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Abstract: Background: Progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) are atypical
parkinsonisms (APs) that are classified as tauopathies. Patients with these APs may present with similar early clinical
manifestations to Parkinson’s disease (PD), but they prove unresponsive to anti-parkinsonian medications.

Objective: The main objective of this meta-analysis was to compare first- and second-generation tau PET tracer
efficacy in patients with the APs to identify potential diagnostic biomarkers.

Methods: PubMed and Web of Science were searched between January 1, 1999 and December 31, 2022. We
included case-control studies that were published in English and report tau PET tracer binding as mean + SD in at
least one region of interest (ROI). Differences in tau PET binding values were meta-analyzed using random-effects
meta-analytic models and subgroup analyses based on ROls in the statistical programming language R

(version 4.2.1).

Results: Overall, 29 studies with 665 patients were included in the final review. ['®F]PI-2620 outperformed first-
generation tracers when comparing PSP-HC (g = —1.68, 95% Cl: —2.05 to —1.30) and CBD-HC (g = —1.37, 95%
Cl: —2.25 to —0.49). When comparing PSP-PD, the first-generation tracer, ['®F]AV-1451, presented with higher
binding to PSP patients (g = —0.80, 95% Cl: —1.24 to —0.35).

Conclusions: Our results demonstrate the efficacy of ['®F]PI-2620 PET in imaging AP-tau. These findings
contribute towards identifying a diagnostic imaging biomarker for patients with APs. The main limitation of this
study was the heterogeneity of the results. Future studies should conduct AP-PD comparisons with second-
generation tracers to confirm the preliminary results found here.

Atypical parkinsonisms (APs) are a group of rare neurodegener-
ative disorders that present with heterogeneous symptomology
and neuropathology. Since many of these disorders present
with similar symptomology early on in disease process, one of
the innovative ways that researchers and clinicians distinguish
APs is through imaging the pathological protein deposits pre-
sent within various brain regions. For Parkinson’s disease (PD),
the neuropathology is predominantly characterized by deposi-

tion of the alpha-synuclein protein.'? An example of an AP

alpha-synucleinopathy is multiple system atrophy (MSA).
Another group of AP proteinopathies are the tauopathies,
which include progressive supranuclear palsy (PSP) and cor-
ticobasal degeneration (CBD). Although these APs are catego-
rized according to the pathological protein that predominates,
it is important to note that we sometimes see pathological tau
in both PD and MSA patients albeit to a lesser degree than
alpha-synuclein, thus introducing another concept of mixed

pathologies.>”
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REVIEW

META-ANALYSIS OF TAU IMAGING IN PARKINSONISMS

Under normal physiological conditions, tau functions as a
microtubule-associated protein (MAP) that promotes microtu-
bule assembly and aids in microtubule stability, especially in the
neurons of the central nervous system (CNS).>® Under patho-
logical conditions, the tau protein becomes hyperphosphorylated
and forms insoluble tau aggregates called neurofibrillary tangles
(NFTs) that aggregate in a variety of different brain regions. Pre-
vious literature posits that the deposition of these tau NFTs is
closely linked to cognitive decline in Alzheimer’s disease
(AD) and other tauopathies.” For this reason, quantifying tau is
an important step in biomarker development progress, particu-
larly for PSP and CBD where there are few other early indicators
for their diagnosis.

One avenue of biomarker development has been the use of
molecular imaging, particularly positron emission tomography
(PET) imaging. PET imaging is a useful tool for the localization
of tau because of the development of tau PET radiotracers that
bind to the microtubule binding domain of tau.*’ The inception
of tau PET imaging began with the development of the ['°F]
AV-1451 tracer. This tracer was recently approved by the
United States Food and Drug Administration for effective use
with imaging AD-tau.'” Following the development of this
tracer, there were a variety of other first-generation tracers devel-
oped including [**F]THK-5351 and [''C]PBB3. As summarized
in our previously published systematic review,'' these first-
generation tracers demonstrate limited specificity and capacity to
localize PSP- and CBD-tau. For this reason, recent work has
focused on the performance of the second-generation tau PET
tracers. These include ["*FJPI-2620, ['*F]PM-PBB3, and ['°F|
MK-6240. Although the literature points towards the improved
clinical utility of the second-generation tracers, there has yet to
be a quantitative analysis of the performance of first- versus
second-generation tracers.

The present paper aims to meta-analyze tau PET tracer bind-
ing values in PSP, CBD, and PD patients using pooled PET
imaging studies’ data. We aimed to determine (1) which tracers
preferentially bind to pathological patients over healthy controls
(HC), (2) which tracers can distinguish parkinsonisms, (3) which
regions of interest (ROIs) demonstrate the highest tracer binding,
and (4) if there are any confounding variables that influence

tracer binding.

Methods

The methodology for this study was carried out in accordance
with the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines.'?

Search Strategy

PubMed and Web of Science were searched between January
1, 1999 and December 31, 2022 for publications studying tau
PET tracers in vivo in patients with APs and PD. Additionally,
the references of the resulting articles and review papers were
manually searched for missing studies.
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Study Selection

Using an internet-based software called Covidence (www.
covidence.org), we conducted study screening and data extrac-
tion (Fig. 1). Initial screening included abstract and title reviews.
Following this, eligible studies underwent full-text reviews
against our inclusion and exclusion criteria. Finally, unanimously
approved studies were moved into data extraction.

The included studies meet the following criteria: (1) published
in English; (2) involve human tau PET imaging; (3) assess tau
PET tracer binding; (4) compare PD, PSP, CBD, or MSA
patients to HC or APs to PD; and (5) report tau PET tracer
binding as mean £ SD in at least one ROI.

Study Quality Assessments

All studies were assessed for publication bias using funnel plots
and trim-and-fill analyses with imputed data points in addition
to Egger’s test for asymmetry. Study quality was evaluated using
a modified Newcastle-Ottawa scale (NOS) (Table S1). Each
study was assessed against the criteria and received a score of 0—6

stars.

Data Extraction

The variables extracted were first author’s surname, publication
year, binding uptake calculation method, number of subjects in
each participant group, mean £ SD age (years), sex of partici-
pants, mean £ SD disease duration (years), mean & SD Unified
Parkinson’s Disease Rating Scale (UPDRS) motor score,
mean £ SD Hoehn and Yahr (HY) stage score, mean £ SD Pro-
gressive  Supranuclear Palsy Rating Scale (PSPRS) score,
mean + SD  Cortical Basal ganglia Functional Scale (CBES)
scores, scanner type, mean injected tracer dose (MBq), scan dura-
tion (minutes), and mean £ SD uptake data for each participant

group and brain region.

Data Analysis

All statistical analyses were carried out using the “meta” (version
6.0.0) and “metafor” (version 3.8.1) packages in the statistical
programming language R (version 4.2.1). Meta-analyses were
conducted separately for all group comparisons (ie, PSP-PD,
PSP-HC, CBD-HC, PD-HC) and only performed if at least
three eligible studies were available. The meta-analysis proper
was conducted using a random-effects model. These models
meta-analyze study effect sizes using restricted maximum likeli-
hood estimation that reports study effect sizes as Hedge’s g values
representing the standardized mean difference (SMD) in tracer
binding between participant groups. Heterogeneity of the effect
sizes was assessed using I* statistics, where values below 30% rep-
resent low heterogeneity, between 40% and 60% represents
moderate heterogeneity, and greater than 60% represents high
heterogeneity. If substantial heterogeneity with P> 50% was
present in the results, we assessed the influence of potential clini-
cal and demographic effect moderators on tracer uptake. These
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Figure 1. Preferred reporting items for systematic reviews and meta-analysis (PRISMA) flow diagram.

moderators include publication year, percentage of female partici-
pants, age, disease duration, UPDRS motor score, HY stage score,
PSPRS score, and CBFS score. The effects of these variables were
assessed using meta-regression analyses.

In order to assess binding in the various ROIs set out for each
tracer, we performed subgroup analyses between ROIs for each tau
PET tracer using random effects models for between-subgroup
weighting. Comparison of the combined subgroup effect sizes was
conducted using an analysis of variance based on sum of squares. A
statistical significance level of P < 0.05 was used for all analyses.

The group comparison of PSP to PD only had sufficient data
from ["*FJAV-1451 studies. Data were sufficient for comparison of
PSP patients to HC with ["*FJAV-1451, ["*FTHK-5351, and ['°F]
PI-2620. For the comparison of CBD patients to HC, there was
sufficient data for ['®FJAV-1451 and ["*F]PI-2620. The first-
generation tracer ["®F]AV-1451 and second-generation tracer [**F]
PM-PBB3 were analyzed for comparison of PD to HC. In this
analysis, sufficient data is defined as having three or more studies
assessing identical comparisons in terms of participant groups, tau
PET tracers, and at least one ROI. Since the studies that included
MSA did not have similar ROIs or consistent comparisons to any
other groups assessed, they were excluded from the analysis.

Data Quality

All studies scored 24 stars on the modified NOS (Table S1).
Funnel plots with imputed datapoints for the PSP-PD analysis

revealed 0 missing studies (['*FJAV1451: P = 0.709) with
trim-and-fill-adjusted effect sizes remaining the same,
suggesting minimal impact of publication bias. Funnel plots for
the PSP-HC comparisons suggested some publication bias for
studies with all three tracers assessed ([‘*FJAV-1451: P = 0.01,
["®F]THK-5351: P = 0.006, ['*F]P1-2620: P = 0.038). For the
[*®F]AV-1451 PSP-HC analysis, trim-and-fill analysis revealed
1 positive missing study but the adjusted effect size remained
essentially the same, suggesting limited publication bias. There
were four positive studies missing for the [*FJTHK-5351
PSP-HC analysis and the trim-and-fill adjusted effect size
switched from negative to positive, indicating an influence of
publication bias on the combined effect for studies with this
tracer. Similarly, there were two positive studies missing for
the ['®F]PI-2620 PSP-HC analysis but in this instance the
trim-and-fill adjusted effect size remained similar, indicating
limited publication bias. The funnel plot for the ['*FJAV-1451
CBD-HC comparisons suggests publication bias (['*FJAV-
1451: P < 0.001) but there is only one positive missing study
and trim-and-fill adjusted effect sizes remain essentially the
same, indicating minimal publication bias. Conversely, the
funnel plot for the ['®F]PI-2620 CBD-HC comparison sug-
gests no significant publication bias with O studies missing and
trim-and-fill adjusted effect sizes remaining the same (['*F]PI-
2620: P = 0.509). Funnel plots with imputed data points for
the PD-HC group comparisons suggested no significant publi-
cation bias with O studies missing and trim-and-fill adjusted

MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(12): 17725-1737. doi: 10.1002/mdc3.13885 1727



META-ANALYSIS OF TAU IMAGING IN PARKINSONISMS

REVIEW

(sonunuoy))
- - gl/ce (¢9) 8°0L 8/¢C L) 019 - - - L& 01 - c3U0S
61/S1 (L'0) 669 - - 6/S (56) +'L9 - - e - v - SPIEd
0/¢ €9 /T €9 /¢ L°€9 0/T geL ¢ ¢ ¢ T (e}
- - 91/0C ®) 1L 8/¢C (L) 19 - - =96 01 7 IPIUYISIaSSIN
e} %8¢ (CANINYA S[eW} %8¢ (CANIRY) S[eUIS} 9%CL (L'9) $'L9 - - [T ] SR N
- - /¢ g'8L /1 9 - - - v T - RN
- - 0/¢ (L¢) ¢8L v/S 99 91L - - - ¢ 6 - e PTHUST
- - 8/6 (5'9) 8'89 81/01 (¢¥) T99 - - - Ll 8T - «"SH
[18-19]
S/z (8491 (S8%) 1°69 0/6 [18-99] (8T'S) T'+L /S #9) 0 1L - - L 6 6 - P2
- - 9/ #L) +°89 v/S (99) 9'1L - - -1 6 - L 1PPuRIg
- - - - 8/S1 (TL) 989 /€1 (€9 919 - - ¢TooLl 0z UOSUCH
- - - - v1/17 (L9) L1L 8/L (9'9) 999 - - s¢oCr UM
S/ [L£-+<] 89 - - €C/0¢ [c6-0c] 9L - - ) - ¢ - LTS
- - - VARV - ) ¢L - - A A LSS
9/¢ (8°9) T69 - - 01/01 81 ¥cL - - 7 - 0 - FUTOIN
L/T (Ten ¢ v/¢ (59) 0°0L 8/¢C F 01 109 9/¢ (L'9) +799 6 L 0 8 1
- - 01/¢e (L'9) 969 1e/se (r°9) 969 494" (9 1'L9 - g 9 9¢ 1 ANEYUOYdS
- - ¥/C (LL9) Tel 8/¢C (€6'6) 659 ¢/¢ (19°6) L9°€9 - 9 01 9 SIEE Vo)
[06-1+] [9£-9¢]
sew 9%5zs  [08-65] (€79) 169 oew 94629 [68-£5] (9°9) 6'69 A[eW %9°0f (S0) 169  o[eW %Z'S9 (8°9) €19 ¢¢  0F 091 €T Prddoyuesso
- - - (co LoL - (6'1) 6°0L - - - 11 - o PIUS
- - 9/01 [e8-6¢] (9) 89 - - - - - 91 68 - A A
</L (6'2) 6°0L €1/01 (9'8) €1L 8/11 (1'1) 6'89 - - cr € o6l - o1 PUEIIOH
- - - - €1/91 (@ 69 1/8 (©) L9 - - 6 6 -
- - /€7 (c9) 0L L/8 (€9 L'89 L/8 (#'9) 6'L9 R 4 T ) A #1040
- - ¢/y 99 ¢/y L9 - - - L L - o UOSUCH
(/M) (s14) a3e @D (4/N) X9s dSd (s14) o3e gSd (d/) X3s DH (s14) 93¢ DH @/mw @if)s8eqa (W (@@ W (W Apmg
x9s 09D x9s (ad agd dsd DH ad

sapnys papnpui ur spuvdinavd fo saysuapvivyd aydvisowaq T TTIIV.L

MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(12): 1725-1737. doi: 10.1002/mdc3.13885

1728



MENA A.M. ET AL.

REVIEW

Continued

TABLE 1

CBD sex
(M/F)

PD sex

PD age (yrs) (M/F)

PD HC PSP CBD

()

PSP sex (M/F) CBD age (yrs)

HC age (yrs) HC sex (M/F) PSP age (yrs)

n (@

(n)
10

Study

71 (6) 22/18 70 (11) 3/6

4/2 67 (7) 2/8

60 (10)

40

Brendel®’

13/7

63.0 (7.4)

8/5

60.6 (4.2)
56.6 (7.11)
63.8 (3.6)

6/4

59.4 (16.3)

13 20

20

10
24

.38
Li

6/14
4/5

16/8

60.75 (14.14)
69.2 (6.8)

. 55
Liu®

6/3

39

Tang

Abbreviations: CBD, corticobasal degeneration; HC, healthy controls; PSP, progressive supranuclear palsy; PD, Parkinson’s disease.

effect sizes remaining the same (['FJAV-1451: P = 0.427,
['*FIPM-PBB3: P = (.444).

Results

Study Characteristics

A summary of the included studies can be found in Table S2.
The demographic and clinical characteristics of the participants of
each study included can be found in Tables 1 and 2, respectively.

Progressive Supranuclear Palsy
First-Generation Tracers

['®FJAV-1451 tracer binding was overall significantly higher in
PSP patients compared to PD patients (P = —0.80, 95% CI: —1.24
to —0.35, P = 0.002; Fig. 2). Although tracer binding in most
ROIs trended towards higher binding in PSP patients, the only
region that displayed statistical significance was the globus
pallidus (GP) (¢ = —1.75, 95% CI: —3.36 to —0.15, > = 75.2%;
Fig. 2). Similarly, ['®FJAV-1451 displayed significantly higher
binding to the PSP participants over HC (¢ = —1.01, 95% CI:
—1.46 to —0.57, P < 0.0001). We observed this trend in tracer
binding for all ROIs assessed, except the temporal lobe
(¢=0.28, 95% CI: —1.35 to 1.91, P= 79.8%). Notably, the
ROIs that displayed significantly higher binding in PSP partici-
pants over HC were the dentate nucleus (DN) (¢ = —0.95, 95%
CL: —1.89 to —0.01, P = 68.2%), GP (¢= —2.13, 95% CI:
—3.22 to —1.03, > = 81.3%), and putamen (¢ = —1.01 95% CI:
—1.97 to —0.05, P = 72.9%).

Meta-regression analysis revealed that PSP duration was an
effect moderator for the PSP-PD analysis. Greater PSP duration
was associated with greater binding to PSP participants over PD
(estimate = —1.859, 95% CI: —3.13 to —0.586, P = 0.007).
Interestingly, age was also a significant effect moderator. Surpris-
ingly and contrary to what we expected, aging among study par-
ticipants correlated with decreased binding in PSP relative to PD
(estimate = 0.455, 95% CI: 0.0857 to 0.823, P =0.018),
suggesting a potential limiting/confounding factor related to this
radiotracer.

Similar performance was observed for ["*F]THK-5351, where
we found significantly higher binding in the PSP patients compared
to HC overall (¢ = —1.05, 95% CI: —1.74 to —0.37, P = 0.006)
and particularly in the GP (¢ = —1.55, 95% CI: —2.99 to
—0.10, P = 75.3%). Although the GP was the only ROI that
demonstrated  statistical ~ significance, both the putamen
(¢ = —0.42, 95% CI: —0.83 to —0.002, > = 0.0%) and frontal
lobe (g = —1.15, 95% CI: —3.59 to 1.29, I* = 87.5%) presented
with a trend towards higher binding in PSP patients over
HC. For the ['®*FJTHK-5351 meta-regression analysis, publica-
tion year and PSP duration were significant effect moderators.
Interestingly, more recent publications with this tracer presented
with decreased binding in PSP over HC (estimate = 0.4299,
95% CI: 0.0077 to 0.852, P = 0.0464). Another surprising
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TABLE 2 Continued

CBD

PSP

CBD

CBD CBD

duration

PSP HY (yrs)

PSP

PSP PSPRS UPDRS

PSP

PD motor duration
PD HY (yrs)

UPDRS

PD

UPDRS

CBFS

PSPRS

CBES

duration (yrs)

Study

342 (15.1) 3 [3-3]

31.6 (16.6)

4[3-4] 376 (2.5)

38.9 (17.1)

2.49 (1.44)

.38
Li

1.75 [1.02-4.44] 43.13 (15.8) 3 [2-3]

2.02 (1.46)

55

Liu

2.4 (05) -

40.8 (17.6)

39

Tang

Abbreviations: CBD, corticobasal degeneration; CBFES, cortical basal ganglia functional scale; HC, healthy controls; HY, Hoehn and Yahr; PSP, progressive supranuclear palsy; PD, Parkinson’s disease; PSPRS, progressive supranuclear

palsy rating scale; UPDRS, Unified Parkinson’s disease rating scale.

observation was that longer PSP durations were similarly associ-
ated with decreased binding to PSP (estimate = 0.684, 95% CI:
0.124 to 1.244, P = 0.0244), suggesting also in this case a poten-
tial limiting/confounding factor related to this radiotracer.

Second-Generation Tracer

Like the first-generation tracers described above, the second-
generation tracer ['®F|PI-2620 demonstrated significantly higher
binding in PSP patients when compared to HC (¢ = —1.68, 95%
CIL: —2.05 to —1.30, P < 0.0001; Fig. 3). This significant trend
is consistent throughout most ROIs assessed in this analysis,
including the GP (¢= —2.16, 95% CI. —2.75 to —1.58,
12:0.0%), putamen (¢ = —2.08, 95% CI: —3.12 to —1.04,
PP = 56.8%), substantia nigra (SN) (¢ = —0.69, 95% CI: —1.01
to —0.36, P =0.0%), and subthalamic nucleus (STN)
(¢=—187, 95% CI. —2.25 to —1.49, P =0.0%) (Fig. 3).
Although not statistically significant, binding to the DN still
presented with a tendency to be higher for PSP patients
(¢=—1.31, 95% CI: —2.64 to 0.02, I> = 49.8%; Fig. 3). Meta-
regression analysis revealed no significant effect moderators.

Corticobasal Degeneration
First-Generation Tracers

When comparing CBD patients to HC, there was an overall trend
towards higher ['®FJAV-1451 binding in CBD patients
(g = —1.00, 95% CI: —2.00 to 0.01, P = 0.05). Although none
of the ROIs assessed displayed statistical significance, the com-
bined effect size and all ROI subgroups present negative values,
indicating a trend to higher binding in the CBD patients over
HC. Meta-regression analysis revealed publication year, disease
duration, and age as effect moderators for the meta-analysis with
contrasting results. More recent publications were associated
with higher binding in HC (estimate = 0.731, 95% CI: 0.227 to
1.235, P=0.007); and studies with older CBD participants
demonstrated higher binding to CBD patients over HC
(estimate = —0.093, 95% CI: —0.183 to —0.003, P = 0.0434).
However, contrary to what we expected, increased CBD dura-
tion was associated with decreased binding in CBD participants
(estimate = 1.299, 95% CI: 0.401 to 2.197, P = 0.0078).

Second-Generation Tracer

Overall, there was significantly higher ['®*F]PI-2620 binding in
CBD patients over HC (¢ = —1.37, 95% CI: —2.25 to —0.49,
P = 0.007; Fig. 4). All ROI subgroups displayed this same trend,
although the GP is the only ROI that presents with significantly
higher binding in CBD patients over HC (¢ = —1.71, 95% CI:
—3.14 to —0.28, P = 65.4%; Fig. 4). Although there were no
significant effect moderators for this analysis, there was a strong
correlation for publication year. More recent publications dem-
onstrated higher binding to CBD patients over HC
(estimate = —1.234, 95% CI: —2.824 to 0.355, P = 0.111).
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Figure 2. Forest plot of differences in first-generation tracer ['®F]AV-1451 binding to progressive supranuclear palsy (PSP) versus
Parkinson’s disease (PD) patients. Red diamonds represent subgroup analysis based on region of interest (ROI). Blue data points
represent individual study effect sizes. The * represents statistical significance (P < 0.05).

Parkinson’s Disease
First-Generation Tracer

Overall, ['"®F]AV-1451 binding to the ROIs in PD patients
was unremarkable. When compared to HC, tracer binding
was higher in HC than PD patients (¢ = 0.25, 95% CI:
—0.0006 to 0.50, P = 0.05), although the results were not sig-
nificant overall. Through subgroup analysis, we found that
there were no significant differences in tracer binding for any
of the ROIs, except for the SN. ['"®FJAV-1451 binding was
significantly higher in HC than PD patients in the SN
(¢ =0.94, 95% CI: 0.56 to 1.33, P = 0.0%). Percentage of
PD females was an effect moderator for ['*FJAV-1451 bind-
ing. A higher percentage of PD females in the studies assessed
correlated with lower binding values for PD patients relative
to HC (estimate = 0.021, 95% CI: 0.006 to 0.037,
P =0.008).
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Second-Generation Tracer

An opposite trend was seen with the second-generation
tracer ['°F]PM-PBB3 when compared to ['®FJAV-1451. With
this tracer we observed higher binding in PD patients over HC
(g =—0.16, 95% CIL: —0.41 to 0.08, P = 0.16). Although the
results here were not significant, the ROIs that displayed this
trend were the putamen (¢ = —0.41, 95% CI: —0.84 to 0.02,
P =0.0%) and temporal lobe (¢= —0.14, 95% CI: —0.80 to
0.52, > = 0.0%). Age of PD participants was an effect moderator
for ['*F]PM-PBB3 binding. Among all studies assessed, advanced
PD age was associated with increased binding to PD patients over
HC (estimate —0.051, 95% CI: —0.092 to —0.011, P = 0.016).

Discussion

Our first main finding of this meta-analysis was that all tau PET
tracers assessed demonstrate trends towards higher binding in AP
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Figure 3. Forest plot of differences in second-generation tracer [®F]PI-2620 binding to progressive supranuclear palsy (PSP) patients
versus healthy controls (HC). Red diamonds represent subgroup analysis based on region of interest (ROI). Blue data points represent
individual study effect sizes. The * represents statistical significance (P < 0.05).

patients (i.e., PSP, and CBD) when compared to HC and
PD. This is a trend that we would expect to see because patho-
logical tau accumulates in patients with these diseases.*”** Con-
sistent with the literature, we found that the second-generation
tracer ["*F]PI-2620 outperforms first-generation tracers for both
PSP and CBD.*>337%3 The larger effect sizes and reduced het-
erogeneity (i.e. lower I? values) in the analyses when using this
tracer demonstrates increased reliability for this data and supports
the use of [®F]PI-2620 as a potential imaging biomarker for
these tauopathies. Interestingly, when comparing PD patients to
HC, we found opposing trends for the first-generation tracer
['®F]JAV-1451 and the second-generation tracer ["*F][PM-PBB3.
The trend towards higher binding to HC with ["*FJAV-1451
seems to be predominantly driven by binding to the SN. This
tracer is reported to observe extensive off-target binding to the
SN, neuromelanin, and MAO-B."? This off-target binding could

be the main reason for the trend observed with this tracer but
there is also the issue of extensive SN degeneration in late-stage
PD patients.”**> Data for ["*F]PM-PBB3 tracer binding to the
SN was insufficient for the present model, but recent literature
states that this tracer has mediated many of the oft-target binding
issues observed with first-generation tracers, including off-target
binding to the SN.***

Our second finding was that when comparing parkinsonisms
head-to-head, there was significantly higher binding to PSP
patients over PD when using the first-generation tracer [*FJAV-
1451. There was only sufficient data to conduct this group com-
parison with one tracer but these results show that despite the
limitations of using ["*F]JAV-1451, this tracer is still able to differ-
entiate PSP from PD patients using tau binding values. In partic-
ular, the GP is the ROI that presents with the largest SMD in
tracer binding and this has been one of the regions cited in the
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Figure 4. Forest plot of differences in second-generation tracer ['®F]PI-2620 binding to corticobasal degeneration (CBD) patients versus
healthy controls (HC). Red diamonds represent subgroup analysis based on region of interest (ROI). Blue data points represent individual

study effect sizes. The * represents statistical significance (P < 0.05).

literature as the most severely affected in PSP patients.*
Although there was insufficient data to conduct this group com-
parisons with the other tracers, recent studies have provided evi-
dence that some second-generation tracers can effectively
distinguish PD from APs. In their large-scale, multi-site study,
Brendel et al’’” provided evidence for the use of ['*F]PI-2620 in
differential diagnosis of PSP from other neurodegenerative dis-
eases, including PD. Here, the researchers cited the GP internus
(GPi) as the region with the strongest differences between PSP
and other neurodegenerative diseases.

Our third finding was that the ROIs that consistently pres-
ented with the largest effect sizes in the pathological groups were
the subcortical structures. Reviews of AP neuropathology have
cited the basal ganglia as the most severely affected region for
both PSP and CBD. This part of the brain observes extensive
neurodegeneration and tau accumulation throughout disease
progression. In our analysis, we observe large effect size values
particularly for the GP. The main function of the GP is the con-
trol of voluntary movement; that is, it facilitates the control of

49-51 .
°" Hence, the extensive

conscious and voluntary movements.
accumulation of tau in this region, particularly for PSP and CBD
patients explains the complex motor symptoms observed in these
patients. The symptomology for APs is quite heterogenous and

this is thought to be a direct link to differential patterns of tau

1734 MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(12): 1725-1737. doi: 10.1002/mdc3.13885

accumulation. Although the patterns of tau deposits may vary,
the GP seems to be one of the most consistently affected regions
and could be a good ROI to serve as a means for differential
diagnosis of PSP and CBD from other parkinsonisms.

Finally, our meta-regression analyses revealed interesting
points of consideration for future in vivo studies with these tau
PET tracers. The effect moderator patterns for second-generation
tracers were in line with what we expected to see. For example,
with longer PD disease durations, we expected to see a stronger
correlation with increased binding to PD over HC and this was
indeed the case with ['*F|[PM-PBB3. Similarly, with more expe-
rience applying second-generation tracers to this patient popula-
tion it is expected that a trend in the data arises. Thus, the
association between more recent publications and higher binding
to CBD patients over HC with the ['*F|PI-2620 tracer is in line
with our expectations. With regard to the first-generation tracers’
meta-regression analyses, the [18F]AV—1451 PSP-PD group com-
parison revealed a significant association between PSP duration
and binding to PSP over PD. Tau accumulates with advanced
age under normal physiological conditions and especially with
late-stage parkinsonism patients, but this build-up is evidently
heightened in patients with late-stage PSP.

Interestingly, we saw an unexpected trend for the [*FJTHK-
5351 PSP-HC and [**FJAV-1451 CBD-HC group comparisons.
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Here, we observed misleading positive correlation coefficients asso-
ciated with disease duration, suggesting that with increased disease
duration there was a trend towards decreased binding to the patho-
logical groups. To our knowledge, there are no longitudinal studies
with ["®*FJTHK-5351 PET in APs, but there is at least one con-
ducted with ["*FJAV-1451 PET."” In this study, researchers reported
['®FJAV-1451 measures to increase over time, in line with disease
duration, although these changes did not correlate with changes on
the PSPRS. Therefore, we suggest that these unexpected correla-
tions are potential artifacts and may be explained by the inconsis-
tencies and off-target binding issues observed with first-generation
tracers when applied to patients with APs.

As stated, tau accumulation tends to build up with advanced
age which is referred to as primary age-related tauopathy
(or PART). For this reason, we included age as a moderator in
our meta-regression analysis. Typically, we would expect studies
with older participants to have higher tau PET binding values
and this is what we found with the ['*F]JAV-1451 CBD-HC and
['**F]PM-PBB3 PD-HC group comparisons. For ['*FJAV-1451,
advanced CBD age was associated with higher binding to CBD
participants over HC. Similarly, the ["*F]PM-PBB3 tracer dem-
onstrated that advanced PD age was associated with higher bind-
ing to PD patients over HC. Although ['*FJAV-1451’s binding
patterns in relation to patient age are consistent for the CBD-
HC comparison, we observed an opposite pattern arise for the
PSP-PD comparison. Here, contrary to what we expected,
advanced PSP age was associated with decreased binding to PSP
relative to PD. Typically, we would expect the opposite pattern
due to the neuropathologic nature of PSP and the increased
accumulation of tau in older PSP patients. As already noted
above, these unexpected correlations seemed to be present solely
for the first-generation tracers which may, in part, be explained
by their instability and reduced capacity for application with 4R~
tauopathies like PSP and CBD.

Opverall, the percentage of female participants was a significant
effect moderator for the ['*FJAV-1451 PD-HC group compari-
son. The percentage of PD females in the ['*FJAV-1451 PD-HC
comparison correlated with decreased binding to PD relative to
HC. The correlation coefficient for this effect was quite low
(estimate = 0.021, 95% CI: 0.006 to 0.037, P = 0.008), indicat-
ing a weak correlation. Additionally, it has been reported that
there are sex differences in off-target binding with ['°F]
AV-1451, where women demonstrate higher off-target binding
particularly to the skull/meninges.> No such study has been
conducted using the other tracers but since there are some
inconsistencies here, it would be interesting to explore this phe-
nomenon further in future work.

Limitations and Future Directions

Given the variations in methodological factors between the
included studies, there was moderate between-study inconsis-
tencies observed throughout the analyses conducted for the pre-
sent study. Some of these variations arose due to differences in
PET scanners, PET cameras and resolutions, voxel positioning,
and tracer uptake calculation methods. Additional, non-

methodological factors to consider may include the clinical char-
acteristics of the participants due to the heterogeneous nature of
the diseases involved.

For the purpose of this meta-analysis, we combined all studies
and selected ROI as the basis for our subgroup analysis. Given
the brain regional variability in tau burden cited in the literature
this was assessed as the most important grouping factor. How-
ever, there is the possibility that the methodological variability
discussed here could have implications for the results of this study
and this is something that should be accounted for when meta-
analyzing future imaging studies.

The present study demonstrates the great strides and improve-
ments that have taken place with the progression from first- to
second-generation tau PET tracers. The results of our meta-analysis
demonstrate this through the larger effect sizes and reduced hetero-
geneity (ie, lower I values) observed with the use of second-
generation tracers. One limitation of this study is the limited sample
size of studies that met our inclusion criteria for the meta-analytic
model. Future tau PET imaging studies would benefit from follow-
ing a standardized reporting schema, allowing for imaging data avail-
ability and future quantitative comparisons.

In recent years, there has been growing use and progression to
the use of new second-generation tau PET tracers in patients with
APs. Many of these studies are still in progress and it would be inter-
esting for future work to look at head-to-head comparisons of the
second-generation tracers discussed here against some of those cur-
rently being applied in APs. These include tracers like [**FIMK-
6240 which is now being tested in patients with APs.>

Conclusion

Overall, we found that the second-generation tracer [‘*FJPI-
2620 was the most optimal of those included in this study for
imaging tau in PSP and CBD. The second-generation tracer
['®F]PM-PBB3 was also able to effectively differentiate PD
patients from HC using tau binding patterns. In terms of differ-
ential diagnostic capacity of tau PET tracers, the first-generation
tau tracer ['*FJAV-1451 presents with favorable binding to PSP
over PD patients, although these results have a large amount of
heterogeneity, indicated by high I? values. Given the significant
between-study heterogeneity for first-generation tracers, the
results of the present study support the shift towards the applica-
tion of second-generation tau PET tracers in the exploration of
differential diagnostic biomarkers for PSP and CBD.
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