min and binned into 23 frames (durations: 8x15s, 3x1min,
5x2min, 5x5min, 2x10min). PET images were reconstructed using filtered back projection,
with a Smm isotropic Gaussian smoothing, and corrected for random coincidences, attenuation,
and scatter effects. T1w MR brain scan data were collected using a Siemens 3T MR scanner
(either a Siemens Tim Trio or Siemens MAGNETOM Verio). In the case of AD patients, a

clinical 1.5T T1w MR was carried out instead.

Dataset 2. MGH ['!C]PBR28 scans (scanner 1)

Data included a total of 46 [''C]PBR28 scans acquired from 27 HCs and 19 patients affected
by fibromyalgia (FM) (Age: 47 + 13 years; Sex: 15 male and 31 female; Genotype: 30 HABs
and 16 MABs). Data were gathered from previous studies ®®. In all studies, dynamic PET data
acquisition was performed for 90 min after bolus injection of [!!C]JPBR28 tracer (Injected
Dose: 488.16 = 54.99 MBq) with an integrated PET/MR scanner consisting of a dedicated brain
avalanche photodiode-based PET scanner (Kolb et al., 2012) in the bore of a Siemens 3T Tim
Trio MRI. Data were reconstructed using the 3D ordinary Poisson ordered subset expectation
maximization (OP-OSEM) algorithm provided by the manufacturer and binned into 28 frames
(duration: 8x10s, 3x20s, 2x30s, 1x1min, 1x2min, 1x3min, 8x5min, 4x10min). A multi-echo
MPRAGE volume was acquired before tracer injection for anatomical localization and
generation of attenuation correction maps using an in-house developed MR-based approach °.

[''CTPBR28 was produced in-house using a procedure modified from the literature °.

Dataset 3. MGH ['!C]PBR2S scans (scanner 2)

Data included dynamic [''C]JPBR28 PET/MR images from 26 HCs (Age: 55 + 15 years; Sex:
12 male and 14 female; Genotype: 13 HABs and 13 MABs) simultaneously collected on a
Siemens Biograph mMR whole-body PET/MR scanner. Full details on the acquisition can be
found in '

[''C]PBR28 (Injected Dose: 519.44 £+ 63.04 MBq), binned into 28 frames (duration: 8x10s,

Dynamic PET data were acquired for 90 minutes after a bolus injection of
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3x20s, 2x30s, 1xlmin, 1x2min, 1x3min, 8x5min, 4x10min) and reconstructed using the
Ordered Subset Expectation Maximisation (OSEM) with four iterations, 21 subsets, and a 3
mm Full Width Half Maximum (FWHM) Gaussian smoothing. As for dataset 2, [''C]PBR28
tracer was produced in-house, and structural T1w images were used for the generation of

attenuation correction maps °.

Dataset 4. KCL ['*F]DPA-714 scans

Data included 57 ["*F]DPA-714 scans performed on 41 HCs and 16 subjects at increased risk
of Alzheimer’s disease (Age: 39 + 19 years; Sex: 31 male and 26 female; Genotype: 37 HABs
and 20 MABs). Specifically, the 16 patients at risk included 8 individuals who were carriers of
the rare p.R47H genetic variant of the triggering receptor expressed on myeloid cells 2 immune
receptor (TREM2) and 8 non-carriers with mild cognitive impairment (MCI) !2. Dynamic data
were collected on a SIEMENS Biograph mMR PET/MRI over 60 min after bolus injection of
['®F]DPA-714 (Injected Dose: 186.88 + 10.00 MBq) and binned into 26 frames (1x1min,
8%15s, 3x1min, 5%2min, 9x5min). All participants underwent a CT head scan which was used

for attenuation correction '*, and a T1w MRI on the 3T SIEMENS Biograph mMR.

Dataset 5. KCL [''C]-(R)-PK 11195 scans

The dataset included 76 [''C]-(R)-PK11195 PET/MR scans collected from 51 patients with
mild-moderate depression (MD) and 25 age-matched HCs (Age: 37 + 8 years; Sex: 26 male
and 50 female) recruited as part of the BIODEP (Biomarkers in Depression) study (NIMA
consortium; https://www.neuroimmunology.org.uk/biodep/). Details on inclusion criteria and
data acquisition can be found in ',

Dynamic PET data were acquired for 60 minutes after [''C]-(R)-PK11195 injection (Injected
Dose: 365.53 + 50.89 MBq) on a GE SIGNA PET/MR (GE Healthcare, Waukesha, WI).
Dynamic data were corrected for dead time, randoms, scatter, and decay directly on the scanner.
Attenuation correction was performed with a multisubject atlas method '*!® and improvements
for the MRI brain coil component 7. Dynamic sinograms were reconstructed using time-of-

flight ordered subsets expectation maximization, with 6 iterations, 16 subsets, and no
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smoothing, and binned into 17 frames (duration: 4x15s, 4x1min, 7x5min, 2x10min). All

subjects underwent a high-resolution T1w brain MRI during PET acquisition.

S2. Image preprocessing

Data were analyzed using different combinations of in-house codes and neuroimaging analysis
software including Statistical Parametric Mapping 8 (http.//www.fil.ion.ucl.ac.uk/spm), FSL
(http:// www.fslfmrib.ox.ac.uk/fsl) and MIAKAT™ (http.//www.miakat.org/MIAKAT2/
index.html). All pipelines included a step of motion correction of the dynamic PET data, the
computation of integral PET images, the derivation of brain tissue masks from structural MR
images (performed using the FreeSurfer package), and the registration of brain and tissue
masks, as well as of a neuroanatomical atlas — the CIC atlas version 2.0 '® - to the subject’s
native PET space for the definition of ROIs. The CIC atlas was masked using a grey matter
mask derived from the FreeSurfer parcellation image to exclude voxels belonging to white
matter, cerebrospinal fluid, or outside the brain and then used for the computation of ROIs
mean regional TACs for each subject. 116 out of 125 available ROIs from the CIC atlas,
defining cortical, subcortical, and cerebellum regions, were retained for subsequent analyses.
Following the approach described in ', an image-derived input function (IDIF) was extracted
from the subjects’ dynamic PET images via segmentation of blood voxels in the carotid siphons
by intensity thresholding, and selection of the voxels with higher between dynamics
correlation; mean blood TAC was thus computed and fitted with a tri-exponential model.
Regional tracer delivery rate (kinetic microparameter K;) was finally computed for each ROI
by application of a recently developed non-invasive and simplified methodologic framework
consisting of fitting the first minutes (within 10 minutes) of the tracer kinetic in the tissue with
a simplified compartmental model with 1 single irreversible compartment and IDIF. Further
details on methodology and procedures for IDIF and K; estimation can be found in !°. The
choice of optimal fitting time window — allowing the satisfaction of model hypotheses - was
based on dynamic data time resolution and the specific characteristics of tracer kinetics and
metabolism. A four-minute window was adopted for ['!CJPBR28, while a five-minute window

for the ['*F]DPA-714 and [''C]-(R)-PK 11195 scans.
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S3. Features selection and model validation

The 72 healthy controls of Dataset 1 were divided into a training-validation set (80%, n=56)
and a test set (20%, n=16) with a stratified split aiming at maintaining the same proportion of
males and females, HABs and MABs, younger (under 30 years old) and older (over 30 years
old) individuals between the two groups. All regressors were normalized to the [0 1] range with
min-max normalization, with the minimum and maximum values computed from all the
available data.

Feature selection was performed with the stepwise approach implemented in Matlab (function
stepwiseglm), with model deviance adopted as a selection criterion. This step was repeated for
100 iterations using a bootstrap resampling approach and only features with a frequency of
selection over 80% were kept as relevant features in the model. This approach was adopted to
guarantee a more stable and robust selection of model covariates. Starting from the initial
selection of model predictors (i.e. ROIs TACs samples at 1.25, 4.50, 13.50, 30, 50, and 75
minutes as well as ROIs K; and subjects’ age, sex, genotype, and tracer dose over subjects’
weight ratio), the resulting set of selected features included ROIs TAC samples at 1.25, 13.5
and 50 minutes, together with age, genotype, and the K; microparameter.

The performances of both the full model (with all original regressors) and the reduced model
(with only the regressors that passed the stepwise selection) were evaluated on the test set. The
ROC curve of method classification - starting from regional prspo estimates - in discriminating
tissues with different constitutive TSPO expressions was adopted for the evaluation of their
performance. ROC curves reported in Supplementary Figure 1a, show good classification
performances of TSPO tissue expression, in terms of sensitivity and specificity, of the logistic
regression model. Comparable levels of sensitivity and specificity are reported for the full
model (AUC=0.92, sensitivity=0.87, specificity=0.84) - including all the original predictors —
and the reduced model (AUC=0.92, sensitivity=0.89, specificity=0.86) — with only the subset
of predictors identified with the features selection.

Once the model set-up was optimized (i.e. the brain regions to adopt for model training and the
subset of most informative predictors were selected), the logistic model was trained and tested
on ['!CJPBR28 PET scans on 72, 27, and 26 HCs from three independent datasets (Dataset 1,
Dataset 2 and Dataset 3). A random effect was included in the logistic regression model to
account for differences in the acquisition between the three datasets, bringing to the definition

of a hierarchical logistic regression model?**!. Again, the whole dataset was split into a training
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and test set with a stratified division accounting for age, sex, genotype, and scanner. After
parameters estimation on the training dataset, the model was applied to the test set, and model
performances were evaluated in terms of classification accuracy, sensitivity, and specificity.
The hierarchical logistic regression model demonstrated good classification performances as
shown by the ROC curves in Supplementary Figure 1b. Again, similar values of specificity
and sensitivity are reported for the full (AUC=0.93, sensitivity=0.83, specificity=0.87) and
reduced (AUC=0.92, sensitivity=0.85, specificity=0.89) models, confirming the reliability of
adopting the subset of selected predictors.

S4. Model Covariates

To assess possible dependencies of ROIs prspo from the set of covariates of interest, the
distribution of cortex and cerebellum (CC) ROIs prspo was compared between HABs and
MABS, as well as between female and male volunteers; similarly, possible correlations between
median value across CC ROIs of predicted prspo for each subject and age or dose-over-weight
ratio were investigated. Consistent with the set of covariates included in the model, post hoc
analysis reveals no statistical differences in prspo when comparing results for HABs and
MABSs, and no significant correlation with either age or dose-over-weight ratio.

Although sex was not retained as a significant predictor in the features selection step, post hoc
analyses showed significantly lower values of CC ROIs prspo for female than male HCs, thus
highlighting sex as a possible factor affecting the level of TSPO in the brain. (Supplementary
Figure 2). These results are in line with evidence from the literature reporting a dependency of
TSPO density on sex, despite mixed results being shown so far, demonstrating increased or
decreased TSPO expression in female compared to male individuals according to the type of
quantification and metrics adopted®>*. Given the dependence of prspo on sex, significant
between-group differences in the proportion of males and females were thus checked for each
case study under investigation. The chi-squared test found no significant differences between

each pair of groups under study.
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Supplementary Table 1. Cross-sectional analyses - ['!'C]JPBR28
Groups Number Age Sex Genotype Dataset
(meantstd) (#M, #F) (#HAB, #MAB)
HC 13 27+ 6 9, 4 9, 4 Dataset 1
UHR 14 24+ 5 7,7 7,7
HC 13 46+ 14 10, 3 13,0 Dataset 1
SCZ 14 47+ 9 11, 3 12, 2
BASELINE 7 46 £ 11 7,0 7,0 Dataset 1
Post XBD173 7 48 £ 11 7,0 7,0
HC 72 32+13 50,22 50,22 Dataset 1
AD 10 82+ 4 8, 2 10, 0
HC 16 46 £ 14 2,14 10, 6 Dataset 2
FM 19 48 £ 12 2,17 13, 6
AD TEST 5 82+ 4 4, 1 5,0 Dataset 1
AD RETEST 5 82+ 4 4, 1 5,0

HC=healthy control; UHR=ultra-high risk of psychosis; SCZ=schizophrenia; AD=Alzheimer’s
disease; FM=fibromyalgia; m=mean; std=standard deviation; HAB=high affinity binding;
MAB=mixed affinity binding; M=males; F=females

Supplementary Table 2. Cross-sectional analyses - ['*F]DPA-714 and [''C]-(R)-PK 11195

Groups Number Age Sex Genotype Dataset
(meantstd) #M, #F)  (#HAB, #MAB)

MCI 8 70+ 6 6, 2 3,5 Dataset 4

TREM?2 8 64 + 4 3,5 4,4

HC 25 37+8 11,14 Dataset 5

MD 51 367 15,36

HC=healthy control; TREM2=TREM2 p.R47H carriers; MCI=mild cognitive impairment;
MD=mild depressive disorders; m=mean; std=standard deviation; HAB=high affinity binding;
MAB=mixed affinity binding; M=males; F=females.
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Supplementary Table 3: Comparison of between-groups changes in prspo and previous

evidence of alterations in neuroinflammatory load with standard quantification

Case study

Findings from previous literature

Findings from prspo

Ultra-high risk
of psychosis

Schizophrenia

Blocking study

Alzheimer’s

disease

Fibromyalgia

Test-Retest

2TCMIK
DVR** ™

2TCMIK
DVR3* *

2TCMIK
VT37

2TCM
VT/fplz*

SUVr33.65°

SUV 4060

total GM: y=1.2
frontal lobe: y = 0.9
temporal lobe: y = 0.8

total GM: y =1.8
frontal lobe: y=1.2
temporal lobe: y=1.4

total GM: y =-1.9

prefrontal: y =1.0
inferior parietal: y =1.5

superior temporal: y =1.1

middle-inferior temporal: y = 1.4

occipital: y=1.0

frontal lobe: average y = 0.8+0.2

parietal lobe: average y=1.3 +

0.7

whole brain: ICC= 0.94

CCROIs:y=0.5
frontal lobe: y = 0.6
temporal lobe: y = 0.4

CCROIs:y=1.0
frontal lobe: y=1.2
temporal lobe: y = 0.6

CCROIs: y=-1.3

CCROIs: y=-1.2
frontal lobe: y=1.5
parietal lobe: y=1.2
temporal lobe: y = 0.7
occipital lobe: y=2.0

frontal lobe: y = 0.5
parietal lobe: y = 0.4

CC ROIs: average ICC
=0.88[0.70 0.95]

2TCM = two reversible compartment model; 2T7CMIK = two reversible compartment model
with vascular compartment; DVR = distribution volume ratio; V7= volume of distribution; f,=
plasma free fraction; SUV = standardized uptake value; SUV4-50 = average SUV between 40
and 60 minutes after tracer injection; SUVr33.53 = average SUV ratio between 33 and 66 minutes
after tracer injection; y = non-parametric Cohen’s d-consistent effect size (average y reported
as mean * standard deviation); ICC= intraclass correlation coefticient (average ICC reported
as median [interquartile range]); ROI= region of interest; CC ROIs= cerebellum and brain
cortex ROIs (used here as proxy for cortical/total GM). * y derived from original Cohen’s d
effect size, as y converges to Cohen’s d when comparing normal distributions.
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A) LR Model B) HLR Model
1
& 0.8
B 2
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0.2
0 0.5 1 % 5.5 1
1- specificity 1- specificity

s Full model Reduced model

Supplementary Figure 1. Model Validation on [!!C]PBR28 data
The figure reports the ROC curve indicating the sensitivity and specificity of model

classification for the logistic regression model (panel A) and the hierarchical logistic regression
model (panel B).
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Supplementary Figure 2. Effect of age, sex, genotype, and dose-over-weight ratio on
prspo estimation

Panels A and B show the lack of a significant correlation between subjects’ average (across
CC-ROIs) prspo with either age or dose over-weight ratio; panel C shows no statistical
difference when comparing CC ROIs prspo results of HAB and MAB groups; panel D shows
a statistically significant difference when comparing CC ROIs prspo between female and male
subjects. Age and genotype were included as model covariates while sex and dose-over-weight
were excluded from model predictors with the feature selection step; dose-over-wight ratio
information is still adopted in the model for the normalization of TACs into SUV.
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Supplementary Figure 3. Cross-sectional analysis — Comparison of ROIs prspo relative
probability for each lobe

Each panel shows, for each study under investigation, the comparison of the group relative
probability of ROIs prspo for four brain anatomical lobes (frontal, occipital, parietal and
temporal) [HC=healthy controls; UHR=ultra-high risk of psychosis; SCZ=schizophrenia;
AD=Alzheimer’s disease; FM=fibromyalgia; * Wilcoxon test pvalue<0.05; ** Wilcoxon

test pvalue<0.0001]
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Supplementary Figure 4. Reproducibility analysis

The figure shows the results of reproducibility analysis on test-retest scans on Alzheimer’s
disease patients (AD): panel A shows a comparison of the group relative probability of CC
ROIs prspo; in panel B the difference between the two relative probabilities is represented;
panel C shows a histogram of CC ROIs ICC values [[CC=intraclass correlation coefficient].
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