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Alzheimer’s disease (AD), the most common cause of dementia, has limited treatment
options. Emerging disease modifying therapies are targeted at clearing amyloid-β (Aβ)
aggregates and slowing the rate of amyloid deposition. However, amyloid burden is
not routinely evaluated quantitatively for purposes of disease progression and treatment
response assessment. Statistical Parametric Mapping (SPM) is a technique comparing
single-subject Positron Emission Tomography (PET) to a healthy cohort that may
improve quantification of amyloid burden and diagnostic performance. While primarily
used in 2-[18F]-fluoro-2-deoxy-D-glucose (FDG)-PET, SPM’s utility in amyloid PET for AD
diagnosis is less established and uncertainty remains regarding optimal normal database
construction. Using commercially available SPM software, we created a database of
34 non-APOE ε4 carriers with normal cognitive testing (MMSE > 25) and negative
cerebrospinal fluid (CSF) AD biomarkers. We compared this database to 115 cognitively
normal subjects with variable AD risk factors. We hypothesized that SPM based on our
database would identify more positive scans in the test cohort than the qualitatively rated
[11C]-PiB PET (QR-PiB), that SPM-based interpretation would correlate better with CSF
Aβ42 levels than QR-PiB, and that regional z-scores of specific brain regions known to
be involved early in AD would be predictive of CSF Aβ42 levels. Fisher’s exact test and
the kappa coefficient assessed the agreement between SPM, QR-PiB PET, and CSF
biomarkers. Logistic regression determined if the regional z-scores predicted CSF Aβ42
levels. An optimal z-score cutoff was calculated using Youden’s index. We found SPM
identified more positive scans than QR-PiB PET (19.1 vs. 9.6%) and that SPM correlated
more closely with CSF Aβ42 levels than QR-PiB PET (kappa 0.13 vs. 0.06) indicating that
SPM may have higher sensitivity than standard QR-PiB PET images. Regional analysis
demonstrated the z-scores of the precuneus, anterior cingulate and posterior cingulate
were predictive of CSF Aβ42 levels [OR (95% CI) 2.4 (1.1, 5.1) p = 0.024; 1.8 (1.1, 2.8)
p = 0.020; 1.6 (1.1, 2.5) p = 0.026]. This study demonstrates the utility of using SPM with
a “true normal” database and suggests that SPM enhances diagnostic performance in
AD in the clinical setting through its quantitative approach, which will be increasingly
important with future disease-modifying therapies.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia
worldwide, affecting over five million people in the United States
alone. Without disease-modifying therapies, the annual cost
to Medicare and Medicaid is expected to surpass $1 trillion
by 2050 (Association, 2019). In addition to clinical criteria,
cerebrospinal fluid (CSF) biomarkers (Shaw et al., 2018), plasma
biomarkers (Zetterberg and Blennow, 2021), and positron
emission tomography (PET) with 2-[18F]-fluoro-2-deoxy-D-
glucose (FDG) have become a cornerstone of AD diagnosis
and staging in both research and clinical settings. Specifically,
appropriate use of FDG-PET adds clinically valuable information
in the diagnostic workup of neurodegenerative disorders and is
cost-effective (Silverman et al., 2002), providing a rationale for
reimbursement from the Centers for Medicare and Medicaid
Services (CMS) (Phurrough et al., 2004).

With the launch of amyloid-targeting therapies such as
aducanumab into the clinic, amyloid-targeting PET tracers are
poised to have increasing relevance in diagnosis and disease
monitoring. At present, despite targeting a principal pathologic
substrate, FDA-approved amyloid-binding PET tracers such as
[18F]-florbetapir, [18F]-florbetaben, and [18F]-flutemetamol are
not typically reimbursed outside of a clinical trial (Cohen et al.,
2015), leaving patients to cover the high cost. Another amyloid
tracer, [11C]-labeled Pittsburgh compound B (PiB), is used almost
exclusively in research settings. Notably, PiB was the first widely
used amyloid PET tracer and is often used as a reference
standard to make comparisons between FDA-approved [18F]-
labeled amyloid-targeting agents (Landau et al., 2014; Adamczuk
et al., 2016; Amadoru et al., 2020). Altogether, amyloid PET
agents enhance diagnostic confidence and change management
in 20–60% of patients attending memory clinics, guiding decision
making on the use of acetylcholinesterase inhibitors (de Wilde
et al., 2018; Rabinovici et al., 2019).

In the interpretation of amyloid-targeted PET images, there
is significant interrater disagreement with kappa coefficients
as low as 0.50 (Lilly, 2013), requiring dedicated training for
standardized interpretation (Clark et al., 2011). Amyloid PET
scans in normal subjects demonstrate non-amyloid binding in
the white matter, possibly to myelin basic protein (Veronese
et al., 2015), whereas uptake in neocortical structures is minimal
or absent. As validated at post-mortem, in the setting of AD
pathology and cortical amyloid-β deposits, there is increased
cortical radiotracer avidity, leading to a loss of gray-white matter
differentiation on amyloid-targeted cross-sectional PET imaging
(Clark et al., 2011). For a standard amyloid PET image, a scan
is considered positive if there are: (1) two or more brain areas
larger than a single cortical gyrus in which there is reduced or
absent gray-white differentiation or (2) one or more areas in
which gray matter radioactivity is intense and clearly exceeds
amyloid-avidity in adjacent white matter (Lilly, 2013). There is
robust sensitivity in the detection of amyloid-β plaques with
this standardized interpretation procedure; however, suboptimal
interrater variability persists (Clark et al., 2012; Joshi et al., 2012).
In the era of amyloid-targeting therapies such as aducanumab,
any significant degree of disagreement would be unacceptable

given the high cost of the drug and the potential adverse outcome
of cerebral edema and hemorrhage (Barakos et al., 2013).
Furthermore, this standard qualitative approach provides a
binary interpretation which is suboptimal for longitudinal studies
and precludes imaging-based treatment response assessment.

Statistical parametric mapping (SPM) is a technique which
allows comparison of standardized uptake values (SUVs) within
select regions in a given patient to a normal cohort. The technique
has been mostly widely and successfully used with FDG-PET
(Ishii et al., 2001; Kim et al., 2016). In addition to the quantitative
data provided by SPM, semiquantitative data is provided as
stereotactic surface projections (SSPs), 3D renderings of the
brain showing z-scores as color values. Compared to standard
PET images, SPM for FDG-PET has been shown to improve
diagnostic performance by multiple groups (Yakushev et al., 2009;
Mosconi et al., 2013; Della Rosa et al., 2014; Perani et al., 2014;
Ford et al., 2021).

Feasibility of SPM has been demonstrated with [11C]-PiB
(Ziolko et al., 2006) and more recently with [18F]-labeled
amyloid-targeting agents (Lilja et al., 2016; Doré et al., 2019;
Tanyaluck Thientunyakit et al., 2021). This approach enables
the interpreter to quantify amyloid burden rather than offering
a binary “positive” or “negative” interpretation. However,
direct comparisons of SPM interpretations with standard PET
interpretations have been limited. Moreover, a potential pitfall
is subject selection for the normal cohort database required for
SPM. Up to 30–40% of cognitively normal elderly may have
significant amyloid burden on PET, a proportion that is higher
among apolipoprotein E (APOE) ε4 carriers (Mielke et al., 2012).
The frequency of APOE ε4 carriers in the general population is
19.5%, of these, 1.2% are homozygous for ε4 (Jia et al., 2020).
A normal database that is enriched with amyloid positive subjects
and APOE ε4 carriers could diminish sensitivity, risking not
identifying patients who could potentially benefit from amyloid-
targeting therapeutics.

In addition to FDG and amyloid PET, CSF biomarkers
such as total-tau (t-tau), phosphorylated-tau (p-tau), and Aβ42
can provide additional information about disease state and
progression. For example, low levels of CSF Aβ42 and high
levels of CSF t-tau and p-tau can identify symptomatic AD
with a sensitivity and specificity above 80% (Zou et al., 2020).
These biomarkers can also be used to identify preclinical AD
before symptom onset. Several studies have demonstrated that
reduction in CSF Aβ42 levels occur before cognitive decline
(Skoog et al., 2003; Gustafson et al., 2007; Stomrud et al., 2007).
In a prospective longitudinal study, Bateman et al. found that
CSF Aβ42 levels may start to decline 25 years before the onset
of AD symptoms, whereas amyloid deposition as measured by
[11C]-PiB PET and CSF levels of t-tau start to increase 15 years
before symptom onset (Bateman et al., 2012). While the CSF
levels of Aβ42, t-tau, and p-tau are not a gold standard for
predicting or diagnosing AD as other factors may affect the
CSF levels of these proteins (Blennow and Hampel, 2003), they
are nonetheless a valuable source of information especially in
a preclinical, cognitively normal cohort. By using subjects with
normal (non-AD range) CSF biomarkers to construct a database,
we can be more assured that we have a normal cohort, with
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low likelihood of having AD-type pathology. Conversely, by
obtaining CSF protein levels of a test cohort we can identify
cognitively normal individuals at higher risk for developing AD.

Therefore, our purpose was to construct a database of [11C]-
PiB PET scans from cognitively normal, non-APOE ε4 carriers
with negative cerebrospinal fluid (CSF) biomarkers for AD and
to use SPM on a test cohort of cognitively normal subjects with
variable AD risk factors. We hypothesized that SPM based on our
database reference cohort would identify more scans as positive
in our test cohort than the qualitatively rated [11C]-PiB PET (QR-
PiB). We further hypothesized that the SPM-based interpretation
would correlate better with CSF Aβ42 levels than QR-PiB, and
that regional z-scores of specific brain regions known to be
involved early in AD, including the precuneus, anterior cingulate,
and posterior cingulate would be predictive of CSF Aβ42 levels,
whereas the orbitofrontal gyri and middle temporal gyri, similarly
sized regions not known to be involved early in AD, would
not be predictive.

MATERIALS AND METHODS

Patient Enrollment
We performed a retrospective analysis of a prospectively enrolled
cohort of volunteers who were recruited in IRB approved NIH
supported longitudinal studies of normal aging, M. J. de Leon,
principal investigator (PI). Subjects were enrolled between 2009
and 2013. Exclusion criteria were mild cognitive impairment, a
score > 17 on the 17-item Hamilton Depression Scale, brain
tumor, neocortical infarction, and axis I disorders. Of note, a
subset of this cohort was previously studied (Glodzik et al., 2014,
2015, 2016; Mosconi et al., 2017, 2018, 2021). After applying
exclusion criteria, 149 subjects remained. Subjects were divided
into either the SPM database reference cohort (n = 34) or
the test cohort (n = 115). Figure 1 illustrates the workflow of
patient selection.

Imaging: Positron Emission Tomography
and Computed Tomography Images
Positron emission tomography (PET)/Computed tomography
(CT) images were acquired on General electric (GE) Discovery LS
PET/CT and Siemens Biograph PET/CT 64 slice. Two physician-
raters with experience in QR-PiB (YL, 13 years of experience;
LG, 8 years of experience) provided qualitative interpretations
of the QR-PiB images as either positive or negative. The QR-
PiB scans were then classified as either positive (both raters
identified the scan as positive), indeterminate (only one rater
identified the scan as positive), or negative (both raters identified
the scan as negative).

Statistical Parametric Mapping Database
Construction
[11C]-PiB PET data from PET/CT cases were post-processed
using the syngo.via (Siemens Healthineers, Erlangen, Germany)
MI Neurology Workflow (n = 34). This process involves
alignment of PET to the CT using a rigid registration algorithm.
Adequate co-registration of PET and anatomical data was

FIGURE 1 | Workflow for the selection of the SPM database reference cohort
and test cohort subjects. Of 149 total subjects, 34 cognitively normal, APOE-,
QR-PiB-, CSF– subjects were selected to construct the SPM database. *CSF
was negative for Aβ42, p-tau, and t-tau biomarkers. The remaining 115
subjects comprise the test cohort. A subset of 51 of the 115 test cohort
subjects had CSF available for analysis.

confirmed visually by NS, a medical student with four years
of neuroradiology research experience and JF, a neuroradiology
fellow. To create the atlas, PET images were fit to the Montreal
Neurological Institute (MNI) standard space and smoothing was
accomplished with an isotropic Gaussian filter of size 12 mm
fullwidth at half-maximum. This was followed by intensity
normalization to the cerebellum at 75% brightest voxels per
the manufacturer’s recommendation in order to mitigate minor
imprecisions of region location. A PET template was used to
guide the registration of PET data to the MNI geometry. The
cerebellum protocol was chosen over automated whole brain
because Aβ deposition is low in the cerebellum at all stages of
normal and disease (Rowe et al., 2007).

Statistical Parametric Mapping Analysis
The test cohort (n = 115) had both QR-PiB and SPM analysis
performed. These two analyses were conducted separately and
were blinded to the raters. For the SPM analysis, the images
were parsed into Automated Anatomical Labeling (AAL) regions,
which have been described previously (Tzourio-Mazoyer et al.,
2002). A z-score [(Patient SUV-Healthy Atlas SUV)/Healthy
Atlas Standard Deviation] was generated for each AAL region
and SSP visualizations with color map gradients were created.
The color map provided a visual representation of the number
of standard deviations (z-score) each region was above or below
the normal database.
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Each SSP generated by the SPM analysis was blinded and
presented to the same two raters that graded the original QR-PiB
scans. Prior to rating, the raters were oriented to the color map
and trained on clear examples of positive and negative SSP’s from
known AD and non-AD subjects. The SSP’s of the test cohort
were graded independently by each rater and assigned a score
according to the Likert scale (1 = definitely negative, 2 = probably
negative, 3 = indeterminate, 4 = probably positive, 5 = definitely
positive). In order to convert the scores to a binary output for
comparison against the QR-PiB, the scores from the two raters
were averaged and the SSP image was rated as negative (average
score < 3), indeterminate (average score = 3), or positive (average
score > 3). A subset of the test cohort underwent CSF sampling
and analysis (n = 51).

Lumbar Puncture, Cerebrospinal Fluid
Collection, and Aβ42 Evaluation
Cerebrospinal fluid was collected by lumbar punctures performed
between late morning and early afternoon using a 25-gauge
needle guided by fluoroscopy. The CSF samples were centrifuged
for 10 min at 1,500 g at 4◦C, aliquoted into 0.25 mL polypropylene
tubes and then stored at −80◦C until assayed. CSF Aβ42
(pg/mL), p-tau (pg/mL), and t-tau (pg/mL) were blindly analyzed
in batch mode using enzyme-linked immunosorbent assay
(ELISA) (Innotest, Innogenetics/Fujirebio, Ghent, Belgium). The
procedures for the lumbar puncture and CSF handling are
published (Spiegel et al., 2016). Each CSF biomarker was
classified as positive or negative based on the cutoff values as
defined by Miners et al. (2019). A positive AD range for each
biomarker was defined as Aβ42 < 550 pg/mL, p-tau > 60 pg/mL,
or t-tau > 400 pg/mL (Miners et al., 2019).

Statistical Analysis
Categorical variables are presented as counts or percentages
and continuous variables are presented as means ± standard
deviations (SD). The Fisher’s exact test was employed to
compare the number of patients who received positive, negative,
and indeterminate ratings between SPM and QR-PiB alone.
Agreement between QR-PiB, SPM and CSF was assessed using
the kappa coefficient (κ). In order to assess differences in age and
APOE ε4 status between those with positive and negative QR-
PiB reads, p-values were calculated using the unpaired t-test for
age and two-tailed Fisher exact test for APOE ε4 status. Next, a
regional analysis was performed on five regions of interest: the
anterior cingulate gyrus, the posterior cingulate gyrus, precuneus,
middle temporal gyrus, and orbitofrontal gyrus. The anterior
cingulate, posterior cingulate, and precuneus were selected given
their known early involvement in Aβ deposition (Huang et al.,
2013; Grothe et al., 2017; Palmqvist et al., 2017). The middle
temporal gyrus and orbitofrontal gyrus, which may be involved
in advanced AD, are not known to be specific or early involved
regions. A logistic regression model was employed to determine
if the z-scores from each studied region predicted a positive rating
of the AD biomarker, Aβ42 (<550 pg/mL). For any region whose
z-score was a significant predictor of the outcome, an optimal
z-score cutoff was calculated using Youden’s index, derived from

receiver operating characteristic (ROC) curves, to distinguish
positive from negative cases (Supplementary Figure 1).

RESULTS

Statistical Parametric Mapping Database
A subset of 34 subjects from the cohort of 149 were selected for
construction of the database (Figure 1). In order to be included
in the reference database all subjects had to be cognitively normal
with a Mini-Mental State Exam (MMSE) ≥ 25, be APOE ε4
negative on both alleles, be negative on QR-PiB, and have CSF
levels of Aβ42, phosphorylated tau (p-tau), and total-tau (t-tau)
in the non-AD range as defined by Miners et al. and described in
the Materials and Methods section (Miners et al., 2019). Clinical
and demographic characteristics of the SPM database reference
cohort are outlined in Table 1.

Statistical Parametric Mapping Analysis
The test cohort is comprised of the 115 remaining subjects
(Figure 1). None of the subjects used to construct the SPM
database were used in the test cohort. Clinical and demographic
characteristics of the test cohort are outlined in Table 2. Of the
115 subjects, all had QR-PiB scans and 51 had additional CSF
analysis. All patients were cognitively normal with a Mini-Mental
State Exam (MMSE) of 29 ± 0.89. Despite all having normal
cognition, subjects varied in terms of AD risk factors. 48.7% of
subjects were APOE ε4 + , 13% had a positive or indeterminate
QR-PiB scan, and of the subjects with CSF, 41.2% had Aβ42 levels
in the AD range, 27.5% had p-tau levels in the AD range, and
15.6% had t-tau in the AD range (Table 3). APOE ε4 positivity
was defined as positive for the presence of ε4 on at least one allele
(APOE X/ε4).

Statistical parametric mapping analysis was performed on the
test cohort of 115 patients. Representative QR-PiB images and
respective SPM maps are shown in Figure 2. Results of the
SPM analysis are displayed in Table 4. Use of SPM resulted in
statistically significant differences in the categorization of cases.
Of note, SPM identified 19.1% of cases as positive while QR-
PiB identified only 9.6%. SPM also had a higher proportion of
indeterminate cases relative to QR-PiB (7.0 vs. 3.5%).

TABLE 1 | Cohort characteristics of the statistical parametric
mapping (SPM) database.

Number of subjects 34

Gender (M/F) 12/22

Race (White/Non-White) 31/3

Education (years) ± SD 17 ± 1.7

APOE ε4 status (−/+) 34/0

Age in years at time of PET scan ± SD 62 ± 7.5

Age in years at time of CSF ± SD 62 ± 7.5

Average time in years between CSF and PET acquisition ± SD 0.25 ± 0.31

MMSE ± SD [Range] 29 ± 1.0 [26–30]

QR-PiB (−/+) 34/0

CSF (−/+) 34/0
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TABLE 2 | Cohort characteristics of the test group.

Number of subjects 115

Gender (M/F) 36/79

Race (White/Non-White) 99/16

Education (years) ± SD 17 ± 1.9

APOE ε4 status (−/+/unknown) 51/56/8

Age in years at time of PET scan ± SD 59.6 ± 11.5

Age in years at time of CSF ± SD 64.4 ± 9.1

Average time in years between CSF and PET acquisition ± SD 0.35 ± 0.42

MMSE ± SD [Range] 29 ± 0.89 [26–30]

TABLE 3 | Cerebrospinal fluid results of the test group.

CSF (+/−) (n = 51) Aβ42: 21/30
p-tau: 11/40
t-tau: 8/43

CSF Aβ42 pg/mL (avg ± SD) 653 ± 227.4

CSF p-tau pg/mL (avg ± SD) 46 ± 20.1

CSF t-tau pg/mL (avg ± SD) 293 ± 169.8

There were eight subjects that were positive on both SPM and
QR-PiB. There were 14 subjects who were positive on SPM, but
negative or indeterminate on QR-PiB (SPM +, QR-PiB I/−). We
found that the SPM +, QR-PiB I/− subjects were older than the
average of the entire cohort (p = 0.0104) and were more likely
to be APOE ε4 positive (p = 0.0369) (Table 5). The subjects who

TABLE 4 | Diagnostic rating by test type.

Test type Diagnostic rating Fisher’s exact
test p-value

Positive
(N = 33)

Indeterminate
(N = 12)

Negative
(N = 185)

SPM 22 (19.1%) 8 (7.0%) 85 (73.9%) 0.002

QR-PiB 11 (9.6%) 4 (3.5%) 100 (87.0%)

tested positive on QR-PiB (n = 11) were similarly on average older
than the average of the entire cohort (p = 0.0331), but unlike the
SPM positive group were not more likely to be APOE ε4 positive
(p = 0.5219) (Table 6).

Table 7 demonstrates that the SPM +, QR-PiB I/− subjects
(n = 14) did not differ significantly in age from the QR-
PiB + subjects (n = 11) (p = 0.8458), but were more likely to
be APOE ε4 positive (p = 0.0393). These results are visually
represented in Figure 3.

There were three subjects that were positive on QR-PiB, but
negative on SPM. All three subjects had an SPM score of 2.5. Two
of the three discordant subjects had CSF; the CSF was negative
for all three AD biomarkers (Aβ42, p-tau, and t-tau).

Within the test cohort, a subset of 51 subjects also had CSF.
The degree of agreement between SPM and QR-PiB was fair
(κ = 0.33). SPM had a stronger correlation with the CSF Aβ42
levels than QR-PiB (κ = 0.13 vs. 0.06) (Table 8).

FIGURE 2 | QR-PiB and SPM projections for four cases from the test cohort that represent the spectrum of cases seen in our study. Rows represent SPM− and
SPM+ cases, and columns represent QR-PiB− and QR-PiB+ cases. The CSF Aβ42 biomarker status of each case is listed below the SSP. (A) A QR-PiB−, SPM−,
CSF− subject (69 y/o, M, MMSE: 29, APOE ε4−, t-tau = 470 pg/mL, p-tau = 76 pg/mL, Aβ42 = 942 pg/mL). (B) A QR-PiB+, SPM−, CSF− subject (58 y/o, F,
MMSE: 30, APOE ε4−, t-tau = 295 pg/mL, p-tau = 59 pg/mL, Aβ42 = 1,090 pg/mL). (C) A QR-PiB−, SPM+, CSF+ subject (73 y/o, M, MMSE: 30, APOE ε4+,
t-tau = 236 pg/mL, p-tau = 38 pg/mL, Aβ42 = 496 pg/mL). (D) A QR-PiB+, SPM+, CSF+ subject (76 y/o, F, MMSE: 29, APOE ε4+, t-tau = 705 pg/mL,
p-tau = 71 pg/mL, Aβ42 = 465 pg/mL).
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TABLE 5 | Entire test cohort vs. statistical parametric mapping (SPM) positive,
QR-PiB indeterminate/negative.

Entire cohort
(n = 115)

SPM+, QR-PiB I/−
(n = 14)

p-value

Age in years at time of
PET scan ± SD

59.6 ± 11.5 68.18 ± 13.0 0.0104

APOE ε4 status
(−/+/unknown)

51/56/8 2/11/1 0.0369

TABLE 6 | Entire test cohort vs. QR-PiB positive.

Entire cohort
(n = 115)

QR-PiB +
(n = 11)

p-value

Age in years at time of
PET scan ± SD

59.6 ± 11.5 64.86 ± 12.7 0.0331

APOE ε4 status
(−/+/unknown)

51/56/8 6/4/1 0.5219

TABLE 7 | QR-PiB positive vs. statistical parametric mapping (SPM) positive,
QR-PiB indeterminate/negative.

QR-PiB+
(n = 11)

SPM+, QR-PiB I/−
(n = 14)

p-value

Age in years at time of
PET scan ± SD

64.86 ± 12.7 68.18 ± 13.0 0.8458

APOE ε4 status
(−/+/unknown)

6/4/1 2/11/1 0.0393

Next, we performed a regional analysis of five regions to
determine if any regions were good predictors of the CSF
Aβ42 levels (Table 9). The anterior cingulate gyrus [OR: 1.6
(95% CI 1.1, 2.5)], posterior cingulate gyrus [OR: 1.8 (95% CI
1.1, 2.8)], and precuneus [OR: 2.4 (95% CI 1.1, 5.1)], were
found to be significant predictors of the CSF Aβ42 levels. The
middle orbitofrontal gyrus and middle temporal gyrus were not
statistically significant predictors of CSF Aβ42 levels.

DISCUSSION

We present the construction of a database of cognitively normal
subjects who underwent QR-PiB for subsequent application of
SPM analysis and direct comparison with QR-PiB interpretation.
We were able to construct the database from a cohort of
cognitively normal volunteers who had previously been enrolled
in a prospective study, and for whom CSF protein data and APOE
genetics data was also available. With exception of proof-of-
concept studies (Ziolko et al., 2006; Lilja et al., 2016; Doré et al.,
2019; Tanyaluck Thientunyakit et al., 2021), head-to-head studies
comparing amyloid PET SPM to QR-PiB image interpretation
have been limited. Two representative studies (Harn et al., 2017;
Petrover et al., 2021) used commercially available databases
for SPM analysis with [18F]-Florbetapir and [18F]-Florbetaben,
respectively. Both studies demonstrated that SPM improved
diagnostic confidence and performance; however, the
commercially available databases utilized were comprised
of “negative scans” confirmed by expert review without the aid

of APOE ε4 status and CSF biomarkers. Given the persistent
interrater variability among trained interpreters of QR-PiB
(Clark et al., 2012; Joshi et al., 2012), it is conceivable that
positive scans could be included. Additionally, the fact that CSF
biomarker data was not used to construct these databases opens
the possibility that subjects with early CSF changes indicative
of preclinical AD could be included given that CSF changes can
occur up to 25 years before the onset of cognitive symptoms
and up to 10 years before QR-PiB changes (Bateman et al.,
2012). It is important to note that while positive CSF biomarkers
provide valuable adjunct information and convey a degree
of increased risk, they are not by themselves diagnostic and
as such there is no universally accepted standard for the CSF
cutoffs. For the purposes of this study we used the threshold set
forth by Miners et al. (2019). Subjects with normal CSF criteria
per this threshold were considered to be lower risk for later
development of AD.

We used [11C]-PiB PET to create and test an amyloid
PET database for SPM, using commercially available software
(syngo.via MI Neurology analysis tool). A particular advantage
of this software over alternatives is that it is clinically integrated
which allows for easier clinical translation and has the potential
for widespread use. The SPM approach also has the potential to
be applied to other PET radiotracers targeting amyloid, tau, or
other biomarkers of neurodegeneration.

Our study demonstrates that use of SPM for amyloid-targeted
PET may improve sensitivity given that more positive scans
were identified relative to interpretation of the standard QR-PiB
image (19.1 vs. 9.6%). This invokes the question of whether these
represent true or false positives, but given the cross-sectional
nature of our study we are not able to identify those individuals
who go on to develop AD versus those who do not. Taking this
limitation into account, our correlation with CSF biomarkers
suggests a greater proportion of cases interpreted as positive
are true positives given the greater concordance of SPM with
AD biomarkers relative to the QR-PiB interpretation (kappa
coefficient 0.13 vs. 0.06). The exact incidence of true versus false
positives could be identified with future prospective longitudinal
studies. While the kappa coefficient between CSF biomarkers
and SPM interpretation appears low, it is important to reiterate
that these subjects are cognitively normal, and if indeed there
is AD pathology, they would be early in the disease process.
Among cognitively normal, amnestic MCI, and AD subjects, it
has been shown that CSF Aβ42 does not correlate with cognitive
scores (Vemuri et al., 2009). Moreover, AD-type changes in CSF
may be a feature of normal aging (Toledo et al., 2015) and may
be present in up to one-third of cognitively normal subjects
(De Meyer et al., 2010).

Of note, there was a higher proportion of indeterminate
cases with the use of SPM (7.0 vs. 3.5%). One potential
explanation for this is that the raters had never used SPM
before to determine amyloid status and received limited training,
whereas the raters were well-versed in the interpretation of
QR-PiB. Therefore, additional training in SPM interpretation
is likely to increase rater confidence, similar to the effect that
training had on standard PET interpretation (Clark et al., 2011).
The reader unfamiliarity with interpreting SPM for amyloid
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FIGURE 3 | A visual representation of the age distribution with a Tukey box and whisker plot (outlier, black dot) (A) and percent of APOE ε4 positive subjects (B) in
the SPM +, QR-PiB I/− subgroup (n = 14), the QR-PiB + subgroup (n = 11), and the entire test cohort (All Subjects, n = 115). There is no significant difference in age
between the SPM+, QR-PiB I/− subgroup and the QR-PiB + subgroup (A), but the SPM+, QR-PiB I/− subgroup identifies a higher percentage of APOE ε4 positive
subjects than the QR-PiB + subgroup (B).

PET and the subsequent higher number of indeterminate cases
likely contributed to the low kappa coefficient representing
the correlation between the SPM read and the CSF Aβ42
levels. Further training with SPM and validation of quantifiable
z-score cutoffs could serve to further increase the correlation.
Nonetheless, SPM-naïve raters still identified more positive cases
with the use of SPM.

There were three cases that were QR-PiB positive, SPM
negative. In total, these represent only 2.6% of the entire test
cohort. A study by Ikonomovic et al. (2018) found the rate

TABLE 8 | Diagnostic rating agreement.

Comparison Kappa coefficient

SPM vs. CSF Aβ42 (P/N) 0.13

QR-PiB vs. CSF Aβ42 (P/N) 0.06

SPM vs. QR-PiB (P/I/N) 0.33

P = positive, I = indeterminate, N = negative.

TABLE 9 | Logistic regression using regional Z-score to predict cerebrospinal fluid
(CSF) Aβ42 levels (n = 51).

Region OR (95% CI) p-value Optimal Z-score
cut-off

Anterior cingulate gyrus 1.6 (1.1, 2.5) 0.026 2.00

Posterior cingulate gyrus 1.8 (1.1, 2.8) 0.020 0.50

Precuneus 2.4 (1.1, 5.1) 0.024 1.20

Middle frontal gyrus, orbital part 1.3 (1.0, 1.8) 0.084 –

Middle temporal gyrus 1.3 (1.0, 1.8) 0.080 –

of false positives on amyloid PET, even among experienced
raters such as ours, to be 2.8%. In addition, the lack of CSF
amyloid biomarkers favors the qualitative reads to have been
false positives, possibly due to poor scan quality, scan timing, or
cortical atrophy (Apostolova et al., 2016).

When we further examined the cases that were identified
as positive on SPM, but negative or indeterminate on QR-PiB
we found that SPM, similar to QR-PiB, identified individuals
whose average age was significantly higher than that of the entire
cohort (SPM p = 0.0104, QR-PiB p = 0.0331). Given that amyloid
deposition increases with age, this is in line with what would
be expected (Mormino and Papp, 2018; Zhang et al., 2021).
Interestingly, SPM was able to identify a higher proportion of
APOE ε4 positive individuals (p = 0.0369) than were present in
the entire cohort whereas QR-PiB did not identify more APOE ε4
positive subjects (p = 0.5219). This indicates SPM may be able to
identify APOE ε4 subjects with increased sensitivity over QR-PiB.

Future work will focus on establishing region-specific z-score
cutoffs. Certain regions such as the precuneus and posterior
cingulate are known to have early accumulation of Aβ42 (Karas
et al., 2007; Grothe et al., 2017; Mi et al., 2017; Palmqvist
et al., 2017). Palmqvist et al. demonstrated that 15 of 68 cortical
regions including the precuneus, anterior cingulate, and posterior
cingulate had an increased rate of amyloid accumulation in
cognitively normal subjects with low levels of CSF Aβ42 (CSF+)
but negative 18F-florbetapir PET scans (PET-) indicating these
regions accumulate Aβ early in the disease process (Bateman
et al., 2012; Palmqvist et al., 2017). As such, global z-score analysis
could underemphasize the pivotal role that select regions may
have in portending progression of AD.
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Even in the absence of z-score cutoffs, visual interpretation
of SPM SSPs alone provides improvements in diagnostic
performance relative to interpretation of preprocessed PET
images. This has been well-validated with the use of FDG-
PET for dementia diagnosis (Perani et al., 2014). Perani et al.
demonstrated that visual interpretation of SSPs rather than
standard FDG-PET improved sensitivity for the detection of
neurodegenerative disorders from 78 to 96% and increased
specificity from 50 to 84%. The interpretation of SSP maps from
FDG-PET in conjunction with z-scores reflects how FDG-PET
SPM is currently used in clinical practice, and we foresee a similar
role for SPM in amyloid PET.

While we were able to identify region specific cutoffs for our
dataset, these specific cutoffs may not be generalizable given that
our population was largely cognitively normal (MMSE ≥ 25). In
the clinical setting, amyloid PET scans are ordered in patients
who usually demonstrate cognitive impairment. A Cochrane
review on FDG-PET for dementia highlights that it has been
challenging to establish thresholds given the heterogeneity of
study populations (Morbelli et al., 2015). Nonetheless, we believe
greater standardization is achievable with amyloid PET, and
hope to explore valid, region-specific z-score thresholds in future
studies of clinical populations.

In our region-specific analysis, the precuneus had the
highest odds-ratio in predicting CSF Aβ42 levels. While this
data was collected from a single timepoint, it suggests early
involvement of the precuneus in AD pathology, concordant
with other studies demonstrating early precuneus involvement
in AD (Karas et al., 2007; Mi et al., 2017). Interestingly,
the anterior cingulate demonstrated a higher odds ratio
than the posterior cingulate, which is seemingly discordant
from FDG-PET related findings (Minoshima et al., 1997;
Brown et al., 2014; Ford et al., 2021). However, there is
evidence that amyloid deposits may occur early in the
anterior cingulate in AD (Grothe et al., 2017; Palmqvist
et al., 2017). Future longitudinal studies in cognitively
normal individuals using our SPM database could further
illuminate the sequence of amyloid deposition in preclinical AD
and normal aging.

There are several notable limitations of this study. There is
lack of diversity in the enrolled population this retrospective
analysis was based on, with the cohort of volunteers primarily
comprised of persons identifying as Caucasian; enrollment
of a diverse population reflecting the population affected by
cognitive impairment and dementia will be prioritized in future
prospective studies. Moreover, the mean age of the normal
database was 62 ± 7.5 years, which may be less relevant
for elderly patients (e.g., >80 years old). Furthermore, the
CSF biomarkers applied here are somewhat inadequate given
that specificities and positive predictive values are insufficient
to diagnose AD prior to meeting clinical criteria (Hertze
et al., 2010). Also, as mentioned, AD-type CSF biomarkers
(De Meyer et al., 2010; Toledo et al., 2015) and amyloid
deposition (Mielke et al., 2012) may be expected findings of
normal aging. Longitudinal assessment with SPM would be
the most suitable approach to confirm which region-based
z-score cutoffs are clinically relevant and predictive of future

conversion to AD. Another noteworthy limitation is that the
amyloid PET scans were acquired from 2009 to 2013, and
there have since been improvements on multiple fronts in
amyloid PET, including motion correction (Brendel et al.,
2015) as well as the utilization of low-dose technique in
conjunction with deep learning (Chen et al., 2019). As such, to
ensure accuracy of SPM analysis, future prospective studies will
require the construction of new reference databases to match
acquisition and post-processing protocols that incorporate these
technical advances.

Emerging therapeutic options for AD, including amyloid
targeting antibodies such as aducanumab (Cummings et al.,
2021), underscore the critical need for early and accurate
identification of AD pathology. Amyloid targeted PET with
SPM analysis can take PET interpretation from a primarily
qualitative to a quantitative approach, allowing more accurate
quantification of cortical amyloid burden, and laying the
basis for longitudinal follow up in the context of treatment
response assessment. With further validation, SPM with amyloid
PET may become routine in clinical practice, analogous to
FDG PET for dementia evaluation. Given the high-cost of
current and future amyloid-modulating therapies, and given
ongoing considerations by the Centers for Medicare and
Medicaid Services to lift PET payment restrictions (Stempniak,
2021), it is conceivable that amyloid PET with SPM will
eventually become reimbursable from third party payers, thereby
increasing access to this important diagnostic tool within the
population-at-large.
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