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Background: F-18- uordeoxyglucose positron emission tomography (FDGPET) is
widely used for discriminative diagnosis of tau-positivetgipical parkinsonian syndromes
(TCAPS). This approach now stands to be augmented with more speicc tau tracers.
Therefore, we retrospectively analyzed a large clinicalutine dataset of FDG-PET images
for evaluation of the strengths and limitations of stand-ahe FDG-PET.

Methods: A total of 117 patients (age 68.4 11.1 y) underwent an FDG-PET exam.
Patients were followed clinically for a minimum of one yeama their nal clinical diagnosis

was recorded. FDG-PET was rated visually (positive/negat) and categorized as high,

moderate or low likelihood of TAPS and other neurodegenerative disorders. We then
calculated positive and negative predictive values (PPVRY) of FDG-PET readings for
the different subgroups relative to their nal clinical dignosis.

Results: Suspected diagnoses were con rmed by clinical follow-up ( 1 y) for 62 out
of 117 (53%) patients. PPV was excellent when FDG-PET inditad a high likelihood
of TCAPS in combination with low to moderate likelihood of anotheneurodegenerative
disorder. PPV was distinctly lower when FDG-PET indicatedndy a moderate likelihood of
TCAPS or when there was deemed equal likelihood of other neurajenerative disorder.
NPV of FDG-PET with a low likelihood for TAPS was high.

Conclusions:  FDG-PET has high value in clinical routine evaluation of suected
TCAPS, gaining satisfactory differential diagnosis in two tfds of the patients. One third
of patients would potentially pro t from further evaluatia by more speci c radioligands,
with FDG-PET serving gatekeeper function for the more expeaive methods.

Keywords: atypical parkinsonian syndrome, progressive sup
FDG, PET, clinical routine

ranuclear palsy, corticobasal degeneration, F-18-
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INTRODUCTION The advent of tau-PET imaging presents new prospects for
identi cation of PSP and CBD with the pyridoindole F-18-
Atypical parkinsonism refers to a group of neurodegenerativdV1451 (L9, 20) and arylquinoline F-18-THK53512(, 22) and
syndromes presenting symptoms resembling those of Parkimsortheir derivatives. In nuclear medicine clinical routine ipuld
disease (PD), but generally with earlier onset, faster @sgjon, be critical to establish suitable diagnostic algorithmsing the
and poor response to dopamine replacement treatments. Chiefecision to augment an established and relatively inexpensi
among the atypical parkinsonian syndromes are progressiveacer (FDG) with a less conventional and more expensive tau-
supranuclear palsy (PSP) and corticobasal syndrome (CB®ET investigation; the higher cost must be justied by the
which both represent tauopathies. Whereas PSP predominantidditive diagnostic value. Therefore, we made a retrospectiv
presents with a predominantly supranuclear vertical gaze palgnalysis of clinical routine FDG-PET data obtained during a
and early postural instability with falls, CBS typically nfasts 7-year period for complex cases referred to a tertiary center
as markedly asymmetrical parkinsonism in conjunction withwith suspected tau-positive atypical parkinsonism. Our olpject
apraxia or cortical sensory disturbanc#).(The incidence of was to determine if FDG-PET ndings, in the light of follow-
atypical parkinsonism syndromes is low relative to PI), put up to a de nite diagnosis, can predict cases where additional
their more aggressive course calls for improved discriniveat tau-PET examination would potentially have resolved theahit
diagnosis methods and disease speci c therapies, such amanti diagnostic uncertainty. By making this identi cation of pet
regimens for PSP and CBS. groups we aimed to create a basis for future prospective tredtmen
The past decade has seen extensive investigations tafls.
brain glucose metabolism by F-18- uorodeoxyglucose positr
emission-tomography (FDG-PET) in PSP and CBS patient ATERIALS AND METHODS
(3-8), aiming to detect disease-specic patterns of altere
glucose consumption. Signi cant reductions of FDG uptakeaver Study Design and Patient Enrollment
observed in PSP subjects in the bilateral anterior cingulgtus  All participants were examined at the Departments of Neurology
and the midbrain 6). In CBS subjects, glucose hypometabolismand Psychiatry, respectively, and Institute for Stroke and
was found in the central region, the frontal and parietalDementia Research, and were scanned in a clinical routinegett
association areas, the putamen contralateral to the cligica at the Department of Nuclear Medicine between 2009 and 2015.
a ected side and the bilateral thalamug ( After undergoing cognitive testing and partially assesssef
Until recently, molecular imaging of glucose metabolism wasigrostriatal innervation by DaTSCAN-SPECT, structural MRI
not considered by diagnosti®,(10), even though FDG-PET is imaging and CSF sampling, patients with a di erential diagnosis
often requested to determine the presence of neurodegeoerat of suspected PSP/CBD were referred for FDG-PET examination.
in suspected PSP and corticobasal degeneration (CBD) as tie avoid a selection bias, all patients with suspected PSP/CBD
major subgroup of CBS; however recently proposed diagnostin the observation period were considered as a primary sample
criteria now include imaging ndings by FDG-PET for PSP (n D 151). Inclusion criteria were de ned by at least one
(17). The importance of FDG-PET is underlined by the factyear of clinical follow-up if D 122) and successful FDG-PET
that the correlation between the clinical diagnostic aideand imaging scan (i.e., no early termination by the patient or not
a neuropathological con rmation is still insu cientin susm¢ed  correctable head motion). Exclusion criteria were earlieras
PSP and CBD1, 13). of stroke 6 D 3) or current severe a ective disordera D 2),
Most of the mentioned molecular imaging studies werewhich might in uence FDG-PET pattern or clinical features. A
performed in academic settings with highly characterizedguéit  nal clinical diagnosis was recorded at clinical follow-umded
populations to evaluate the FDG uptake patterns, sometimes withn current diagnostic criteria of parkinsonian syndromesdan
machine learning algorithms. Sensitivity, speci city, givg and  other neurodegenerative disorders. One hundred and segante
negative predictive values for di erential diagnosis of desit  patients with suspected PSP/CBD were eligible for the nal
parkinsonian syndromes were consister#l0% in a recenttest analysis.
of an automated image-derived classi cation procedulré)(In
clinical routine of a nuclear medicine department, the demimn Clinical Assessments, MRI and CSF
for dierential diagnosis of suspected atypical parkinsonismThe majority of patients (61%; 71/117) received
by FDG-PET is often more complicated, and hindered byneuropsychological testing including cognitive evaluati the
the less extensive clinical information, a broad spectrum ofime of the FDG-PET scan [Mini-Mental-State Examination
possible diagnoses, and missing follow-up data. Besiddighe (MMSE)]. Years of education were recorded and a neurological
sensitivity for concomitant dementia in parkinsonian syndres examination was performed. Symptom categories for clinical
even in clinical routine, FDG-PET imparts inherently unspexi classi cation of PSP and CBS were assessed binarized (&kbYes
information about synaptic dysfunction, which is the commonat the time of the FDG-PET scan. Patients with suspected PSP
thread of all neurodegenerative disorders5)( More recent were classi ed for probable or possible PSP according to NINDS
developments in molecular imaging for discriminative diagis  SPSP criterial(0), as the observation period of this retrospective
of PD, atypical parkinsonism, and neurodegenerative dissiase analysis took place before publication of newest PSP criteria
general focus on disease-speci ¢ neuroreceptor charigad  (11). Patients with suspected CBD were classi ed for probable or
neuropathological hallmarks.@, 18). possible CBS according to criteria de ned by Armstrong et al.
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(9). The Supplementary Material gives an overview on SymptormABLE 1 | Subgroup de nition by FDG-PET ndings according to the likefiood
categories and their necessary composition for the eskabéigt ~ for PSP/CBD (A-C) and other neurodegenerative diseases (0-2

of a clinical diagnosis. Pp FPEPICBD
Pp

Structural MRI 6 D 96) and CSF samples © 97) were  Other High Moderate Low
available from> 80% of the 117 patients, whereas DaTSCAN was

performed in less than half of the patientsD 49; 42%). Low A0 B-0 c-0

Moderate A-1 B-1 C-1

High A-2 B-2 C-2

PET Imaging
FDG PET Acquisition
FDG-PET images were acquired on a GE Discovery 690 PET/ ormality of data distribution was assessed by the Kolmoger
scanner or a Siemens ECAT EXACT BRPET scanner. All . 2

Smirnov test. The nonparametrig“ test was used to test for

patients had fasted for at least 6h, and had a maximum.

! . . Flgni cantly di ering probability of trichotomous likelihoa of
plasma glucose level of 150 mg/dl at time of scanning. A Single o ase-tvpical EDG-PET patterns (high, medium, low) amon
intravenous dose of 140 7 MBg FDG was administered while yp P gn, ’ 9

the patients rested in a room with dimmed light and low f#g%;onus?;\}it-r hz (Zgggfsgﬁ dacgl;irg\fglrmaz;s:te?eg% ﬁ(ﬁglatln
noise level, where they remained undisturbed for 20 mineAft Y, SP y P g P

P . . o (PPV/NPV) using the nal clinical diagnosis after 1 year of
positioning in the scanner, a series of three static emissames . 7
. . . . ollow-up as the truth. We did not perform an a priori sample
of 5min each was acquired from 30 to 45min p.i. on the GEf. . - o
. P . size calculation. A signi cance level pf< 0.05 for rejection of
Discovery 690 PET/CT, or from 30 to 60 min p.i. on the Siemen . s L
e null hypothesis was applied in all analyses. All statistésibt
ECAT EXACT HRC tomograph. A low-dose CT scan or a . . )
o . . .~ were performed using SPSS (version 23.0, IBM, Chicago, IL).
transmission scan with extern®iGe-source performed just prior
to the static acquisition was used for attenuation cor@ttPET
data were reconstructed iteratively (GE Discovery 690 BE)/ RESULTS
or with Itered-back-projection (Siemens ECAT EXACT HR
PET). After correction for movement between frames, théista
scans were averaged.

tatistical Analysis

Demographics
A total of 117 subjects (51% male) were included in the study
(Table 2. Fifty-three patients (34% male) had been referred
with suspected PSP and 64 patients (52% male) with suspected
Visual Analysis of FDG-PET CBD. 16 patients were referred with both possible di erential
For visual image interpretation of FDG-PET images, threediagnoses, and were assigned to one of the two aforemeitione
dimensional stereotactic surface projections (3D-SSEJ) ( Subgroups according to their more likely diagnosis. The mean
were generated using the software Neurostat (Department &€ was 68.4 years (SD 11.1). The clinical diagnosis was
Radiology, University of Washington, Seattle, WA, U.S.A.). A&on rmed by clinical follow-up 1 year in 31/53 (59%) patients
senior expert in Nuclear Medicine visually assessed axial aith suspected PSP and in 31/64 (48%) patients with suspected
sagittal slices and the 3D-SSP images depicted as normaliZeBD. Additional ndings from neuropsychological testingda
tracer uptake and Z-score maps against reference images fronf@mmary of presence or absence of single symptom categogies ar
group of age-matched healthy controls. The reader had adoes Provided in the Supplemental Results.
clinical information (available in all cases) and, whenilaxde,
DaTSCAN and/or structural MRI information. Based on the FDG-PET Findings
anatomic pattern of hypometabolism the FDG-PET images werBroportions of Likelihood Subgroups
rst rated for likelihood (high D A/moderateD B/low D C  According to the matrix de ned in section Visual Analysis of
likelihood) of a neurodegenerative metabolism patternFDG-PET we found 32% of all patients fell in the subgroups
typical for PSP or CBD Z4). Next, the FDG-PET scan of high likelihood for PSP/CBD in conjunction with low
was rated for likelihood (highD 2/moderateD 1/low D 0) to moderate likelihood for another neurodegenerative
of a metabolism pattern typical of a neurodegenerativelisorder. A high likelihood for PSP/CBD was assigned
condition other than PSP or CBD (mainly Alzheimerswhen there was a pronounced FDG hypometabolism in
disease, PD, frontotemporal lobar degeneration, multipleegions characteristic for PSP (prefrontal cortices, aaoter
system atrophy). Based on permutations of the FDG-PETingulate gyrus, midbrain)/CBD (central region, putamen,
ndings we de ned nine possible subgroups (s&able 1and thalamus), as illustrated and described Figure 1L Another
Figure 1). 32% of the patients indicated a moderate likelihood for
Additionally the reader had to assert positivity or negdtivi PSP/CBD or equal likelihood for other neurodegenerative
for PSP/CBD as a binarized read-out. A likelihood for PSHICB disorders, meaning that the hypometabolism pattern was
exceeding the likelihood for other neurodegenerative aiss of only moderate severity in the characteristic regions.
was de ned as positive in this regard, whereas equal or lowerhirty-six percent had a low likelihood for PSP/CBD
likelihoods in the same comparison were de ned as negative. (Table 3.
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RMED L MED

FIGURE 1 | Representative FDG-PET images of study subgrous: Threesdensional stereotactic surface projections (3D-SSP) of mmalized FDG uptake from
right/left lateral (R LAT/L LAT), superior (SUP), inferior BNanterior (ANT), posterior (POST), right/left medial (RER/L MED) views and a subcortical (SC) section
image in the axial pain for four out of nine de ned subgroups acording to their likelihood for PSP/CBD. In PSP subjects, asymetrical or bilateral hypometabolism
was found predominantly in the prefrontal cortices, the amrior cingulate gyrus, and the midbrain. In CBS, asymmetri¢dnypometabolism was observed in the central
region, the putamen and thalamus.

TABLE 2 | Demographics and composition of the study collective.

N Final diagnosis Age (y) Gender Education (y) MMSE
PSP/CBS ( ,male, ,female)
All 117 62 (53%) 68.4 11.1 51 56 138 36 255 4.2
PSP 53 31 (59%) 723 80 27 26 142 35 248 4.3
Probable 22 15 (68%) 707 7.7 1 11 138 25 251 36
Possible 23 14 (61%) 719 78 12 11 143 45 242 49
Criteria not ful lled 8 2 (25%) 779 7.8 4 4 150 3.6 255 538
CBS 64 31 (48%) 652 12.3 33 31 136 3.7 260 4.1
Probable 17 13 (77%) 708 7.3 9 8 136 3.3 260 57
Possible 21 9 (43%) 612 14.0 9 12 123 22 256 4.4
Criteria not ful lled 26 9 (35%) 649 12.5 15 11 146 48 262 20
TABLE 3 | Proportions of subgroups o D 117) de ned by the likelihood for CBD was slightly lower, at 71% sensitivity, 76% speci city, PPV
PSP/CBD and for other neurodegenerative disorders by visuanalysis of of 73%. and NPV of 74%
, .

FDG-PET.
P - . .

hP pPE,P/FC)BD High (%) Moderate (%) Low (%) In uence of Qllnlcal Probqplhty on .FDG-P.ET Fmplmgs
Other P The higher clinical probability by diagnostic criteria indied
Low (%) 26 18 18 tendencies toward greater likelihood of PSP/CBD and lower

likelihood of other neurodegenerative diseases in FDG-PET.

Moderate (%) 6 7 11 .. . . L Lo .

. However, statistical testing did not indicate a signi cann these
High (%) 1 6 7

probabilities (PSELinic — PSRpa: $2D 6.6;pD 0.16/PSBLinic

— otherNDrpg: $2 D 0.7; p D 0.95/CBgnic — CBDepa:

$2D 2.4;pD 0.66/CBSnic — 0therNDrpg: $2D 6.4;pD 0.17),

and positive as well as negative PET scans were found in each
Overall Performance of FDG-PET clinical categoryTable 4.

Overall performance of binarized FDG-PET (for likelihood

PSP/CBD> other ND) for the prediction of a nal clinical Overall Performance of FDG-PET in Combination

diagnosis of PSP gave 84% sensitivity, 91% speci city, PPV ¥fith Clinical Parameter

93%, and NPV of 80%. Overall performance of binarized FDGThe combined evaluation of clinical probability and binadze
PET for the prediction of a nal clinical diagnosis of suspette FDG-PET for the prediction of the clinical outcome gave
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TABLE 4 | FDG-PET likelihoods for PSP/CBD and other ND for all subgrosp

Subjects (n D 117) FDG-PET likelihood PSP/CBD FDG-PET likelihood other N D
Low Moderate High Low Moderate High
Probable PSP 22 5 7 10 13 6 3
Possible PSP 23 9 6 8 15 4 4
PSP criteria not ful lled 8 5 3 0 2 1
Probable CBS 17 4 7 6 9 4 4
Possible CBS 21 8 5 8 17 3 1
CBS criteria not ful lled 26 11 8 7 13 9 4

discrepant results for suspected PSP and CBD patients. Thuys;

the suspected PSP patients meeting criteria for probablestisea A Suspected PSP
criteria had consistently higher values for PPV, NPV, sérisi 100 T—pm — =
and specicity by FDG-PET when compared to the whole 55 98l B - 9_15

41 |se —Teal 1 —

=2

cohort, whereas the suspected PSP patients with only possi
or incomplete disease criteria had lower values of these -

€ = ]

diagnostic accuracy parameterBigqure 2A). Suspected CBD < LY
patients meeting probable disease criteria for CBD had a highe = 20 1 | | || | @Possible/ent
PPV but lesser NPV and sensitivity (at equal speci city) byG=D @Probable

PET when compared to the whole cohort. Finally, the suspected |
CBD patients with only possible or incomplete disease criteri
showed more sensitivity and higher NPV for FDG-PET when 0 . ] . .
compared to the whole cohorE{gure 2B). PPV NPV Sensitivity Specificity

[

Performance of FDG-PET in Different Likelihood
Subgroups

Proportions of patients with a nal clinical diagnosis of PEIRD B 700 Suspected CBD

di ered substantially between the subgroups as de ned by FDG-

PET (igure 3. PPV was excellent when FDG-PET indicated 80 e8] e8] 5l

a high likelihood for PSP/CBD in combination with low to il il | Zol76l7a)

moderate likelihood for another neurodegenerative disord 60 4 (68| — .

(PSP: 95%/CBD: 89%). PPV was distinctly lower when FDG- & 5 il
PET indicated only a moderate likelihood for PSP/CBD or when 40 || | mResslolelent
the likelihood for other neurodegenerative disorders wasad e AProbavle
(PSP: 75%/CBD: 41%). FDG-PET had a high NPV for absence 20 1 — —

of PSP/CBD to clinical follow-up when the initial visual tea

indicated a low likelihood for PSP/CBD (PSP: 84%/CBD: 83%). 0

Notably, detection of a metabolism pattern indicative of PR NPV Sensitivity Specificity

moderate Syn.aptlc dysfunctlon In brain re_glon_s typlcal foiPPS FIGURE 2 | Performance of FDG-PET in clinical subgroups: PPV, NPV,

but no suspicion of other neurodegenerative disorders haat a f sensitivity and speci city are illustrated for all suspecte PSP (A) and CBD (B)

higher congruency with a pOSitive nal clinical diaQHOSiS@Vh patients and subdivided into possible or incomplete diagnstic criteria (cnf)

compared to the same constellation in patients with suspectedand probable clinical criteria.

CBD (compare subgroups B-0 figures 3A,B.
Binarized analysis of FDG scans revealing a positive pattern

for PSP indicated a distinctly higher PPV in the absence 0f2% of the examined cases. Sixty-six percent of those patients

any indication of likelihood for another neurodegenerativ with a pathological DaTSCAN were ultimately diagnosed as

disease, when compared to cases with PSP-positive pattéP®P/CBS. Of all 28 patients with the nal diagnosis PSP/CBS

in combination with coexisting likelihood for another and an available DaTSCAN, 75% showed a pathological result,

neurodegenerative disease (92 vs. 50%). This distinctid®?l% a borderline result and 4% a negative result. When dlajla

was less evident for CBD (68 vs. 63Figure 4). a pathological DaTSCAN together with a pathological FDG-
PET (binarized) result for PSP/CBDn (D 21) gave a PPV
Impact of DaTSCAN Results of 76%. Only four patients had overall negative results to

DaTSCAN ( D 49) indicated a dopamine transporter de cit the two imaging modalities, which did not support a valid
in 65%, a borderline result in 22% and a negative result icalculation of a NPV. PPV was higher and the NPV was
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FIGURE 3 | Performance of FDG-PET in imaging based likelihood subgrgs: A con rming nal diagnosis was frequent when FDG-PET indiated a high likelihood for
PSP (A)/CBS (B) and only a low to moderate likelihood for other neurodegenative diseases (Groups A-0 and A-1). A nal diagnosis of PSPA)/CBS (B) was rare
when FDG-PET indicated only a low likelihood for a 4R-tauophy (groups C-0, C-1, and C-2). ND, neurodegenerative disese.

FIGURE 4 | Examples of con icting FDG-PET ndings in two patients with sspected PSP: Representative 3D-SSP for FDG-PET from righefit lateral (R LAT/L LAT),
superior (SUP), inferior (INF), anterior (ANT), posteriBOST), right/left medial (R MED/L MED) and a subcortical (SQifizontal plane image of SUV for comparison of
typical AD and PSP metabolic patterns. Note that both patiets showed a frontal pronounced hypometabolism but as well arAD-like hypometabolism in the posterior
cingulate cortex and in parietal cortices. Clinical followp identi ed one patient as AD and one as PSP.

TABLE 5 | PPV/NPV values of FDG-PET for PSP and CBD for all subjects and  these investigations were performed in investigationatiangc
divided whether a DaTSCAN was available. settings with a previously selected patient cohort. Studies in
NPy (o) Nuclear medicine routine settings remain rare and chaliegg

FDG-PET PPV (%)

because of more patients with less speci c clinical ndings and
All subjects (1 D 117) 83 76 multiple di erential diagnoses in the early stage of disease.
DaTSCAN availabler( D 49) 74 64 Therefore, we investigated all subjects referred for a FDG-
No DaTSCAN availabler( D 68) 90 84 PET with suspected tau-positive parkinsonism over a period

of 7 years. For selected patient cohorts with PSP and/or CBD,
the typical FDG-PET patterns have already been demonstrated
in group-wise comparisons5( 7). In clinical routine cases,
lower for FDG-PET of the {f D 68) subjects without an the conrmation or exclusion of the suspected diagnosis is
available DaTSCAN compared to all subjects and those with agxsed on a single PET scan of an individual patient which
available DaTSCAN (sekable 5 irrespective of the DaTSCAN  pighlights the importance of a high PPV and NPV for the chosen

result. method.
Our FDG-PET- ndings underline the complexity of the
DISCUSSION diagnostic proceeding for patients with clinically diagnosed

parkinsonism with only one third of the patients presenting a
In this clinical study we evaluate FDG-PET in a large datasdtigh likelihood for PSP/CBD in the visual FDG-PET analysis.
of patients with suspicion of PSP or CBD. Previous studieblonetheless, performance of FDG-PET was excellent in those
have established the suitability of FDG-PET for the di eri@aht two thirds of the patients, who showed either no clear evidence
diagnosis of PSP and CBDG, (25 26). However, most of of a 4R tauopathy pattern (high NPV) or a typical PSP/CBD
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pattern without con icting hypometabolism suggestive fohet The situation in suspected CBD patients presented even
neurodegenerative disorders (high PPV). more complex: First, CBD patients with a probable clinical
However, one third of patients returned inconclusive scandjkelihood had a very high PPV by a positive FDG-PET, which
which gave only low likelihood for a 4R-tauopathy or coexiste implies that positive scans of such patients lead to a very high
hypometabolism patterns typical of other neurodegenerativeiagnostic con dence. On the other hand, we observed only
diseases. Such patients likely benet from an additionah very low NPV by a negative FDG-PET in this subcohort.
evaluation by more speci ¢ PET tracers. Recently developed tathus, negative FDG-PET results of CBD patients with high
ligands still have some issues that need to be solved, maindlinical likelihood have only a low meaningfulness and ferth
consisting of o -target binding to MAO-B 27). Nonetheless, evaluation by a more sensitive tracer will de nitely improve
rst human tau PET studies of PSP and CBD already indicatedhe diagnostic accuracy in this subgroup. Furthermore the PPV
promising results by F-18-THK53511§ and F-18-AV1451 of a positive FDG-PET in the subgroup of CBD patients with
(T807) (19,28, 29). Moreover, new generation tau tracers promisepossible or absent diagnostic criteria was only moderate and
to support a di erentiation between 3R and 4R tauopathies. Thusndicated another potential target group for bene cial fhetr
it seems likely that future tau radioligands will even provideevaluation.
stronger molecular imaging derived di erential diagnosis4iR For the detection of PSP, automatic analysis strategids suc
tauopathies. With regards to cost-e ectiveness, the detitio as machine learning algorithms revealed a slightly lower PPV
apply such speci c but expensive ligands will need to be weighe@®1 vs. 93%) but a noticeable higher NPV (92 vs. 80%) than
carefully. Results of the current study suggest that FDG-PEWe observed in our samplel4). This comparison should
should be performed rst in a potential diagnostic algorithm be interpreted with caution due to the diering population
because most clinical suspected diagnosis can be well-sepportharacteristics. Nevertheless, the majority of clinicatlear
by a speci c FDG-PET pattern at high PPV and NPV. Althoughmedicine departments still use visual inspection of axia¢sland
unspeci ¢ for di erent protein depositions, FDG-PET o ers surface projection Z-score maps for FDG-PET of patients vs. in
an advantage as primary molecular imaging method becausmuse norm collectives. Although one third of patients did no
of the potential detection of tau-negative neurodegeneeati show distinct visual FDG-PET patterns to con rm the diagnosis,
disorders through their distinct hypometabolism pattern.igh the diagnostic modality helps the nuclear medicine clinician
is highly relevant in cohorts of suspected PSP and CB&ecide upon a rational recommendation for further evaluatif
patients, as tau-negative variants of fronto-temporal detiaen the patient.
and multiple system atrophy are potential di erential diagnese = Dopamine transporter availability was only performed in
Based on our current analysis, FDG-PET can also identifiess than half of the patient® (D 49/117). This was probably
subjects who need further evaluation with additional malec  related to certainty of clinicians about the present parkimsm
imaging such as tau-PET imaging. The current dataset cseaten most of the analyzed patients. Interestingly, the PPV for
the basis for future prospective trials evaluating diagmosticombined pathological DaTSCAN and FDG-PET was lower
algorithms and the additive value of tau-PET in PSP andhan for patients with only a pathological FDG-PET. Moreover,
CBD. patients without an available DaTSCAN showed a higher
FDG-PET performed better in patients with suspected PSPPV for detecting PSP/CBD by FDG-PET compared to those
than for patients with suspected CBD probably due to awith an available DaTSCAN. This indicates the unfavorable
more dicult clinical diagnosis (0, 31) and a FDG-pattern consequence when clinicians order an additional DaTSCAN
less distinct from other neurodegenerative diseas®s I  if the clinical presentation is inconclusive, which resutsa
conclusion, suspected CBD patients with conicting clinicallower pretest probability, thus presenting a greater diagoosti
ndings might even pro t from an evaluation by a more speci ¢ challenge for FDG-PET. Due to the limited number of cases
biomarker such as tau radioligands prior to FDG-PET. Howgevewith an available DaTSCAN, we cannot test if dopamine
since newest PSP criteria now consider non PSP-RS entitiesteensporter SPECT would have facilitated the establishroéat
well, the situation for PSP could as well get more complex, witleorrect di erential diagnosis in cases inconclusive to FB&T
an assumed bene t by imaging techniquéd) Dual PET tracer alone.
studies with randomized sequence will be needed to ansvier th
question.
Our data indicate that clinical probability should be LIMITATIONS
considered when interpreting a FDG-PET of PSP or CBD
patients and when planning further evaluation. For PSPThe impact of MRI results on the diagnostic accuracy has
patients with a probable clinical likelihood, the higher cadér not been investigated in this setting. In the present workup,
performance of the method needs to be considered impatients with clear ndings in MRI were normally not
comparison with patients that have only possible or absenteferred for molecular imaging by FDG-PET. Thus, we did
diagnostic criteria. Especially the low NPV of a negative FDGnot assume an increasing value of analyzing inhomogeneous
PET read out in the subcohort of suspected PSP patients witiRI ndings which do not re ect the patient cohort initially
possible or absent diagnostic criteria has to be stressed. Theferred to MRI. It should be noted that this cohort of
subgroup should bene t from further evaluation, where teas  clinical routine imaging in nuclear medicine at a tertiary
with higher sensitivity are demanded. center de nitely underwent preselection steps before going

Frontiers in Neurology | www.frontiersin.org 7 June 2018 | Volume 9 | Article 483



Beyer et al. FDG-PET in PSP/CBD

to FDG-PET. Thus, the present investigation potentialyETHICS STATEMENT

presents more complex patients when compared to PSP

or CBD patients referred to a primary care center. FinaRetrospective analysis of PET data was approved by the local

diagnoses were based on clinical follow-upl year without €thics committee of the LMU Munich (399-09).

histopathological validation and thus no gold standard was

available as “true” diagnosis. Furthermore, imaging ngin AUTHOR CONTRIBUTIONS

of FDG-PET certainly contributed to the initial establiskmt

of a clinical diagnosis, especially in cases that did notliful LB: conception and design, acquisition of data, analysis and

the diagnosis criteria completely. Therefore, some degfee thterpretation of data, document writing and editing. JM-W:

circular interference cannot be completely ruled out in sech acquisition of data, analysis and interpretation of data,uioent

clinical dataset, but the veri cation of all single items miit ~ writing. JS, EB, MU, NA, and PB: interpretation of molecular

the retrospective survey strengthened the validity of ciihi imaging data, acquisition of data, revising of the manysic$s,

diagnoses. CP, GN, OP, RP, CC, KBu, and KBG: acquisition of patient data,

drafting and revising of the manuscript. JL: acquisition ofipat

data, conception and intellectual input, drafting and rengsiof

the manuscript. AR: interpretation of molecular imaging data,

We investigated clinical routine cases with the di erentialConcemu.)n and _'”‘e"eC‘“"?" Input, draﬁlng and revising biet
manuscript. MB: conception and design, acquisition of data,

d!agn03|§ of PSP/CBD referred_ for a_FDG-PET o reveal thSocument editing, nal manuscript approval for submission and
diagnostic value for the nal diagnosis. FDG-PET showed a

high PPV for subjects with a typical PSP/CBD pattern and’"2hcation

a low likelihood for another ND as well as a high NPV

for subjects without a typical PSP/CBD pattern. One third oTACKNOWLEDGMENTS
patients (CBD> PSP) showed inconclusive scans and migh
prot from further evaluation with more speci c radioligands
(e.g., tau), where FDG-PET can act as a gatekeeper for syt
more expensive methods. This subgroup represents an idea
cohort for testing the additive value of tau radioligands iINnSUPPLEMENTARY MATERIAL

prospective trials for 4R tauopathies. Clinical probability by

diagnostic criteria should be considered together with FBET  The Supplementary Material for this article can be found
ndings when evaluating the bene t of scanning with additial  online at: https://www.frontiersin.org/articles/10.3theur.

CONCLUSIONS

Larts of this paper originated from the doctoral thesis of IM-W.
e note editing of the manuscript by Inglewood Biomedical
iting.

ligands. 2018.00483/full#supplementary-material

REFERENCES 8. Eckert T, Tang C, Ma Y, Brown N, Lin T, Frucht S et al. Abnormal
metabolic networks in atypical parkinsonisiiov Disord (2008) 23:727-33.

1. Levin J, Kurz A, Arzberger T, Giese A, Hoglinger GU. The di erahti doi: 10.1002/mds.21933

diagnosis and treatment of atypical parkinsonisbisch Arztebl Int(2016) 9.

113:61-9. doi: 10.3238/arztebl.2016.0061

. Winter Y, Bezdolnyy Y, Katunina E, Avakjan G, Reese JP, diets

J, et al. Incidence of Parkinson's disease and atypical parksraon
Russian population-based studyMov Disord. (2010) 25:349-56.
doi: 10.1002/mds.22966.

. Amtage F, Maurer C, Hellwig S, Tuscher O, Kreft A, Weiller C, et al.

Functional correlates of vertical gaze palsy and other ocular motasitd
in PSP: an FDG-PET studfarkinsonism Relat Disar014) 20:898-906.
doi: 10.1016/j.parkreldis.2014.05.013

10.

11.

Armstrong MJ, Litvan |, Lang AE, Bak TH, Bhatia KP, Borroni B, eCateria
for the diagnosis of corticobasal degeneratidieurology(2013) 80:496-503.
doi: 10.1212/WNL.0b013e31827f0fd1

Litvan I, Agid Y, Calne D, Campbell G, Dubois B, Duvoisin RC.eChnical
research criteria for the diagnosis of progressive supranuclear [Btsglé-
Richardson-Olszewski syndrome): report of the NINDS-SPSP intiemait
workshop.Neurology(1996) 47:1-9.

Hoglinger GU, Respondek G, Stamelou M, Kurz C, Josephs KA, LaagahE
Clinical diagnosis of progressive supranuclear palsy: the movemenrtdis
society criteriaMov Disord.(2017) 32:853-64. doi: 10.1002/mds.26987

4. Hellwig S, Frings L, Amtage F, Buchert R, Spehl TS, Rijnties M, &8Rl. 12. Respondek G, Roeber S, Kretzschmar H, Troakes C, Al-Sarraj S, @efi E
FDG PET Is an early predictor of overall survival in suspected atypica  Accuracy of the national institute for neurological disordenslatroke/society
parkinsonismJ Nucl Med(2015) 56:1541—-6. doi: 10.2967/jnumed.115.159822  for progressive supranuclear palsy and neuroprotection and naturariist

5. Niethammer M, Tang CC, Feigin A, Allen PJ, Heinen L, Hellwig S, et al.  in parkinson plus syndromes criteria for the diagnosis of progressive
A disease-speci c metabolic brain network associated with covtsal supranuclear palsyov Disord (2013) 28:504-9. doi: 10.1002/mds.25327
degenerationBrain (2014) 137(Pt 11):3036-46. doi: 10.1093/brainfawu256 13. Alexander SK, Rittman T, Xuereb JH, Bak TH, Hodges JR, Rowe it

6. Zhao P, Zhang B, Gao S. 18F-FDG PET study on the idiopathidrRan's of the new consensus criteria for the diagnosis of corticobdesgenerationJ
disease from several parkinsonian-plus syndromiarkinsonism Relat Neurol Neurosurg Psychia{{3014) 85:925-9. doi: 10.1136/jnnp-2013-307035
Disord (2012) 18(Suppl. 1):S60-2. doi: 10.1016/S1353-8020(20)700 14. Tang CC, Poston KL, Eckert T, Feigin A, Frucht S, Gudesblatt M

7. Mille E, Levin J, Brendel M, Zach C, Barthel H, Sabri O, et al. Cerebral et al. Dierential diagnosis of parkinsonism: a metabolic imaging
glucose metabolism and dopaminergic function in patients withicotiasal study using pattern analysis Lancet Neurol (2010) 9:149-58.

syndrome.J Neuroimaging2017) 27:255-61. doi: 10.1111/jon.12391

doi: 10.1016/S1474-4422(10)70002-8

Frontiers in Neurology | www.frontiersin.org 8

June 2018 | Volume 9 | Article 483



Beyer et al.

FDG-PET in PSP/CBD

15. Bohnen NI, Djang DS, Herholz K, Anzai Y, Minoshima S. E estigss and
safety of 18F-FDG PET in the evaluation of dementia: a revielwefacent
literature.J Nucl Med(2012) 53:59-71. doi: 10.2967/jnumed.111.096578

16. la Fougere C, Popperl G, Levin J, Wangler B, Boning G, Uebleis CTeea

value of the dopamine D2/3 receptor ligand 18F-desmethoxyfallypride fo27.

the di erentiation of idiopathic and nonidiopathic parkinsoniasyndromes.
J Nucl Med(2010) 51:581-7. doi: 10.2967/jnumed.109.071811

17.
Assessment of the incremental diagnostic value of orbetapir fm&ging
in patients with cognitive impairment: the incremental diagnostialue
of amyloid PET with [18F]- orbetapir (INDIA-FBP) studyJAMA Neurol
(2016) 73:1417-24. doi: 10.1001/jamaneurol.2016.3751

18.

Characteristics of Tau and its ligands in PET imagBigpmolecule&016) 6:7.

doi: 10.3390/biom6010007

Whitwell JL, Lowe VJ, Tosakulwong N, Weigand SD, SenjemS¢hyarz

CG, et al. [18 FJAV-1451 tau positron emission tomography in progressiv

supranuclear palsyvov Disord(2017). 32:124—33. doi: 10.1002/mds.26834

Josephs KA, Whitwell JL, Tacik P, Duy JR, Senjem ML, Tdsakg

N, et al. [18F]AV-1451 tau-PET uptake does correlate with quatitiely

measured 4R-tau burden in autopsy-con rmed corticobasal degeioerat

Acta Neuropathol(2016) 132:931-3. doi: 10.1007/s00401-016-1618-1

Ishiki A, Harada R, Okamura N, Tomita N, Rowe CC, Villemagne Vlal.et

Tau imaging with [18 FITHK-5351 in progressive supranuclear pdisy.J

Neurol (2016) 24:130-6. doi: 10.1111/ene.13164

Kikuchi A, Okamura N, Hasegawa T, Harada R, Watanuki S, Fofyakal.In

vivo visualization of tau deposits in corticobasal syndrome by 18F-588L

19.

20.

21.

22.

23.
approach in Alzheimer's disease using three-dimensional stetéosarface
projections of uorine-18-FDG PETJ Nucl Med(1995) 36:1238-48.
Meyer PT, Frings L, Rucker G, Hellwig S. 18F-FDG PET in Parkisiso
di erential diagnosis and cognitive impairment in Parkinson'sdase] Nucl
Med (2017) 58:1888-98. doi: 10.2967/jnumed.116.186403
Hellwig S, Amtage F, Kreft A, Buchert R, Winz
W, et al. [FJFDG-PET is superior to [l]IBZM-SPECT for
di erential diagnosis of parkinsonism.Neurology (2012) 79:1314-22.
doi: 10.1212/WNL.0b013e31826¢c1b0a

24.

25.

26.

Boccardi M, Altomare D, Ferrari C, Festari C, Guerra UP, Paghera B, et al.
28.

Harada R, Okamura N, Furumoto S, Tago T, Yanai K, Arai H, et al29.

30.

31.

Zalewski N, Botha H, Whitwell JL, Lowe V, Dickson DW, Josephs
KA. FDG-PET in pathologically conrmed spontaneous 4R-tauopathy
variants. J Neural (2014) 261:710-6. doi: 10.1007/s00415-014-7
256-4

Ng KP, Pascoal TA, Mathotaarachchi S, Therriault J, Kang M@ S
M et al. Monoamine oxidase B inhibitor, selegiline, reduces 18F-
THK5351 uptake in the human brainAlzheimers Res The(2017) 9:25.
doi: 10.1186/s13195-017-0253-y

Kantarci K, Lowe VJ, Boeve BF, Senjem ML, Tosakulwong Bhidle
TG, et al. AV-1451 tau and beta-amyloid positron emission tomography
imaging in dementia with Lewy bodiesAnn Neurol (2017) 81:58-67.
doi: 10.1002/ana.24825

Smith R, Schéll M, Widner H, van Westen D, Svenningsson Rets&igm D,

et al.In vivo retention of 18F-AV-1451 in corticobasal syndronieurology
(2017) 89:845-53. doi: 10.1212/WNL.0000000000004264

Wadia PM, Lang AE. The many faces of corticobasal degemerati
Parkinsonism  Relat Disord. (2007) 13  (Suppl.  3):S336-40.
doi: 10.1016/S1353-8020(08)70027-0

Ling H, O'Sullivan SS, Holton JL, Revesz T, Massey LA, Williams
DR, et al. Does corticobasal degeneration exist? A clinicopajtualb
re-evaluation. Brain (2010) 133(Pt 7):2045-57. doi: 10.1093/brain/
awql23

Con ict of Interest Statement: PB declares a research collaboration with GE. AR
received speaker honoraria from Piramal Imaging and GE Healthcare.

The remaining authors declare that the research was conductdtintisence of
PET.Neurology2016) 87:2309-16. doi: 10.1212/WNL.0000000000003375 any commercial or nancial relationships that could be construechgsotential

Minoshima S, Frey KA, Koeppe RA, Foster NL, Kuhl DE. A diagoost con ict of interest.

Copyright © 2018 Beyer, Meyer-Wilmes, Schonecker, Schnabekl BRaix,
Nubling, Unterrainer, Albert, Pogarell, Perneczky, CatakgeBii Bartenstein,
Botzel, Levin, Rominger and Brendel. This is an open-aatiess distributed
under the terms of the Creative Commons Attribution Licé@€eBY). The use,

OH, Vach distribution or reproduction in other forums is permittedpypded the original
the author(s) and the copyright owner are credited and that tiggnait publication

in this journal is cited, in accordance with accepted acadpractice. No use,
distribution or reproduction is permitted which does notgly with these terms.

Frontiers in Neurology | www.frontiersin.org 9

June 2018 | Volume 9 | Article 483



