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Abstract
Purpose To develop and validate a semi-quantification method (time-delayed ratio, TDr) applied to amyloid PETscans, based on
tracer kinetics information.
Methods The TDr method requires two static scans per subject: one early (~ 0–10 min after the injection) and one late (typically
50–70 min or 90–100 min after the injection, depending on the tracer). High perfusion regions are delineated on the early scan
and applied onto the late scan. A SUVr-like ratio is calculated between the average intensities in the high perfusion regions and
the late scan hotspot. TDr was applied to a naturalistic multicenter dataset of 143 subjects acquired with [18F]florbetapir. TDr
values are compared to visual evaluation, cortical–cerebellar SUVr, and to the geometrical semi-quantification method ELBA.
All three methods are gauged versus the heterogeneity of the dataset.
Results TDr shows excellent agreement with respect to the binary visual assessment (AUC = 0.99) and significantly correlates
with both validated semi-quantification methods, reaching a Pearson correlation coefficient of 0.86 with respect to ELBA.
Conclusions TDr is an alternative approach to previously validated ones (SUVr and ELBA). It requires minimal image process-
ing; it is independent on predefined regions of interest and does not require MR registration. Besides, it takes advantage on the
availability of early scans which are becoming common practice while imposing a negligible added patient discomfort.
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Introduction

The recent NIA-AA diagnostic framework [1] considers the
direct (i.e., through PET imaging) or indirect (i.e., through
cerebrospinal fluid, CSF, assay) evidence of abnormal brain
beta-amyloid deposition as the characteristic signature to de-
fine the Alzheimer’s spectrum in vivo. This position is shared
nowadays by most researchers and clinicians and had been
previously proposed by the International Working Group-II
research criteria in 2014 [2].

In the past few years, thanks to a number of commercial
fluorinated radiotracers, amyloid PET has indeed emerged as a
validated and effective proxy of brain amyloidosis [3–6], becom-
ing a major tool in the diagnostic process in order to confirm or,
evenmore robustly, rule out Alzheimer’s disease (AD) [1, 2], and
for improving patient selection for clinical trials [7].

Currently, amyloid PET assessment consists of a visual
evaluation by trained nuclear medicine physicians
complemented by the (still optional to date) support of a
semi-quantification technique. The outcome is usually a bina-
ry evaluation (negative/positive) of the scan, at least in the
clinical setting.

In the set of semi-quantification techniques, the standard-
ized uptake value ratio (SUVr) is the most widely used [8].
SUVr values represent the ratio of PETcounts between one or
more target regions of interest (ROI) versus a reference region.

SUVr-based measures of amyloid tracers uptake show good
agreement both with histopathological measures of the density of
neuritic plaques [4, 9] and with the binary classification obtained
by CSF analysis [10] and visual assessment [9].

However, there are several possible choices both in draw-
ing target ROIs and in identifying reference ROIs for the pur-
pose of amyloid status evaluation, and especially on the latter
an agreement is still lacking [11]. In addition, SUVr values can
be impaired by several factors, such as number of ROI, ROI
drawing criteria [12, 13], partial volume effect (PVE) [14, 15],
and regional cerebral blood flow (rCBF) fluctuations (partic-
ularly for longitudinal studies) [15].

In recent years, such variabilities have paved the way to
explore alternative, SUVr-independent approaches, such as
ELBA [16]—a ROI-independent method designed to capture
intensity distribution patterns rather than actual counts—and
the more sophisticated combined method SLOPE [17] which
corrects for atrophy, spillover, and blood flow using a PET/
MRI acquisition and sophisticated post-processing steps.

Many of the SUVr nuisances are due to methodological is-
sues, such as differences in ROI selection and placement [18]. In
summary, the main issues that researchers are trying to overcome
derive from (i) instability or inconsistency of cortical ROIs
(MRI-guided versus atlas-guided, hand-drawn versus automatic);
(ii) effect of rCBF changes between patients and intra-patient,
possibly affecting tracer delivery to the cortex; (iii) PVE; and
(iv) lack of a standard in the choice of a reference region.

As a possible solution to address these issues, we propose
an approach based on a dual time-point acquisition, whose
ROI are adapted to the individual patient anatomic and path-
ophysiological characteristics. This approach does not need
any template or MRI registration, and may be suitable for
longitudinal evaluations.

We take into account the surrogate rCBF information ex-
tracted by an early (“E”) PET static acquisition: high rCBF
regions are concentrated in the cortical gray matter (GM) and
are used to delineate the uptake ROIs. The reference ROI,
instead, is defined on the standard static acquisition—late
(“L”) PET.

The ratio between the average intensities in the uptake
ROIs (from the early scan E) and the reference ROI (from
the late scan L) is named “time-delayed ratio” (TDr). The
name underlines the fact that the uptake ROI is defined at an
early time point in the acquisition (E) but it is used at a later
time point (it is mapped onto the late scan L).

TDr is therefore based on tracer kinetics, and the ROI are
uniquely adapted to each individual by using two static acqui-
sitions at the opposite ends of the time frame for a lipophilic
tracer.

Material and methods

PET scans and subject selection

A set of 143 subjects consisting of 107 subjects from natural-
istic populations (aged 54–87) and 36 elderly normal aging
(NA) subjects—undergoing a comprehensive evaluation in
the frame of previous studies—were acquired in four clinical
centers with [18F]florbetapir PET.

The participating institutions were Nuclear Medicine Unit,
Department of Health Sciences (DISSAL), University and
IRCCS Ospedale Policlinico S. Martino, Genoa, Italy
(HSM-GE, 29 subjects acquired with a Siemens BioGraph
HiRes 1080); Department of Nuclear Medicine, Fondazione
Poliambulanza, Brescia, Italy (FPA-BS, 55 subjects acquired
with a Siemens BioGraph 40 mCT); University Hospitals and
University of Geneva, Geneva, Switzerland (HUG-GE, 40
subjects acquired with a Siemens BioGraph 128 mCT); and
Nuclear Medicine Unit, IRCCS Istituti Clinici Scientifici
Maugeri, Pavia, Italy (ICSM-PV, 19 subjects acquired with
GE Discovery 690 VCT). Demographics and final diagnostic
hypotheses are provided in Tables 1 and 2. A further refine-
ment taking visual assessment into account is shown in the
supplementary materials (table 7).

Symptomatic outpatients underwent amyloid PET because
of a clinical suspicion of ADwhich could not be confirmed (or
ruled out) on the basis of standard clinical-neuropsychological
assessment andmorphological neuroimaging (usuallyMRI); a
number of patients also had previously undergone brain F-18
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fluorodeoxyglucose PET. Patients were enrolled according to
the local clinical practice and in keeping with the international
appropriate use criteria for amyloid PET [19]. No other selec-
tion criteria was set.

Injected dose for HSM-GE, FPA-BS, and ICSM-PV had an
average of ~ 442 MBq (min 370 MBq, max 536 MBq), in
compliance to the minimum dosage suggested by the tracer
manufacturer. Due to local regulations, HUG-GE injected
dose ranged between 180 and 220 MBq with an average of
~ 200 MBq.

Acquisition protocol was as follows: the patient was posi-
tioned into the scanner, injected with the tracer and acquired
for 5–7 min (E). Then, he/she was let out of the scanner and
left resting for ~ 40 min (i.e., 50 min after the injection).
Lastly, the patient was positioned again into the scanner for
the L static acquisition (10 min) according to the tracer man-
ufacturer indications. E and L were therefore acquired with
patient repositioning and hence each scan needed its own
CT for attenuation correction.

Kinetics

The TDr is a semi-quantificationmethod that is inspired by the
absolute quantification approach.

Initially, the tracer flows into the blood vessels and then mi-
grates to the tissues. Thus, in the first 5–8 min, the signal is
dominated by the uptake in brain structures as a function of
rCBF, so that E can be taken as a proxy of brain perfusion
[20–23]. Then, from E, it is possible to select highly perfused
tissues, and this selection is restricted to the broad cortical areas.

Several studies compared rCBF in both graymatter (GM) and
white matter (WM): MRI-based arterial spin labeling (ASL)
studies reported that WM blood flow is 1.6 to 4.6 times lower
then GM flow [24–27], while PET perfusion studies showed
0.15 to 0.18 ml/g/min for WM [28–30] and 1.05 ml/g/min for
GM [28] resulting in a GM/WM ratio of 5.8/1 to 7.0/1.

A high rCFB in a tissue ensures that the tracer is properly
delivered. If Aβ is present in this tissue, the tracer will bind to
it; otherwise, it will be quickly washed out (good clearance).
Therefore, the selection of the relatively higher rCBF tissue in
the brain—which largely coincides with the GM—is the best
place to look for good contrast in the tracer uptake.

TDr computation

We denote by DE the highest perfusion domain delineated on
E and DLis the highest uptake domain identified on L. These
two domains are a collection of voxels defined on E and L as
follows:

DE ¼ v∈E j Iv≥ IE0
� � ð1Þ

DL ¼ v∈L j Iv≥ IL0
� � ð2Þ

where v represents the voxels, Iv is the intensity (counts) in v.
IE0 and IL0 are thresholds applied on E and L respectively (typ-

ical values are IE0 = 0.85 percentile and IL0 = 0.99 percentile
on the respective intensity distributions). In words,DE andDL

Table 1 Demographics
Center # subjects Gender M/F Age (95% CI) Visual assessment, neg/pos

FPA-BS 55 24/31 71 (69, 72) 29/26

HUG-GE 40 19/21 72 (69, 74) 24/16

ICSM-PV 19 9/10 76 (73, 79) 7/12

HSM-GE 29 15/14 75 (72, 78) 10/19

Table 2 Post-test diagnosis
Center NA Diagnosis Subtype

MCI/
Dem.

MCI/MCI-AD/AD dem. FTD/VCI/CBS/
MSA

FPA-BS 9 12/34 12/0/19 6/6/2/1

HUG-GE 13 19/8 13/6/6 2/0/0/0

ICSM-PV 5 4/10 4/0/9 1/0/0/0

HSM-GE 9 6/14 4/2/14 0/0/0/0

NA, normal aging; MCI, mild cognitive impairment; MCI-AD, MCI due to Alzheimer’s disease; AD dem, de-
mentia due to Alzheimer’s disease; FTD, frontotemporal dementia; VCI, vascular cognitive impairment; CBS,
cortico-basal syndrome; MSA, multisystem atrophy; Dem, dementia
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are collections of voxels whose intensities are greater than a
specified value (see Fig. 1).

The TDr is then defined as follows:

TDr ¼
< IL >

��
DE

< IL >
��
DL

ð3Þ

The numerator of the TDr formula is the mean intensity in
L (<IL>), averaged on the voxels with high perfusion defined

in E (DE, Eq. 1). Clearly, a high value of IL
��
DE

corresponds to

a high uptake and vice versa. As the absolute value of this
intensity can vary among subjects for a number of reasons
(injected activity, rCBF, physiological characteristics), this in-
tensity must be normalized.

There are several choices for the reference ROIs according
to the semi-quantification approaches that require normaliza-
tion: the pons [31], the cerebellar GM, or the whole cerebel-
lum [4, 12, 32, 33]. In recent years, concern has been raised
about these reference regions: the small size of the pons or the
peripheral position of the cerebellum in the field of view may
introduce artifacts, and thus noise and variability in longitudi-
nal measurements [34, 35]. These works, in agreement with
other longitudinal studies [36–38], highlighted the potential
advantages of a WM-based ROI as reference: reduction of
the variability in longitudinal measurement, improvement of
semi-quantification to track the increases of Aβ deposition,
and stability of SUVr at single subject level.

Since the delineation of the most appropriate WM region
has not yet been standardized, it was decided to use the highest
uptake domain (DL), otherwise known as the “hot spot,”

Fig. 1 The early (E) and the late
(L) scans of a positive and
negative subject. On the E scans
the highest flow domain (DE) are
outlined in green. On the L scans,
the highest uptake domains (DL)
are also outlined (in orange)
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which is typically located in the WM (a specific uptake). The
denominator of the TDr formula is therefore the mean inten-
sity in L (<IL>), averaged on the voxels with highest uptake
(DL).

Threshold definition

MRI-based measurements of the cerebral cortical GM showed
its thickness ranging from 2.5 ± 0.7 mm up to 3.74 ± 0.32 mm
[39–43]. As we look for amyloid presence in the cortex, it is
reasonable to select an intensity threshold IE0 that outlines a
domain DE whose thickness is comparable to the cortical GM
thickness taking into account the spatial resolution and the
point spread function. The threshold IE0 = 0.85 is defined as
a quantile on the E intensity distribution: it is practically inde-
pendent on the single subject scan and it can be defined once
and for all. To show this, we computed the threshold statistics
on each patient finding the quantile corresponding to an aver-
age thickness μ = 3.0 ± 0.16 mm. It turns out that the quantiles
cluster along the mean (μ = 0.847 ± 0.036). Moreover, small
variations within these limits do not affect the TDr overall
results.

Similarly, if DL indicates the hot spot in the image, we
choose the threshold IL0 = 0.99 percentile on the L scan inten-
sity distribution. This value was chosen so that DL is a non
negligible volume (μ = 13.47 ± 1.2 ml) and therefore less sus-
ceptible to intensity fluctuations.

Further information on the threshold computation are in
Appendix A, supplementary materials.

Image processing

TDr implementation is rather straightforward. It only needs a
spatial registration of E onto L, so that DE voxels can be
mapped onto the late scan. This is done with a 6-parameter
linear transformation, with the L scan as fixed image.

TDr can be implemented as an automatic procedure which
does not require any supervision (save an image registration
check after mapping the early scan onto the late scan).

In order to compare TDr with other semi-quantification
methods (SUVr and ELBA), we spatially normalized all scans
to the MNI space as additional step. This procedure is identi-
cal to the one used in [16] and allowed us to take advantage of
predefined MNI segmentations to provide the confidential
volume C. The confidential volume was used to compute
SUVr and ELBA values and therefore we now use it to con-
strain the domains DE and DL, so that TDr is compared to
other semi-quantification methods using information coming
from the same brain volume. The confidential volume C
comes from the MNI lobe atlas and is defined as the whole
brain parenchyma minus some specific regions: cerebellum,

ventricles, brainstem, and basal ganglia (figure 4 in
supplementary materials).

The average cortico-cerebellar SUVr was computed fol-
lowing the approach described in [12], whereas the ELBA
score was computed according to [16].

Validation

TDr values were compared to (a) the binary visual assessment
and (b) two validated semi-quantification methods (SUVr and
ELBA).

The 143 PET scans were assessed by two expert readers
(one nuclear medicine physician—MB—and one neurologist
with certified reader training for [18F]florbetapir and with 5-
year experience in evaluation—FN) who reached consensus
on the visual evaluation (i.e., negative or positive) on all scans.
The discriminating power of the TDr was measured by the
area under the receiver operating characteristic curve (AUC)
for negative versus positive labeled scans.

To get an estimate of the generalized performances of the
TDr versus visual assessment, we used a bootstrap procedure
combined with a leave-10-out cross-validation. For each boot-
strap step, 10 subjects were omitted (testing group), a cut-off
value maximizing the accuracy was calculated with the re-
maining subjects (training group) and applied to the testing
group. The whole process was repeated until all subjects were
labeled: then, the accuracy, sensitivity, and specificity were
calculated. The cut-off value was calculated as the mean of
the cut-offs applied to the testing groups. This procedure was
iterated 500 times.

TDr was compared to SUVr and ELBA, and performance
measured by Pearson correlation. Finally, we looked at possi-
ble TDr-specific center effect with respect to SUVr and
ELBA.

As last analysis, we looked at residuals in the linear models
TDr-SUVr and TDr-ELBA in order to rule out non-linear
relationships and to verify that TDr is indeed an independent
measure of amyloid load. Residual analysis involved the
Lilliefors normality test and the estimation of the Pearson
correlation coefficient between the model residuals and the
predictors.

Table 3 Performance
(AUC) of TDr, SUVr,
and ELBA versus visual
assessment

Site TDr SUVr ELBA

FPA-BS 1.00 0.99 1.00

HUG-GE 1.00 0.95 1.00

ICSM-PV 1.00 0.94 0.98

HSM-GE 0.99 0.92 0.99

Whole set 0.99 0.95 0.99
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Results

TDr performance versus the consensus binary visual assess-
ment is summarized in Table 3, together with SUVr and
ELBAvalues. TDr shows excellent results both on the whole
dataset and on single center cohorts.

The bootstrapped, cross-validation results are summarized in
Table 4. Within the same procedure, we computed the cut-off
values: cTDr = 0.611 (0.610–0.620) (95% CI). Similarly,
cELBA = 0.956 (0.944–0.958) and cSUVr = 1.133 (1.113–1.149).

Figure 2 shows the direct comparison of the quantifier
values together with the visual evaluation (negative/positive
label). cSUVr, cELBA, and cTDr are also reported in figure.

Correlation results are summarized in Table 5. TDr signif-
icantly correlates with both SUVr and ELBA although it re-
lates better with ELBA, as evidenced by the correlation coef-
ficients on the negative and positive classes separately.

The impact of scan provenance is shown in Fig. 3.
Negative and positive scans are grouped by center and plotted
on the same scale for all quantifier methods; the common scale
being the z-score values computed on the whole dataset
(Fig. 3a). For comparison, Fig. 3b shows the distribution of
the whole dataset grouped by binary evaluation.

For each method and for each visual class, we computed t test
statistics among centers to look for possible bias in centers and/or
methods. Significant differences are shown in Fig. 3a and sum-
marized in Table 6. There is no clear pattern related to a specific
center and/or method; rather, each method shows significant dif-
ferences between cohorts that seem unrelated to other methods.

Finally, we assessed whether TDr is an independent measure.
We took a linear model in the form TDr = k1 (ELBA) + k2 and
found k1 = 0.849 (0.765− 0.934) and k2 = − 0.149 (−0.226 − −
0.073]. Similarly for TDr vs. SUVr, k1 = 0.464 (0.370 − 0.559)
and k2 = 0.068 (−0.042 − 0.179]. Residual analysis showed no
significant deviations from normality (Lilliefors test, p value <
10−3) in both models. Moreover, the residuals and the predictor
were found to be uncorrelated and the linear regression of the
residuals versus ELBAwas found to be compatible with the null
model. The same analysis was carried on by switching the de-
pendent variable, and with TDr vs. SUVr; all yielded no signif-
icant relations. Graphical representations for this latter analysis
are shown in figure 5a, figure 5b, figure 6a, and figure 6b (sup-
plementary materials).

Discussion

This work describes a semi-quantification method to be ap-
plied to amyloid PET scans. It is based on the typical proper-
ties of a non-receptorial tracer kinetics, that is, the radioligand
exhibits a perfusion-like trait if acquired for a short time after
the injection.

As [18F]florbetapir and the other radiopharmaceuticals to
image brain amyloidosis are lipophilic, they cross the blood–
brain barrier and distribute to the brain as a function of rCBF,
with a ratio of about 0.8 (at least for C-11 PiB) [21]. It may be
assumed that these early scans are a rCBF surrogate since a
very good correlation has been demonstrated with 18F-FDG
PET data [44] according to the well-known rCBF metabolism
coupling.

Clearly, a highly perfused region has the capability of good
imaging contrast because it holds the highest probability of
ligand binding (if amyloid is present) and high wash-out rate
(when there is no amyloid). The drawback to exploit this in-
formation is that we need an ad-hoc acquisition consisting of
two separate scans per subject.

We should underline though that the term “high perfusion
regions” does not signify a selection of the most perfused GM
volumes. We identify the cortex areas by exploiting the differ-
ential flux between the WM and GM so that the “high perfu-
sion regions” are indeed the “only” perfused regions. That is,
the GM is in general more perfused than the WM.

When we select the 85% percentile on the global WM +
GM brain ROI, we actually select the only (relatively) more
perfused part: the GM (plus some spillover onto the WM).
Therefore, even when we consider a lesser perfusion of the
GM due to aging, pharmacological treatment, or atrophy, the
GMwill still be selected as the relatively more perfused part in
the GM + WM volume. In other words, we do not select the
highest perfusion ROIswithin the GM, but rather we select the
whole GM (be it normal or relatively preserved), which is
identified in the same space and with the same resolution as
the late PET image.

Some notable exceptions exist however, such as focal loss
of perfusion due, for instance, to seizures, strokes, or ad-
vanced atrophy. In these cases, the DE domain (i.e., the select-
ed GM in the early scan) would not include these areas but we
would not expect to evaluate them either.

Table 4 Bootstrap estimation of
accuracy, specificity, and
sensitivity versus visual
assessment calculated on the
entire dataset

Accuracy Specificity Sensitivity
(95% CI)

TDr 0.945 (0.937, 0.951) 0.933 (0.931, 0.934) 0.957 (0.928, 0.970)

SUVr 0.863 (0.846, 0.881) 0.842 (0.831, 0.859) 0.888 (0.854, 0.908)

ELBA 0.955 (0.944, 0.958) 0.958 (0.958, 0.959) 0.953 (0.930, 0.957)
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Early image acquisition can provide insights regarding
rCBF (which is coupled with metabolism and thus indirectly,
with synaptic function/dysfunction), and at the same time can
be exploited to help in the quantification of the late scan.
Indeed, the introduction of early scans is becoming more
and more popular for it is investigated to be a proxy even of
18F-FDG PET [44–47]. Besides, the acquisition of an early
scan poses little inconvenience on the patient and on the scan-
ner management.

We have therefore hoped that more data will be available
with two scans per subject, that we shall use to consolidate the
validation procedure.

Methodologically, TDr relies on a (crude) estimation of
high perfusion volumes, which are closely related to the cor-
tical thickness. Works in literature show a rather large spec-
trum of values, depending also on the used techniques. These
however should not be taken at face value as wemust take into
consideration the peculiarity of the estimation technique and
its meaning and equivalent for PET. For instance, ASL-based
perfusion values may be affected by partial volume effect and
blurring that can lead to underestimation of GM and overesti-
mation of WM perfusion amplitude. Anyway, we showed that
the estimation of perfusion volume—defined by imposing a
threshold on the intensity statistics of the early scan——is not
overly critical, so that a mean value can be effectively used for
the sake of robustness.

A particular, potential useful characteristic of TDr is that its
computation depends on the definition of regions with the
high rCBF and thus should be less affected by the issue of
reduced tracer delivery because of focal hypoperfusion. This
characteristic may be especially relevant not only in cross-

sectional but even more in longitudinal studies because it is
known that in AD as well as in other neurodegenerative dis-
eases both atrophy increases and rCBF decreases with time as
a function of hypometabolism. Using TDr should ensure that
the cortical ROI are always positioned in regions with suffi-
cient rCBF and not in severely atrophic or hypoperfused ones.
Whether TDr could improve semi-quantification in longitudi-
nal studies remains to be tested although preliminary analyses
(to be published) seem to confirm this hypothesis.

Concerning overall performance, the TDr is an indepen-
dent measure with very good accuracy and on par—if not
better—with previously validated methods.

As TDr is mathematically similar to SUVr (a ratio between
two uptakes, averaged over some ROIs), one would expect a
closer relationship with it. Instead, we find TDr to be more
related to ELBA, both as correlation on the whole population
and on the separate negative and positive subjects. This could
be ascribed to the inherent SUVr variability due to the fact that
uptake and reference ROIs are predefined in size and position-
ing, which can lead to larger errors on the single subject. This
variability underlines the need to use the subject’s MRI when

Table 5 Between methods correlation coefficients

Methods Pearson r (p value)

All Negative Positive

TDr/SUVr 0.63 (< 10−3) 0.02 (0.86) 0.02 (0.86)

TDr/ELBA 0.86 (< 10−3) 0.57 (< 10−3) 0.31 (0.006)

SUVr/ELBA 0.69 (< 10−3) 0.23 (0.05) − 0.006 (0.96)

Fig. 2 Scatter plot of all three semi-quantification methods versus the visual assessment. Dotted horizontal and vertical lines show the cut-off (cSUVr =
1.133, cELBA = 0.956, cTDr = 0.611)
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positioning ROIs, a step that was lacking in the SUVr compu-
tation of this study.

The intra-class correlation between TDr and ELBA im-
pacts not only the TDr validation but it also has pathophysio-
logical implications: it confirms that the transition between the
negative and positive state is neither abrupt nor untraceable
and that the concept of borderline scans is actually not a mere
technical nuisance.

Results grouped by center shows some uneven behavior.
The discrepancies can depend on several factors: on the one
hand, there is the heterogeneity in patient selection, scanner,
and the image reconstruction protocol; on the other hand, each
semi-quantification method may respond differently to scan
type, quality, and reconstruction parameters.

We argue that the latter hypothesis is indeed themost likely,
as we do not see a consistent response of all methods on a
particular center; rather, differences are scattered in methods,
centers, and visual assessment. It is therefore likely that sig-
nificant cohort differences be attributed to the sensitivity each
quantifier has with respect to the hardware and reconstruction
parameters, that is, due to the specific methodological ap-
proach. For instance, the peculiar response for HUG-GE could
be explained by the larger number of NA subjects and by the
difference in acquisition protocol (lowest injected dose paired
with the newest scanner model).

Among the technical heterogeneities, we could mention the
variability on the acquisition time of the early scan, which
might be of concern since it captures a significant transient

Table 6 Significant differences among cohorts in each visual class and by quantifier method (t test). Upper triangular slots refer to negative subjects
(light hues); lower triangular slots refer to positive subjects (darker hues)

 FPA-BS HUG-GE ICSM-PV HSM-GE 

FPA-BS  

HUG-GE 

ICSM-PV 

HSM-GE 

= ELBA; = SUVr; = TDr

Fig. 3 Boxplot of ELBA, SUVr, and TDr (z-score) versus center and
visual assessment (a). The whole dataset distribution (z-score) in (b).
Between cohorts (same method) significant differences are marked with

brackets (t test p value < 0.05); a summary is also shown in Table 6.
Negative scans are represented with lighter hues, positive with darker
hues. White dots inside the colored boxes are the medians
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in the kinetics. The early scan timings defined in this work (5–
8 min) has been agreed upon by our Nuclear Medicine physi-
cians to be a reasonable range that takes into consideration the
variability due to patient handling and possible nuisances in
the positioning in the scanner. In practice though, all partici-
pating centers followed the stricter acquisition interval
(0 min–1 min) as the starting time, to (5 min–7 min) as the
end time.

As concluding remark, one might observe fromTable 6 that
ELBA is different among centers in just one case while SUVr
is different in 4 cases and TDr in 5 cases. Indeed, the lack of
uptake and reference regions that characterizes the ELBA
method is a strong point in favor of this approach and might
explain the better robustness with respect to data provenance.
However, ELBA is not immune to the nuisances typical of
multicenter studies, such as the signal-to-noise ratio and se-
vere differences in the image reconstruction methods (as also
discussed in [48]). Hence, we believe there is no single winner
in the semi-quantification race, but all methods must be con-
sidered and—possibly—integrated in order to deliver more
reliable results. On this note, and taking into consideration
the residuals independency, we argue that a suitable weighted
average of all three methods would be a more robust estimate
of the brain amyloid burden.

Study limitations

The main limitation of this study is the lack of histopatholog-
ical validation. While this is true for most semi-quantification
works, this study also lack the cerebrospinal fluid (CSF) as-
says. In our dataset, we only have a handful of patients with
CSF-Aβ42 and tau assays, and these were collected from
different centers (3 from HSM-GE and 6 from HUG-GE); a
plot summarizing these data is provided in the supplementary
materials (figure 7). While we believe that a further validation
of TDr should entail the comparison with Aβ42 CSF levels,
we can point out that ELBAwas successfully compared with
CSF on a much larger number of subjects and that the strong
correlation of TDr with ELBA suggest that TDr would per-
form equally well.

Another limitation of this study is the lack of data with
other fluorinated tracers. This is an unfortunate consequence
caused by the need of the supplementary early acquisition,
which is usually not available in larger, public dataset such
as the ADNI. However, we refer to Chincarini et al. [48] for a
thorough validation of ELBA and SUVr on a naturalistic pop-
ulation using all three fluorinated tracers. The substantial
equivalent of all tracers both for negative/positive contrast
and between quantification methods, together with the similar
non-receptorial characteristics, suggest that the TDr should
perform similarly on the other tracers (florbetaben and
flutemetamol).
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